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Preface

It is our great honor to welcome you to the 7th International Conference on Signal
and Information Processing, Network and Computers (ICSINC 2020 Spring).
The ICSINC 2020 committee has been monitoring the evolving COVID-19 pan-
demic. We have decided to delay the 2020 edition of this conference from May to
September.

ICSINC 2020 Spring provides a forum for researchers, engineers and industry
experts to discuss recent development, new ideas and breakthrough in signal and
information processing schemes, computer theory, space technologies, big data and
so on.

ICSINC 2020 Spring received 280 papers submitted by authors, and 129 papers
were accepted and included in the final conference proceedings. The accepted
papers will be presented and discussed in 27 regular technical sessions and two
workshops.

On behalf of the ICSINC 2020 committee, we would like to express our sincere
appreciation to the TPC members and reviewers for their tremendous efforts.
Especially, we appreciate all the sponsors for their generous support and advice,
including Springer, China Unicom, HuaCeXinTong. Finally, we would also like to
thank all the authors for their excellent work and cooperation.

Yue Wang
Li Guo

ICSINC 2020 General Chairs
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Abstract. The integration test of spacecraft attitude and orbit control system
(AOCS) is an important means to confirm whether the design of the system meets
the mission requirements throughout the whole process of system development.
The AOCS based on 1553B bus architecture is gradually applied to Chinese
spacecraft. In this paper, the status of AOCS integration test and the characteristics
of the AOCS based on 1553B bus architecture are analyzed and a satellite-ground
integration test scheme for AOCS based on 1553B bus architecture is proposed.
The scheme of testability and ground environment for four types of integration test
are introduced and the technical features of sensor closed-loop method, actuator
closed-loop method and component RT simulation method are emphasized. The
application of the test scheme for AOCS of the satellite is also given. The test
scheme has the advantages of universality, expansibility, convenience and relia-
bility, which can improve the test efficiency and quality of AOCS significantly.

Keywords: 1553B bus � Architecture � Attitude and orbit control system �
Testability � Integration test

1 Introduction

The integration test of attitude and orbit control system (AOCS), which includes the
open-loop component test and the closed-loop simulated-flight test [1], can be divided
into system development test, the whole-satellite assembly integration test (AIT) and
shooting range test based on testing phase [2]. According to differences of test items
and test states in the different testing phases, four types of integration test are defined:
the system-level component test, the full-function closed-loop test, the status confir-
mation closed-loop test, and the simulator closed-loop test. The full-function closed-
loop test is a detailed test on functional indicators and/or performance of the system
when all products are assembled. The state confirmation closed-loop test is a simplified
functional test of the system. The simulator closed-loop test aims to perform functional
test on system when some products are not assembled. The integration test scheme of
the AOCS has to meet the requirements of four types of test mentioned above, while
having universality, expansibility, convenience and reliability [3].
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The AOCS of current spacecraft is limited by the serial-port based architecture and
customized grounding interface of components. The integration test scheme is mainly
based on the ground testing environment [4]. The testability design on the satellite is
deficient and mainly depends on the design of controller. Characteristics of current
integration test scheme of the AOCS is as follows: (1) Lack of a unified architecture of
test scheme, the test methods of each single unit are customized which leads to poor
universality; (2) The hardware board must be changed when many components are
assembled by the ground environment based on customized interface, which indicates a
deficient expansibility; (3) The test scheme is complicated, the ground environment is
large-sized and inconvenient, e.g. the test scheme of AOCS introduced in [5]. In order
to deal with the situation that the integration test has to be conducted when some
products are not involved, the signal adapter has to be designed with two modes.
Besides, the grounding serial ports, constant current sources, and grounding detection
signals like analog signal must be classified and adjusted; (4) Problems caused by cable
switching introduced by different test methods, long-distance signal crosstalk brought
by customized weak current signals and non-digital signals such as analog signals, and
re-calibration on signals when status of the test changes, present the potential quality
problems and poor reliability.

With the intelligent function expansion and performance improvement on the
AOCS of spacecraft, domestic AOCS in the fields of remote sensing, communication,
and space station has begun to apply the architecture based on the 1553B bus [6]. The
integration, digitization, and intelligentization of units of the AOCS have been greatly
improved, which provides the condition for developing on-board testability design. [7]
introduced the advantages of testability design of the control system based on the
1553B bus architecture. [8] provided design recommendations on system-level testa-
bility that decompose the target of testability design on each unit according to the test
requirements. [9] proposed a new universal 1553B test platform. The domestic research
mentioned above is still in the development stage of the testability design of the on-
board system and there is scarcely any research on the testability design of the system-
level integration test scheme related to the AOCS.

Based on the current test status of the AOCS and the characteristics of the 1553B
bus architecture, this paper conducts the research and design on the integration test
scheme of the AOCS, and proposes an integration test scheme based on satellite-
ground joint design. The technical features of the scheme are also introduced.

2 Characteristics of AOCS Based on 1553B Bus
Architechture

The bus topology of the AOCS based on the 1553B bus architecture is shown in Fig. 1.
The controller as the BC terminal of the architecture is the central control computer.
The sensor in RT terminal includes infrared earth sensor, star sensor and gyroscope.
The actuator in RT terminal comprises drive control device, control moment gyro
(CMG) and solar array drive assembly (SADA).

The advantages to the design of system integration test brought by applying the
1553B bus as the internal data transmission interface of the AOCS are as follows:

4 Z. Jiang et al.



(1) The customized unit grounding interface for data collection can be canceled.
The real-time data of the single unit on the bus can be acquired by applying the MT

function of 1553B bus, which greatly reduces the types and number of satellite-ground
interface signals.

(2) The standard bus communication interface simplifies development of the sim-
ulator when the on-board AOCS is not completely assembled. By using the RT
function of the 1553B bus, multiple RT interface can be configured on the dynamics
computer to simulate various components of the AOCS.

(3) The capability of data transmission is strong. The transmission rate of the 1553
bus reaches 1Mbps, which can meet the data transmission requirement of the AOCS
while transmitting large-capacity data related to the integration test.

3 The Scheme of Satellite-Ground Joint Integeration Test

3.1 Architecture of Test Scheme

By implementing the joint design of the on-board system and the ground testing
environment, the architecture of the AOCS satellite-ground joint integration test
scheme is constructed as shown in Fig. 1 according to the characteristics of the AOCS
based on the 1553B bus architecture.

By analyzing the system test requirements, the system is divided into individual
components. The functional design and testability design of the individual components
are conducted simultaneously. Test modules are added based on the normal function
modules of each component. Meanwhile, the information flow and data monitoring
flow between each component are designed. The test module introduces the testability
mechanism that facilitates test processing into the products. The design requirements of
test module are as follows: (1) the function must be independent, and has no influence
on the performance of normal functions and timing sequence; (2) the interface have to
be standard (including protocols and electrical interfaces), which can simplify and
unify the design of ground environment. The test module of the controller implements
functions such as receiving and forwarding the test data. The test module of the sensor

Fig. 1. The architecture of the AOCS satellite-ground joint integration test scheme
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and the actuator are applied to provide various test data required for the open-loop
component test or the closed-loop simulated flight test.

The ground testing environment consists of test host computer, main control
computer, and data server. The test host computer aims to complete collection of
actuator signals, transmission of sensor signals, and calculation of attitude and orbit
kinematics and dynamics simulation. The main control computer is responsible for the
management and scheduling of test sequences. Data processing, storage and display are
implemented in the data server. Compared with the traditional test scheme, the test host
computer uses 1553B boards with the features of intelligentization, generalization, and
standardization instead of numerous component simulators, which simplifies the signal
adapter. The test host computer is connected to the 1553B bus as an RT terminal for
implementing data interaction with the products on the satellite. The bus monitor MT
monitors and records the information flow data of the 1553B bus in the system to
facilitate problem analysis. The multiple RT board simulates multiple RT components
based on the bus communication protocol.

3.2 Design of Test Scheme

Based on the above test scheme architecture, the test scheme shown in Table 1 are
designed for the four types of integration tests, which include the operating state of the
on-board system and the configuration state of the ground environment.

Besides, the digital signals are anti-interference.

Table 1. Design of satellite-ground joint integration test scheme

Test types System-level
component
test

Full-function closed-loop
test

Status confirmation
closed-loop test

Simulator closed-
loop test

Controller Normal
function
module

Normal function module;
Test module;

Normal function
module

Sensor Normal
function
module

Normal function module;
Test module

RT simulators

Actuator Normal
function
module; Test
module1;

Normal function module;
Test module;

Normal function
module

RT simulators

Ground
Environment

Bus monitor
MT

Dynamics calculation;
Ground equipment RT; Bus
monitor MT; Signal adaptor;

Dynamics calculation;
Ground equipment
RT; Bus monitor MT;

Dynamics
calculation; Bus
monitor MT; Multi-
RT simulators;

Note 1: instruction sequence of actuators complete component test autonomously.
The test scheme designed has the following advantages: (1) generalization: unified test schemes for sensors
and actuators; (2) expansibility: adding and deleting products are only related to software modification,
which means the schemes have expansibility on 1553B bus architecture; (3) convenience: by designing the
on-board testability, the size of the ground environment has been greatly reduced, which indicators that there
is no need for the large-scale signal adapters and simulators; (4) reliability: switching between four types of
test status only requires software switching.
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4 Technical Features of the Test Scheme

4.1 Sensor Closed-Loop Method

In order to achieve the long-term power-on state on the sensor test and the consistency
in satellite-ground cable connection, a sensor closed-loop test method based on digital
signal excitation is designed. The information flow is shown in Fig. 2.

(1) Protocol of Satellite-Ground Simulation Data Packet
The ground dynamics generates the sensor simulation data and the ground RT
equipment regularly updates the data. The simulation data packet uses the CCSDSS
data packet [10] standard as the same as that in satellite. The format consists of two
parts, head and data domain, which is uniformly defined with high standardization and
good expansibility.
(2) Test Module of Controller
The function design of test module aims to acquire the simulation data of sensors from
the ground testing RT-equipment, to complete data verification and judgment, to for-
ward the simulation data to the sensor, and thereby to implement the uplink of the
sensor’s digital excitation signal. The normal function module collects sensor data to
conduct calculations on closed-loop attitude and monitoring on telemetries.
(3) RT-Sensor test module
The communication between the sensor and the controller includes two parts: the
attitude information used for closed-loop calculation and the operating state data. The
test module receives the ground simulation data forwarded by the controller, and
generates the attitude data as the output of products based on the received simulation
data. The operating status data is still collected by the normal module. The final data
generated by the two data packets is sent to the controller to implement the closed-loop
test and the monitoring on its own status data.

4.2 Actuator Closed-Loop Method

In the closed-loop test, the ground system needs to collect information such as the
control pulse width of thruster, control voltage of magnetic torquer, low-speed frame
position of the CMG products, and the angular velocity of the SADA. The information
collection on the actuator conducted by the ground testing equipment can be divided
into two ways, as shown in Fig. 3.

Fig. 2. The information flow of sensor closed-loop test
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(1) Testing serial port collection mode
The actuator designs the test mode, and provides the actuator status information
required for the closed-loop test. The ground testing equipment is equipped with the
signal adapter, which collects the output information of the on-board products through
the grounding serial port. The rate of real-time sampling is fast, and it can satisfy the
requirement on 10 ms-level of dynamics simulation calculation and accurately reflect
the operating status of the on-board components. Therefore, the closed-loop test system
has high accuracy and good real-time performance.
(2) MT monitoring mode
In the AOCS based on the bus architecture, the bus monitor (MT) can monitor and
collect all the data on the 1553B bus, extract the data sent by the RT address and sub-
address corresponding to the actuator. By analyzing the actuator information from the
extracted data and forwarding them to the ground dynamics module, the the collection
of actuator information is implemented. This method greatly simplifies the scale of
testing equipment. A portable industrial computer can be employed to complete the
entire closed-loop simulated flight test, which reduces the connection of satellite-
ground testing cables and is suitable for rapid confirmation of the system’s closed-loop
function.

4.3 RT-Component Simulator Closed-Loop Method

The test host computer is equipped with the muti-RT 1553B board, which can
implement up to 31 real-time simulations of RT at the same time. The multi-RT
simulators aim to simulate each product of the AOCS, especially when products are not
assembled. The architecture based on the RT-component simulator is shown in Fig. 4.

The test host computer designs corresponding component simulators based on the
function of different components. The sensor simulator converts the satellite attitude
calculated by the dynamics into its own attitude information and simulates the operating

Fig. 3. Diagram of data collection from actuators to the ground dynamics

Fig. 4. The closed-loop architecture of the system based on the RT-component simulator
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state of corresponding products. The actuator simulator receives the control instructions
and simulates the real kinematics features of the actuator. The RT address allocation and
communication protocol design of each component simulator is consistent with the on-
board real products. By applying 1553B bus interface, they provide sensor attitude data
required for the closed-loop test and receive control instructions from the actuator.

This method has no influence on the on-board controller. No extra function design
is added. The only operation is to perform the function of normal function modules.
When some products are not assembled, the ground equipment specifies the corre-
sponding RT simulator to work by using soft switches, which has no effort on the
communication of other on-board real products. In this state, only the controller is
necessary for conducting the closed-loop test. This method can implement the system
function test with the minimum component configuration, and complete the component
failure mode test by modifying the parameters of the related simulator online.

5 Application

The test scheme proposed has been applied in the AOCS of an agile maneuver satellite
based on 1553B bus architecture. The configuration of this satellite consists of a control
computer as BC and 25 RT-components, which include infrared sensors, gyroscopes,
star sensors, CMG, SADA and actuator control unit. According to the above test
scheme, the test module has been uniformly designed in the software of the on-board
products. The hardware configuration of the ground testing environment includes: the
test host computer, the main control computer and the data server. In the state con-
firmation closed-loop test, only a portable test host computer is required. Software
configuration is implemented in the test host computer based on the status of the
component. Compared with the traditional test host computer, dynamic signal adapter,
simulator signal adapter, and simulator configuration of a variety of customized
components, the scale of test equipment required is greatly reduced.Some typical test
curves include the attitude of AOCS, sensors and actuators are shown in Fig. 5.
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Fig. 5. Typical test curves of AOCS
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The application results present that the scheme designed for the four types of tests is
suitable for various states and stages of the integration test. During the test, the
hardware status between components in the AOCS and ground equipment is consistent.
There is no operation on the status of satellite-ground cable connection during the
status switching, which greatly improves efficiency and reliability of the test compared
with the traditional test scheme. The compliance of functions and performance of the
whole system has been verified.

6 Conclusion

Favorable conditions for solving the deficiency of integration test scheme for the
AOCS of traditional spacecraft has been provided by the advantages of 1553B bus
architecture. A satellite-ground joint integration test scheme for the characteristics of
the AOCS based on the 1553B bus architecture has been proposed in this paper, which
satisfied the requirement of four types of test for the AOCS. The proposal of the scheme
has a great significance in improving the test technology, test quality and test efficiency
of the system. By configuring the signal adapter in the ground integration testing
environment while components of the AOCS can still employ the traditional test
approaches, the proposed test scheme has performed many advantages in various
aspects and a good compatibility. In the future, the further work on testability design of
on-board products based on the intelligent component, and simplification and stan-
dardization of the design on test methods, test cases, and test interpretations can be
conducted by jointly applying the proposed scheme and design approach on system-
level testability proposed in [8]. Finally, the international advanced level on the
capability of integration test in the AOCS can be achieved.
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Abstract. Radio frequency crosslink is usually used in constellation which is
composed by several satellites. Deviation of the antenna pointing angle can lead
to failure in the setting process of crosslink. Satellites will involve more devi-
ation of antenna pointing angles in real orbit condition. So it is important to test
the engineering design accuracy of satellite antenna pointing algorithm. A test
system of satellite antenna pointing performance based on dynamic orbit model
is designed, which is used to solve the problem of timing deviation of data in the
test process of satellite antenna pointing performance. The timing deviation
model is analyzed. Using the timing recovery module, the test error results (with
and without timing information) of antenna pointing angle are unified, both of
which are within 0.001° when the test process is based on the same orbit
condition. Thus, the test system proposed can get the reliable results of engi-
neering design accuracy of satellite antenna pointing algorithm.

Keywords: Satellite antenna pointing performance � Dynamic orbit model �
Timing deviation � Error test

1 Introduction

Radio frequency crosslink is usually used in constellation which is composed by
several satellites. Information created by satellites can be transferred in the constellation
using crosslink. Satellites are far away from each other in real orbit condition. Devi-
ation of the antenna pointing angle can lead to failure in the setting process of crosslink.
So it is important to test the engineering design accuracy of satellite antenna pointing
algorithm. The engineering design accuracy can be affected by several facts, such as
accuracy of input parameters, accuracy of output results and timing information. So it is
difficult to test the accuracy when there is timing deviation in test results.

The test systems of antenna pointing performance in existence are usually inte-
grated in the test systems of crosslink. NAVYS is a test system of crosslink of GNSS,
in which users can define the parameters of orbit, satellite clock, PRN code and so on
[1]. GSVF is a test system of crosslink of Galileo satellite system, with which the
information structures of navigation signal can be tested [2–5]. The domestic test
systems of crosslink are usually used to test the influence of ephemeris data to navi-
gation messages and the influence of dynamic topology structure to the transmission
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performance of inter-satellite information [6]. To our best knowledge, it is the first time
to apply the timing deviation model in the design of test system of crosslink.

2 Analysis of Device Under Test

2.1 Dynamic Orbit Model in Satellite Antenna Pointing Process

In dynamic orbit condition, the locations of the satellite under test (SUT) and the aimed
satellite (AS) can be calculated with orbit parameters and time t. The position coor-
dinates x; y; zð Þ of the satellite at the time t can be written as

x ¼ r cosX cos u� sinX sin u cos ið Þ
y ¼ r sinX cos uþ cosX sin u cos ið Þ

z ¼ r sin u sin i

8
<

:
ð1Þ

where r is the distance between the satellite and the earth’s core; X is the right
ascension of ascending node (RAAN); u is the argument of latitude; i is the orbital
inclination [7].

The position coordinate of SUT is written as x1; y1; z1ð Þ, and that of AS is written as
x2; y2; z2ð Þ. So the relative position vector is

i0 ¼ 1
r0

x2 � x1; y2 � y1; z2 � z1ð Þ ð2Þ

where r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � x1ð Þ2 þ y2 � y1ð Þ2 þ z2 � z1ð Þ2

q
stands for the distance between

SUT and AS at the time t.

2.2 Test Ports of Satellite Antenna Pointing Performance

The satellite antenna pointing function can be tested from two test ports. One is the port
of telemetry transmission, and the other is the port of control signal transmission.

The port of telemetry transmission is the port from which test system can get the
angles calculated by the satellite antenna pointing module (SAPM). The angle data and
its timing information is packaged in the same telemetry packet, and transmitted
through the telemetry channel.

The port of control signal transmission is the port from which test system can get
the final angles sent to the antenna. The angle data is received by the test system, while
there is no timing information received at the same time. Because the control signal is
sent out just after the calculation of SAPM, so the timing information of angle data
from control signal (AFC) is away from the timing information of angle data from
telemetry (AFT) with an uncertain delay. The uncertain delay is defined as timing
deviation which will involve big test error, if it is ignored.
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2.3 Timing Deviation Model

The timing deviation model can be divided into parts (shown in Fig. 1). One is towards
the timing information of AFT (TAFT), and the other is towards the timing information
of AFC (TAFC) [8]. The AFT can be written as

fs nTð Þ ¼ f nT þDS;n
� �þ eS ð3Þ

where f tð Þ stands for the theoretical antenna pointing angle of SUT at time t; nT is the
timing of calculation of angle data; DS;n is the uncertain timing deviation involved by
the process of telemetry packaging; eS is the engineering design error of SAPM.
So TAFT is equal to nT þDS;n, which can be get from the telemetry of SUT.

The AFC can be written as

fC nTð Þ ¼ f nT � sþDC;n
� �þ eC ð4Þ

where s is a certain transmission delay; DC;n is the uncertain timing deviation involved
by the process of control signal transmission; eC is the engineering design error of
executing institution of angle data. So TAFC is equal to nT � sþDC;n, which need to
be recovered by the test system.

Fig. 1. Schematic diagram of timing deviation of antenna pointing angles (AFC: angle data
from control signal; AFT: angle data from telemetry; TAFC: timing information of AFC; TAFT:
timing information of AFT; SUT: satellite under test)
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3 Design of Test System

3.1 Structure of Test System

The structure of the test system is divided into four layers (shown in Fig. 2):

1. Physical layer: This layer is the hardware basement of the test system. Information
can be transmitted between modules with LAN.

2. Network layer: This layer supports for TCP/IP protocol, and realizes the informa-
tion interaction between Physical layer and Logic layer.

3. Logic layer: This layer implements the complex logical functions of the test system.
Each function is designed as an independent module.

4. Application layer: This layer implements the user interaction function, including
parameter management of the system, parameter management of antenna pointing
test module, monitor of telemetry of the system, display of test results, record of
logs.

3.2 Design of Information Flow

The information flow of the test system is shown in Fig. 3. The upper part belongs to
the SUT, while the lower part belongs to the test system. The satellite antenna pointing
module (SAPM) and the satellite antenna executing institution (SAEI) are the devices
under test. The two parts work in the same dynamic orbit condition. The angle data
calculated by the SAPM (known as AFT) is sent to the test system through the test port
of telemetry transmission, and the final angle data (known as AFC) is sent to the test
system through the test port of control signal transmission. AFT and AFC are dealt with
two different information flows.
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Fig. 2. Structure of test system (TSCM: test system control module; APRAM: antenna pointing
result analysis module; TAM: telemetry analysis module; SIAM: serial information analysis
module)
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AFT is received by the telemetry analysis module (TAM). Then the angle data and
timing information gotten from TAM is sent to the antenna pointing result analysis
module (APRAM), while the timing information is sent to the antenna pointing sim-
ulation module (APSM) to get the theoretical angle data corresponding to the timing
information of AFT. The theoretical angle data is sent to the APRAM where the
accuracy of AFT is analyzed.

AFC is received by the serial information analysis module (SIAM). Then the angle
data is sent to the timing recovery module (TRM). TRM receives AFC, the theoretical
angle data and timing information of AFT sent from APSM, and recovers the timing
information of AFC. AFC and the theoretical angle data corresponding to the timing
information of AFC is sent out from TRM, and received by APRAM where the
accuracy of AFC is analyzed.

The information flows above are both controlled by the test system control module
(TSCM). APRAM receives commands and control parameters from TSCM, and sends
telemetry of the test system to TSCM.
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Fig. 3. Information flow of antenna pointing test system (SPAM: satellite antenna pointing
module; SAEI: satellite antenna executing institution; TAM: telemetry analysis module; SIAM:
satellite antenna executing institution; TSCM: test system control module; APRAM: antenna
pointing result analysis module; TRM: timing recovery module; APSM: antenna pointing
simulation module)
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3.3 Design of Timing Recovery Module

To recover the timing information of AFC, the timing deviation between TAFT and
TAFC is accurately tested by the method of cross-correlation [8]. According to that
method, the design of timing recovery module is shown in Fig. 4.

The theoretical angle data corresponding to TAFT is stored in the buffer of theo-
retical angle data. This angle data is interpolated by N times, and used as the reference
of timing recovery process. AFC is stored in the buffer of AFC, and then combined
with the recovered TAFC. The recovery of TAFC is realized by the close-loop of cross-
correlation calculation and timing adjustment. The peak value of cross-correlation
calculation is estimated when the timing deviation between TAFC and TAFC is
accurately tested.

4 Application of the Test System

To verify the function of the test system, we carefully choose part of a satellite orbit as
the test case. The test case includes two dynamic orbit conditions:

1. Orbit condition in which the antenna pointing angle is relatively stable;
2. Orbit condition in which the antenna pointing angle changes quickly (Fig. 5).
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The error between AFC and theoretical angle corresponding to TAFT is shown in
Fig. 6. The results can stay below 1° when the antenna pointing angle is relatively
stable, but it rises to 6° when the antenna pointing angle changes quickly. After timing
recovery of AFC, the error between AFC and theoretical angle corresponding to the
recovered TAFC can stay below 0.001°, just like the error between AFT and theoretical
angle corresponding to TAFT (shown in Fig. 7).
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5 Conclusion

A test system of satellite antenna pointing performance based on dynamic orbit model
is designed and verified. The test system solves the problem of timing deviation of data
in the test process of satellite antenna pointing performance. Using the timing recovery
module, the test error results (with and without timing information) of antenna pointing
angle are unified, both of which are within 0.001° when the test process is based on the
same orbit condition. Thus, the test system proposed can get the reliable results of
engineering design accuracy of satellite antenna pointing algorithm.
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Abstract. This paper provides a high accuracy orbit control design for ocean
dynamics operational environmental satellite based on the orbital characteristics
and the energy safety constraints of the satellite, which could meet the demand
for high accuracy of orbit control.

Keywords: Large inclination � Ocean dynamics operational environmental
satellite � Orbit control

1 Introduction

The purpose of ocean dynamics operational environmental satellite is to obtain the
parameters of global ocean dynamics environment, including sea surface wind fields,
wave height fields, wave fields, ocean current, thunderstorm, tide, marine dynamic
field, ocean circulation and sea surface temperatures. It’s a significant detection method
for preventing marine disaster. One of these parameters, the global high resolution ratio
data for level plane between ocean and landscape could be directly used for national
defense [1, 7–11]. To achieve the continuous real-time ocean observation and reduce
the time of covering global ocean area of ocean dynamics environment, the ocean
dynamics operational environmental monitoring network satellites usually consist of
three ocean dynamics operational environmental satellites. One of them operates at
polar orbit and the other two operate at an inclined orbit [2].

To achieve high accuracy and high resolution ratio for the data of the Marine geoid
that obtained by the ocean dynamics operational environmental satellite, orbit main-
tenance accuracy should be high enough, that is the track drifting of sub-satellite point
should be within 1 km. The ocean satellites at polar orbit may apply the orbit control
plan which could achieve low thrust orbit control under the wheel control mode and has
been used for HY-2 satellite [3]. However, it is still challenging for the ocean dynamics
operational environmental satellite with large inclination to achieve high accuracy orbit
control with the constraints in form of energy, yaw maneuvering control and orbit, the
specific difficulties are described in chapter 2.
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2 Mission Analysis

2.1 Introduction to Ocean Dynamics Operational Environmental
Satellite

To achieve continuous real-time observation of ocean environment and reduce the time
of covering global ocean area of ocean dynamics environment, the monitoring network
of ocean dynamics environment usually consisted of several ocean dynamics opera-
tional environmental satellites. These satellites usually operate at the polar orbit or the
orbit with large inclination. The polar orbit ocean satellite operates at the sun-
synchronous returning frozen orbit with large inclination.

2.2 High Accuracy Orbit Control Demand and Performance Index

Therefore, the control sub-system of the satellite should be able to achieve the fol-
lowing goals:

– The error of orbital semi major axis is less than 1 m;
– The error of orbit inclination is less than 0.007º;
– The eccentricity ratio is not more than 0.00007;
– The error of argument of perigee is less than 3.5º;

2.3 Orbit Characteristics and Energy Constraints

Taking non solar-synchronous returning frozen orbit for instance, the nodal regression
for one day of right ascension of ascending node in inertia coordinate system would be
2.492°. Hence, it takes approximately 145 days for the orbital plane to rotate a circle.
The orbital solar incident angles changes over time, which could reach ±89.5° for
maximum value and minimum value [3, 4].

The satellite is in orbit, with a maximum of 35 min and minimum of 0 min for
earth shadow time, the orbit period of this satellite is approximately 145 days. Con-
sidering the safety of power supply, the discharge depth of battery should be no more
than 30% by the power system [5]. Hence, the time of full sun for the satellite should be
no less than 1/3 orbit for one full orbit (Fig. 1).

2.4 Control Constraints

Attitude Control Constraints
The satellite operates in non-solar synchronous orbit, the angle between the sun vector
and the orbital plane varies within ±89.5°. To ensure power supply constraints, for the
satellite with single-degree-of-freedom solar arrays, the normal vector of solar arrays
should be directed towards the sun vector accurately. Therefore, both the rotation of
solar array drive assembly (SADA) and continuous yaw maneuvering attitude control
by the satellite should be applied [6]. Besides, as the attitude control by thrust may lead
to an unsatisfied accuracy of orbit control, the demand for angular momentum of
momentum wheel control and tracking of BAPTA should be considered during control
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scheme design phase, the solar arrays and the yaw tracking goal are determined
according to the orbit and solar direction.

Constraints During Orbit Control
Since the satellite operates at the attitude of yaw tracking for a long period as men-
tioned before, the orbit control flow for the traditional satellite could be designed as
follow: First, the satellite should quit the yaw tracking mode and returns to the zero
attitude. Then, the engine for orbit control ignites for operation. Finally, the satellite
returns to the yaw tracking attitude. However, this control flow may require several
circles of measurement and control data resources provided by ground faculty. Besides,
the satellite could not point to the sun for a long time during the process of returning to
the zero attitude, zero attitude maintenance and returning to the yaw tracking attitude,
these actions may increase the risk of the satellite in terms of energy safety.

Constraints from Wheel Train During Momentum Wheel Control
Ocean dynamics operational environmental satellite is equipped with microwave
radiometers or microwave scatter meters, which are installed in the direction of Z axis
of the satellite body for ensuring the accuracy of earth observation, and complete the
ocean dynamics environment observation by rotating. Taking microwave scatter meter
of HY-2 satellite for instance. The satellite requires 16 Nms angular momentum for
compensating payload rotation. Besides, the wheel system could only provide limited
maximum angular velocity to meet the yaw control requirement.

3 Technological Plan

3.1 Low Thrust Orbit Control Under Wheel Control Mode

The maximum range of track drifting of ground track is DL ¼ �1 km, considering the
different period of solar activities, the theoretical adjustment of semi-major axis is
between 10.2 m and 12.5 m, and the corresponding impulse requirement is 8.5–10.4Ns.

Fig. 1. Sketch map for the operation of ocean environment satellite
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Since the orbit control accuracy is Daj j � 1 m and the allowable error of impulse is
�0:83 Ns, low thrust propeller with 1 N should be used during orbit maintenance.
Taking the error of rate of change of semi-major axis, the error of orbit measurement and
the relative error of orbit controlled engine into account, the actual adjustment of semi-
major axis and dynamic frequency correspond to different years is shown as Table 1.

3.2 No Marking Transient Attitude Control Method

For the orbit with 970 km height and 66° orbit inclination, the solar incident angle
varies between ±89.5°, which equal to 3° for one day and 104 days for one period.
Two solar arrays unfold towards the direction of ±Y respectively. To ensure energy
supply, the normal vector of single-degree-of-freedom solar arrays should be in parallel
with sun vector. Hence, the autonomous continuous yaw maneuvering attitude control
and solar array tracking control scheme are designed for the satellite.

AutonomousYawManeuveringAttitudeandSolarArrayTrackingControl Scheme
The Expected drift angle wT could be calculated by orbital location of the satellite and
the direction of sun vector. Considering the demand for the sun pointing of solar array,
the error of attitude control, and the error of measurement, and control for solar array
rotating angle, the yaw control scheme is shown below:

w ¼
90osignðbÞ; jbj[ bmax

wT ; b� bminandjbj � bmax
�wT ; b[ bminandjbj � bmax

8
<

:
ð1Þ

Where w represents the target yaw angle, where b represents the solar incidence
angle, The form of expected drift angle wT is determined to be sine wave track, bmin =
−1.5°, bmax = 75°. The solar incident angle varies between −89.5° *+89.5°. Figure 2
shows the target yaw angles of the satellite in one orbit period under different solar
incidence angles, where a represents orbital angel.

Table 1. The theoretical adjustment of semi-major axis and dynamic frequency of orbit control

Solar activity rate Atmospheric
density
(kg/m3)

Rate of
change of
semi-
major
axis
(m/day)

Adjustment
of semi-
major axis
(m)

Control
period
(days)

1 N
Propeller
ignition
time(s)

2019
(F10.7avg = 71.01)

4.76e-16 −0.05 10.28 189.98 8.5

2020
(F10.7avg = 72.88)

4.91e-16 −0.06 10.43 187.16 8.7

2021
(F10.7avg = 91.95)

7.01e-16 −0.08 12.47 156.61 10.4
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Sun Array Pointing Analysis
The control scheme of SADA is the same as the others applied on satellites, which
would work according to the data from analog solar sensor in solar region and the
orbital angular velocity in shadow region. However, the rotation speed of SADA
continuous varies between positive and negative interval, and the solar incident b
varies between−89.5° *+89.5°. Taking the sun array in-Y direction as an instance,
Fig. 3 shows the pointing accuracy under different solar incidence angles. Since the
pointing accuracy of solar array is less than 25°, the traditional control scheme for sun
array with analog solar sensor could ensure the safety for the satellite during long-time
running

Fig. 2. The target yaw angles in one orbit period under different solar incidence angles

Fig. 3. The solar array pointing accuracy under different solar incidence angles
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However, during orbital control periods, the attitude maneuver may cause ASS
(Analog Sun sensor) fail to search for the sun with traditional ASS solar array control
scheme, and further leading to the failure of sun pointing of the solar array. The
conditions for simulation include: setting the satellite to cancel yaw tracking at 8000 s,
and maneuvering back to orbit coordinate system attitude for orbit control (Fig. 4 and
Fig. 5).

We can see from the simulation results that ASS is fail to search the sun for a long
period during maneuvering in solar region, which sustains for 900 s (according to the
principle of charging, if the angle between normal vector of solar array and sun vector

Fig. 4. Three-axis attitude variation curve during orbit control process

Fig. 5. The angle between normal vector of solar array and sun vector
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is more than 50°, then the array is not charging). Hence, although the traditional ASS
solar array control scheme is suitable for long-term solar tracking process, it may not
work well for the satellite with large inclination to pointing at the sun during
maneuvering.

3.3 Power Control Method with High Reliability

To improve the traditional ASS solar array control scheme, a power control method
which combines real-time yaw attitude control and solar array rotating angle control
during orbit control process is presented for the ocean satellite with large inclination.
Details are given as follow:

Sb/ ¼ RzðwzÞ � ½Sox; Soy; Soz�T ð2Þ

af r ¼ arctan2ð�Sb/x;�Sb/zÞ ð3Þ

where wz represents the determined yaw angle, RzðwzÞ represents the direction cosine
matrix of spinning around the z-axis, ½Sox; Soy; Soz�T is the sun vector and af r (the solar
azimuth under the estimated attitude) represents the solar array control objective angle.

4 Simulation

The conditions of simulation is set as mentioned in chapter 3.2, the yaw tracking would
be canceled at 8000 s. Finally, the satellite would be maneuvered back to orbit coor-
dinate system attitude (Fig. 6).

Fig. 6. The angle between normal vector of solar array and sun vector
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According to the result of the simulation, the satellite apply the power control
method which combines real-time yaw attitude control and solar array rotating angle
control during orbit control process, and there are about 380 s loss of illumination
during the whole orbit control process. The advantage of this method is that during the
orbit control process (including maneuvering and orbit coordinate system attitude
process), the solar azimuth is calculated by the real-time estimated attitude all the time.
Since the error of solar azimuth is generated from the error of attitude determination,
this method could reduce the error of solar azimuth effectively and shorten the period of
which the solar array without illumination. Therefore, this control method is applicable
for the whole orbit control process.

5 Conclusion

This paper focuses on the orbit control problem of ocean dynamics operational envi-
ronmental satellite. To achieve the high accuracy orbit control under the constraints
including power, yaw maneuvering control, orbit control and others, and based on the
requirement for high accuracy orbit control and the characteristic of orbit, a new control
method which combines real-time yaw attitude control and solar array rotating angle
control is presented for the large inclination ocean satellite during orbit control process.
The results show that this new control method could achieve high accuracy orbit
control as well as ensure the energy safety of the whole satellite during orbit control
process.
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Abstract. Clock plays a vital role in navigation satellites, and its design
method has a high barrier to entry. The in-orbit anomalies of clocks of global
navigation satellite system (GNSS) such as Galileo and Indian Regional Navi-
gation Satellite System (IRNSS) indicate that the stable operation of clocks has
the characteristic of high-risk. Thus, it’s of great importance to monitor the
frequency stability of that. Currently, monitoring technique based on the in-orbit
data of phase comparison between a master and a backup clock (IDPCMB) is
able to solve traditional disadvantages of complexity, expensiveness, and
unstable measurement accuracy; however, it obtains a poor accuracy when faced
with condition of short-term stability. The primary purpose of this study is to
design a modified IDPCMB monitoring technique, which is based on an anal-
ysis of Allan Variance from a different perspective, and can solve the drawbacks
of traditional technique. The testing results show that the modified technique is
superior to the traditional one.

Keywords: Navigation satellite � Satellite clock � Frequency stability �
Monitoring

1 Introduction

Clock plays an important role just like the heart in navigation satellites, and it’s able to
output a stable and precise time frequency signal to the satellite payload, the perfor-
mance of which can directly affect the quality of satellite service. Designing the nav-
igation satellite clock is extremely difficult and has a high barrier to entry. The large-
scale in-orbit anomalies of clocks of Galileo and IRNSS have rung an alarm bell for
GNSS [1], which indicates that the stable operation of clocks has a high risk. Thus, it is
very urgent to monitor the performance of navigation satellite clock. When succeed in
measuring pseudo-ranges of at least three satellites, a GNSS receiver can determine its
position; the frequency stability of clock not only affects the measuring accuracy of
pseudo-range, but also has a close relationship with the orbit determination of satellites,
which eventually has a huge influence on the performance of the GNSS positioning.
Thus, the monitoring technique for the clock onboard GNSS becomes a research
hotspot.
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Measuring the clock difference between satellite and ground station is a common
technique for monitoring the frequency stability of GNSS satellite clocks. Firstly, one
can measure the uplink and downlink pseudo-ranges by satellite and ground station
respectively; then, removing the effect of error of signal traveling link, the stability of
satellite clock is obtained [2]. Additionally, technique of the inversion of orbit
parameters is also a common method. It uses the ground stations network to perform
the precise orbit determination of satellites, combining the known coordinate of ground
station and removing the signal propagating error of pseudo-range, then it can deter-
mine the stability of satellite clock as well [3, 4]. Nevertheless, the two above men-
tioned methods have disadvantages of complexity, expensiveness, and instability
measurement accuracy. Ref [5–8] propose a monitoring technique based on the in-orbit
data of phase comparison between a master and a backup clock, which is named by the
traditional IDPCMB in this study. This method is simple and is independent of the
signal propagating error; however, it obtains a poor accuracy when measuring the
short-term frequency stability. Analyzing the data of phase comparison between a
master and a backup clock onboard a satellite that is under the electrical testing and is
located in a workshop of China Academy of Space Technology, compared with the
precise results measured by an Allan Variance analyzer (5120 A), the traditional
IDPCMB obtains a poor short-term monitoring results and cannot meet the requirement
of the accuracy of short-term frequency stability monitoring.

Thus, this study proposes a modified IDPCMB monitoring technique, which not
only absorbs the advantages of simpleness, cheapness, and stable accuracy, but also can
meet the requirement of monitoring both the short-term and long-term frequency sta-
bility, eventually solving the drawbacks of traditional techniques effectively.

2 Principle of the Phase Comparison

The structure of devices of time and frequency on-board Galileo satellites can be
illustrated in Fig. 1. By configuring the connection relationship of switch network, at
least two of four atom clocks can output signals with a frequency of 10 MHz. Each of
the two 10 MHz signals is imported into the input-port of the corresponding frequency
synthesizer, altogether generating two channels of 10.23 MHz signals. Using a single-
pole double-throw (SPDT) switch, one of the two 10.23 MHz signals is selected to
output and is named by the master signal of satellite clock, while another is called the
backup signal. Except for strengthening the robustness of system, the master and
backup signals can be measured by a phase detector, thus producing the data of phase
comparison between a master and a backup clock. Then the data of phase comparison
is transmitted to the ground station and is analyzed to determine the frequency stability
of satellite clock.

3 Monitoring Technique of the Frequency Stability

The Allan derivation is commonly used to evaluate the frequency stability of satellite
clock, which is written as follows [7]
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rAðsÞ ¼ 1
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2m

Xm
i¼1

DTiþ 2 � 2DTiþ 1 þDTið Þ2
s

ð1Þ

where rAðsÞ is the Allan derivation with a sampling time of s; m denotes the amount of
the sampling time interval; DTi represents the i-th difference in the phase of the master
and backup clock. The memory space of the phase detector in Fig. 1 is finite, then it
exists a full measurement range. When the value of some phase difference exceeds the
full range, it will be replaced by its reminder, i.e., a process just like an action of
resume. Thus, the original stored data by the phase detector cannot be directly used to
calculate the Allan derivation and it should be dealt with in the following steps.

The phase difference measured by phase detector on-board satellite is broadcast by
a frequency of once per second and it can be received by the GNSS receiver located in
the ground station. Through computing the difference in the phase difference at adja-
cent time, we can obtain

d ¼ ½ d1 d2 . . . dn � ð2Þ

where di denotes the change of phase difference per second at some point, and di ¼
ui � ui�1; i ¼ 0; 1; . . .; n (ui represents the phase difference received by the ground
station per second). Taking into account the resolution of the phase detector, then the
following equation can be written

P ¼ a½ d1 d2 . . . dn � ¼ ½P1 P2 . . . Pn � ð3Þ

where Pi, i ¼ 0; 1; . . .; n, denotes the actual physic quantity of phase difference of
master and backup clock; a is the resolution of the phase detector which has a unit of
second.

Usually some extremely large value of the variation of phase difference is not
caused by the ambiguity, and at a point view of reliability, the common method of
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Fig. 1. Structure of devices of time and frequency on-board Galileo satellites
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removing ambiguity is described below: assuming RF the full range value of the
counter of phase detector (multiplied by the resolution of phase detector), and Rth the
threshold value of full range ambiguity (commonly a half of RF), then, we obtain

Di ¼ RF � Pi 0�Pi\Rth

Di ¼ RF þPi �Rth\Pi\0
Di ¼ Pi Pij j �Rth

8<
: ð4Þ

where Di denotes the actual physic quantity of phase difference after removing effect of
the ambiguity.

Performing the integration accumulation of Di during the sampling time of s, the
phase difference during s is obtained

DTi ¼
Xs
j¼1

Dði�1Þ�sþ j ð5Þ

where Dði�1Þ�sþ j is defined in the same way as that in Eq. (4), and it represents the
phase difference at the ði� 1Þ � sþ j- th second.

Equation (1) is further derived as follows

rAðsÞ ¼ 1
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2m

Xm
i¼1

DTiþ 2 � DTiþ 1ð Þ � DTiþ 1 � DTið Þ½ �2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2m

Xm
i¼1

DTiþ 2 � DTiþ 1

s
� DTiþ 1 � DTi

s

� �2
vuut

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2m

Xm
i¼1

Fðiþ 1Þ � FðiÞ½ �2
s

ð6Þ

where FðiÞ, i ¼ 0; 1; . . .;m, denotes the m measurement values of the frequency
deviation with s seconds apart, and they can be written as follows

FðiÞ ¼ DTiþ 1 � DTi
s

¼ 1
s

Xs
j¼1

Di�sþ j �
Xs
j¼1

Dði�1Þ�sþ j

 !

¼ Di�sþ 1 þDi�sþ 2 þ . . .þDi�sþ s

s
� Dði�1Þ�sþ 1 þDði�1Þ�sþ 2 þ . . .þDði�1Þ�sþ s

s
ð7Þ

where s can be seen as the amount of the actual physic quantity of phase difference of
master and backup clock. Equation (7) indicates that s plays an important role in
smoothing the calculation specific to the frequency stability of 10 s and more than
10 s (i.e., s� 10); however, the function of smoothing is not valid referring to the
stability of 1 s (i.e., s ¼ 1). Because the broadcasting frequency of the phase difference
is 1 s, and the value of the resolution of the phase detector (a in Eq. (3)) is extremely
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close to that of the index parameter of the frequency stability of 1 s, then the traditional
IDPCMB cannot meet the requirement of the accuracy of short-term frequency stability
monitoring.

The above analysis brings us a new thought: the drawbacks of traditional technique
can be solved if we add an extra smoothing process in the calculation of the frequency
stability of 1 s. Then, Eq. (8) proposes a novel method of calculating the frequency
deviation, which can replace that in Eq. (7):

FðiÞ ¼ 1
s

Xs
j¼1

Di�sþ j þDi�sþ jþ 1

2
�
Xs
j¼1

Dði�1Þ�sþ j þDði�1Þ�sþ jþ 1

2

 !
ð8Þ

Substituting Eq. (8) into Eq. (6), the Allan derivation can be obtained

rAðsÞ

¼
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2

 !2
vuut

ð9Þ

It should be noted that the rAðsÞ in Eq. (1) or Eq. (9) is the total Allan derivation of
the master and backup clocks. As a result of the application of the phase comparison of
the two clocks, there exists the following relationship

r2AðsÞ ¼ r2A1ðsÞþ r2A2ðsÞ ð10Þ

where rA1ðsÞ, rA2ðsÞ is the individual Allan derivation of the master and backup clock
respectively. Because the value of the stability of one clock are close to another, the
frequency stability of individual satellite clock can be written as follows

rA1ðsÞ ¼ rA2ðsÞ ¼ rAðsÞffiffiffi
2

p ð11Þ

4 Testing Verification

The modified IDPCMB and the traditional IDPCMB were used to test the frequency
stability of an in-orbit navigation satellite respectively, and the test results of the two
methods were compared with the ground measured results of the foregoing satellite
before it was launched by Allan variance analyzer (5120 A). As shown in Fig. 2, the
solid line and the solid line with triangle sign represent the test data of the in-orbit
satellite measured by the modified method and the traditional one respectively; while
the dotted line and the dotted line with triangle sign represent the test results of the
master and the backup clocks of the satellite before launch, respectively, both measured
by the 5120 A.
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An observation of the long-term frequency stability of the satellite clock (sampling
time from 100 s to 1000 s) in Fig. 2 showed that the test results of the novel method
and the traditional one were consistent with the ground measured results by 5120 A,
which can meet the monitoring requirement. The short-term frequency stability
(sampling time from 1 s to 100 s) was also observed. Compared to the traditional
method, the novel method was more accurate and had a smaller difference with the
ground measured results. In particular, both the results of the 1 s frequency stability
measured by the modified method and the 5120 A meet the parameter index; While the
test results of the traditional method had a large error, which exceeded the parameter
index and would cause a false alarm.

5 Conclusion

This work theoretically deduced the formula of the Allan variance, meanwhile analyzed
the essential cause of the disadvantages of the traditional method, and then proposed a
modified IDPCMB method. An in-orbit data of navigation satellite was measured by
the modified method and the traditional one. The results showed that the novel method
was more accurate in measuring the short-term stability than the traditional one, and
especially the results measured by the modified one were consistent with the ground
test results of the foregoing satellite before launch, thus proving its superiority.
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Abstract. This paper introduces the design and implementation of multi-
channel system level test scheme for high orbit high power SAR. Firstly, the
working principle of high orbit SAR load is introduced, and then the compo-
sition and design scheme of SAR load comprehensive test equipment which is
composed of echo simulator and SAR fast view are introduced. The test scheme
design of satellite ground test link, test items and test methods for the charac-
teristics of high orbit high power SAR satellite are carried out. The load system
level test scheme and method of high orbit SAR have been applied in the test
task. This paper introduces the application in practice.

Keywords: High orbit SAR � High-Power � Test plan � Test method

1 Introduction

The application of SAR load satellites is becoming more and more extensive, and it can
carry out long-term continuous observation and measurement of the land and sur-
rounding areas, multiple observations and wide coverage observations of the obser-
vation area and its surrounding areas, including disaster monitoring, disaster
assessment, agriculture and forestry Classification, ocean observation, etc., serve
national defense construction and national economic construction.

In this paper, according to the characteristics of high-orbit SAR load mission and
test requirements, the high-orbit high-power SAR load satellite-ground link test pro-
gram and SAR load test project are designed. The designed and developed SAR load
test ground equipment effectively supports the test tasks in all stages of the whole star
development process. Research and design of test items and test methods for high-orbit
high-power SAR loads, and have been applied in the test implementation process.

2 Working Principle of High Orbit SAR Load

The radar central control and processor generate the if LFM signal waveform trans-
mitted by the radar, which is driven and amplified by the SAR up converter and the
SAR pre-power amplifier, and then fed into the SAR antenna subsystem [1]. The SAR
antenna subsystem generates the 30000 W power required by the SAR load operation
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and radiates it through the SAR antenna. The signal is scattered by the ground scene
target, and the backscatter echo is received by the SAR Antenna, It is sent to the limited
amplitude and low noise amplifier of SAR by circulator for low noise amplification,
and then to the receiver for amplification after receiving the phase-shift attenuation
component and receiving the synthesis network through the receiving switch matrix,
and then to the radar central control and processor. At the same time, the internal
calibration equipment (calibration strobe switch and scaler) sends part of the power of
the SAR up converter and Butler matrix coupling output to the SAR amplitude limiting
low noise amplifier and the receiver respectively to form a closed loop, so as to realize
internal calibration and eliminate the observation error caused by any change of the
transceiver system. After the radar central control and processor carry out ad conver-
sion and digital down conversion for the echo signal and internal calibration signal
output by the receiver, they become 1 and Q digital signals, which are transmitted to
the ground station by the data transmission subsystem. The two-dimensional high-
resolution image of the target can be obtained by receiving and storing the digital radar
signal in the ground station and then processing the echo signal. Synthetic aperture
radar (SAR) uses the relative motion of radar and target to process the synthetic
aperture to obtain the high resolution of azimuth. By transmitting the wideband LFM
pulse signal, receiving the backscatter echo of target and compressing the LFM pulse to
obtain the high resolution of range [2].

3 Design of Load Test Scheme for High Orbit High Power
SAR

During the test of the whole satellite ground system, the high-power signal on the
satellite needs to be led to the ground for functional performance test such as power
spectrum, and there are 22 high-power signals on the satellite, each of which has
2200 W power. In this scheme, the test scheme of multi-channel high-power signal
satellite ground link connection is designed [3] (Fig. 1).

The high-power test cables are respectively connected from the 22 channel signal
outlet of the satellite, the high-power test cables are led to the ground to connect the
directional coupler, the coupling port of the directional coupler is connected with the
high-power load absorption high-power, and the output port is connected with the test
cables; the multi-channel signals are connected to the combiner after the attenuation of
the link, and the combined signals are sent to the RF inlet of the echo simulator of the
ground test equipment.

The RF signal from the echo simulator is sent back to the onboard SAR load
receiver through the multi-channel signal formed by the power divider.
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4 High Orbit SAR Load Test Content

The main test contents of high-orbit SAR load are as follows:
1. SAR transmit and receive channel test
2. SAR load high power performance test
3. SAR Performance Index Test
4. High-orbit SAR load image index check

5 High-Orbit SAR Load Test Method

5.1 Three Circuit Calibration Test

The radar slave of SAR load subsystem receives the SAR work instruction package
sent by the satellite data tube subsystem through 1553B bus, and injects the SAR work
instruction package (including SAR load start instruction group, mode selection work
parameter package, calibration switch, etc.) into the radar central control and processor
through the internal bus. After the normal operation of the system, the fast-looking
equipment of the SAR load subsystem receives [4] and stores the three-loop calibration
data from the radar central control and processor. This test requirement includes the
following three test states.

1) Signal acquisition and analysis of reference circuit
2) Signal acquisition and analysis of receiving circuit;

Fig. 1. SAR load satellite ground test link connection diagram
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3) Signal acquisition and analysis of transmission circuit;
Under the control of timing signal, the central control and processor of radar

collects and processes the calibration signal output by SAR receiver in three loop
calibration, and combines and packs the processed calibration data and SAR auxiliary
data package in a certain format to form a data stream and then transmits it to the data
transmission subsystem. After the data transfer, unpack the data on the ground server
and analyze the characteristics of the calibration signal of the three loops (Fig. 2).

5.2 SAR Load High Power Test

The average output power of high-power signal is tested by power meter, and the
power synthesis efficiency is calculated according to the output power of pulse fixed
amplifier of 850 W and the cable loss; the signal acquisition and analysis are carried
out by the radar central control and processor, and the attenuator is connected at the
output port of the combiner to adjust to the best acquisition level (0 ± 1dbm) of the
radar central control and processor (Fig. 3).
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5.3 SAR Performance Index Test

The required performance indicators include spatial resolution and radiation resolution,
integrated side lobe ratio and peak side lobe ratio. The specific test method is to
simulate the point target through the echo simulator, receive the on-board data through
the radio frequency link equipment on the ground of the digital transmission subsys-
tem, process it and send it to the SAR ground equipment for imaging, and obtain the
imaging parameters from the auxiliary data of imaging. Through the analysis software,
the test results of spatial resolution and radiation resolution, integrated side lobe ratio
and peak side lobe ratio are obtained.

5.4 Image Index Check

The data transmission sub-system equipment works, the down-converter logs down the
radio frequency signal, down-converts it, and then undergoes formatting after the
intermediate frequency demodulation of the high code rate receiver, and then sends it to
the decompression device for processing to restore the original test data Then sent to
the SAR payload fast-vision device for image index check. [5].

The quality inspection of SAR load image mainly includes the following contents
through SAR load fast viewing observation:

• Whether the image data is deformed;
• Whether the image data has abnormalities such as noise and speckle;
• Whether the content of auxiliary data is correct and complete.

Fig. 3. High power performance test connection diagram of SAR system
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6 Test and Application of High Orbit High Power SAR
Loading Satellite

The whole star test scheme and method of high orbit high-power multi-channel SAR
load have been applied in a certain type of test task. According to the characteristics of
multi-channel high-power signal transmission of a type of Satellite SAR load, a satellite
ground link test scheme including high-power test cable, high-power coupler, high-
power load and attenuation after combining test is designed. And designed three
channel calibration test and high power test methods [6]. Aiming at the high-orbit
image evaluation requirements of a type of satellite SAR load subsystem, an image
evaluation system capable of evaluating the integrated side lobe ratio and peak side
lobe ratio was designed. This solution has been successfully applied in engineering for
a certain model.

7 Conclusion

First, the working principle of high-orbit SAR load is introduced. For the character-
istics of high-orbit high-power SAR satellites, the test scheme design of the satellite-
ground test link, as well as the design of test methods are designed. The designed high-
level SAR load system-level test plan and test method have been applied in the test
task. It effectively supports the comprehensive test task of high-orbit SAR load
satellites, and the results obtained can be applied to the subsequent high-orbit high-
power SAR satellite load test.
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Abstract. Service modes of single access and multiple access for data relay
satellite system (DRSS) are presented in this paper. According to independent
link resource scheduling for two types of access, rapid response service mode
with single access link and multiple access link satellite co-processing is pro-
posed, which using data relay satellite (DRS) multiple access return links
panoramic beams as application channel. Users’ access applications could be
processed with digital beamforming at the ground center station (GCS) without
changing the status of DRS and GCS. Access application can be rapidly
responded by scheduling available single access and multiple access link
resources with single or several satellites from GCS after request accepted. Users
in orbit could achieve real-time or quasi-real-time access by applying online with
both random access and rapid access. Rapid response service extends the normal
service mode of data relay satellite system. Simulation results show the capability
improved by optimization of system resource allocation. And these improve the
efficiency and flexibility of service capabilities of DRSS.

Keywords: Data relay satellite � Random access � Rapid access

1 Introduction

Since 1980 s, several countries started to plan and gradually build data relay satellite
systems, which are committed to solving telemetry tracking and command (TT&C) and
data transmission from space to ground [1]. So far, several countries including United
States, China, and Russia have been established space-based data transmission and
TT&C systems with global coverage after more than 30 years of construction.
Meanwhile Japan and Europe have also established regional coverage data relay
satellite systems [2, 3]. As the core part of the space-based data transmission and
TT&C network, data relay satellite system is composed of data relay satellites (DRSs),
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GCS and user spacecrafts [4]. The application of data relay satellite system (DRSS) has
greatly enhanced space missions such as low orbit, medium orbit spacecraft and deep
space exploration. As the rapid development of space infrastructure in recent years, the
increasing number of spacecrafts, which lead to a sharp rise in the demand for space
data transmission and TT&C. The access for data transmission from different types of
spacecrafts also has been confronted with the problem of resource competition. Dif-
ferent types of users have gradually expanded from the original space-based spacecraft
to various fields such as sea, land, and sky. The traditional spacecraft including space
stations, spacecraft, and other spacecraft targets have further expanded to non-
spacecraft targets, including near space vehicles, launch vehicles, floating platforms,
unmanned aerial vehicles, ships, and ground targets. The expansion number of users
and missions includes video, image, voice, data, message, star service and other types.
Data transmission rate of various services covers the range of tens of bps to hundreds of
Mbps. Real time access and location uncertainty from various types of users are also
increasing, and this requires DRSS to provide 100% coverage for access service [5].

According to the analysis above, the increasing number of users, the diversification
of service types, and the expansion of coverage areas need more efficient and flexible
scheduling capability. How to fully schedule the access resources of the DRSS has
become a key issue. For different users, main constraints such as DRSs spare time
window, access data rates, user priorities, availability of inter-satellite link resources,
and system dispatching capability of GCS should be comprehensively optimized. High
efficiency and rapid access to users have become the bottleneck for DRSS mission
schedule. Now how to achieve efficient and rapid access for a large number of users has
become an important issue for DRSS.

2 DRSS Scheduling Process

2.1 Mission Process

DRSS mission scheduling process is shown in Fig. 1. The first step for DRSS is to
release the available resources periodically such as one week [6]. And GCS will accept
users’ applications. Then users’ access application will be sorted and arranged in order.
Finally, the mission scheduling system of GCS will generate a periodic plan list. DRSS
mission scheduling is mainly divided into periodic plan and temporary plan. Periodic
mission plan requires users to submit access applications within a specified period after
the GCS releases available resources. Temporary task plan is that the GCS receives the
user’s temporary access application for the spare time window and performs scheduling
after the periodic mission planning is released. User’s application is restricted by a
limited time window and other conditions in this mode [7].

For requires mentioned above, how to improve the system efficiency and flexibility
of DRSS has been a research hotspot. Rojanasoonthon S. carried out research on the
resource scheduling problem of tracking and data relay satellite system (TDRSS) [8]. In
[9], user’s priority, the length of the access window and the real-time requirements of
the mission is taken into account. In order to handle the low planning efficiency of the
missions with too long or too short service time, a mission planning scheme which
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based on mission splitting and merging for relay satellite system was proposed [10].
Recently, various algorithms, such as adaptive genetic algorithm, ant colony fusion
algorithm, etc. have also been used to optimize the efficiency of data relay satellite
scheduling systems [11].

2.2 Demand Access System

TDRSS is a well-known data relay system which has an important impact on space
activities. Its multiple access service also used the weekly planning mode as the single
access resource assignment method originally [12]. The initial scheduling of multiple
access is similar to S-Band Single Access (SSA) and K-Single Access (KSA), which
requires multiple iterations between the GCS and the TDRSS network control center
(NCC) to preassigned resources. GCS submits a service application to NCC at the
scheduled service execution with different user priorities [13]. Users can apply for link
resources during the spare period through a temporary application. The user center
submits the application at least 10 min before the service [14].

As the application expansion for TDRSS and the increase in number of spacecrafts,
NASA has expanded the first and third generation TDRSS multiple access systems and
developed the demand access system (DAS). The DAS satisfies the requirements of
more multiple access users by adding ground beamforming equipment and more
demodulators that is independent of the original plan to assign ground beamforming
resources. The core idea of DAS is quasi-real time application response execution
service. Users do not need to submit application many days in advance and even apply
immediately when an emergency occurs. NCC of TDRSS responds to the user’s
application in real time and sufficient S-band multiple access beam resources can
satisfies user’s requirements for access. DAS supports two types of users including
specialized users and non- specialized users. Specialized users’ application for DAS
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Fig. 1. DRSS mission scheduling process
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resources is guaranteed, while unqualified users obtain the remaining DAS resources
according to the order of application. Currently, in order to adapt to different needs,
TRDSS not only retains the traditional multiple access services pre-allocated, but also
provides DAS services.

3 Multiple Access and Single Access Co-processing

The algorithms and scheduling modes mentioned above are optimized for single access
or multiple access independent modes. However, they did not take the correlation
between the single access and multiple access payloads into consideration, especially
for the user online real-time management, mission applications and immediate response
strategy. It cannot make full use of the online real-time access capability of multiple
access to optimize the single access links. DAS is only optimized for resource of
multiple access return links. DRSS rapid access capability of co-processing with
multiple access and single access satellite-ground integration is based on the premise of
multiple access return link panoramic beam coverage with field of view beam coverage.
And multiple access return link beams are carried out by ground-based beamforming.
The Field of view coverage with ground-based extended beamforming for single DRS
and three DRSs is shown in Fig. 2. As the coverage of single DRS multiple access
return links panoramic beam, three DRSs in a joint network could achieve full coverage
a height of 200 * 2000 km in a suitable orbital position. Qualified users could apply
on-demand access service anytime under the condition that the permission is satisfied,
without being constrained by time and the routine mission plan of the GCS for rapid
response. Rapid access can be divided into two types including random access and
rapid service by different operation flows.

Random access is that qualified users initiate return data transmission online
according to their own needs. The data received by the DRS corresponding to the
coverage beam will be transposed with multiple access return link to GCS. The GCS
performs beamforming processing in real time, despread and demodulation, and
extracts the user’s data. Customers visit GCS data center via network and obtain
original data. When the data is invalid, customers can apply to send command to the
target in orbit for data retransmission through forward multiple access links of DRS.
Typical random access application diagram is shown in Fig. 3.

a b

Fig. 2. Field of view with beam coverage for (a) single DRS and (b) three DRSs

46 X. Chen et al.



Rapid access is also initiated by qualified users with access application via multiple
access return link online. The application information received by the DRS corre-
sponding to the coverage beam will be transposed and GCS extracts and the user’s
application similar to random access service. After the GCS identifies the access
application information, it adds the application to the scheduling system and quickly re-
plans the current available spare resources. According to the user access priority, access
time window, operating bandwidth, data transmission rate and other information, GCS
configures the inter-satellite access link resources of the DRSs currently in orbit to
confirm whether it could provide available link resources. If the access link resources
are available, GCS will complete the on board DRSs status setting operation according
to the application by providing the service with single access or multiple access link.
For different accesses, GCS will set up a single DRS or multiple DRSs to ensure
sufficient continuous tracking service. Single access with S-band or K-band and
multiple access payload of SDR could be fully combined to work together. This is
different from single access and multiple access allocated separately without applying
in advance of mission implemented.

When the access application has no available access resources, GCS switches the
scheduling system into manual processing mode, and GCS staff will be involved to
optimize the processing and confirm whether access resources could be reallocated.
Rapid access does not need to be applied a few days in advance. Users can initiate at
any time online in orbit. GCS selects the corresponding single access high speed
transmission link or multiple access low speed transmission link depending on the
applied information and data transmission speed. The rapid access service process is
shown in Fig. 4. The most important part of rapid access is to achieve multi-access
backward panoramic beam coverage by extending ground beamforming capability
while maintaining the status of the DRSs.
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4 Rapid Access Service Application

Single DRS can provide random access for different users in field of view of multiple
access beam. When users are located in a same beam, user access is achieved by code
division. The case in simulation with typical single DRS multiple access service with
panoramic beam for users data retransmission in 30 min by using Satellite Tool Kit
(STK). For the spare time for mission implement, return link could be used for random
access in any beam, as shown in Fig. 5.
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Three types of user independently represent for burst short messages, status
telemetry and low speed image transmission from user I to user III in same beam
coverage. Users orbit altitude is set to 360 km, 400 km and 420 km. Access window
length is setup to make sure that all users could cross at less three static beams in order
to validate the return access capability of multiple accesses of DRS. In fact, the
maximum number of access users within a single beam is mainly determined by the
number of concurrent users number, operating bandwidth, the transmit power of each
user, and the G/T of the multiple access beam. The realization of random access
depends on the ability of panoramic beams of multiple access return link. And the beam
performance is mainly dependent on multiple access payloads of DRS.

Users apply for DRS access links resource in real time by multiple access return link
as a channel to initiate a rapid access request to GCS, and which is different from the
conventional ground mission planning process. Two users are set up to simulate a single
DRS rapid access and two DRSs cooperative return data transmission for user I and user
II. During 65 min of transmission window for user I with altitude of 1500 km, DRS-1 is
able to release the single access link resource twice with original mission list after
response for application online. Preparation time for single access payload should be
taken into consideration, and this mainly depends on the angle between the frame angle
of antenna pointing mechanism after the completion of the latest task and initial pointing
angle of following mission. Generally, this take about 8 * 12 min for each mission and
if the spare time for DRS is less than this, access may be rescheduling. While user II is
constructed to simulate the access resource from two DRSs with altitude of 2000 km.
When user II crosses the coverage from DRS-1 to DRS-2, the antenna of data trans-
mission terminal can adjust its pointing angle by receiving the beacon signal from DRS-
1 to DRS-2. In this case, preparation time is necessary the same as user I. It is clear that
rapid access occurs in DRSs’ spare time which could be used for some specific case such
as high speed data transmission. Simulation results are shown in Fig. 6.

Fig. 6. Rapid access service access windows simulation results
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5 Conclusion

Rapid access establishes a channel for users to initiate access applications in real time
to obtain resources in orbit, which based on the panoramic field of view of the ground
beamforming of DRS multiple access return link. And the single access and multiple
access links cooperative processing to respond to user’s access application with GCS
scheduling. Random access and rapid access extends the efficiency and flexibility of
DRSS. The access links of DRSS also has been improved for more users in orbit.
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Abstract. Aiming at the problem that the high-precision satellite formation
control strategy is complex and not easy to implement, a bionic intelligent
formation management strategy based on bat flight is proposed. Firstly, it
summarizes the behavior rules of bat groups in nature, gives the mathematical
model of bat flight, and then gives the bionic formation management strategy.
The algorithm is clear and practical. Finally, the satellite formation algorithm is
used to simulate and verify the configuration of the satellite formation to achieve
stable control with high precision and low energy consumption.

Keywords: Bat flight � Bionic intelligence � Configuration maintenance �
Formation control

1 Introduction

A satellite formation consisting ofmultiple satellites can complete spacemissions that are
difficult for a single spacecraft to complete, and has the characteristics of good perfor-
mance, multiple functions and strong adaptability [1]. For formation control, common
methods include open loop control [2], robust control, LQR method, Lyapunov method,
and sliding mode variable structure control [3], etc. There are problems such as low
control accuracy or complicated control strategies, which are difficult to apply.

Bio-clustering behavior is a common phenomenon in nature. Biological groups can
complete complex team activities in an orderly collaboration by following simple
behavior rules [4]. Inspired by the behavior of bat flight in nature, this paper proposes
the application of bionic intelligence theory to high-precision formation control. It can
effectively coordinate the goals of each satellite in the formation to achieve high-
precision unified coordination of the overall and local formation configuration and
improve the intelligent decision-making ability of the formation system.

2 Formation Control Theory

Relative motion analysis between formation satellites is the basis of formation control.
To study the motion characteristics of satellites, an accurate satellite relative motion
model must be established. In this paper, the current applied mature C-W equation is
used to establish the relative dynamic model of satellite S and satellite F [5].
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The coordinate system of relative motion adopts the orbit coordinate system of the
satellite S, the x-axis points to the movement direction of the satellite S, the y-axis is
perpendicular to the orbital plane, and the z-axis points to the earth's center.In this
coordinate system, the three-axis position of the i-th satellite is expressed as xi 2 R

3,
and the velocity is expressed as vi 2 R

3. After related analysis and derivation, the C-W
equation describing the motion of the satellite can be obtained as follows:

€x� 2xS _z ¼ fx
€yþx2

Sy ¼ fy
€zþ 2xS _x� 3x2

Sz ¼ fz

8<
: ð1Þ

Where xS is the orbital angular velocity of the satellite S: xS ¼
ffiffiffiffiffiffiffiffiffi
l=r3t

p
is the

angular velocity of the satellite, and the right side of Eq. (1) is the perturbation power
or control force of the satellite.

Record the target position and velocity of the i-th satellite as xdi and vdi , error
position and velocity as xi ¼ xi � xdi and vi ¼ vi � vdi , and force as ui 2 R

3. Equa-
tion (1) can be rewritten as:

_�vi ¼ Rxi þ Svi þ ui ð2Þ

Where R ¼
0 0 0
0 �x2

T 0
0 0 3x2

T

2
4

3
5, S ¼

0 0 2xT

0 0 0
�2xT 0 0

2
4

3
5.

3 Mathematical Modeling of Bat Flight

Bats can analyze the echoes emitted by themselves to determine the nature of the
object. When they approach the object, the frequency will decrease and the speed of the
sound wave will increase [6]. The following mathematical definition of the mechanism
of bat flight:

The pulse frequency used by bats to search for prey is

fi ¼ fmin þðfmax � fminÞb ð3Þ

fi is the frequency of the pulse sent by the i-th bat, and its pulse interval is [fmin,
fmax], b is a random vector on [0, 1].

Bat flight speed:

vti ¼ vt�1
i þð/t�1

i � /�Þf ð4Þ

In the formula, vt�1
i and vti represent the flight speed of the i-th bat at time t − 1 and

t respectively; /t�1
i represents the spatial position of the i-th bat at time t − 1, /�

represents the dominant position of the bat group flying over during the current flight.
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Bat space location

/t
i ¼ /t�1

i þ vti ð5Þ

During the flight of bat groups, through the transmission of pulse loudness and
pulse frequency changes, the prey information is transmitted, so that the bats in the
inferior position gradually move closer to the prey position, and coordinate the bat
formation flight.

4 Bionic Formation Management Strategy

In this paper, the classic equilateral triangle satellite formation configuration is used,
and the triangle center O formed by the formation satellites is used as the virtual center.
Introducing the relevant ideas of consistency and coordinated control, the overall
formation error is defined as:

ei ¼
X
vj2Ni

aij½xj � xi þ/ðvj � viÞ� � bi½xi þ/vi� ð6Þ

Where
P
vj2Ni

aij½xj � xi þ/ðvj � viÞ� is the individual consistent error, �bi½xi þ/vi�
is the virtual center error.

Let e ¼ ½eT1 ; � � � ; eTn �T , x ¼ ½xT1 ; � � � ; xTn �T , v ¼ ½vT1 ; � � � ; vTn �T , u ¼ ½uT1 ; � � � ; uTn �T ,
e¼ xT vT

� �T
.

The focus of the formation flight strategy based on bat bionics is to coordinate the
relationship between individual satellites and the overall formation, that is, to handle
the relationship between the overall formation benefit and the individual satellite
effectiveness. The overall accuracy and energy consumption of the formation are
regarded as the overall benefit, and the individual benefit is the accuracy of the indi-
vidual satellite and the individual satellite consumption. An important purpose of bat
bionic formation is to realize the balance between individual benefit and overall benefit
through bionic intelligent decision-making.

Combining the mechanism of bat flight, satellite formation management is divided
into normal flight mode and prey flight mode

Normal flight
The pulse frequency (wavelength), pulse loudness and pulse emission frequency are
updated as shown in Eqs. (6) to (8), where /t

i represents the spatial position of the
bionic weights.

/t
i ¼ /t�1

i þ vti ð7Þ

Prey flight mode
Thinking of the accuracy of the virtual center as a “prey”. Once the bat finds the prey,
the overall accuracy varies greatly. It is necessary to emphasize the overall, reduce the
pulse loudness, amplify the overall benefit, and reflect the overall benefit.
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/t
i ¼ /t�1

i þ eXt ð8Þ

e is a constant less than 0. The pulse loudness is now updated

Xtþ 1
i ¼ Xt

i½1� ecW� ð9Þ

The total error vector is

e ¼ ð�L� BÞxþ/ð�L� BÞv ¼ H /H½ �e ð10Þ

Where B ¼ B� I3, D ¼ D� I3, A ¼ A� I3, L ¼ L� I3, H ¼ �L� B, deriva-
tion of error is available

_ei ¼
X
vj2Ni

aij½vj � vi þ/ð _�vj � _�viÞ� � bi½vi þ/ _�vi� ð11Þ

The derivative of the total error vector is

_e ¼ /HR HðIþ kSÞ
� �

eþ/Hu ð12Þ

Where R ¼ In � R, S ¼ In � S, therefore

_e ¼ /HR HðIþ kSÞ
� �

H /H½ �þ eþ/Hu ð13Þ

So the system can be organized as

_e ¼ AseþBsu ð14Þ

Therefore, it is possible to design an infinite-time state regulator to make the system
(17) controllable or stable. Select the following performance indicators

J ¼ 1
2

Z 1

0
ðeTQeþ uTRuÞdt ð15Þ

Where Q and R are constant symmetric positive definite matrix. The optimal
control when J is minimized is

u ¼�R�1BTKe

¼�Ge
ð16Þ
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Where K 2 R
3n�3n is a positive definite symmetric matrix and satisfies the fol-

lowing Riccati equation

�KAs � AT
s KþKBsR�1BT

s K � Q ¼ 0 ð17Þ

5 Simulation Verification and Analysis

5.1 Track Parameters

The solar synchronous orbit used in the virtual center orbit, the satellite intersection
point is selected as 6 o'clock in the morning, the number of orbits at the initial position
of the satellite are: semi-major axis, eccentricity, orbit inclination angle, perigee
amplitude angle.

5.2 Satellite Parameters

The shape of the formation satellites is: a 20 cm long cube satellite with a mass of 1 kg,
considering the factors of the earth’s flatness, atmospheric resistance, solar light
pressure, and solar and gravitational perturbation. The formation configuration as a
whole moves on the sun synchronous orbit, and the internal orbital surface of the
formation satellite forms an angle of 30� with the sun synchronous orbital surface. The
formation radius is 500 m, and the three phases are 120°out of phase. The control
matrix Q ¼ I, where R parameter is selected as 8.5, e ¼ �300, fmin = 0, fmax = 20.

Figures 1, 2, 3 and 4 show the formation results of bat-based satellite formation
bionic intelligent control algorithm.

In Figures 1, 2, 3 and 4, cyan, black, and red represent the error information of the
satellite’s x, y, and z axis directions, respectively. It can be seen from the simulation
results that with the control algorithm proposed in this paper, the control accuracy of the
satellites 1 to 3 is 0.222 m, 0.257 m, 0.234 m, and the virtual center error is 0.192 m.
The speed error can be maintained at 0.0011 m/s, 0.0012 m/s, 0.0012 m/s, and the
virtual center is 0.0016 m/s, which can complete the control task more accurately.

Fig. 1. Satellite 1 error
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6 Conclusion

Inspired by the behavior of bat flight, this article applies the mechanism of bat flight to
satellite formation coordination and control for the first time, and studies and estab-
lishes an efficient satellite formation management strategy. The algorithm is clear and
concise and easy to implement. The main conclusions are as follows:

Fig. 2. Satellite 2 error

Fig. 3. Satellite 3 error

Fig. 4. Virtual center error
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Based on the flying characteristics of formation satellites, establish a dynamic
model and apply graph theory, and establish a formation error model through a virtual
center to effectively measure the state of satellite formation;

There is a correlation between overall benefits and individual satellite benefits in
the state space, the relationship between them can be expressed and coordinated
through the behavior of bats, through the regular pattern of bat flight, to coordinate the
control behavior of the satellite, and finally achieve the control of the satellite formation
configuration;

Simulation results show that the bat bionic intelligent management strategy can
maintain high accuracy while reducing energy consumption as much as possible, and
the algorithm can achieve high-precision formation control.
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Abstract. For the features of agile satellites that have more missions per track,
and higher requirements for response speed and accuracy of execution, a meta-
task-based autonomous operation scheme of Data Transmission Subsystem with
traversal execution is proposed. All commands that need to be executed for
autonomous operation of DTS are classified and sorted to form a “command
pool”. The on-orbit missions, which are summarized into five basic meta-tasks,
are executed by travelling all commands in the pool to improve the execution
efficiency and use flexibility. With the adoption of onboard highly-precise time
system, the key commands can be executed opportunely. The test result of a
simulation system shows that, with the scheme proposed, the DTS can complete
preparation or mode transition within a minute, the time accuracy of key
commands’ execution is not greater than 20 ms, and the efficiency of mission
data-blocks is doubled compared with the traditional operation mode. The
proposed low-complexity scheme has great potential in the subsystem-level
autonomy design of agile satellites.

Keywords: Agile satellite � DTS � Spacecraft autonomy

1 Introduction

The mission of the Earth Observation Satellite is to acquire ground images according to
users’ requirements. An agile satellite has multi-degrees of freedom, and the angle of
view can change in parallel with the imaging process, making it possible for the
satellite to observe in any direction within the range allowed by its capability [1]. The
great maneuverability makes the number of imaging tasks per orbit significantly
increases compared to that of traditional remote sensing satellites [2], thus the tradi-
tional operation pattern which involves “mission planning by ground” and “onboard
execution according to command templates” can no longer meet the requirements of
agile satellites. It is the general trend to conduct autonomous operation onboard. The
United States has been researching on spacecraft autonomy technology since the 1980s,
and has developed two satellite mission planning systems, ASPEN [3] and CASPER
[4]. The French Space Agency has also launched experiments on autonomous mission
planning systems on the Pleiades satellite. In China, the GF-3 [5] and GF-4 [6]
satellites launched recently also carried out autonomous mission planning experiments
onboard, reducing the inject operation by ground, and satellite’s dependence on ground
controlling.
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A low-complexity scheme of sub-system level autonomy is proposed considering
the technical characteristics of agile satellites. The proposed scheme is built on current
hardware, and aims at improving efficiency and ease of use. In cooperation with
onboard mission planning system, the proposed scheme can accurately and reliably
perform routine tasks such as data processing, data recording, and data transmission,
improving the efficiency and flexibility of the satellite and reducing its rely on ground
control.

2 Functional Requirement Analysis

In the Space Technology 7 mission [7], NASA breaks spacecraft autonomy down to
two levels: system level and subsystem level. The system-level autonomy involves
mission planning and scheduling and the subsystem level autonomy is realized by
onboard sub-systems who can carry out onboard tasks by themselves.

A typical data transmission sub-system (DTS) usually consists of a control unit and
other baseband and channel units. The control unit controls all other units of DTS, and
communicates with the main bus onboard. The baseband units and channel units are
responsible for data process and data transmission. For agile satellites, the structure and
functions are similar, but because of their special working modes [8, 9], requirements
for autonomy of agile satellites’ DTS are as follows.

1. Carry out on-orbit routine tasks autonomously based on task information given by
the system-level autonomy, that is, the mission plan system onboard.

2. DTS should be able to carry out continuous tasks, and minimize transition time
between them to improve the timeliness of execution. For example, decrease con-
nection time between continuous imaging tasks to make full use of agile satellite’s
maneuverability, and reduce switching time of antennas in relay transmission to
improve efficiency of data transmission.

3. Agile satellites are featured rapid imaging of scattered targets. Since the image
received by ground is actually the image recorded by mass storage device of DTS,
the accuracy of the recording operation performed by the onboard storage is directly
related to the accuracy of imaging. Thus DTS should be able to execute commands
involving mass storage device with highly-precise timing.

3 Scheme Design of DTS Autonomy

The control unit controls and manages all subordinate units of DTS, and has an
interface with onboard bus, so implementing the sub-system level autonomy of DTS
here will induce minimal changes to the system. In order to reduce the complexity of
implementation and enable the function to be embedded and run in the existing
hardware without significant changes, this paper proposes a subsystem-level autonomy
scheme for DTS based on meta-tasks and traversal execution.
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3.1 Definition of Meta-task

The on-orbit tasks of DTS are divided into four basic meta-tasks: erase mode, record
mode, playback mode, and record-and-play mode, which are the smallest tasks that can
be performed autonomously; each task is represented by a unified data block consisting
of all information needed, and multiple blocks can be used for continuous imaging or
relay data transmission. A “virtual” meta-task, standby mode, is added to the set, which
is only used as an intermediate state to connect other meta-tasks as needed, and all on-
orbit tasks must start with and end with standby mode.

3.2 Traversal Execution Strategy with “Command Pool”

All commands that need to be executed for autonomous operation of DTS can be
classified and sorted to form a “command pool”. The commands in the pool have four
attributes: precedence, delay, execution criterion, and execution time.

1. Precedence refers to the position of command in the pool. All commands are
uniformly ordered in the pool by their execution sequence.

2. Delay refers to the waiting time after the execution of this command, that is, the
time interval between the current and the next command.

3. By execution criterion, the control unit will know on what condition the command
should be executed. Execution criterion is specified in advance, and is expressed
with task information from data block. When meta-tasks are executed in succession,
execution criteria of some commands can be optimized with information such as
“previous meta-task type” and “following meta-task type” to improve efficiency by
skipping redundant commands. Antenna switching time can be reduced by opti-
mizing relay logic to improve the utilization of transmission passes.

4. Commands of DTS’s mass storage are required to be executed on time to ensure
accuracy of data received by ground. These commands are named as time-stamped
commands. Only the execution time of time-stamped commands will be given by
the data block and be checked during execution, other commands will be executed
immediately once their criteria are met.

Once the task data block is received, commands in the pool are executed in order. If
information in the data block meets the execution criterion, the command is executed.
And the control unit moves on to the next command in pool after waiting for the
corresponding delay. Compared with the traditional execution strategy based on
command templates, the traversal execution strategy with command pool greatly
improves the flexibility. With template strategy, the number of templates will increase
exponentially with the number of task parameters, however with pool strategy, more
task parameters can be added by modifying execution criteria of some commands,
which will not definitely increase complexity. The procedure of autonomous traversal
execution of DTS is shown in Fig. 1.
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3.3 Highly-Precise Time Management of DTS

For agile satellites, time-stamped commands of DTS’s mass storage device must be
executed on the order of 100 ms in order to achieve high imaging accuracy. To meet
this requirement, highly-precise time information provided by other sub-systems
onboard, including second pulse and time broadcast, is introduced into DTS to
establish a highly-precise time management system with the local millisecond timer to
achieve precise execution of time-stamped commands. It is implementation by three
steps:

Fig. 1. Flowchart of DTS autonomous traversal execution
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1. Acquisition of local second time. The control unit receives synchronized second
time from time broadcast on the bus, and uses it as the initial local second time.

2. Maintenance of millisecond time. The millisecond time is generated by the local
millisecond timer program. Each time it runs, the millisecond value adds by 1. The
millisecond time will be cleared to 0 either when the onboard second pulse arrives,
or when it is accumulated to 1000.

3. Maintenance of second time. The timing relationship between onboard second pulse
(1PPS) and time broadcast is shown in Fig. 2. When the onboard second pulse
arrives, the local second value is added by 1. When the broadcast arrives, its second
time is compared with the local time. If they are not equal, the local will be kept
unchanged, and the broadcast time will be latched. When the next broadcast arrives,
its second time will be compared with the present local time again. If they are equal,
the previous time is considered to be wrong. If they are different, the new broadcast
time is compared with the latched time. If their values are continuous, local time is
considered incorrect, then use the new broadcast time as the new local second time.

The time management relies on the time information onboard, and the impact of its
abnormality should be considered. If there are occasional errors in the time broadcast,
the local time will not be affected. Considering extreme conditions, if the onboard time
broadcast completely disappears, DTS can also maintain local time without security
risks as long as the second pulse keeps coming. The onboard second pulse is very
important to maintain the local time. The hardware adopts hot backup design of the
dual-second pulse with RS422 interface to improve reliability. In extreme cases, should
the dual-second pulse both failed, the scheme can be switched to “trigger-by-broadcast”
mode by command. Then local second time will be added by 1 when the time broadcast
comes, and use the time broadcast to maintain local time.

Time broad cast
Bus

Pulse per second

1ms

1s

RS422

Fig. 2. Timing relationship between the 1PPS signal and time broadcast
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4 Verification and Test

A simulation system is built for test and verification of the propose scheme. The
hardware of DTS’s control unit, where the subsystem-level autonomy runs, is
LSMEU01 SIP module, with 8051 processor LC801E as the core, a SRAM32K as data
memory, a 64 KB CPU off-chip FLASH as program memory, and a crystal at fre-
quency of 16 MHz. In addition to the control unit, there are 10 baseband devices (4 of
which are backed up), 10 active channel devices (4 of which are backed up), and 2
antennas. Under the scheduling of mission planning subsystem onboard, DTS receives
meta-task data blocks via the bus.

4.1 Design of Data Block and Command Pool

According to the structure of the built simulation system, the capacity of the designed
DTS meta-task data block is 49 bytes, of which 18 bytes are the main-or-backup
selection information of the units, which does not change task by task. It is stored by
the onboard computer and attached to the task information to form a task data block
before being sent to DTS. Therefore, the capacity of the task-related data, i.e. task
information, is 31 bytes, which means we can use a data block of 31-byte to describe a
task. Compared with the scheme in [10], where a 64-byte data block is used to describe
a recording task, the data-block efficiency of proposed scheme is doubled.

In order to fully verify the feasibility of the proposed scheme, the simulated system
built far exceeds DTS on duty in terms of unit quantity and complexity of working
modes. After analysis, there are 86 commands in the command pool, including 31
power-on commands with a delay of 2 s, 24 for status setting of 1 s, 7 time-stamped
commands which is executed at time specified by data block, and 24 power-off
commands with a delay of 1 s. Two “virtual commands” with no operations are added,
which are only used for command delay to meet interval requirements between com-
mands. And an antenna-switching command batch is designed for swift switching of
channel units during relay transmission.

4.2 Transition Time of Consecutively Executed Meta-tasks

According to the collaborative working requirements of all units in each work mode,
execution criterion of each command in the pool is identified, and expressed with
information of the meta-task data block. And then the logic and time consumed for
meta-task execution and continuous execution can be calculated theoretically. Some
test data blocks are made to be executed on the simulation system. The test results show
that the execution logic of all kinds of meta-tasks is in line with expectations, and for
transition time of consecutively-executed meta-tasks, the error between the test results
and the theoretical deduction does not exceed 2 s. Table 1 shows the test results under
typical conditions.

It can be seen from Table 1 that the DTS operates autonomously with a maximum
preparation time of 54 s and can be shut down within 14 s, which means that the sub-
system can achieve rapid response within a minute. With the same status setting, the
transition time between two imaging records is 3 s, meeting the requirements of flexible

A Low-Complexity Autonomy Scheme 63



imaging of agile satellites. The transition time required for relay transmission is 5 s,
which is not affected by the preset and switching of the antenna, making the relay
transmission more efficient. All kinds of routine tasks except erasing can be consec-
utively executed on demand, and the transition time is no longer than 52 s.

4.3 Execution Accuracy of Time-Stamped Commands

Considering the most time-intensive situation, the judgment period t in Fig. 3 is set to
1, which means, when the traversal execution reaches a time-stamped command, the
program checks every millisecond whether the local time reaches the time set by the
data block. Some test data blocks are designed to be implemented on the simulation
system.

Results of multi tests prove that the execution time accuracy for time-stamped
commands is not greater than 20 ms. This error mainly comes from the millisecond
timing mechanism. On one hand, there is no highly-stable crystal oscillator used as
clock due to hardware limitation, so the timing accuracy is limited; on the other hand,
the millisecond timer program is executed with low-priority, and it is easy to be
randomly interrupted by other task with higher-priority, such as the bus interruption,
which will effect accumulation accuracy of the millisecond time. Even so, due to the
introduction of highly-precise time information onboard, the accuracy of proposed
scheme is greatly improved compared to previous practice, whose accuracy is usually
on the order of 1 s.

5 Conclusion

Based on the mission characteristics of agile satellites, a low-complexity sub-system
autonomy scheme for DTS is proposed. With onboard system-level mission planning,
it is designed to take place of the currently used satellite operation mode of “mission
plan by ground + execution onboard by command templates” to improve the use
efficiency and flexibility. The proposed scheme can be embedded into the current
software and run on the hardware of DTS with a series of optimization designs.

Table 1. Transition time of consecutively-executed meta-tasks/s

Following task Current task
Standby Erase

mode
Record
mode

Playback
mode

Record-and-replay
mode

Standby mode – 3 7 12 14
Erase mode 25 – – – –

Record mode 35 32 3 38 11
Playback mode 49 – 46 3 8
Record-and-play
mode

54 52 44 33 5
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The design meets the requirements of swift and accurate response and flexible use of
agile satellites; while it has the following deficiencies need to be further studied:

1. Constrained by hardware, there are several simplified designs in the proposed
scheme. Although analysis shows that these simplifications do not affect the on-
orbit services, the scheme should be adapted for specific satellite applications.

2. There is no subsystem-level autonomous fault detection and recovery in the pro-
posed scheme. It can only carry out routine tasks rather than fault diagnosis and
reconstruction. In case of failure, DTS cannot recover by itself, and external
intervention is required. In addition, autonomous management of storage is not
available either, and erase tasks are needed to release occupied storage, so there is
still much to be improved.
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Abstract. Remote sensing agile satellites have many load working modes and
large changes in attitude during the period of on-orbit. In this case, the lighting
conditions and load power conditions are often in a complex dynamic process.
Traditional data tabular statistical methods bring great limitations to accurate
analysis of satellite energy balance. This paper proposes a dynamic energy
balance simulation system based on MATLAB function programming by
dynamic parameter models, combined with a series of characteristics of remote
sensing agile satellites, such as diverse mission modes and rapid maneuvers, etc.
using functional modules for programming and simulation based analysis in
specific scenarios. It could reflect the dynamic changes of energy balance
accurately and clearly, the method is easy to program, friendly to interact and
can dynamically reflect the energy utilization trend of the system, providing
important reference for remote sensing agile satellite energy system.

Keywords: Energy balance analysis � MATLAB function � Simulation and
analysis

1 Introduction

In the process of traditional model development, energy balance analysis methods are
mostly based on tabular calculations. The calculation efficiency is low. The results are
monotonous and it is difficult to dynamically display the trend of energy utilization.
With the rapid promotion of remote sensing agile satellite attitude maneuver ability,
satellite imaging mode, load combination mode, on-board load data processing mode
and massive data transmission strategies are becoming more and more complicated.
The energy utilization rate has been greatly improved and conventional calculation
methods can hardly meet the demand. For this situation, a visual, easy-to-program, and
versatile energy balance analysis method is imperative for simulating and verifying the
rationality of the remote sensing agile satellite power system design.

This paper first introduces the overall composition and functional requirements of
the energy balance analysis of the satellite power system, and introduces MATLAB
function modules to program the three functional modules of the energy balance
analysis. Taking remote sensing agile satellites as the application background, a set of
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simulation models for energy balance analysis was built in MATLAB, and simulation
verification was performed in the specific instance, and good results were obtained.

2 Overall Composition of Energy Balance Analysis

Figure 1 shows the overall composition of the satellite energy system balance calcu-
lation function. Firstly, initial parameters need to be determined, for example: Solar cell
area, Sunlight angle, Battery capacity, Battery voltage, Ambient temperature range, etc.
Then reading the current calculation of light power generation and power load, using
power generation and power consumption as input sources for power balance analysis
modules to analyse and get the information of Battery discharge, Battery charge states
and whether they have reached the charge and discharge equilibrium. Finally, read the
record and statistic of the power generation and power consumption data for the next
moment and imitate until the end of the simulation time.

3 Model of Simulation System Based on MATLAB Function
Programming

Embedded MATLAB Function Module is a module in the MATLAB module library
User-Defined Functions. It contains a MATLAB function capable of accepting multiple
input signals and generating multiple output signals. It supports C programming. Users
can customize local variables, determine the type/size of variables, define sub-
functions, and call sub-functions from library functions. The advantages of Embed-
ded MATLAB Function Module are friendly interface, efficient calculation, high
programming flexibility and high simplicity.

Fig.1. Overall constitution of spacecraft energy balance analysis
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Energy balance analysis simulation model which application background is the
power supply system for remote sensing agile satellite, based on embedded MATLAB
function programming established in MATLAB. It is mainly composed of the fol-
lowing three functional modules: Illumination and power generation module, Power
demand statistic module, Power balance analysis module.

3.1 Lighting and Power Generation Module

Solar array is the main energy source of remote sensing satellites. It is responsible for
photoelectric energy conversion. The on-orbit output is influenced by many external
and internal factors. The most important factors are the effect of the effective sunlight
intensity and the effect of its own performance degradation caused by the space
environment.

The external environmental conditions of remote sensing agile satellites are as
follows: 1. The satellites in different orbit types have very different lighting conditions.
Even if they have the same orbital parameter, the light conditions can also vary greatly
as the time pass. The working state of the solar cell array is significantly affected by the
light angle. 2. Changes in light affect the temperature of the solar wing of the satellite
power supply system. 3. The on-output and energy utilization rate of solar cell array
tend to slowly decay over a long period of time, especially in the mid to late lifetime
and the extended service period. 4. The solar cell array’s energy efficiency will be
reduced by the influence of the sun-earth distance and occlusion factors. 5. The light
energy received by the satellite needs to be photo electrically converted by the solar cell
array and there is a certain conversion efficiency in this process. All these factors will
affect the output power of the solar cell array in the power supply system. Therefore,
the calculation formula for the power generation of remote sensing agile satellites
(Pin) is as follows:

Pin ¼ S� A� sin(kÞ � r1 � r2 � r3 � r4 � r5 ð1Þ

S is the standard solar constant, which is about 1353 W/m2. A is the effective
power generation area of the solar cell array. k is the altitude angle of the sun. r1 is the
photoelectric conversion efficiency. r2 is the power attenuation constant of the initial
and last phases. r3 is the coverage of solar cell array. r4 is the temperature effect
coefficient. r5 is the energy efficiency.

Figure 2 is the internal logic block diagram of the simulation model “lighting and
power generation module”. There are three input conditions: Clock input, Maximum
temperature, lowest temperature. As shown in the picture, the main function of
“MATLAB function programming” is to simulate the change of the sun’s altitude angle
within a fixed period through programming. After the obtained solar altitude angle is
converted by radians, power generation could be calculated according to formula (1).
You can multiply it by the photoelectric conversion efficiency to get Pin.
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3.2 Power Loss Stat

Currently, Remote sensing agile satellites generally support the following working
modes: 1. Long-term load when satellite payload is not working (“Long-term load”); 2.
Imaging records under payloads and attitudes maneuver strategy (“data record”); 3.
Satellite to ground or relay satellite data transmission (“Data transmission”); 4. Imaging
records and data transmission under payloads and attitudes maneuver strategy
(“Recording and data transfer simultaneously”).

In different working mode i(i = 1, 2…N), the power loss statistics of remote
sensing satellites come from the electricity consumption statistics of each system and
each task stage. Total power loss Po is as below:

PO ¼ ðPsystem1 þ Psystem2 þ . . .þ PsystemXÞ mode ij ð2Þ

The “Power loss Stat” in the simulation model is completely implemented by the
embedded MATLAB function module using C language programming.

3.3 Power Balance Analysis Module

The difference between the power of the remote sensing agile satellite solar array and
the power loss in each working mode. DP = Pin-Po.

a) If DP < 0, Battery electricity current variation is as follow:
DI = PBATT_disc = DP � η2 � Vbatt
If negative, energy must be provided by the battery pack.

b) If DP � 0, Battery electricity current variation is as follow:
DI = PBATT _c = DP � η1 � Vin

If positive, the battery pack can be charged.
η1 is the charging efficiency; η2 is the discharging efficiency; Vbatt is battery

voltage; Vin is input voltage.

Fig.2. Power generation module based on embedded MATLAB function programming
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Qdisc ¼
Z tþDT

t
ðDIÞ � dt ð3Þ

DT is a time period.
The Qdisc is processed as follows:

If Qdisc � 0; thenQdisc ¼ 0;

If Qdisc\0; Qdisc is unchanged:

Calculate satellite energy consumption power at any moment; Calculate the safe
state of the battery according to the battery capacity, charge and discharge depth, etc.
Analyze whether it meets the energy safety constraints of deep battery discharge. At
present, most remote sensing agile satellites use Li-ion batteries as energy storage
energy. Therefore, the depth of on-orbit discharge of Li-ion batteries is required to be
no more than 25% in the long term and no more than 30% in the short term.

Battery pack discharge depth calculation formula DoD:

DoD ¼ jQdiscj � Qah ð4Þ

Qah is the rated capacity of the battery, unit (Ah); 0 � DoD � 1;
The conditions for judging the energy balance of the remote sensing agile satellite

power system are as follows:

Z tþDT

t
PBATT � dt� 0 ð5Þ

DT is a time period.
Within a calculation period, if Qdisc = 0 at the end of the last light period and

every lap DoD(max) � 30%, energy reach the balance. Otherwise, the result is
opposite.

Figure 3 is logical block diagram of Power balance module based on embedded
MATLAB function programming. The input values are Pin and Po as above. Sub-
tracting the two could obtain PBATT, then the battery charge/discharge watt-hours are
obtained after passing through the integrator. Enter the module of MATLAB function
programming after the reverse operation. This module calculates the state of charge of
the battery based on the entire set of battery voltage values and battery charge and
discharge efficiency values, and output result curve.
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4 Simulation and Analysis

The setting of a remote sensing agile satellite is as follow: Take the solar array
parameters and the satellite’s orbit, working mode, life and other information into the
power generation module, and analyze and calculate the energy input. Based on the
satellite’s statistics data of the actual load power changes under various operating
conditions during the test, the load power usage can be analyzed and calculated by
using the test data in the power demand statistics module. Based on the data analysis of
the power balance analysis module, the energy balance of the remote sensing agile
satellite can be accurately calculated.

The initial parameters, load working mode and power requirements of the energy
simulation model which is for the remote sensing agile satellite energy balance analysis
embedded MATLAB function programming, are shown in Table 1.

The power distribution of each sub-system in each working mode is shown in
Table 2.

Fig. 3. Power balance module based on embedded MATLAB function programming

Table 1. Parameters rover energy balance analysis simulation model

Initial parameter setting
Temperature range −95 * +95 k (changes with imaging mode) 29°

S(W/m2) 1353 A(m2) 16
r1 0.3 η1(Charging efficiency) 0.95
r2(Initial) 1.00 η2(Discharge efficiency) 0.93
r2(Final) 0.88 Rated of battery pack(Ah) 180
r3 0.87 Battery voltage Vbatt(V) 36
r4 0.85 Battery cell voltage(V) 3.6 * 4.1
r5 0.85 Bus input voltage Vin(V) 42

Energy Balance Analysis Simulated System 71



As can be seen from the statistics on the right side of the table above, the minimum
load is 1045 W, Maximum load is 4267 W.

Set the remote sensing agile satellite as a low-orbit satellite with an orbital height of
500 Km. The orbital cycle is 90 min, in which 30 min is in shadow area and 60 min is
in light area. The calculation period of DT is calculated according to one day, that is 15
laps. The satellite is designed according to the typical working mode on orbit.

It is assumed that the remote sensing agile satellites perform tasks in accordance
with the above-mentioned load mode 1 in order every day. The satellite is in long-term
load for the rest of the time. Figure 4(b) shows the simulation results of the energy
balance analysis model designed in this paper. From top to bottom in the figure, they
are (1) the power generated by the solar cell array; (2) the battery discharge depth; and
(3) the cycles.

It can be seen from Fig. 4(a) that the first 2 laps of each day, 4 min and 5 min
Recording and data transfer simultaneously, can achieve the current balance and
Maximum DoD�16.2%; From the third lap, because of the data transmission is up to
30 min in the shadow period, followed by the Recording and data transfer simulta-
neously for 6 min in the light period, Maximum DoD reached 28%. However this
circle failed to achieve energy balance. On the fourth lap, 20 min of data transmission
was performed during the shadow period, followed by 5 min of image recording during
the light period. The maximum DoD exceeded 30% and reached 31%. The working
mode is not scheduled in the shadow period of the fifth circle, but a 5 min record was
performed during the light period, and the maximum DoD of the battery pack was
increased to 33% (maximum in one day). After that, the working mode of the 7th/8th
lap was shortened, and the battery pack was gradually charged to a fully charged state.
In the 9th to 11th laps, energy reach the balance within 3 laps. In the 12th to 15th laps,
energy could reach the balance in its current lap and it also means that the satellite
energy has reached equilibrium within a day.

Although satellite energy can achieve energy balance in one day, it exceeded the
power subsystem index of “the maximum DoD of the battery pack does not exceed
30%” on laps 4/5/6. If such an operating mode is performed for a long time on orbit, it
will be difficult to ensure that the cycle life of the Li-ion battery pack meets the design
requirements, and the power system scheme or load operating mode must be
redesigned.

Table 2. Power consumption statistics of each sub6system

Long-term
load

Data
record

Data
transmission

Recording and data transfer
simultaneously

Platform
subsystem

967 967 967 967

Transmission
channel

50 1500 1500 2800

Camera 0 500 0 500
Total 1017 2967 2467 4267

72 S. Feng et al.



According to the analysis results shown in Fig. 4(a), the daily working mode and
working hours have been readjusted. The data transmission of the satellites in the
original working mode during the shadow period in the 3/4 lap is split into 3 times to
form “Mode 2”: A total of 50mins of data transmission is scheduled during the
“3/5/6 lap shadow period”. Figure 4(b) shows the adjusted energy balance analysis
simulation waveform. As the figure shows, it can meet the requirements of the power
sub-system that “satellite energy can achieve energy balance in a day” and “the
maximum DoD of the battery pack does not exceed 30%”. That is to say, this solution
achieves the energy balance of the remote sensing agile satellite power system.

a

b

Fig.4. Energy simulation data for mode
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5 Conclusion

This paper proposes an energy balance analysis method based on embedded MATLAB
function programming, using remote sensing agile satellite power system as an
application. A simulation system model for energy balance analysis was built in
MATLAB. The system is verified and analyzed under specific examples and leads to
good results. The method is easy to program, friendly to interact and can dynamically
reflect the energy utilization trend of the system. This system can be promoted to more
satellite engineering energy balance analysis.
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Abstract. The marine oil spill pollution caused by offshore oil fields and oil
tankers etc. has a great impact on the marine environment with the increase of
human activities in the ocean. In order to detect and control the impact of the oil
spill, people have done a lot of research on the ground and achieved many
results, but the real-time performance of the ground processing and the coverage
is insufficient. It is possible to use satellite observation data to carry out oil spill
analysis with the development of satellite remote sensing technology. However,
conventional oil spill observation methods are not suitable for oil species
identification. From the perspective of oil spill analysis, the identification of
satellite oil spill by means of spectral remote sensing, laser fluorescence and
microwave detection is analyzed in this paper and the overall design of satellite
for oil species identification is given.

Keywords: Satellites � Oil species identification � Overall design

1 Introduction

The importance of the ocean to the economic development of coastal countries in the
world is self-evident. The ocean is a treasure house of rich resources, which is of great
significance to human society and the whole nature. Oil spill pollution is very harmful
to the marine environment and marine organisms. The oil slick on the sea surface can
hinder the exchange of atmosphere and sea water, and affect the absorption, trans-
mission and reflection of electromagnetic wave radiation on the sea surface. Oil slick
weakens the energy of solar radiation from entering the sea water, affects the photo-
synthesis of marine plants, and causes a large number of deaths of fishes, birds, algae
and marine mammals. Oil spill is one of the most common marine pollutants. The
reasons for the oil spill include collision of ships (especially tankers), capsizing,
leakage of seabed oil field exploitation and blowout, etc. With the rapid development of
marine transportation industry and offshore oil exploitation industry, oil spill is com-
mon, and causes serious pollution to the marine environment [1, 2].

In order to reduce the impact of oil spill pollution on coastal ecology and economy,
in the late 1960s and early 1970s, human began to use remote sensing technology for
oil spill monitoring. So far, a large number of satellite remote sensing oil spill detection
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research and oil spill pollution control engineering system construction have been
carried out. At present, the primary goal of oil spill detection is how to quickly and
accurately obtain the relevant information of pollution location, oil species identifi-
cation, drift direction and volume. Remote sensing technology has been proved to be an
effective means to solve this problem. It is very important to extract oil slick infor-
mation and judge the type of oil spill for oil spill pollution analysis.

The satellite remote sensing detection methods of oil species identification are
summarized and analyzed in this paper, the overall design method of oil spill pollution
observation satellite based on oil spill species is presented and the development sug-
gestions for the future satellite observation oil spill technology is given.

2 Analysis of Satellite Detection Methods

Detection with satellites has many advantages, such as wide detection range, fast
detection speed, no limitation of detection area etc. It has a great advantage in the
detection of marine oil spill pollution. Oil spill detection methods mailnly include
optical detection and microwave detection. Optical detection includes ultraviolet, vis-
ible light, infrared and laser detection, and the means of microwave detection mainly
include microwave radiometer and radar detection. However, the detection method in
oil species identification is different from that in conventional oil spill detection.

2.1 Spectrum Remote Sensing Detection and Analysis

Scholars all over the world have carried out researches on oil spill detection by using
optical means of various wave bands. However, due to the lack of rich detection
information in a single wave band, it often needs a lot of comparison and attempt to
determine the type of oil slick through the characteristics of oil spill, and the ability of
oil species identification is insufficient. Different kinds and thicknesses of oil slicks
have different spectral characteristics, which can be used to distinguish different kinds
of oil spill. Therefore, scholars use the characteristics of ultraviolet (UV), visible and
infrared spectra to carry out oil identification. The principle of detecting oil spill on the
sea surface in each wave band is as follows.

The UV spectrum range is 0.1 lm–0.4 lm, since the reflection intensity of oil spill
is high in the UV band, the oil spill with micron thickness can be detected by UV
sensor. But when the oil spill thickness increases, the UV light reflected by the bottom
oil film is absorbed by the upper oil spill and emits visible light, so the thicker oil spill
is not easy to be distinguished by UV remote sensing. In the wavelength range, the UV
sensor is sensitive to all kinds of sea oil spill with thickness less than 5 lm [3]. Due to
the short wavelength of UV, the signal will be strongly absorbed and scattered in the
process of atmospheric transmission, and it is easy to be interfered by solar flares, wake
of ships, marine organisms and leeward area, which limits the loading height of UV
sensor, and the quality of data acquisition is also affected. It is more difficult for satellite
applications [4].

When the sensor is observing vertically, the oil spill has a higher reflectivity than
the water in the visible light spectral region. The reflection intensity of the oil spill
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surface is closely related to the observation angle of the remote sensor. For example,
Landsat satellite (2 visible light bands), SeaSat satellite (6 visible light bands), NOAA
satellite (1 visible light band) and Terra satellite (12 visible light bands) in the United
States can detect oil spill on the sea surface. However, the characteristics of oil spill
detection by visible light depend on the light and weather conditions, and it is difficult
to distinguish them from the characteristics of solar flares, wind, water plants, under-
water algal beds and so on.

The principle of infrared detection is that when the oil film on the sea surface
reaches a certain thickness, part of the absorbed radiation will be released in the
situation of heat energy while absorbing the solar radiation, and the emission wave-
length range is 8–14 lm. There is a complex relationship between the radiation
characteristics of offshore oil spill and its thickness. Therefore, the information of
thermal difference between different thickness oil spill and background seawater is
different. At present, the thermal infrared remote sensing sensor is a relatively mature
tool for detecting oil pollution, which has been widely used. The cleaning of pollution
and recovery of oil spill after accidents is guided. There are infrared radiometer,
infrared scanner and so on, which can be used to measure the different radiant energy of
sea water and oil spill, so as to obtain the image of oil spill on sea surface.

Continuous ground object spectrum information cannot be obtained by single band
detection, which is not conducive to oil identification. High-quality data with wide
range, continuous ground object spectrum information and anti-interference can
obtained with the hyperspectral sensor at the same time, which has certain advantages
in oil spill monitoring. The spectral data of three kinds of UV light sources, conven-
tional fluorescent lamp and different sunlight sources are collected in order to obtain
more precise spectral recognition ability. The oil identification research under UV and
visible light is carried out by using miniaturized ground object spectrometer [5].

In the long-term monitoring practice of Landsat and NOAA series satellites, the
water oil reflectance ratio of channels (TM1-4 and CH1-2) is often used [6], in which
the thickness of 0.1 mm represents for the thin oil spill, the thickness of 1.5 mm
represents for the thick oil spill, and the ratio of pure seawater is 1. It can be seen that
for the oil spill of different kinds of oil, the reflectance ratio to the seawater is different.
Different oil species can be identified by different satellite channels with different
observation characteristics. The preferred channels are shown in the table as follows
(Table 1):

Table 1. Example of preferred channels on Landsat and NOAA satellites for oil species
identification

Satellite observation analysis Optimal identification channel

Kerosene
oil spill

The reflectivity of each channel is similar to
that of sea water, which is slightly higher
than that of sea water. The reflectance of
some channels is slightly different, which
can be used to extract oil spill information

TM3, TM4, TM2 channels of
Landsat

(continued)
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2.2 Laser Fluorescence Remote Sensing Analysis

In the identification of oil species, laser remote sensing is marked by polyaromatic
hydrocarbons. There are many kinds of aromatic compounds in petroleum, which are
the molecules of the double bond system similar to benzene ring. Their molecular
structure is stable, and they are less affected by environmental factors. The non - local
two electrons in the system are easily excited to produce fluorescence. The fluorescence
and Raman spectra of crude oil from different oil fields, different types of oil and
refined oil from different sources have their own characteristics due to the differences in
the geological age of oil production, the process of oil production, the components of
oil production organisms, and the cracking degree during the refining process. If these
characteristic spectra of oil on the sea surface are measured, the oil species can be
identified [7]. Most of the laser fluorescence used for oil spill detection work at a
wavelength of 300 to 355 nm, which distinguishes them from the fluorescent regions of
other substances. Laser remote sensing can not only quickly scan the distribution of oil
pollution on the sea surface, but also has the ability of two-dimensional rendering. No
matter in the day, night or bad weather conditions, the oil pollution can be effectively
monitored on the sea surface, and the data is accurate and reliable. Due to the great
practicability and development prospect of laser fluorescence remote sensing tech-
nology in oil pollution detection and other aspects, it has attracted the attention of many
countries in the world.

The hardware technology of the laser fluorescence marine environment airborne
remote sensing monitoring system has become more and more mature. The support
vector machine algorithm was used to analyze the fluorescence spectrum method of oil,
and the method was used to identify the types of oil. Among the 30 randomly selected
test spectral samples to be identified, the number of correctly identified samples by BP,
RBF and SVM was 25, 26 and 29 respectively. They are effective or relatively effective
at distinguishing between spills [8]. The disadvantages of laser fluorescer are its large
size and high price. If it is applied on satellites, the development of laser device is

Table 1. (continued)

Satellite observation analysis Optimal identification channel

Heavy
diesel oil
spill

The gray value of heavy diesel oil film is
less than that of seawater, and the color of
oil spill in the image is darker than that of
seawater. The reflectance ratio of oil film to
sea water is far less than 1 in the visible light
band, which can be used to extract the oil
spill information

The CHl channel of Landsat, and
TM1, TM2, TM3 channels of
NOAA

Middle east
crude oil
spill

The reflectance ratio in all bands of thin oil
film is greater than 1. The color of thin oil
film in the image is lighter than that of sea
water, and the reflectance ratio of visible
light band of thick oil film is less than 1, and
the color in the image is darker than that of
sea water

The CH2 channels of NOAA, and
TM3, TM4 channels of Landsat
can be used for thin oil film
detection
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difficult at present, and it will be limited by the size of satellites. Miniaturization is one
of the most critical difficulties. Moreover, the energy and bearing requirements of the
satellite platform are higher. However, it has been applied in the classification of
aviation oil spill, and the ground algorithm is becoming mature. There is great potential
in the study of oil spill classification by using space remote sensing.

2.3 Microwave Remote Sensing Analysis

Compared with optical remote sensing, microwave remote sensing can work day and
night, and is not affected by clouds, rain and snow. Microwave radiometer and radar are
mainly used to monitor oil spill on the sea surface at present. In the microwave active
detection method, synthetic aperture radar (SAR) is mainly used to detect the oil spill.
Microwave radiometer is a kind of passive microwave sensor. Its principle of oil spill
detection is the difference of emissivity between water and oil. The signal of radiometer
changes with the change of oil thickness. Theoretically, it can detect the oil film
thickness. At present, it is difficult to identify the oil species [9].

The detection principle by SAR is that in case of oil spill, the capillary wave and
short gravity wave on the sea surface are dampened by the oil film covering on the sea
surface and the roughness of the sea surface is changed.

The mirror reflection of the signal on the smooth oil film deviates from the SAR
sensor, and the decrease of the backscatter back wave received by SAR and the Bragg
scattering is caused. At the same time, the shorter the length of the Bragg wave close to
the half wave length of the satellite SAR is, the stronger the oil film's ability to change
its distribution is, and the less backscattering signals it receives. The image The
backscattering formed by Bragg scattering is reflected by the image. The full polari-
metric SAR image contains relatively complete scattering information of oil spill,
which can be used for oil identification. Wismann et al. [10] measured different kinds
of mineral oil products by four polarization modes of L, S, C, X and Ku bands
respectively. The results showed that the attenuation rate of Ku band was higher than
that of L and C band, while the attenuation rate of heavy oil was increasing with the
thickness of oil film. The polarization characteristic value can be used to distinguish
heavy oil, oil alcohol and other substances. With the continuous development and
maturity of the full polarization SAR satellite, it is possible to conduct in-depth
research on the oil spill images of different wavebands and polarizations, and do
research on refined oil species identification [11].

2.4 Other Detection Methods Analysis

For oil spill detection, there are other detection methods, such as temperature mea-
surement and acoustic remote sensing. The principle of temperature measurement
method is that the normal evaporation rate of sea water is changed due to the existence
of a large area of oil film on the sea surface, and accordingly the humidity over the oil
film is greatly reduced. The range of oil film can be shown by using the variation mode
of air humidity near the surface of ocean. The principle of acoustic remote sensing is
that the acoustic remote sensing technology is also used to monitor the oil film on the
sea surface. It uses the difference between the acoustic pulse reflection of water and oil
film to distinguish oil pollution.
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At present, these methods are not mature in oil species identification, and there is a
certain gap from satellite application.

3 Overall Design of Satellites for Oil Species Identification

It can be seen from the above analysis that at present, the detection of oil spills mainly
includes spectrum detection, laser fluorescence detection, full polarization microwave
detection and other means. With the continuous development of satellite technology,
these ground detection means are more and more widely used in the space. At present,
oil spill pollution is concerned at home and abroad. The oil field monitoring system
based on satellite observation to monitor offshore oil fields in the south of Baltic
Russian has been built in Russia. However, the satellite data used in the existing
monitoring system is relatively scattered and the requirements for the load configura-
tion of the satellite are also very high. If a special satellite for oil spill pollution
observation is to be built, it is recommended to carry out the satellite design from the
perspective of oil species identification. The design also takes into account the oil spill
volume, drift speed and direction, etc. The overall design method of the satellite is
shown in the figure below (Fig. 1).

The selection of satellite payload channels is based on the test results on the ground.
So the first step is to build a comprehensive remote sensing information database of oil
spills. According to the existing oil detection results, the database is built based on the

Fig. 1. Satellite overall design method for oil species identification
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spectral characteristics and microwave scattering characteristics of various kinds of oil
by various means such as ultraviolet, visible light, infrared, microwave and laser etc.
Then the key observation area of the satellite is analyzed, and different types of oil
spills may occur in different areas where offshore oil fields, oil tanker accidents, etc.
included. The corresponding satellite orbit is designed according to the observation sea
area, and the corresponding optical payload and microwave payload channels are
configured in combination with the comprehensive remote sensing information data-
base of oil spilled species, and the appropriate satellite platform is selected to complete
the overall design of the satellite system. The working mode of the satellite is designed
as an important part of oil spill observation. The best observation channel according to
different types of oil can be chosen by customers, and the observation mode can be
independently designated by the satellite. The satellite needs a variety of working
modes to adapt to different types of oil spill observation.

The need of users for observation can be met with both the methods described in
this paper and the traditional design methods of remote sensing satellite system, but the
method designed in this paper is with a higher level of intelligence in the joint mission
between satellite and ground, and the construction of information basic database which
can provide good support for the subsequent satellite system construction. The com-
parison of the two methods is as follows (Table 2).

4 Conclusion

From the perspective of oil species identification analysis, this paper analyzes the
identification of satellite oil spill by means of spectral remote sensing, laser fluores-
cence and microwave detection, and the overall design of special observation satellite is
presented. It is the future development direction with satellite to detect oil spills and
identify oil spills. For offshore oil fields, oil spill monitoring caused by ship accidents
has better timeliness. The following suggestions are given for the development of
satellite oil species identification technology:

1) Different from conventional oil spill detection, it is necessary to build a complete
database for oil species identification. The more sample information it contains, the
simpler the satellite application is and the higher the identification accuracy is;

Table 2. Comparison of the two methods

Traditional design method of
remote sensing satellites

Design method of remote
sensing satellites in this paper

Realize observation task Yes Yes
Intelligence level Low High
Database construction
information

No Yes

Fusion degree of
multiple observation
means

Low High
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2) Among the methods of oil species identification, the combination of optical
hyperspectral and microwave detection may be the development hotspot of satellite
detection in the future;

3) The process of oil species matching is too complex, the ground intervention is too
much and the algorithm is not mature and relatively scattered. The usability of the
satellite can be effectively increased by intelligent oil species matching and intel-
ligent satellite design.
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Abstract. To solve the problem that the traditional satellite test mode is low-
efficiency, has a complicated process and cannot satisfy the batch test require-
ments of the global networking of micro-satellites, this paper studies the test
process of micro-satellites. This paper summarizes the past type test experiences,
sorts testing requirements and work of satellites, and proposes the implemen-
tation mode of the batch test process for satellites. With practice exploration on
batch test process of six satellites of a type, the test tasks of the constellation are
successfully completed. After the constellation is launched, it performs well in
orbit. Achieved batch testing of micro-satellites and verified the feasibility and
correctness of the batch testing process. Compared to traditional single-satellite
test mode, the comprehensive work efficiency on the AIT (Assemble, Integrate
and Test) stage under the batch test mode is improved by 30%. The batch testing
process is undoubtedly more in line with the low-cost and high-efficiency
characteristics of micro-satellites.

Keywords: Satellite test � Batch test process � Test mode

1 Foreword

During recent years, with national promotion of civil-military fusion and “Internet
+ aerospace” industry upgrading reform, the commercial aerospace is developing
quicker and quicker under the background of the global new industry reform [1].
Plentiful foreign and domestic commercial aerospace companies emerge, which cover
satellite development, satellite manufacturing, launching business, in-orbit businesses,
etc. E.g. Space X company has performed bulk production test on the satellite-chained
constellation, which can reduce the satellite manufacturing cycle and cost much [2, 3, 4].
The Micro-satellite Innovation Research Institute of the CAS also explores and studies
multi-satellite test system in China [5]. The General Design Department of the Beijing
Space Aerocraft designs a satellite streamline test mode [6], which has achieved some
effect. Compared to the traditional small batch and single-satellite development mode, it
is undoubted that the massive development mode of the satellite constellation is more
suitable for commercial aerospace demands.

By summarizing past experiences in the type test, this paper sorts related processes
and work on the satellite test preparation stage, test implementation stage and test
evaluation stage. By combining the requirements of micro-satellites with a high
performance/price ratio in future [7, 8], this paper studies the batch test process of
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satellites and proposes implementation mode of the batch test process to guide further
batch test business of satellites.

2 Traditional Satellite Test Process

Under single satellite development mode, to confirm that satellite design is reasonable
and functions and performances of components can satisfy design requirement, the full-
coverage test is performed on functions and performances of satellite according to
development process of satellites on the comprehensive test stage. Generally the test
process of the satellites is shown as the Fig. 1.

Under this test mode, plentiful test items and indexes are repeatedly tested and
confirmed, which results in long test cycle and high test workload. E.g. the after-
vibration health inspection test is performed before the vibration test starts, after uni-
directional vibration starts and the vibration test is completed on the vibration test
stage. Same indexes will be confirmed 4 times on the vibration test stage. Such test
mode can ensure test strength and make sure that all satellite indexes are fully checked,
but it results in long development cycle and higher development cost. If massive
satellites are tested, each satellite will be tested according to this process, which cannot
satisfy the development cycle and cost requirement. For the requirement of batch test of
satellites, weaknesses of the traditional satellite test process are described as follows:

1. The test process is complicated and is not simplified according to the actual test
status of the satellite, which result in longer test cycle;

2. Repeated test items are plentiful on one stage, which results in increase of test
workload and low test efficiency;

3. The test workflow is not solidified and test persons will continuously adapt to
changes of technical statuses of satellites on different stages, which increases human
resource cost;

4. The test plan and implementation plan is not validated in the practices and is
practiced in the test.

The traditional test process of satellites cannot adapt to the batch test requirements
of satellites due to its weaknesses. For the batch test of satellites, a new test process
shall be designed to satisfy the test requirements of satellites.

Stage A test Stage B test EMC trial test Vibra�on  trial test Thermal  trial test

Magne�c  trial test Aging test Factory status se�ng

Fig. 1. Satellite test process under single-satellite mode
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3 Batch Test Process of Micro-satellites

3.1 Batch Test Process

To shorten the test cycle and improve test efficiency, it is very important to design and
solidify the test implementation plan in case of batch test of satellites. For batch test of
satellites, it is necessary to check if the test implementation plan satisfies requirement,
continuously perfect the test implementation plan and ensure reasonable test imple-
mentation plan in practices.

It is recommended to divide satellites into trial-produced satellites and massively
produced satellites in case of a batch test. The test satellites are mainly used to check
and test technical statuses of satellites and correctness and feasibility of the test
implementation plan. The test implementation is finalized after tested in practices of the
trial-produced satellites. The batch test is performed on massively produced satellites
according to finalized test implementation plan.

The specific process of the batch test is described as follows: First complete all tests
according to drafted test implementation plan, then summarize and analyze problems in
the test, next perfect the test plan, review and finalize the test implementation and form
the batch test implementation plan of satellites, and finally perform batch test on the
massive satellites. If review fails, the test implementation plan is perfected or changed
again. The following figure shows the batch test flowchart of satellites (Fig. 2).

 Start test of trial-Produced 
satellite

Finalize and 
review test plan

Y

N

Analyze  test requirement
prepare test plan

implementa�on plan

Implement test of trial-
produced satellite

Summarize test of trial-
produced Satellite and

Perfect test plan

 Finalize batch test plan 

Implement batch test 

Fig. 2. Batch test flow of satellites
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3.2 Division of Batch Test Stage

The test contents and emphases of the trial-produced satellites and massively produced
satellites are different in the batch test process of satellites. The trial-produced satellites
aim to check the test implementation plan and technical statues of satellites and the
software and hardware functions of the satellites shall be completely tested. The test
items and process can be noptimized for massively produced satellites according to
actual conditions of the trial-produced satellites. The trial-produced satellites and
massively produced satellites shall be divided into different test stages in case of batch
test. The batch test of satellites are divided into trial production test stage and batch test
stage.

The trial production test stage aims to complete tests of trial-produced satellites and
can be further divided into the stage A, stage B and large trial stage. The main work of
different stages are described as follows: The stage A aims to complete tests of the
satellite platform components, the stage B aims to complete tests of load components
and the large trial stage aims to complete heat balance trial, thermal vacuum trial,
vibration trial, EMC trial, magnetic trial and aging trial.

After the trial-produced tests are completed, the batch test plan and status shall be
solidified and the process shall be improved and optimized to some extent. The batch
test stage aims to complete tests of the massively produced satellites and is further
divided into the whole-satellite test stage and large trial stage. The whole-satellite test
stage aims to test important indicators. The large trial stage aims to complete thermal
vacuum trial, vibration trial, EMC trial and magnetic trial, but here the large trial
process is optimized based on that of the trial production test stage. This paper does not
further explain how to optimize the trial process.

3.3 Test Rules for Different Stages of Batch Test

For single-satellite test mode, to ensure test coverage and test integrity, all functions
and performances of components will be tested in detail on different stages. To shorten
the test cycle and improve the test efficiency, the test is performed according to single-
satellite mode on only the trial production test stage during the batch test of satellites
and the bulk production test will not be performed according to single-satellite test
mode. After tests in the early period of the trial-produced satellites, it is necessary to
confirm that functions and performances of components of massively produced satel-
lites can satisfy design requirements and the test plan is solidified. The technical
statuses of massively produced satellite products keep consistent and the production
processes are also very consistent. Thus, partial key performance indexes are tested in
case of bulk production of satellites, which can simplify test items and test flows and
improve test efficiency. The test rules for different stages of single-satellite mode and
batch test mode are shown as the following table (Table 1).
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3.4 Workflow Solidification of Batch Test

Besides test processes and test items which are different from them of single-satellite
test mode, operation modes will be also different in the batch test. The platform and
load of each satellite may be different under single-satellite mode and the test workflow
of the whole satellite cannot be solidified. Generally a test team is composed of 3–4
persons, who are responsible for all tests on the whole AIT stage. Such mode requires
that the test persons continuously adapt to status change of the whole satellite and
changes of test items. The test persons shall accurately know status change of the whole
satellite in time and have stronger capabilities to control technical statuses in the test
process. Such mode requires higher human resource cost.

Table 1. Test rules for different stages under single-satellite mode and batch test mode

Test stage Batch test mode
Trial-produced satellites Massively produced satellites

Stage A Completely test the satellite platform
to cover all functions and
performances of standalone
components

Mainly assess system-level functions
and indexes and hardware with
hardware test as the main means and
software test as auxiliary means and
simplify standalone performance test
items

Stage B Perform comprehensive function and
performance test under different
working modes of the load

Mainly assess on-orbit operation
requirements

Vibration
test

Completely check functions and
performances of all components of
satellites in different directions and
under incentive conditions and
perform after-vibration health
inspection after vibration in one
direction

Take partial satellites for test, delete
test points according to the response
conditions of the trial-produced
satellites, select 1–3 test points with
bigger response, and delete electric
performance test step during the trial
period

Thermal
balance
trial

Completely check thermal balance
design of satellites

Not test

Thermal
vacuum
trial

Completely check functions and
performances of components of
satellites under high and low
temperature conditions

Take partial satellites for test and
quickly substitute thermal vacuum
trials with high and low temperature
thermal cycling test

EMC test Check EMC design of satellites Not test
Magnetic
trial

Measure static residual magnetic
torque and dynamic magnetic torque
indexes of satellites

Not test

Aging
trial

Test partial functions and
performances of satellite platform and
load and inspect 100-h reliability of
satellites

Not test
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Under the batch test mode, the components of the whole satellite are same, but the
satellites under test are massive. The staffed persons of the test teams are relatively
sufficient and the conditions for workflow solidification are satisfied. The satellite test
work can be solidified into several parts, which are in charge of fixed test persons.
Thus, the test persons can always test one part and will not involve changes of technical
statuses of the whole satellite and changes of test items. E.g. the test persons in charge
of vibration trials will be always in charge of this test item during the whole batch test
process. Solidification of batch test workflow can simplify tests of the whole satellite to
improve the test efficiency.

4 Implementation Mode of Micro-satellite Batch Test

The batch test process of satellites prepares the directions and ideas for tests and guides
actual tests, but optimization of satellite test process indicates a direction. To improve
efficiency of satellite batch tests and short test cycle, new test implementation mode
shall be introduced in test implementation. The test plan can be implemented via the
following modes in the micro-satellite batch test.

4.1 Automatic Test

Partial test work is replaced by software to reduce person participation. Automatic test
means can improve test efficiency and accuracy and reduce low-level quality problems
of man-made factors. After the trial-produced satellites are tested on the trial test stage,
the information of test items of all components such as test steps, commands and
determination can be roughly confirmed. The tests of massively produced satellites
adhere to the rules of simplifying test items and reducing manual operations and aim to
improve automation degree of test items. Test items of components are implemented as
the automatic test sequences and safety and reliability of automatic satellite test process
is ensured via command pre-determination, command post-determination, automatic
parameter recording, automatic result determination and reading and automatic report
generation.

4.2 Parallel Test

The massively produced satellites have consistent technical statuses, which provide
foundational input and implementation conditions for parallel tests of multiple satel-
lites. Strengths of multi-satellite parallel test not only are embodied in the parallel test
process, but also implement whole-process parallel processing of multiple test busi-
nesses, including parallel test design, parallel test implementation and parallel process
control. The satellites are tested via parallel tests and multiple satellites can be tested in
parallel in batch tests of satellites, which can improve test efficiency of the satellites.
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4.3 Test Process Informatization

Satellite tests are mainly performed by the test persons, but they will also involve work
of designers, assembly persons, environmental engineers and project offices. All parties
involve the main work such as satellite status, file signing, form signing, technical
support requirement, work procedure hand-over, exception reporting, work reporting
and collaboration. The information at the test field will be transferred to related persons
in time, which not only makes related persons know field information in time, but also
assists scientific research and production management departments to dynamically
adjust work schedules according to test conditions and improve utilization efficiency of
human resources and equipment. The information at test fields can be transferred in
time via information means. The information flowchart of the test process is shown as
follows (Fig. 3):

4.4 Continuous Line Test

Although we expect to realize highly automatic batch product tests of satellites like the
automobile continuous production line, features of satellites make us very difficult to
test satellites by using massive automated equipment like the automobile continuous
production line. Now it is difficult to realize fully automatic test, but it is a better
solution to test massive satellites by designing reasonable production line test mode and
combining highly automatic tests. The comprehensive satellite tests involve test,
assembly and trial of whole satellites, which are necessary test items and process.
These fixed test items and processes are designed as production line mode to realize
batch satellite tests, which can improve test efficiency very much.

An assembly area shall be designed between two stages involving technical status
change to facilitate operations of assembly operators on the production line test plat-
form. A failure handling area is designed beside this assembly area to place the failed
satellites in the test into this area for troubleshooting. After troubleshooting is com-
pleted, the satellites are transferred to the production line. The test block chart of the
satellite production line is shown as follows (Fig. 4):

Data 
center

Testers Project 
office

Scien�fic research 
and produc�on  
management 
department

Testers Design 
department

 Electric test center

Satellite test 
line

Fig. 3. Information flowchart of test process
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4.5 Test Data Analysis Technology

The massive data will be generated in satellite test, which are stored at the data center.
Under single-satellite test mode, the test persons do not frequently utilize these test data
and do not mine useful data by using the data analysis technology for test decisions.
Under the batch test mode, more data will be generated in satellite tests, which can be
fully utilized to support test process optimization, test item optimization and product
design optimization. Test data can be processed by using big data technologies such as
data mining, data diagnosis and cloud computing to mine data values, provide basis for
selection of test contents, test scope and test strengths, provide data support for test
process optimization, evaluate standalone/whole-satellite quality, and predict satellite
in-orbit operation and life ending condition. Thus, these data are very valuable for
batch tests of satellites.

5 Conclusions

Facing to realistic requirements in large-scale networking applications of micro-
satellites in future, batch test requirements of micro-satellites are approaching to us.
This paper mainly studies the batch test flow of micro-satellites and proposes imple-
mentation mode of batch tests. During practice and exploration of batch test process for
six satellites of a type, the constellations are tested successfully by optimizing test
items, simplifying test process and introducing automatic test software, parallel test
mode and production line test mode. After these constellations are launched, they
operate well in orbit, which preliminarily validates feasibility of the batch test processes
and test implementation modes of micro-satellites. Compared to the traditional single-
satellite test mode, the batch test mode can improve comprehensive work efficiency by
30% on the AIT stage.
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Abstract. With the development of terrestrial 5G communication service, the
C-band frequency which is exactly the frequency resources used by satellite
broadcast and television will be used for the 5G low frequency ranges. In this
paper, the interference caused by using the same C-band frequency resources
between the satellite system and the terrestrial 5G business is analyzed. In order
to solve this problem, a novel method is proposed to share the C-band which
consists of frequency reverse use, frequency dual reuse, beam and polarization
multiplexing. This innovative strategy can promote the integration and devel-
opment of satellite broadcast business and terrestrial 5G communication, and
improve the efficiency of frequency utilization simultaneously. Taking the
advantage of satellite system, enhanced Mobile Broadband (eMBB) and massive
Machine Type Communications (mMTC) use cases of 5G communication are
suitable for the integrated satellite-terrestrial 5G system. The method described
in this paper is a frequency use suggestion for satellite-terrestrial 5G, and the
approval of radio management department is required for practical application.

Keywords: Sharing C-band � Satellite-terrestrial 5G � Frequency dual Reuse

1 Interference Between Satellite System and Terrestrial 5G
Service

1.1 Frequency Resource Analysis

The GEO communication satellite uses C-band for radio and television business, which
has important economic benefits and social influence. With the construction of ter-
restrial 5G communication system in C-band in some countries currently, the inter-
ference due to using the same frequency between the satellite and the ground systems
becomes a huge problem. Hence, the conventional mainstream satellite broadcast and
television service will be affected seriously.

In order to limit or avoid the unfortunate interference, the radio management
administration in each country has formulated some compulsory measures. At present,
the prevailing solution is to withdraw the satellite service from C-band, and give the
frequency spectrum resources to the terrestrial 5G communication. The allocation of
C-band in these two systems is shown in Table 1 [1].
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According to the Table 1, the extend C-band frequency down to earth used by
satellite is almost overlapped by the terrestrial 5G communication. However, the C-
band frequency up to satellite used by the broadcast and television business at the
moment is well separated from the ground 5G signal with at least 925 MHz frequency
interval. Furthermore, the standard C-band 3700–4200 MHz will be soon used for
ground 5G. FCC has made a decision in February 28th, 2020, that the C-band frequency
3700–3980 MHz will be auctioned off for the ground 5G system in the future.

1.2 Satellite-Terrestrial 5G Integration

The terrestrial 5G system is expected to be diverse, all-encompassing ‘network of
networks’ and address various usage scenarios, such as enhanced Mobile Broadband
(eMBB), massive Machine Type Communications (mMTC) and Ultra-reliable and
low-latency communications (URLLC). Satellites have the capability to cover a wide
area. Therefore, in some usage scenarios, satellites will be able to help facilitate the
development of future 5G system. Four main use cases of the innovative 5G are
identified for satellite-based solutions in the reports of ITU [2], which are respectively
as follows: (1) trunking and head-end feed, (2) backhauling and multicasting tower
feed, (3) communications on move, and (4) hybrid multiplay. Based on the advantage
of the integration system of satellite and terrestrial 5G, which is named as satellite 5G
in the paper, can benefit for the eMBB and mMTC use cases of 5G. However, restricted
by the communication capacity of the satellite system, the satellite 5G can be well used
in the districts with unenlightened infrastructure of terrestrial 5G network, such as
remote areas, islands, oceans and deserts, etc.

The other professional organizations, such as 3GPP, Sat5G and ESA, and some
relevant enterprises have achieved beneficial work and jointly formulate technical
standards of satellite 5G system [3–6]. In May 2019, the satellite operator Telesat, the
University of Surrey and the Newtec Company cooperated to realize the satellite 5G
communication test for the first time, which proved that the LEO satellite (Telesat LEO
Phase-1) can provide an effective solution for 5G backhauling use case. In this test, the
latency in the satellite-earth round trip is 18–40 ms. In 19th June, Sat5G showed on the
EuCNC2019 a series of test results about the satellite 5G communication demonstra-
tion, which was high-speed video distribution via GEO satellite and mobile edge
computing technology. Since June 2019, China has verified the key technologies of 5G
by using the LEO satellite (Tianxiang-1). In these tests, the routing protocol was

Table 1. The allocation of C-band in satellite and terrestrial 5G

Sub-band name Frequency on earth Frequency to satellite

Satellite Extend C-band 3400–3700 MHz 6425–6725 MHz
Satellite Standard C-band 3700–4200 MHz 5925–6425 MHz
Terrestrial 5G-1 3400–3700 MHz /
Terrestrial 5G-2* 3700–4200 MHz /
Terrestrial 5G-3 4800–5000 MHz /

Note *: This frequency band has been authorized for the terrestrial 5G in
some countries, such as the USA
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computed by the ground system, and the upload rate could achieve 2 Mbps. The SDN
interface protocol has been validated. In November 2019, the Korea Telecom suc-
cessfully verified the data transmission between terrestrial 5G network and GEO
satellite (Koreasat-6). In the first quarter of 2020, China has verified the satellite
communication technology in Q/V band by the LEO satellite (Galaxy-1). The trans-
parent capability of this satellite is 10 Gbps, and the new satellite 5G transport pro-
tocols have been tested.

2 Frequency Sharing Technology for Satellite 5G

2.1 Frequency Reverse Use

According to the current allocation of C-band frequency resources shown in Table 1,
the C-band frequency (5925–6725 MHz) transmitted up to satellite is far away from the
ground 5G frequency, which can effectively separate the signal interference between
each other. Hence, it is suggested that the frequency spectrum 5925–6725 MHz should
be reversely used in the broadcast downlink to earth, and the 3400–4200 MHz can be
reversely used in the broadcast uplink towards the satellite and in the satellite 5G
bidirectional links. The allocations of C-band frequency reverse use in the integration
scene are shown in Table 2. By this way, the frequency bandwidth of satellite broadcast
can be reserved as it is used now. It should be emphasized that the method of frequency
reverse use has to be approved by the authoritative radio management administration,
and should not interfere with other existing radio network.

In order to illustrate the advantages of frequency reverse use, the parameter EIRP
(Effective Isotropic Radiated Power), which is considered as formula (1), can be used
to analyze the influences in the novel use case. EIRP indicates the power emitted by the
device equivalent to an isotropic radiation in the research direction.

EIRP ¼ Pt þGt ð1Þ

Table 2. The allocation of C-band frequency reverse use in satellite 5G system

Link state Frequency range Bandwidth

5G user uplink* 3400–4200 MHz 800 MHz
5G user downlink* 3400–4200 MHz 800 MHz
Broadcast uplink 3400–4200 MHz 800 MHz
Broadcast downlink 5925–6725 MHz 800 MHz

Note *: The 5G user uplink and downlink share the
same frequency band, which should be distinguished
according to the business requirements
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In the above formula, Pt is the output power of the amplifier, dBW; Gt is the gain of
the transmitting antenna, dBi. For the parabolic antenna, Gt can be calculated as:

Gt ¼ 20� log pD=kð Þ ð2Þ

where D is the antenna aperture; k is the wavelength of the carrier wave.
In terms of wireless signal transmission loss, the most significant loss is path loss of

the carrier wave, which can be obtained by the following formula:

Ld ¼ 20� log 4pd=kð Þ ð3Þ

where d in the formula is the transmission distance of the radio signal.
The antenna aperture on the earth station for the broadcast signal uplink to satellite

is usually about 13 m, while the antenna aperture of the ground 5G station is 1 m.
According to the formula (2), the gain of signal from earth station to satellite is 22.3 dB
larger than that with the same frequency from 5G station. It is supposed that the
antenna main beam of ground 5G station aims to the satellite which is the worst case. In
the normal use case of ground 5G, the antennas of ground base stations face to the
terrestrial cellular parts, only precious few part of these signals leak to the satellite.
Assuming the leaked signals are about 10 dB smaller than the 5G main direction
signals, the gain of broadcast signal is 32.3 dB above the ground 5G signals. Fur-
thermore, if the signal power transmitted from earth station is 10 times larger than the
power of ground 5G, the EIRP of earth station signal is about 42.3 dB bigger than the
5G signal. Due to the method of frequency reverse use, the broadcast uplink signal
from earth station is same with the 5G signal, both in 3400–4200 MHz, which have the
same path losses value by formula (3). For the receiving port of satellite, the signal
from earth station is still 42.3 dB larger than the 5G signal at least, which means the
two kinds of signals can be easily distinguished by the satellite.

However, according to the current frequency rules, the frequency in 3400–
4200 MHz is used in the broadcast downlink. The path loss of signal transmitted from
GEO satellite to earth is about 195 dB calculated by the formula (3). Such a feeble
satellite signal reaching to the earth is quite easily interfered by the ground 5G signal
with the same frequency, so that the satellite broadcast services are affected.

The above two comparative cases illustrate that the method of frequency reverse
use can well depress the 5G signal for satellite. Furthermore, this method can maintain
the existing frequency bandwidth (such as 800 MHz in Table 2) for broadcast services,
and ensure the development of the novel 5G business at the same time.

2.2 Frequency Dual Reuse

For the traditional FSS broadcast satellite business, the C-band large beam is used to
cover a wide area, which causes too low spectrum efficiency to improve the commu-
nication capacity. So the multi-beam combined with polar-reused technology is
brought to solve the problem of low spectrum efficiency. In the paper, the frequency
dual reuse (shown in Fig. 1) in the multi-beam system is referred for satellite 5G, which
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can be well used for the satellite 5G use cases identified by ITU, and can keep the FSS
broadcast system simultaneity. Hence, the frequency dual reuse technology can pro-
mote the integration and development of the satellite broadcast business and terrestrial
5G communication.

In Fig. 1, it is supposed that the frequency reuse factor in satellite multi-beam is N,
in each beam on the ground the frequency resource should be used as (N-1) reuse for
ground 5G signal, which are different from the satellite beam frequency range. The
ground 5G users can be connected with each other through the ground 5G network, and
the 5G terminals can also directly communicate with satellite meanwhile. By the way
of frequency dual reuse, the satellite system and the ground system can work inde-
pendently, and retain the interface of the two systems in addition. It should be
emphasized that this method is thoroughly different from the Ancillary Terrestrial
Component (ATC) [7] and Complementary Ground Component (CGC) [8], which both
depend on the ground network to provide additional services.

Fig. 1. Frequency dual reuse sketch map
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Due to the benefit of frequency dual reuse, the C-band can be shared by the satellite
business and the ground 5G communications, which achieves the 5G integration in the
satellite and ground systems. In the integration use case, the frequency reuse factor c is
shown as following:

c ¼ ð2�MÞ=N ð4Þ

where M is the number of satellite beam, N is frequency reuse factor, 2 is inserted by
the polarization multiplexing. If the bandwidth of satellite system is B, the bandwidth
of each satellite beam is 2B/N, adding the bandwidth of broadcast down link, the total
bandwidth of satellite is c þ 1ð Þ � B .

Applying frequency dual reuse in each satellite beam, the frequency reuse factor of
ground cellular technology should be (N − 1). If there are ki cells in each satellite
beam, the total bandwidth of the satellite-ground system is shown as

Bsat�ter ¼ Bsat þBter ¼ cþ 1ð Þ � Bþ
Xm

i¼1
ð2� ki � B=nÞ ð5Þ

Furthermore, if there all are k cells in each beam, the formula (5) can be simplified
as.

Bsat�ter ¼ cþ 1ð Þ � Bþ k � c� B � kþ 1ð Þ � c� B ð6Þ

According to the formula (5) or (6), the frequency dual reuse can dramatically
increase the bandwidth of satellite-terrestrial system, as a result, improving the capacity
of the system, which can satisfy the diverse requirements of 5G terminals in eMBB and
mMTC use scenes.

Integrating the frequency reverse use, when the C-band is approved to use in
reverse way, the frequency of uplink to satellite is 3400–4200 MHz; the bandwidth
(B) is 800 MHz. It is supposed that there are 100 satellite beams, the frequency reuse
factor is 5, and the number of cells in each satellite beam is 999, the bandwidth of
satellite itself is 32.8 GHz, the total bandwidth of satellite-terrestrial system is 32 THz
which can be calculated by formula (6), which is 40000 times as much as the traditional
satellite broadcast application.

2.3 User Accessing and Link Analysis

The ground 5G terminals work in two modes, which can both use the terrestrial 5G
network and the satellite way. The satellite can satisfy the satellite 5G use cases
identified by ITU. According to the frequency dual reuse technology, in the region with
complete terrestrial 5G facility, the terminals should preferentially use terrestrial net-
works for communication, shown as type A in Fig. 1. For the remote area and with
weak ground 5G facility, 5G users (type B in Fig. 1) can directly connect to satellite,
which can enhance the 5G communication business. The communications on the fast
moving use cases (terminals on the aircrafts and oceangoing ships, such as type C in
Fig. 1) can work through the satellite. 5G terminals on the high speed train should use
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the base stations along the train line, shown as in type D in Fig. 1. In some 5G weak
facility regions, the backhauling and trunking requirements of ground 5G base stations
(type E in Fig. 1) can be realized by the satellite network. The last case shown in Fig. 1
type F using the satellite channel is the multicasting tower feed and massive narrow-
band machine communication, i.e., mMTC use case.

Multi-beam combined with frequency sharing technology can help to build the
satellite 5G system shown in Fig. 1. The uplink and downlink frequency of 5G ter-
minals should be chosen in 3400–4200 MHz, as the User link in Fig. 1. For the
satellite system, the user link frequency can be set in the multi-beam for dual direction
links. Due to the huge capacity of backhauling for the feeder link, the Ka-band, Q/V
band or laser should be chosen for this link.

For the satellite broadcasting service scene, the uplink frequency is chosen in 3400–
4200 MHz as the broadcast multi-beam uplink in Fig. 1. The downlink frequency of
broadcasting link is 5925–6725 MHz, which should be transmitted through a single
large beam as the broadcast downlink in Fig. 1. For some special application case, the
broadcast downlink signal also can be transmitted by the multi-beam antenna. The
above future frequency plan should not interfere with the normal business, and should
be approved by the frequency resource management administration.

The above parts of this paper have shown the advantages of the satellite multi-beam
application. Reducing network latency is a critical requirement in 5G URLLC scene.
The satellite communication system usually leads to long time delay due to its long
transmission distance. In order to improve the latency, the Digital Transparent Pro-
cessor (DTP) technology can be used on satellite [9], changing the system architecture

Fig.2. Sketch map of DTP improving satellite application framework
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from mesh network to star network as shown in Fig. 2. In the mesh network, the 5G
communication using the satellite multi-beam is through the ‘two hops’ way (terminal
1-satellite-gateway station and then gateway station-satellite-terminal2), which will
cause serious latency and other problems. However, the ‘one hop’ service mode (ter-
minal 1-satellite-terminal 2) is adopted in the star network. Compared with the ‘two
hops’ mode in mesh network, the star network supports ‘one hop’ terminal-to-terminal
service which degrades the latency and also increase the flexibility of satellite 5G
network.

3 Conclusion

In this paper, the strategy of sharing C-band resources between satellite 5G commu-
nication and satellite television broadcasting systems is deeply studied. By the satellite-
ground frequency reverse using and frequency dual multiplexing, the shortage of
available frequency resource in C-band can be improved and the satellite-terrestrial
frequency interference can be avoided, which helps to the compatible development of
traditional satellite broadcast and television services and emerging satellite-terrestrial
5G integration applications. In particular, the implement of the frequency sharing
strategy proposed in this paper needs to be approved by the authoritative radio man-
agement administration, and should not interfere with other existing radio network.
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Abstract. An on-orbit lunar observation method is put forward in this paper
aiming at the low earth orbit remote sensing satellite, including observation
opportunity, satellite attitude planning and imaging parameters of load, etc.
Based on a low-orbit optical remote sensing satellite, the lunar observation
experiments were successfully carried out for 8 times in July 2019, and the lunar
phase angle covered −79.872–81.657º.The experimental results suggest that the
actual performance of satellite attitude is consistent with the designed satellite
attitude planning process. Moreover, the method has a high observation effi-
ciency with 1500 s duration. The texture of 8 lunar images obtained have a good
sense of layering with clear and stable texture. Furthermore, the spatial reso-
lution is up to 1.18 km. The results verify the correctness and rationality of lunar
observation method proposed. It can provide a reliable basis for long-term
monitoring of the imaging stability of the remote sensing satellites.

Keywords: Low-orbit satellite � Optical remote sensing � Attitude maneuver �
Lunar observation

1 Introduction

As a natural satellite of the earth, the moon is considered to be an ideal calibration source
with three characteristics: first, the surface of themoon has very high photometric stability
with annual variation of only 10–8 although the brightness is uneven [1]; Second, the
spectrum of the moon is very similar to that of ground objects, and its dynamic range also
covers the earth and the ocean, and it is not affected by the ground calibration field and
weather [2]. Third, literature [3] indicates that the moon provides a cross-calibration
pathway, as it can be observed by any satellite in earth orbit. Therefore, using themoon for
on-orbit satellite calibration is an important means to improve the radiometric calibration
efficiency and monitor the imaging stability of remote sensing satellite detectors.

In recent years, scholars at home and abroad have done a lot of research on space-
based lunar observation technology. A growing number of optical remote sensing
satellites, such as foreign MODIS [4], SeaWiFS [5], Pleiades [6], GOES [7], etc., as
well as domestic fengyun-3 satellite [8], all have the ability of on-orbit lunar obser-
vation. In addition, European TRUTHS reference star and American CLARREO ref-
erence star also use the moon as the cross-transmission benchmark [3]. Most on-orbit
lunar observation carried out in China is aimed at geostationary orbit and polar orbit
meteorological satellites, and little has been done in lunar observation of attitude
maneuver using low orbit remote sensing satellite [9].
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Therefore, a lunar observation method for attitude maneuver of low orbit remote
sensing satellite is proposed in this paper, which analyzes the key indicators such as
timing of lunar observation, satellite attitude and load imaging parameters. The method
was applied to a low orbit high-resolution remote sensing satellite in orbit, which
further verified the correctness and rationality of the observation method proposed.

2 Key Technology of Lunar Observation

2.1 Position Relation of Sun, Moon and Satellite

The premise of the lunar observation is to calculate the position relationship between
the sun, moon and satellites. The mean elliptic orbital element method is used to
calculate the sun and moon vectors respectively. The six elements of the lunar orbit can
be expressed as Eq. (1) under the mean ecliptic inertial coordinate system (J2000).

am ¼ 384747.981 km
em ¼ 0�:054879905
im ¼ 5�:129835017
Xm ¼ 125�:044555556� 1934�:1361850T þ 0�:002076T2

xm ¼ 318�:308686110þ 6003�:1498961T � 0�:0124003T2

Mm ¼ 134�:963413889þ 13�:06499315537dþ 0�:0089939d2

8
>>>>>><

>>>>>>:

ð1Þ

Where the unit of T is Julian century, and that of d is earth day. The vector
expressions of the moon are shown in Eq. (2):

Pmoon
e ¼

cosðkmÞ
sinðkmÞ cosðimÞ
sinðkmÞ sinðimÞ

2

6
4

3

7
5

km ¼ ðxm þMmÞþ 2em sinðMmÞþ 1:25e2m sinð2MmÞ

ð2Þ

The model of absolute orbital motion of the satellite is established in the geocentric
equatorial inertial coordinate system (J2000). Assume that the position and velocity
vectors of the satellite under the J2000 system are shown in Eqs. (3) and (4), respectively:

~r ¼ ½rx; ry; rz�T ð3Þ

~v ¼ _~r ¼ ½vx; vy; vz�T ð4Þ

Then, the motion of the satellite in orbit conforms to Eq. (5).

€~r ¼ _~v ¼~fE ð5Þ
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Where,~fE is the sum of external forces acting on the satellite.
The representation of sun and moon in satellite body coordinate system can be

calculated by using coordinate transformation and geometric relation.

2.2 The Timing of Lunar Observation

The imaging time of lunar observation is generally selected when the moon surface is
more than 50%, that is, the phase Angle of the moon varies from −90º to +90º.
Satellites in Sun-synchronous orbit can carry out the lunar observation of the moon in
multiple phases and positions, and it runs 13–14 orbits every day. Each orbit has an
observation window near the south and north poles of the earth. The lunar observation
nearby Antarctica is shown as Fig. 1.

2.3 Satellite Attitude for Lunar Observation

According to the above derivation, a flow of lunar observation of low orbit remote
sensing satellite is put forward on the basis of calculating the observation timing,
attitude and other information.

Firstly, the observation time, observation attitude (inertia attitude 2) and other
information are injected into the satellite subsystem through the ground TT&C system
in the form of programmed command blocks. At 750 s before the inertia attitude 2, the
satellite entered the lunar observation mode, and the satellite gradually changed its
orientation from the earth to the cold space on the north side of the moon within 630 s.
Then, at the moment of inertia attitude 1, the satellite starts to maneuver around the
pitching axis of the system with angular velocity xsat, so that the visual axis of the
payload points from the north side of the moon to the south side. During the 240 s of
satellite maneuver, the payload is turned on in the middle 120 s. Then, at the moment
of inertia attitude 3, the satellite ended its attitude maneuver around the pitching axis of
the system, and gradually changed orientation from the cold space of the south side of

Earth
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Fig. 1. The lunar observation nearby Antarctica
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the moon to the earth within 630 s. Finally, the satellite exited the lunar observation
model. The whole lunar observation mode takes a total of 1500 s. Since the imaging
position is near the south and north poles of the earth, the lunar observation process
proposed will hardly affect the normal earth observation tasks of low orbit remote
sensing satellites and has a high observation efficiency. Figure 2 shows the STK
simulation at moments of the inertial attitude 1, 2 and 3.

2.4 Imaging Parameters Selection of Payload

Line-of-Sight Pointing of Payload
The line-of-sight of payload sweeps across the moon from north to south during the
course of the lunar observations. The angle of view occupied by the moon during the
full moon is shown in Eq. (6):

h ¼ Rmoon

Lmoon
¼ 3476 km

380000 km
� 180=pi ¼ 0:524� ð6Þ

Where Rmoon is the diameter of the moon and Lmoon is the distance between the
satellite and the moon.

The field of view angle of high-resolution remote sensing satellites is usually
required to be greater than 1º. Therefore, in order to ensure that the moon can com-
pletely appear in the field of view of the load during lunar observation, the satellite
attitude orientation accuracy should be � 0.2º, which is not difficult to achieve for
high-resolution optical remote sensing satellites. For the load assembled by multi-slice
detectors, if a fixed detector is used for lunar observation, the lunar attitude can be
controlled according to the pointing angle of the central pixel of the detector.

Integration Time of Payload
In order to avoid the impact of image shift on image quality, it is necessary to match the
integration time of the load in real time according to the speed-altitude ratio, which is
calculated from the attitude broadcast data received by GPS. From the above analysis,
it can be seen that the moon only occupies a small proportion in the field of view of the

(a) Satellite attitude 1         (b) Satellite attitude 2              (c) Satellite attitude 3

Fig. 2. The satellite attitudes of lunar observation
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detector, resulting in a very short time for the detector to image the moon by push-
broom mode. Therefore, a fixed integral time matching method with adjustable over-
sampling coefficient is proposed. Formula (7) is the calculation method of load integral
time during month observation.

Tint moon ¼ IFOV
k � xsat

ð7Þ

Where IFOV is the instantaneous field angle of the load, xsat is the attitude angular
velocity of the satellite around the pitching axis of the system, k is the oversampling
coefficient. The sampling ratio of the lunar observation should be adjusted according to
the actual situation.

Integral Stage of Payload
Appropriately increasing the integral series (that is, the transfer number of TDICCD
charge packet) can enhance the signal strength and improve the SNR. However, setting
the integral series too high will lead to image saturation. Equation (8) represents the
influence of attitude stability on MTF under Nyquist spatial frequency:

MTFzt ¼ e�2p2 Dx�f �N�Tint moonð Þ2t2 ð8Þ

Where N represents the load integral series, Dx is the satellite attitude stability and t is
the space frequency.

In order to ensure the imaging quality of high-resolution remote sensing satellites, it
is usually required that the total displacement generated by the attitude stability after
the N-stage integration is no more than 0.5 pixel. According to the load imaging
parameters selected, the allowable attitude stability under different integral series is
derived, as shown in Table 1.

In a word, When the satellite attitude stability is better than 5 � 10–4°/s, the 6-
stage integration for on-orbit lunar observation is recommended.

3 Experiment on Lunar Observation

3.1 Experimental condition

According to the lunar observation method proposed in this paper, eight times of lunar
Multi-phase angle observation experiments were carried out based on a low-orbit
remote sensing satellite in orbit from July 10 to July 25, 2019. The orbit altitude is
650 km, and orbit inclination is 97.95º. The panchromatic spatial resolution of load-to-

Table 1. The attitude stability corresponding to the integral stage

Integral stage 4 6 8 12
Attitude stability (°/s) 13.09 E-04 8.73 E-04 6.55 E-04 4.36 E-04
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earth imaging is better than 2 m. The specific observation information of the month is
shown in Table 2:

3.2 Experimental Analysis

As shown in Fig. 3, the lunar phase angle gradually decreased from −79.872º (July 10)
to −7.280º (July 16) and then increased to 81.657º (July 24). Observation experiments
were carried out when the lunar surface was more than 50%.

Taking the observation experiment of July 16 as an example, the satellite attitude
planning implementation is analyzed. The included Angle telemetry data between the
load line-of-sight vector and the lunar vector are shown in Fig. 4. As can be seen, the
actual execution of satellite attitude is consistent with the satellite attitude planning
process designed.

Table 2. The experimental information of lunar observation

Date The time that line-of-sight vector points to the center of the
moon/(BJT)

Lunar phase
angle/(°)

20190710 13:32:00 −79.872
20190712 14:20:00 −54.447
20190714 13:28:00 −30.830
20190716 14:11:00 −7.280
20190718 15:45:00 15.974
20190720 15:45:00 37.903
20190722 08:30:00 56.338
20190724 15:50:00 81.657

Fig. 3. Lunar phase angle distribution of the experiment
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3.3 The Lunar Observation Images

The original image data transmitted from the satellite can be reconstructed into a lunar
disk after processing by the ground system. The images with multi-moon phase Angle
obtained are shown in Fig. 5. The lunar phase Angle covers −79.872–81.657º, and the
spatial resolution is up to 1.18 km, which is superior to geostationary orbit and polar
orbit meteorological satellites such as Fengyun 2 and Fengyun 3. As can be seen from
Fig. 5, the acquired image of the moon has clear texture and stable load imaging [10–
12]. In addition, satellite attitude and telemetry of each subsystem are normal. This
experiment further verifies the correctness and rationality of the proposed method.

The planning implementation of satellite attitude
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Fig. 4. The planning implementation of satellite attitude

Fig. 5. The lunar observation images
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4 Conclusion

Aiming at the low orbit remote sensing satellite, a lunar observation method of on-orbit
attitude maneuver is proposed. The key technologies of on-orbit observation of the
moon are analyzed in detail from the aspects of timing, satellite attitude and load
imaging parameters. In July 2019, according to the lunar observation method proposed,
eight successful lunar observation experiments were carried out based on a low orbit
optical remote sensing satellite in orbit, with the lunar phase Angle covering −79.872–
81.657º. The experimental results show that the actual performance of satellite attitude
is in line with the designed, and the method has high observation efficiency. The
reconstructed 8 images of the moon obtained from the ground have clear and stable
texture, and the spatial resolution of the moon is better than 1.18 km. The experimental
results verify the correctness and rationality of the proposed method.
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Abstract. This paper designs and implements an IP that supports the CAN 2.0
protocol and integrates it into the designed SoC. The upper layer software can be
used to control and manage the CAN protocol. The SoC that we designed in this
paper adopts AHB and APB bus architecture, which can easily integrate the IP
of this bus. The processor core uses a five-stage pipeline to support the ArmV4
instruction set architecture. The multiplication unit uses pipeline processing. The
forwarding unit and scoreboard unit module can solve and alleviate data
dependence and improve instruction execution efficiency. The design has been
verified by simulation and its function is correct. The comprehensive results of
the target device Spartan-7 show that the design consumes less resources and
can be implemented in FPGA. The design can be used in satellite-based inte-
grated electronic solutions of small satellite to complete data transmission and
information exchange between spacecraft electronic equipment.

Keywords: CAN bus � SoC � AHB � APB � IP
1 Introduction

The controller area network (CAN) bus is a serial communication field bus that follows
the ISO international standard [1]. Due to its high reliability, good real-time perfor-
mance, flexible communication methods, simple networking, and strong anti-jamming
capability, it has been widely used in the fields of automobiles, aerospace, industrial
control, etc. [2]. Based on its above advantages, it has been used in satellite-based
integrated electronic solutions of small satellite at home and abroad as a satellite-based
backbone network to complete data transmission and information interaction between
spacecraft electronic devices [3]. And a large number of small satellites in orbit flight
experience shows that the CAN bus can safely and reliably meet the basic needs of
information exchange on small satellites.

There are two solutions for the analysis of the CAN protocol. One is to use a CAN
protocol chip such as SJA1000, and its external plus an FPGA or CPU to generate control
signals to complete the interface signal processing [4]; the other is to use an FPGA,
through FPGA programmability, by writing code to achieve the right analysis of CAN
protocol. The latter has the advantage of being more flexible, saving the number of chips
on the circuit board, reducing the transmission of signals between off-chips, and making
the signals more stable.
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This paper implements the IP of the CAN protocol and integrates it into the
designed System on Chip (SoC). The subsequent sections of this article are arranged as
follows. Section 2 introduces the CAN bus protocol; Section 3 depicts the overall
structure and detailed design of the CAN protocol modules; The processor core and
SoC architecture are described in Sect. 4; Section 5 presents the results of simulation
and verification and the conclusion is in Sect. 6.

2 The Protocol of CAN Bus

CAN is a shared broadcast network bus. The topology is bus type (can be converted
into a star type). Two-wire differential data transmission can realize the interconnection
of multiple systems. The standard data transmission speed is 1 Mb/s in less 30 m. Its
information transfer is based on sending variable-length messages (or frames) with a
valid data length of 0–8 bytes. Each frame has a unique frame mark (two nodes on the
bus are not allowed to send frames with the same frame mark) [5].

The physical connection of the CAN bus is shown in Fig. 1. The signal is trans-
mitted with a pair of differential signal lines, namely CAN-H (high-level line) and
CAN-L (low-level line). Signals 0 and 1 are expressed by the difference in voltage
between the lines, so when both lines are interfered by the same phase, and it will not
affect the signal transmission, which is also a reason for CAN's strong anti-interference
ability. Each node can be directly connected in parallel to the signal line through the
lead-out line.

The commonly used CAN protocol is the 2.0 standard, including two parts, 2.0 A
and 2.0 B. The difference between the two is that the length of CAN 2.0 A’s identifier
must be 11 bits, while the CAN 2.0 B’s identifier can be 11 bits (standard version) or
29 bits (extended version). The frame structure of CAN is shown in Fig. 2. Each frame
starts with a start bit, followed by an arbitration section, a control section, a data
section, a cyclic redundancy check code (CRC) section, a response section, and finally
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Fig. 1. The physical connection of the CAN bus
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is the end of the frame. The arbitration segment includes the marking of the message,
and the marking of each message is unique. The difference between the extended frame
and the standard frame is the difference between the arbitration section and the control
section. The length of arbitration segment in the standard frame is 12 bits, and the
arbitration segment in the extended frame is 32 bits. The control segment also includes
the length of the data segment in the frame, which is represented by 4 bits, indicating a
range between 0–8.

Each node on the CAN bus can send frame data to the bus at the same time, so
ultimately which node bus takes control of the bus needs to be decided by arbitration.
The message sent by the node contains priority information. The priority of the
transmission is indicated by the frame marker bit segment of the arbitration area. The
smaller the frame marker value, the higher the priority. When a node sends bits to the
bus, it always monitors the level on the bus and judges whether it is the same as what it
sends out. If more than two nodes send frame data to the bus at the same time, the node
with the lower priority gives up sending.

The CAN bus uses differential signals for transmission and can represent two
logical values, 0 and 1. The differential signal has a voltage difference indicating a logic
“0”, which is a dominant bit; when there is no voltage difference, it indicates a logic
“1”, which is a recessive bit. If the dominant and recessive bits are transmitted at the
same time, the dominant bit is represented on the bus. The bus uses wire-and logic to
ensure that the bus is only represented as a fixed value at the same time.

3 Hardware of the CAN Controller

Figure 3 shows the architecture of the CAN controller. There is a buffer between the
internal bus of the soft core processor and the CAN protocol module. The data written to
the CAN protocol module can be stored in the fifo first, and then through the control
logic of the fifo, these data can be written to CAN sequentially in the protocol module,
the advantage of this is that for the soft core processor, it is not necessary to wait for the
actual data to be written to the CAN protocol module to execute the next instruction, so
that the soft core processor's instructions can be executed smoothly, improving the
instruction execution effectiveness. When an interruption is detected, the data and status
information received by the CAN protocol module are transferred to the fifo in advance.
When this process is completed, an interrupt signal is sent to the soft core processor.
The advantage of this processing is that the soft core processor can quickly access the

start arbitra�on control data check ack endidle gap

1 bit 12-32 bits 6 bits 0-8 bytes 2 bytes 2 bits 7 bits 3 bits 

Fig. 2. The frame architecture of CAN network
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data in the CAN protocol module by the fifo interface, only one waiting cycle is
required, which is consistent with the timing of the data memory, greatly reducing the
waiting time of the reading process.

3.1 Detailed Design of Each Module

APB Interface Module. This module need analyze the Advanced Peripheral Bus
(APB) interface signals, according to the read and write control signals, it stores the
APB bus data in the write FIFO or return the read FIFO data to the APB bus.

Write and Read FIFO. When received the data from the APB interface, it immedi-
ately stores the data to the write FIFO. The APB interface can read data from the read
FIFO. The usage of FIFO can improve the efficiency of accessing the CAN control
protocol module.

CAN Interface Module. The CAN interface module is responsible for the interaction
with the CAN control module, and when the interrupt signal of the CAN control
module is received, the data in the data field of the CAN control module is read out to
the read FIFO. According to the data written in the write FIFO, it is converted to the
corresponding address, data and control signals.

Interface Control Logic. This unit controls the addressing of CAN bus registers by
receiving commands from the controller's control bus and address/data bus, and pro-
vide interrupts and status information to the controller.

Transmit Buffer. The interface between the external controller and the bit stream
processor is used to store the frame data sent to the bus. Frame data is written by an
external controller and read by a stream processor.

Fig. 3. The architecture of the CAN controller
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Receive Buffer. The receive buffer is the interface between the receive filter and the
external controller and is used to store the information received from the CAN bus. The
external controller can read data from the receive buffer.

Acceptance Filter. The acceptance filter module compares the received packet iden-
tifier with the content in the receive filter to determine whether the packet should be
received. If the receiving condition is met, it will store the received packet in the
receive buffer.

Bit Stream Processor. The bit stream processor controls the data flow between
transmit buffer, CAN bus and receive buffer.

Bit Timing Logic. The bit timing logic monitors the CAN bus and process the bit
timing related to the bus, define the sampling point and the number of samples in each
bit time.

Error Management Logic. The error management logic completes transmission error
definition according to the CAN protocol, and receives error notification from the
stream processor, also provides error data to the bit stream processor and interface
control logic.

3.2 The Processing Flow of CAN Bus

The Initialization of CAN Controller. The initialization mainly includes the setting
of 5 registers of acceptance code, acceptance mask, clock frequency division, bus
timing and output control. After the setting is completed, it will exit the reset request
and enter the normal working mode. After that then we can transmit and receive
messages. Figure 4 depicts the initialization steps in detail.

The Transmit Processing of CAN Controller. When the CAN controller transmits
data, it is first necessary to check whether the transmit buffer is empty. If it is not
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Fig. 4. The initialization steps
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empty, it indicates that the current sending is not over and needs to wait for the current
sending to end. After the current transmission is completed, we should write the data
into the transmit buffer, and then configure the transmit request bit. When the bus is
idle, the data can be transmitted (Figs. 5 and 6).

The Receiving Steps of CAN Controller. Before the CAN bus controller receives
data, it is necessary to first enable the receive data interrupt and close other interrupts. If
no interrupt is received within the specified time, it is determined whether the interrupt
overflows. If an interrupt overflow occurs, the overflow interrupt is cleared and the
receive buffer is released. Then re-initialize the bus, if there is no interrupt overflow,
then go offline. If an interrupt is received within a specified time, the data in the receive
buffer is read, and the receive buffer is released after completion. Finally it return from
the interrupt.

4 The Architecture of the SoC

The overall block diagram of the SoC is shown in Fig. 7. The structure of the processor
core is presented in Fig. 8. The SoC that we designed in this paper adopts Advanced
High performance Bus (AHB) and Advanced Peripheral Bus (APB) architecture, which
can easily integrate the (Intellectual Property) IP of this bus. The processor core
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supports the ArmV4 instruction set architecture, and the instruction set is divided into
19 categories according to the instruction function and structure, each of which cor-
responds to one or more assemblies. The specific instruction list is shown in the table
below. The processor core adopts five-stage standard pipeline, which are instruction
fetch (IF), instruction decoding (ID), execution (EXE), memory access (MEM) and
write back (WB). There are scoreboard unit and forwarding unit to relieve and alleviate
the data dependence.
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CAN 
ctrl

AHB-APB
bridge

Uart

GPIO

CPU Core
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Fig. 7. The whole architecture of the SoC

Fig. 8. The structure diagram of CPU core
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5 Simulation and Verification

The hardware description language uses Verilog, and the simulation tool is Modelsim-
SE 10.2c. C language test stimulus was written by Keil-uvision 4, and the compiled
binary file was co-simulated with Modelsim. The simulation results show that the SoC
function is correct and can realize CAN bus transceiver control. Using the
Vivado2018.1, the target device is Xilinx's Spartan-7 series xc7s50fgga484, and SoC
comprehensively obtained the resource consumption as follows (Table 1).

6 Conclusion

This paper designs and implements an IP that supports the CAN 2.0 protocol and
integrates it into the designed SoC. The processor core uses a five-stage pipeline to
support the ArmV4 instruction set architecture. The multiplication unit uses pipeline
processing. The forwarding unit and scoreboard unit module can solve and alleviate
data dependence and improve instruction execution efficiency. The design has been
verified by simulation and its function is correct. The comprehensive results of the
target device Spartan-7 show that the design consumes less resources and can be
implemented in FPGA. The design can be used in satellite-based integrated electronic
solutions of small satellite to complete data transmission and information exchange
between spacecraft electronic equipment.
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Abstract. Remote Sensing satellite is an important means to acquire image
information of key regions in order to meet the emergency needs of natural
disasters like earthquake and wildfire. Limited by the orbit properties, the
response time of the remote sensing satellite to the emergency mission is
uncertain, and the revisit interval is long, which does not meet the rapid-
response and frequent-visit requirement. In this paper, an orbit maneuver
method is proposed, by adjusting the semi-major axis of the remote sensing
satellite and changing the sub-satellite points, the satellite can respond to the
emergency mission within 24 h and shorten the interval of the revisit to one day.
Simulation results show that the proposed method is simple and effective, and
can meet the requirements of emergency missions. Fuel consumed of a typical
satellite for a specific mission is about 50 kg.

Keywords: Remote sensing satellite � Emergency response � Orbit maneuver

1 Introduction

At present, more and more disaster rescue operations rely on remote sensing satellites,
which include traditional observation needs, and emergency needs. These emergencies
need include: 1) to deal with natural disasters and strengthen intelligence collection and
analysis of key regions; 2) to rescue and assess major natural disaster events. These new
requirements are sudden, transient and regional, and the response speed to these sudden
events is one of the important indexes to assess the remote sensing satellite system.

The operationally response satellite is a low-cost small satellite that can be launched
into orbit in a few days or even hours to form Earth observation capability. The opera-
tionally response space (ORS) program, proposed by the US Air Force Space Command,
is a rapid response space system and the U.S. has launched several TACSAT and ORS
demonstration satellites [1–5]. Zhang Yasheng [6, 7], He Shaofei [8], Lu Qing [9], Zeng
Junkang [10], and others proposed the design method of the operationally response
satellite orbit, which can reach the hot spot area for observation within a few hours after it
enters orbit. The operationally response satellite technology involves the modular pro-
duction, rapid integration, rapid test of the satellite, and the rapid launch technology. The
application of the satellite is very specific, at present, the maturity of operationally
response satellite is relatively low under the development level of space technology.

Another approach to emergency mission response is to use existing space resources
by means of attitude agility or orbital maneuvers. Agile remote sensing satellite is a kind
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of satellite which can rotate along three axes: rolling, pitching and yawing by attitude
control. Compared with traditional remote sensing satellites, agile satellite has larger
observation range and longer observation windows [11]. Typical agile satellites include
the United States QuickBird series, OrbView series, IKONOS series, WorldView series
satellites, France PLEIADES series satellites, Russia’s TopSat small satellite series and
some of China’s GaoFen satellites and GaoJing series satellites. Agile satellites extend
their observation range, extend the transit observation time and reduce the visit interval to
the region by rolling. Due to the randomness and urgency of unexpected events, agile
satellites cannot ensure short-term response to emergencymissions, nor can theymeet the
high-frequency observation requirements of a one-day revisit.

Orbit maneuver can adjust the sub-satellite point. Sheng Jing [12] proposed a
numerical iterative algorithm to adjust the sub-satellite point with the goal of fuel
optimization, but the algorithm is inefficient and not taking response time as a design
metric. Shi Jun et al. [13] proposed a design method for emergency maneuvering
considering ground telemetry and control constraints.

In this paper, an orbit maneuver method is proposed to change the orbit period of
low Earth orbit remote sensing satellite so that the satellite’s sub-satellite points will
drift according to a certain principle and observe the emergency area within 24 h, and
form a one-day repeat orbit to cover the emergency area with high-frequency.

2 Satellite Observation Problem Description

Assuming that the Earth is a standard sphere and the remote sensing satellite is in a low
near-circular orbit, the six orbital elements of the satellite are semi-major axis a, the
eccentricity e, the inclination i, the right ascension of the ascending node X, the
argument of the perigee x, and the true anomaly h respectively. Sub-satellite point is
the vertical projection of the position of a satellite on the Earth’s surface at a particular
time. The track of sub-satellite points is a sequence or set of sub-satellite points. The
latitudinal coverage of a satellite is only related to the inclination of the orbit. The
longitude difference between the sub-satellite point trajectories of two adjacent orbits of
the same satellite is caused by two factors. The first factor is the rotation rate of the
Earth, the second factor is the shift in the right ascension of the ascending node caused
by the nonspherical perturbation of the earth. The first of the two factors is the major
factor.

Dk1 ¼ TN xe � _X
� � ð1Þ

Where, xe is the Earth rotating angular velocity, TN is the node period, _X is the
changing rate of ascending node.

_X ¼ �1:5J2

ffiffiffiffiffi
l
a3

r
Re

a 1� e2ð Þ
� �2

cos i ð2Þ
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Where J2 is the harmonic coefficient of the Earth’s non-spherical zone, l is the
gravitational constant of the Earth’s gravitational field, and Re is the average radius of
the Earth.

The repeating orbit is that the ascending node of the orbit returns to the original
position after N circles. The sub-satellite track coincides with the sub-satellite track
after N revolutions. The essence of a repeating orbit is that the sub-satellites points drift
west N revolutions in M days.

NDk ¼ �2pM ð3Þ

3 Orbit Maneuver Method for Rapid Response

The purpose of orbit maneuver is to change the orbit parameters of a satellite by
impulse or finite thrust. The common orbit maneuver methods include in-plane
maneuver and out-of-plane maneuver. In-plane maneuver generally changes the
satellite orbit shape by using impulse along the satellite velocity direction, the radial
direction, and the mixed direction. The out-of-plane maneuver mainly changes the orbit
plane of the satellite with impulse along the normal direction of the orbit plane.

There are two requirements for the response of emergency missions: one is to reach
the emergency area quickly, and the response time should be as short as possible. The
second is to form a frequent visit to the emergency region, and the re-visit time is short.
Orbital maneuver takes the cost of satellite fuel, so the total impulse is also a necessary
factor to be considered in emergency mission response.

The method proposed in this paper is simple. In-plane orbit maneuver is used to
change the semi-major axis of the satellite, and the period of the satellite changes. As
the period changes, the sub-satellite points drift differently, and the satellite flies above
the emergency area within 24 h, which solves the rapid response problem. Then a
second maneuver is taken to change the repeating period of the satellite to one day,
which meets the high-frequent re-visit requirement.

According to Sect 2, the sub-satellite point drifts Dkrev every revolution. The
longitude of the emergency region is fixed, which is L0.

The orbit maneuver command is injected while satellite is visible to the ground
station. The planning for the maneuver starts after the satellite enters the visible arcs
with the ground facility. Record the position where the satellite passes the same latitude
with the target area on descending direction as L1. In order to ensure the rapid
observation of emergency area, the sub-satellite point should drift west by:

Dk0 ¼ L1 � L0
Q

or
L1 � L0 þ 2p

Q
ð4Þ

Where, Q is a positive integer. Q is set to minimize the difference between Dk0 and
Dkrev.

118 R. Zhang et al.



The orbit altitude of the satellite changes after the orbit maneuver, which may affect
imaging resolution, so the first orbit maneuver is carried out in the location of the same
latitude as the target area. After the satellite passes the telemetry and control arcs of
China facilities, the first maneuver takes place at the sub-satellite point whose latitude
is the same as the target area. The direction of first maneuver is along or anti the
direction of satellite velocity. The magnitude of first maneuver is Dv1. Before the first
maneuver applies, the satellite flies in a near-circular orbit with semi-major axis a0. The
velocity of the satellite is

v0 ¼
ffiffiffiffiffi
l
a0

r
ð5Þ

After the first maneuver, the semi-major axis changes to a1. a1 is calculated itera-
tively using Eq. (1) and (4). The orbit of satellite becomes elliptical, with perigee equals
a0, and apogee equals 2a1 � a0. After first maneuver, the velocity of the satellite is

v1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l 2a1 � a0ð Þ

a0a1

s
ð6Þ

So the first maneuver is

Dv1 ¼ v1 � v0 ð7Þ

If the value of Dv1 is positive, the direction of first maneuver is along the velocity of the
satellite; Otherwise, the direction of first maneuver is anti the direction of the velocity.
The purpose of first maneuver is to adjust the phase of the sub-satellite point, so that the
sub-satellite track passes the emergency area after Q revolutions.

The purpose of second maneuver is to adjust the orbit of the satellite to an one-day
regression orbit. The second maneuver is applied at the perigee of the Q−1 or Q + 1
revolution. The direction of the second maneuver is also along or anti the direction of
the satellite velocity.

For one-day regression orbit, set M in Eq. (3) to 1, then the drifting longitude of
one revolution is Dk00, which should be set as close as Dk0. The semi-major axis after
the second maneuver a2 is calculated iteratively using Eq. (1) and (4). After second
maneuver, the velocity of the satellite is

v2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l 2a2 � a0ð Þ

a0a2

s
ð8Þ

So the second maneuver is

Dv2 ¼ v2 � v1 ð9Þ
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Assuming that both maneuvers are impulse, the total impulses are
Dvj j ¼ Dv1j j þ Dv2j j. The mass of fuel used is

Dm ¼ m0 1� e�
Dvj j

Ispg0

� �
ð10Þ

Where, m0 is the total mass of satellite, Isp is the specific pulse of the engine, and g0 is
the gravity acceleration of sea level.

4 Example Demonstration

This paper focuses on an earthquake scenario which happened rapidly. Imaging work
has to be done as soon as possible to assist the disaster assess and rescue operations.
The scenario starts at 12:00:00, June 28th, 2019, and ends at 12:00:00, July 8th, 2019.
The earthquake happens at Yibin, Sichuan province, whose latitude equals 28.77 °
north, and longitude equals 104.62 °east (Fig. 1).

Two satellites in Sun synchronous orbit with different altitude and descending node
time are chosen. The main orbit parameters are listed in the following table (Table 1).

Fig. 1. The rapid response region in Yibin.

Table 1. Main orbit parameters of the two satellites.

Satellite name Satellite A Satellite B

Attitude 490.335 km 647.000 km
Inclination 97.3617° 97.9787°
Descending node time 11:30 14:30
Agile ability ±30° ±15°
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If satellite A does not use orbit maneuver, it has three chances to observe Yibin
during the simulating duration. These time lists are July 2nd, 10:59:47 – 11:00:12, July
5th, 11:18:41 – 11:19:06, and July 9th, 11:12:02 – 11:12:26. The response time for
satellite A is 96 h, and the revisit interval is larger than 72 h. Satellite B has two
chances to observe Yibin, which are June 29th, 14:45:13 – 14:46:04, and July 3rd,
14:54:32 – 14:55:23. The response time for satellite A is 26.7 h, and the revisit interval
is larger than 96 h. If the orbit maneuver ability is not used, the response time is
stochastic and the revisit interval is relatively long.

Using the orbit maneuver method proposed in this paper, for satellite A, the first
impulse is applied on 12:39:40, June 28th. The magnitude of first impulse is
42.768 m/s, and its direction is along the velocity. The second impulse is applied on
9:29:44, June 29th, with magnitude equaling 3.534 m/s and anti-velocity direction. The
total impulse for satellite A is 46.302 m/s. Assuming that the satellite has a mass of
3550 kg, ISP equals 290 s, then the fuel consumed is 57.368 kg. After the maneuver
design, the access interval between satellite A and emergency area is less than 24 h,
and the response time decreases to 23 h (Table 2).

For satellite B, only one impulse is needed to change the regression period to one
day. The maneuver takes place on 16:23:37, June 29th. The magnitude of the impulse
is 45.84 m/s, and its direction is along the velocity. Using the same parameters with
satellite A, the fuel consumed for satellite B is 56.8 kg (Table 3).

Table 2. Covering lists for satellite A with emergency area.

Observation number Starting time End time Duration

1 2019/6/29 11:05:05 2019/6/29 11:06:26 81.285
2 2019/6/30 11:05:22 2019/6/30 11:06:44 81.322
3 2019/7/1 11:05:39 2019/7/1 11:07:00 81.408
4 2019/7/2 11:05:54 2019/7/2 11:07:15 81.542
5 2019/7/3 11:06:07 2019/7/3 11:07:29 81.723
6 2019/7/4 11:06:19 2019/7/4 11:07:41 81.95
7 2019/7/5 11:06:30 2019/7/5 11:07:53 82.219
8 2019/7/6 11:06:40 2019/7/6 11:08:02 82.535
9 2019/7/7 11:06:48 2019/7/7 11:08:11 82.894
10 2019/7/8 11:06:55 2019/7/8 11:08:18 83.294
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Satellite A and B response to the emergency missions within 24 h, and visit the
emergency areas on 11:05 – 11:08, and 14:45 – 14:52 each day. The example verifies
the feasibility of the method proposed in this paper.

5 Conclusions

For emergency missions such as natural disasters like earthquake and wildfire, tradi-
tional remote sensing satellites cannot meet the requirements of rapid response to
emergency missions and high frequency observation in a short time. In this paper, a
design method of adjusting the semi-major axis of the satellite by orbit maneuver is
presented, which can adjust the sub-satellite point track of the satellite and change the
regression period of the satellite. The simulation results show that the design method
can meet the need for emergency observation within 24 h and one visit per day.
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6 2019/7/4 14:49:23 2019/7/4 14:50:14 50.933
7 2019/7/5 14:49:49 2019/7/5 14:50:40 50.78
8 2019/7/6 14:50:14 2019/7/6 14:51:05 50.601
9 2019/7/7 14:50:39 2019/7/7 14:51:29 50.399
10 2019/7/8 14:51:02 2019/7/8 14:51:52 50.173

122 R. Zhang et al.



8. He, S., Gu, Z., Li, M., Deng, T.: Integrated design of operationally responsive sun-
synchronous orbit and launch time. Aerosp. Control 37(5), 51–55 (2019)

9. Lu, Q., Huang, X., Liu, Z.: The orbit design of operationally response satellite for optical
remote sensing. In: China Space Science Organization Space Mechanics and Electric, Space
Optical Academic Conference (2012)

10. Zeng, J., Li, X., Liu, S.: Design and application of fast access orbit based on emergency
mission. Aerosp. Shanghai, 32(3) (2015)

11. Li, Z., Li, X., Wang, Z.: Current status and prospect of agile satellite mission planning.
J. Equipment Acad. 27(1) (2016)

12. Sheng, J.: Small elliptic orbit design for ground emergency observation and research on
method of orbit maneuver. In: Master Degree Dissertation (2015)

13. Shi, J., Han, C.: Quick algorithm for designing emergency orbital transfer scheme. J. Beijing
Univ. Aeronaut. Astronaut. 33(4) (2007)

Remote Sensing Satellite Rapid Response Technology 123



Research on Special Automatic Test
Technology of Antenna Subsystem SAR

Antenna Secondary Power Supply
Based on High Resolution SAR/GMTI

Satellite System

Yan Li(&), Haibo Li, Chenlei Cao, Qing Chen, Lu Xiao, Wenting Hu,
Minghua Zhang, and Binbin Zhang

Beijing Spacecraft, China Academy of Space Technology,
Beijing 100094, China

lxy15300017076@163.com

Abstract. According to high resolution SAR/GMTI satellite subsystem
antenna subsystem SAR antenna secondary power supply (hereinafter referred
to as secondary power supply) multi-channel output, low output voltage, large
current pulse load and a series of characteristics, this automatic test system
through VEE software to the secondary power program in-depth development
and improvement, and through the GPIB line control hardware equipment
instrument, the realization of secondary power multi-channel simultaneous
monitoring output waveform, multi-frequency special, command automatic
switch machine, etc. test efficiency and reliability. Through the analysis and
optimization of the test items of the secondary power supply, the automatic test
system has designed a general programmable program, and can be applied to a
variety of secondary power modules and single machine, the compatibility is
very strong. At present, this automatic test system has been applied to the test of
multiple types of SAR antenna secondary power supply, the test quality is 100%
correct, the efficiency is greatly improved, and the results are remarkable.

Keywords: System � VEE software � High resolution SAR � Secondary power
supply

1 Overview

The high-resolution SAR/GMTI satellite subsystem antenna subsystem SAR antenna
secondary power supply (hereinafter referred to as secondary power supply) is to
transform the direct current provided by the satellite battery through the distributor into
the normal operation power of the T/R component, wave control and delay line single
machine in the array antenna module; receive the switch machine signal from the
antenna distributor to realize the switch machine action; send the relevant monitoring
signal according to the system requirements. As a major project of Earth observation
system, the project breaks the foreign technology blockade, realizes the localization of
core power MOS devices, breaks the embargo restrictions, and realizes the independent
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controllability of key products. At present, the project has been applied to a major
national high-score project, which is characterized by small volume, light weight, high
power density, conversion efficiency up to 92.5%, single star assembly up to 108 units,
has been in the domestic aerospace products leading level.

In order to meet the requirements of the large number of the project, the large
amount of test data and the complexity of the test project, aiming at the characteristics
of multiple output, low output voltage and large current pulse load of the secondary
power supply, this paper puts forward the deep development and improvement of the
special automatic test system of the secondary power supply, and modifies the test
system through hardware configuration and software system. Among them, the hard-
ware configuration is optimized by improving the test tooling, electronic load, oscil-
loscope, data collector and other equipment, and the software system improves the
efficiency of the test system by HP VEE the visual programming software. The test
system has high test efficiency, strong test coverage, The characteristics of high degree
of automation, software autonomous development and automatic data interpretation
function.

2 Composition of Automated Testing Systems

The automatic test system of satellite power supply is a special test equipment for
testing satellite secondary power supply, which is mainly composed of hardware
configuration and software system. Nowadays, most of the hardware equipment such as
oscilloscope, electronic load, DC power supply and digital collector used in the
debugging and testing process of SAR secondary power supply is provided by Agilent
Company. Its hardware equipment is characterized by good program control, and each
equipment is connected with industrial control computer through special GPIB cable,
and finally realizes the program control function of software to each hardware equip-
ment. Debug testers make use of H developed by Agilent based on the characteristics of
their hardware.

2.1 Hardware Configuration of Automated Test Systems

The automatic test system of satellite power supply is a special test equipment for
testing satellite secondary power supply, which is mainly composed of hardware
configuration and software system. Hardware configuration for SAR secondary power
supply mainly includes: power supply, electronic load, oscilloscope, data collector,
industrial control computer composition. Because the interface of the tested secondary
power supply does not conform to the standard generalization, a universal transfer box
is designed to connect the secondary power supply with the hardware equipment, and
the hardware equipment is connected with each other through the GPIB bus to reach a
closed loop path with the industrial control computer equipment to achieve the total
electrical performance index test of the secondary power supply. Figure 1 is the sec-
ondary power automatic test system configuration.
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2.2 Design and Implementation of Automated Test System Software
System

2.2.1 Design of Test System Software System
Based on the special requirements of SAR secondary power supply, the system
improves and optimizes the implementation of instruction and automatic multi-channel
output and special step respectively, thus realizing the system one-bond test.

(1) Implementation of Instruction and Automated Multiplex Output

According to the characteristics of multiple output and large current pulse load of
secondary power supply, this software designs a fully automated test method, that is,
the whole process one-key test. For secondary power multi-channel output, this soft-
ware realizes automatic multi-channel output by writing instruction program and
adapting the statement selected by oscilloscope channel, such as Fig. 2 instruction
program and Fig. 3 multi-channel output channel selection statement.

Fig. 1. Configuration of secondary power automatic test system
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(2) Implementation of Special Steps

According to the requirement of the special step of SAR secondary power supply, three
functional modules are connected in series to realize the special step, as shown in
Fig. 4, where each functional module needs to change the frequency to realize the
special step, as shown in Fig. 5.

Fig. 2. Instructional procedures

Fig. 3. Multiple output channel selection statement
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Fig. 4. Implementation of special step

Fig. 5. Realization of special step of single function module
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3 Characteristics of Automated Test Systems

The test object of this test system is SAR secondary power supply. the main parameters
of the test include: stability test, telemetry and telemetry impedance test, overcurrent
test, input surge test, input reflection ripple test, dynamic test, etc. The main functions
of the test system are:

(1) High Test Efficiency

Taking SAR secondary power supply as an example, the traditional manual test of 1
power supply takes 2.5 h, while the actual test time of the automated test system is
20 min, and the test efficiency is increased by 87%, which lays a solid foundation for
the batch production, commissioning, testing and acceptance delivery of subsequent
products.

(2) Strong Test Coverage

SAR The main parameters of the secondary power supply test include: stability test,
telemetry and telemetry impedance test, overcurrent test, input surge test, input
reflection ripple test, dynamic test, etc. he test system can automatically measure all
electrical performance indicators and save the test data automatically in the EXCEL
table. Figure 6 SAR Power test interface

Fig. 6. SAR power test interface
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(3) High Degree of Automation

The whole test process is completely controlled by the test system, and the one-click
test does not need the tester to operate the test system manually during the running of
the program, so as to put an end to the risk hidden danger caused by human error in
operation.

(4) Autonomous Software Development

The implementation core of the automated test system is to write the test program,
according to the test program issued different instructions to call each device, and the
data detected by the device is automatically stored in the table to achieve automatic
processing. HP VEE language is the bridge to realize the combination of software and
hardware, and the debugging tester writes the test software independently, which not
only saves the cost, but also improves the development efficiency of the subsequent
module power test system, and is also easy to maintain.

(5) Automatic Data Interpretation Function

Automatic test system tries to save the data of the measured secondary power supply to
the specified EXCEL table automatically. In order to ensure the validity of the data, the
automatic data interpretation function is added, and the highlight of the error data is
added. It can quickly judge whether the test data of the product meets the requirements
of the index, avoid artificial misjudgment, and ensure the validity of the final test data.

4 Concluding Remarks

To meet the technical requirements of high-resolution SAR/GMTI satellite subsystem
antenna subsystem bus isolator, this test system has carried out the special software
design of secondary power supply products, and carried out programming and testing
work according to the requirements of each test item and some special requirements.
This special test scheme is carried out on the basis of fully inheriting the mature test
technology, and realizes the test system one-key test, which can meet the high power,
large current, multi-output, high reliability index and use requirements of SAR sub-
system antenna subsystem bus isolator.

At present, through the development and expansion of the test system, this test
scheme has been applied to the testing of various SAR satellite background models,
which makes the testing efficiency of batch products significantly improved, giving full
play to the ability of automation equipment and digital technology, and laying a solid
foundation for the subsequent batch aerospace products.
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Abstract. Navigation satellite is a service satellite that provides users with real-
time position. It needs to accurately predict the position of the navigation
satellite, so the thruster cannot be used during the normal operation of the
navigation satellite. In other fields, the thruster is usually used to unload the
angular momentum, but the thruster will change the satellite position, so this
method is not suitable for navigation satellite. According to the characteristics of
angular momentum management of geo navigation satellite, this paper describes
the design ideas and implementation methods from the aspects of flywheel
configuration design, angular momentum management, magnetic torque con-
verter unloading design and system implementation. A pyramid wheel config-
uration suitable for navigation satellite is designed, with one magnetic torque
converter on the x-axis and one on the z-axis. At the same time, unloading logic
and fault suitable for this configuration are designed Diagnosis and treatment.
Finally, the data of one year in orbit operation are collected for targeted analysis,
which proves that the design proposed in this paper is reasonable and effective,
and has the value of popularization and use in other geo orbit satellites.

Keywords: Navigation � Angular momentum � Magnetic unload

1 Introduction

When the satellite is in orbit, the accumulated angular momentum of the gear train will
continue to increase due to the influence of the interference torque of the space
environment, which will saturate the angular momentum of the flywheel group and lose
the three-axis control ability [1]. Therefore, the system generally needs to reasonably
design the principle of using the flywheel to make the system have the maximum
angular momentum tolerance capacity. In addition, it needs to be equipped with
magnetic unloading or air jet unloading device. When the wheel system cannot tolerate
the excess angular momentum, the unloading device is used to unload the angular
momentum [2].

Due to the strong geomagnetic field, most LEO satellites use the interaction of
magnetic torque converter and geomagnetic field as the external torque of unloading
angular momentum or attitude control. According to the research, the geomagnetic field
intensity of Leo (low earth orbit) orbit is relatively large, generally reaching about
2 � 104nT nt. The magnetic torque converter selected by low earth orbit small
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satellites can generally reach a torque of 10−4N.m – 10−3N.m, under the action of
magnetic field, which is sufficient for the angular momentum generated by the inter-
ference torque caused by unloading space environment. For the synchronous orbit of
the sun, since the satellite generally maintains the attitude of orientation to the earth, the
change of the earth’s magnetic field is periodic. The satellite generally adopts the
method of opening the magnetic torque converter at the appropriate position to generate
the appropriate moment for unloading the angular momentum of the satellite, or using
the magnetic torque converter for attitude control [3].

In the field of high orbit remote sensing and communication, because of the low
requirement of satellite position, the thruster is usually used for angular momentum
unloading [4]. However, in the field of navigation, because of the need for high-precision
orbit prediction, as long as the thruster work will lead to business interruption, so the
navigation satellite generally does not use thruster as the preferred device for angular
momentum unloading [5]. In addition, although the earth’s magnetic field in high orbit is
very weak, the interference torque that needs to be resisted is generally solar light pres-
sure, and the magnitude of the interference torque is very low, generally only 10–5n.
M. Based on this, the reasonable choice of flywheel configuration, the appropriate
magnetic torque converter, the reasonable design of flywheel and magnetic torque con-
verter can effectively reduce the thruster work, improve the orbit prediction accuracy, and
ensure the navigation satellite business continuity to the maximum extent (Fig. 1).

2 Angular Momentum Management Design

2.1 Flywheel Working Design

Three axis stable zero momentum control scheme is widely used in modern satellite
engineering due to its advantages of good control accuracy, high reliability and strong
maneuverability [6]. In practical engineering application, limited to the reasons of
satellite life, energy supply, control stability, etc., the main control mode of three-axis
stable zero momentum satellite is angular momentum exchange, especially the navi-
gation satellite needs to maintain a high orbit prediction accuracy, so under normal
operation, the flywheel is generally selected as the main actuator, and the control mode
of momentum exchange becomes the control system actuator The first choice of
construction [7].

After research, the angular momentum capacity of each axis of the four-wheel
pyramid is slightly higher than that of the three-wheel pyramid, and the unloading
period of the flywheel is longer than that of the three-wheel pyramid [8], Therefore, the
pyramid configuration is more suitable for the navigation satellite which can not work
with thruster and maintain high orbit prediction for a long time. According to the
above, the wheel structure of pyramid structure is finally selected as the main control
actuator of navigation satellite, and its installation configuration is shown in the figure
below. In order to improve the reliability of the system, flywheel 5 is added as the
backup of the system.
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When the working speed of the four flywheels is in the same direction of flywheels
1 and 4, the flywheels 2 and 3 are in the same direction and opposite to the flywheels 1
and 4, the satellite can work in the zero momentum state. In order to prolong the
unloading time of flywheel as much as possible, and comprehensively consider that the
flywheel can’t work at zero speed, optimal working speed and other working charac-
teristics for a long time, the nominal working speed of flywheel is designed as
3000 rpm (rpm is stand for Revolutions Per Minute), At this time, the three axes of
angular momentum of the satellite is 0.

On this basis, without considering the use of the magnetic torque converter to
unload the excess angular momentum, the simulation can get the working condition of
the satellite speed in 5000 s as shown in the figure below.

It can be seen from the above figure that without using the magnetic torque con-
verter, the flywheel can work stably for a long time, with little change in speed, and the
angular momentum of the satellite is basically stable. The specific information is shown
in the following figure. It can be seen from the figure that the whole satellite adopts the
pyramid configuration. When it works at zero momentum, it can meet the change of
angular momentum of the whole satellite for a long time to meet the predetermined
requirements and meet the basic requirements of the satellite (Fig. 2).
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Fig. 1. Simulation of flywheel speed change after 5000 s operation
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2.2 Unloading Design of Angular Momentum

There are two kinds of geomagnetic models: the global model (IGRF) and the regional
model. The geomagnetic data used in the global geomagnetic model are mainly from
the satellite magnetic measurement results, and the small and medium-sized magnetic
anomalies from the earth’s crust have been filtered out. For geostationary orbit satellite,
geographic latitude has little influence on magnetic field [7]. The first two orders of
IGRF geomagnetic field model are taken and simplified. Finally, the geomagnetic field
component in GEO satellite orbit system can be approximately [9]:

f
Bx ¼ 17:4 sinðk� atc tanðh1=g1ÞÞ

By ¼ �101:6
Bz ¼ �2� 17:4 cosðk� atc tanðh1=g1ÞÞ

ð1Þ

and then,k stands for geographic longitude, h1 stands for distance from the earth’s
surface, g1 stands for acceleration of gravity at satellite location. Orbit coordinate
system Z is the direction of the satellite pointing to the center of the earth,X is per-
pendicular to Z in the orbital plane and points in the direction of flight,the Y direction is
perpendicular to the other two directions and along the negative normal direction of the
rail surface (Fig. 3).

Based on the magnetic field model, we can know that the direction of the earth’s
magnetic field is mainly in the Y axis. According to the working characteristics of the
magnetic torque converter, the installation of the magnetic torque converter in the y-
axis direction can not produce external torque, so the satellite does not install the
magnetic torque converter in the y-direction, only one in the X and Z directions. From
the above analysis, it can be seen that the torque in Y direction generated by the z-axis
magnetic torque converter is smaller, and the unloading capacity of the x-axis magnetic
torque converter on Y-axis is stronger. The moment generated by the magnetic torque
converter is also very small, which needs to be accumulated for a long time to generate
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Fig. 2. Simulation of angular momentum change after 5000 s of system operation
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angular momentum. The periodic change of magnetic field strength has little impact on
the accumulated angular momentum, so the satellite software does not need a partic-
ularly accurate magnetic field model (Fig. 4).

The interference moment of GEO satellite has the periodic characteristics of orbit.
The periodic angular momentum can be absorbed by the flywheel and does not need to
be unloaded. Only the long-term accumulated angular momentum needs to be unloa-
ded. Therefore, unloading planning can be carried out once a day, and the unloading
plan for the next day can be determined according to the current angular momentum to
be unloaded. It can be seen from the above that the magnetic torque converter is only
installed in the X and Z directions. Neglecting the influence of attitude deviation and
orbit inclination, the moment produced by the magnetic torque converter installed
along the x-axis direction of the satellite is:
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The moment generated by the magnetic torque converter installed along the z-axis
direction of the satellite is:

Tz ¼
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Where, a is the right ascension of the satellite, the inertial system described here
coincides with the orbital system of the satellite at the time of passing the vernal
equinox. Compared with z-axis magnetotorquer, x-axis magnetotorquer has the same
magnitude in XZ plane, only 90° difference in phase, and the torque generated in y-
direction is related to Bz and Bx respectively (Figs. 5 and 6).

The magnetic torque converter adopts the switch design. As long as it is opened, the
generated magnetic torque is the maximum magnetic torque. Each magnetic torque
converter has three states of forward power on, reverse power on and off. When it is
opened, it can be used to unload angular momentum through the interaction torque
generated by the magnetic torque converter and the geomagnetic field. By adjusting the
switching time, the required moment and angular momentum accumulation can be
obtained (Fig. 7).

Through the above description, it can be seen that the working mode of the
magnetic torque converter can be set to four states every day, mode a and mode B are
powered on once, the power on time of mode a is less than half track cycle, and the
power on time of mode B is more than half track cycle. Mode C and mode D are both
positive and negative two times of power on, in which the two times of power on in
mode D are half track cycles, the first time of power on in mode C is half track cycle,
and the second time of power on is less than half track cycle. During the actual
operation in orbit, it can switch between different operation modes according to the
actual angular momentum. In the design stage, the problem to be solved is whether the
selected magnetic torque converter can meet the requirements of angular momentum
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unloading in extreme cases. Through simulation, the magnetic torque of 400Am2 can
meet the design requirements. For details, see the article “method of angular
momentum unloading of GEO Satellite Based on magnetic torque converter” [10], this
article will not go into details.

3 Realization of Angular Momentum Management

The navigation satellite adopts integrated electronic architecture, and the control sub-
system can be divided into three parts: central management unit, sensor and actuator. This
paper mainly involves two categories: central management unit and actuator. The infor-
mation flow and architecture design of related components are shown in the figure below.

As shown in the figure above, the central management unit is responsible for
magnetic field calculation, angular momentum distribution calculation, target speed
setting and other functions, and the actuator drive unit is responsible for flywheel speed
acquisition, flywheel speed control, magnetic torque converter switch control and other
functions. The central management unit and the actuator drive unit interact with each
other through 1553B bus, while the actuator drive unit and the actuator interact with
each other through special interface.

The control of navigation satellite platform can be divided into two categories:
normal mode and transition orbit mode. The main function of transition orbit mode is to
control the satellite to the predetermined orbit. The actuator used in this stage is the

Fig. 3. Structure of actuator system
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thruster, which can control the attitude through the thruster, and eliminate the accu-
mulated angular momentum caused by the external interference torque at the same
time. In this stage, the business use is not considered, so there is not necessary to
considering the problem of angular momentum unloading.

The main considerations of angular momentum management are angular momen-
tum setting in normal working mode, realization of angular momentum unloading and
fault-tolerant design in case of relevant single machine fault. According to the pattern
design, the actuator used in normal mode is flywheel, the detailed process of using
flywheel is shown in the figure below.

Angular momentum control can be divided into the following steps:

a) Speed setting. This is mainly achieved in the transition track. By setting the target
speed, the flywheel speed is set to the nominal speed with the thruster as the attitude
control actuator. Generally, it can be divided into two situations: one is that if the
flywheel is in the open state when entering the transition mode, it will automatically
set to the nominal speed to obtain the ideal initial angular momentum; the other is
that when entering the transition mode, the flywheel is closed, the ground sends a
command to open the flywheel and make relevant settings.

Fig. 4. Flow chart of angular momentum control
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b) Magnetic torque converter unloading. In the normal mode, the software calcu-
lates the magnetic field according to the position of the satellite, the flywheel speed
required by the attitude control, and the angular momentum to be unloaded
according to the target angular momentum. When the unloading angular momentum
reaches a predetermined threshold, the corresponding magnetic torque converter is
opened according to the calculation results.
c) Thruster unloading. If the flywheel speed exceeds the set threshold value, in order
to control the angular momentum of the whole star within the predetermined
threshold range, and for the safety of the flywheel, the thruster needs to be turned on
for jet unloading in extreme cases. However, considering the particularity of the
navigation satellite, the condition of jet unloading is set more strictly. Generally, in
the case of three-wheel attitude control, if the flywheel speed exceeds the safety
value, the thruster can be started for air jet unloading.
d) Fault handle. In order to improve the stability of the system, the fault diagnosis
and treatment of flywheel and magnetic torque converter should be considered.
According to the characteristics of the flywheel, the system has designed the self
diagnosis of the flywheel resistance moment, power state, speed and other faults.
For the magnetic torque converter, the fault diagnosis includes the power status,
output and setting mismatch of the magnetic torque converter. Considering the high
reliability and irreplaceable of the magnetic torque converter, only the switching
power supply module is considered when the magnetic torque converter fails.

4 On Orbit Verification

In this paper, the related design of GEO-1 satellite is realized by software, and through
the detailed analysis of the stable operation in orbit for more than one year, the related
design of this paper is comprehensively evaluated. In this paper, the target angular
momentum, unloading angular momentum, three-axis attitude, operation of magnetic
torque converter and flywheel speed are analyzed in detail.

From the above figure, it can be seen that the three-axis angular momentum of the
satellite has been stable since one year’s operation, the speed changes of the four
flywheels meet the expected design, and the whole satellite is stable. According to the
operation of geo-1 in orbit, the position is maintained once in about 33 days. When the
position is maintained, the thruster is used on the satellite independently, and the
flywheel is set to the nominal speed to unload the accumulated interference angular
momentum.

From the above figure, it can be seen that the angular momentum of the whole star
has been stable in a relatively small range during the time when no thruster is used,
which directly proves the effectiveness of the operation of the magnetic torque con-
verter, and proves that the unloading scheme of the magnetic torque converter designed
by the method proposed in this paper is correct.
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Fig. 5. Speed change of geo-1 in orbit for one year (from top to bottom is the speed of flywheel
1 to 4)

Fig. 6. Angular momentum change of geo-1 in orbit for one year
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5 Conclusion

In this paper, according to the characteristics of geo orbit navigation satellite, a proper
flywheel configuration is designed, which can achieve the maximum range of angular
momentum control, meet the attitude control and prolong the period of jet unloading as
much as possible. At the same time, in order to prolong the normal working time of the
flywheel without the need of thruster unloading, the magnetic torque converter is used
as the angular momentum unloading, and the related design is described from the
aspects of magnetic field calculation, working mode design of the magnetic torque
converter, etc. Finally, the control system is designed synthetically, and the related
algorithm is realized in the satellite computer. The design is proved to be reasonable
and effective by on orbit operation verification. The design of this paper has certain
value for extending to other geo orbiting satellites.
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Abstract. Global short message communication(GSMC) service provided by
BeiDou Navigation Satellite System (BeiDou system, BDS) can be utilized by
low earth orbit(LEO) earth observation satellites to achieve telemetry, tracking
and control(TT&C) and information distribution throughout the day. The system
architecture of TT&C applications for LEO satellites based on BDS GSMC
service is proposed and service flow is given in this paper. A simulation scenario
was established, and several service capabilities index including cover-age
characteristics, data transmission path, data transmission delay, and reliability
are simulated and analyzed. Results have shown that the GSMC service pro-
vides more than 75% of orbit coverage for LEO satellite users whose orbit
attitude varies from 500 – 2000 km, while some users can achieve 100% cover-
age. The maximum coverage block time interval does not exceed 25 min, and
the data transmission delay of single frame is less than 108 s, with certain
redundant transmission capability achieved. The service can effectively support
the telemetry and telecommand and data distribution applications of LEO
satellites abroad and can be used as a supplementary method in satellite TT&C
systems.

Keywords: BeiDou navigation satellite system (BeiDou system, BDS) �
Global short message communication (GSMC) service � Low earth orbit
(LEO) earth observation satellites � Data transmission delay

1 Introduction

Recent years have witnessed the growing demand for all-time and continuous
telemetry, tracking and control(TT&C) and near-real-time data distribution applications
for LEO earth observation satellites. Nowadays, China has established two types of
TT&C systems for LEO satellites: ground-based TT&C system mainly using domestic
ground stations and space-based TT&C system using tracking and data relay satellite
system [1]. Data can be relayed through space-based TT&C system when satellites
cannot be tracked by ground-based TT&C stations. However, limited resources of data
relay satellite systems leads to relatively limited use in LEO satellites, especially in
civilian satellites. These factors significantly reduce the emergency TT&C and rapid
response performance of LEO satellites. Data obtained by satellites abroad cannot be
distributed to ground users in a real-time way as well.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. Wang et al. (Eds.): Signal and Information Processing, Networking
and Computers, LNEE 677, pp. 143–150, 2021.
https://doi.org/10.1007/978-981-33-4102-9_18

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_18&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_18&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_18&amp;domain=pdf
https://doi.org/10.1007/978-981-33-4102-9_18


A unique global short message communication service provided by BDS has
promised a new way to solve this problem. BDS is a satellite navigation system which
is developed and operated independently by China, and will be completed in 2020 [2].
It will be able to provide all-time and all-weather precise positioning, navigation,
timing and short message communication services for all types of users around the
world [3]. As for the short message service application, it had been available in China
and surrounding areas since the first generation of BeiDou system, BDS-1, which has
been successfully applied in the fields of water conservancy and flood control, emer-
gency rescue and disaster control, and fishery management during these years [4, 5]. In
recent years, regional short message services have also been gradually applied to LEO
earth observation satellite platforms [6, 7]. With short message terminals onboard,
positioning, monitoring and target identification data could be automatically trans-
mitted back to subscribers in normal or emergency conditions, satellite telemetry and
telecommand applications could be achieved as well [8].

In order to immediately push the BDS GSMC service to the application of position
report and emergency telemetry and telecommand for LEO earth observation satellites
as soon as it is fully prepared, it is necessary and of high importance to explore the
feasibility and performances of such service. In this paper, a simulation scenario of
BDS is established, and a low-orbit earth observation satellite is taken as the typical
user example to evaluate the capability of the BDS GSMC service.

2 Overview of BDS and GSMC

The BeiDou system consists of three segments [3]: satellite constellation, ground
stations including system control center, and user terminals. The satellite constellation
is composed of 30 satellites, including 3 geosynchronous orbit(GEO) satellites, 3
inclined geosynchronous orbit(IGSO) satellites and 24 medium earth orbit(MEO)
satellites. The configuration of the MEO constellation is Walker 24/3/1 type, which
means a constellation comprised of 3 orbital planes, with 8 MEO satellites in each
plane.

The BeiDou system provides Global Short Message Communication(GSMC) ser-
vice to global users,which has reached initial operational capability(IOC) in December,
2019. The GSMC service uses 14 MEO satellites to provide L-band uplink channel,
and 3 IGSOs plus 24 MEO satellites to provide GSMC-B2b band downlink channel.

3 TT&C Application Based on BDS GSMC Service

The BDS GSMC service is comprised of many basic functions. The application of the
service for LEO earth observation satellite mainly uses the short message communi-
cation function, which will be focused in this paper.
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3.1 System Architecture

The overall system architecture of TT&C application for LEO satellites based on
BDS GSMC service is shown in Fig. 1.

The system mainly contains two segments: namely the service segment, which
refers to BDS satellites enabling GSMC service and corresponding ground stations, and
the user segment, which refers to user satellite, user center and ground user terminal. In
the system service segment, 14 MEO satellites carrying GSMC service payload are
identified as access satellites and connected with other BDS satellites via Ka inter-
satellite links to form a dynamic space information network. All BDS satellites inbound
are connected to the ground stations through satellite-ground links, while the ground
stations can communicate with system control center through ground networks. The
system service segment offers two kinds of system interfaces to service users, namely
the wireless interface and the wire inter-face. The user satellite and the user terminal
access to the wireless interface by establishing uplinks with MEO access satellites and
receive broadcast information via downlinks from BDS MEO and IGSO satellites. On
the other hand, the wire interface offers a terrestrial fiber network connection between
the ground user center and BDS control center.

3.2 Service Flow

As for telemetry data downlink application for earth observation satellites abroad using
BDS GSMC service, the service flow is listed as follows:

1. The LEO earth observation satellite selects the corresponding MEO access satellite
and send short messages which contains the telemetry frame according to the

Fig. 1. System architecture of TT&C applications based on BDS GSMC service
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received instruction information broadcasted by BDS navigation satellites, and wait
for the feedback;

2. While receiving the access satellite sends confirmation information back to the LEO
satellite. At the same time, it sends the message forward to BDS ground stations and
control center via inter-satellite and satellite-to-ground links.

3. If the LEO earth observation satellite does not receive the confirmation information
within a certain period of time, it will try to re-transmit the message to the access
satellite for several times until a certain value is reached;

4. The BDS control center forwards the information to the user center through ter-
restrial network or to user terminal via corresponding ground-satellite and satellite
broadcast downlink;

5. The user center or the user terminal receives short messages and analyzes the
telemetry information.

As for telecommand data uplink application, the service flow is similar to the
service flow above. However, during the reception of the communication message, the
earth observation satellite short message terminal determines whether to automatically
send a confirm information to the control center according to the instruction infor-
mation in the downlink message broadcasted by BDS navigation satellites.

4 Service Capability Analysis

4.1 Simulation Scenario

In this paper, a simulation scenario was constructed to evaluate the service capabil-
ity.14 MEO satellites of BDS were chosen to provide GSMC access service, while 3
IGSO and 24 MEO satellites were utilized to broadcast downlink messages in the
simulation scenario. A sun synchronous orbit earth observation satellite was selected as
the service subscriber.

The regression period of the MEO constellation is about 12 h, and 1 day is selected
as the entire simulation period in this paper. The simulation starts at 1 Mar 2022 04: 00:
00.000 UTCG, and simulation step size is 10 s. The corresponding parameters in the
simulation scenario are summarized in Table 1.

Table 1. Simulation parameters

Satellite type Orbit parameters

LEO sun synchronous circular orbit, orbit attitude ranges from 500 * 2000 km
BDS MEO Walker 24/3/1 type, orbit attitude is 21528 km, inclination 55°
BDS IGSO orbit attitude is 35986 km, inclination 55°
satellite type GSMC service payload/terminal parameters
LEO beam pointing: −z axis of satellite body coordinate system,

half cone angle: [45°,70°]
BDS MEO beam pointing: +z axis of satellite body coordinate system,

half cone angle: 13°
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4.2 Simulation Results and Analysis

Considering application requirements of LEO earth observation satellite users, service
capability of BDS service is evaluated in 4 terms: coverage, continuity, data trans-
mission delay and reliability.

Coverage. The service coverage of LEO satellite users orbiting at different orbit
attitudes and terminals with different field of views is simulated, and the results are
shown in Fig. 2.

As can be seen from Fig. 2, the system coverage is influenced by LEO satellite
user’s orbit attitude and field of view of GSMC terminals. For LEO earth observation
satellite users orbiting at 500 – 2000 km, when the field of view of the terminal reaches
50°, the coverage of BDS GSMC service exceeds 75%, and some users at certain orbit
height can achieve 100% of coverage. This shows that the BDS GSMC service has
high value when applied for LEO satellite position reporting and emergency response.

On the other hand, for users at a certain orbit height, the performance of service
coverage is promoted with the increase of the field of view of the user terminal. After
reaching a certain value, the coverage reaches the maximum value and no longer
changes. This provides a certain design reference of field of view of short message
terminal equipped on LEO satellite subscribers.

Continuity. The continuous availability time of short message communication service
of MEO satellite constellation for LEO earth observation satellite users is shown in
Fig. 3.

(a) Coverage influenced by field of view of 
GSMC payloads

(b) Coverage influenced by satellite user’s 
orbit attitude

Fig. 2. System coverage changes with LEO satellites carrying GSMC terminals at different orbit
attitude in different half cone angle
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As is depicted in the figure, the maximum continuous coverage time shows a general
downward trend as the orbit height grows, but it rises in some orbit height intervals,
such as 800 km – 1000 km and 1300 – 1400 km. For LEO orbiting satellites, the
maximum continuous coverage time can reach 300 – 350 min. The maximum cover-
age block time shows an overall upward trend, which decreases in some orbital altitude
intervals, and the overall block time changes within 0 – 25 min. This indicates that the
continuity of BDS GSMC service is not only closely related to the user’s orbital height,
but also affected by factors leading to changes of relative geometry characteristics
between the user and BDS satellites.

Data Transmission Delay. The data transmission delay contains frame transmission
delay and link transmission delay in this paper. Considering the GSMC service data
transmission mechanism, the uplink/downlink frequency of GSMC service terminals
can be configured. For LEO earth observation satellites, the communication frequency
can be increased by configuring multiple SIM cards to take turns to communicate.
Figure 4 shows an example of a data frame transmission scheme of a service terminal
equipped with 4 SIM cards.

(a) Maximum continuous coverage (b) Maximum coverage block time intervals

Fig. 3. Continuous coverage time intervals change with LEO satellites in different attitudes

Fig. 4. Example of data frame transmission scheme using multiple SIM cards
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Assuming that the number of SIM cards for LEO earth observation satellite user
terminal is N and the time interval between two communication process of a single SIM
card is n minutes, with the limitation that the length of a single message of BDS MEO
message communication does not exceed 40 Chinese characters (560 bits) [4] in
consideration, the average data transmission rate can be achieved is:

Sup ¼ 560� N
n� 60

ð1Þ

Taking N = 10 and n = 1 as an example, the average uplink/downlink rates can be
reached is 93.3 bit/s. Considering that a typical single telemetry/telecommand data frame
is 1024/261 bytes, then the time required to send a complete telemetry/telecommand data
frame through GSMC service is 90 s/24 s.

This delay depends on the link transmission path and the transmission delay of each
node and link on the path. According to the analysis results in reference [9, 10], The
maximum link transmission delay is about 17.2 s. In summary, with configurations
mentioned above, data transmission delay for a telemetry frame is 107.2 s, while for a
telecommand frame, data transmission delay is 41.2 s.

Reliability. This paper considers the number of available transmission paths for short
message service. First of all, users have access to multiple MEO satellites within a
certain period of time. Secondly, the inter-satellite link within the BDS can ensure that
the information of any one access satellite can be sent to the domestic MEO satellite
within several time slots. Assuming that the satellite-to-earth links within the BDS are
always connected, the number of transmission paths depends on the number of visible
access satellites.

When the half cone angle of the LEO satellite short message terminal is 70°, the
change of percentage of the time when the number of access satellites is above 2 with
the satellite orbit height is shown in Fig. 5.

As shown in Fig. 5, as the orbit height rises, the time when the number of available
access satellites is more than 2 is generally decreasing, but it is rising in some height
ranges such as 800 – 900 km, 1300 – 1400 km and 1700 * 1800 km. When the LEO

(a) Coverage percentage (b) Number of available satellites

Fig. 5. Coverage percentage and number of access satellites change with MEO constellation
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satellite orbit height is 500 km and the user terminal’s half-cone angle is 70°, more than
2 visible satellites can be reached in 99.5% of the time, of which the percentage of
visible satellites is 3 is 51%. This shows that the system has multiple short message
service message transmission paths for most of the time and has certain reliability.

5 Conclusions

The GSMC service provided by BeiDou satellite navigation system provides more than
75% of orbit coverage for LEO earth observation satellite users, whose orbit attitude
varies from 500–2000 km, while some users can achieve 100% coverage. The maxi-
mum coverage block time does not exceed 25 min, and the transmission delay is less
than 108 s, with certain redundant transmission capability achieved. The service can be
used as a supplementary method in satellite TT&C systems.

Compared with the data transmission service provided by the relay satellite system
[11], the GSMC service provided by BDS has a large step to go to provide real-time
service. In the future, with potential optimizations of the GSMC service, such as in
service flow and data transmission path, the transmission delay will be shortened, and
the service capability of the system will be further improved.
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Abstract. Satellite power system provides satellite energy to ensure normal
operation. This paper presents a hybrid optimal kernel extreme learning machine
with a proportional coefficient method optimized by differential evolution
algorithm (DE-PCM-OKELM) to predict the interval of the satellite power
system parameter. First, the kernel extreme learning machine (KELM) with
radial basis function is optimized by differential evolution algorithm to solve
regression problems. Next, the proportional coefficient method (PCM) opti-
mized by DE is utilized to construct predictive interval, where DE algorithm is
used to get the best coefficient of PCM. In this paper, the integration strategy is
used to improve the stability, prediction accuracy and generalization ability of
the parameter interval prediction model. Moreover, the predictive interval
obtained by the DE-PCM-OKELM model is non-symmetric rather than center
symmetric with the predicted value. The experimental results demonstrate that
DE-PCM-OKELM model can obtain higher predictive accuracy, shorter training
time and testing time, narrower interval width and lower PIAI than other
models. Furthermore, the proposed DE-PCM-OKELM model describes
explicitly the variation range of the satellite power system parameters, PIAI is a
comprehensive indicator combining PICP, PIMWP and MWD. Which is con-
ducive for satellite to adopt defense measures in time.

Keywords: Satellite power system � Predictive interval � Optimal Kernel
Extreme Learning Machine (OKELM) � Differential Evolution (DE) �
Proportional Coefficient Method (PCM)

1 Introduction

Satellite is an enormous and complex system [1]. The power system is an important
part of the satellite. Once it fails, there is a high possibility that the satellite will fail,
resulting in a significant reduction in the life of the entire satellite [2]. Solar cell array
provides the required energies for satellite equipment and charges the battery set in
satellite power system [3].
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Once the satellite is abnormal, it may lead to satellite interruption, and even crash,
thus it has fatal influence on satellite system [4]. Satellite anomaly detection is a huge
research field [5]. Up to now, there are many catastrophic accidents or temporary
malfunctions in the satellite resulting from power system failures [6], Therefore, it is
one of the most significant subjects for researchers to prevent satellite accidents by
detecting anomalous states of power system.

There are many research results for the analysis of time series data. Lbrahinm SK
et al. [7] researched on satellite fault diagnosis using SVM. Chenglong Dai et al. [8]
proposed a novel clustering method. However, Chenglong Dai et al. [9] proposed a
novel feature classification and extraction. these methods have many inherent short-
comings, such as local optimal convergence, and the slow convergence velocity. In
order to avoid these shortcomings, Huang et al. proposed a novel method called
extreme learning machine [10]. Years later, S. Abdelghafar developed an optimized
ELM with anomaly detection of satellite telemetry [11]. The above methods are for
value prediction, the interval predicting methods are inclined to provide more rea-
sonable predictive results. So interval prediction of satellite power system parameter is
an effective method in satellite power system fault diagnosis.

2 Related Work

2.1 Kernel Extreme Learning Machine

Extreme learning machine only need to set the node number in hidden layer to
determine the structure of the network. Directly determine the output weight of the
network by assigning hidden layer nodes learning parameters, without needing to
adjust by iteration, Compared with the traditional neural network, the training speed of
ELM is faster which improves the generalization ability and learning velocity of the
neural network greatly [12].

Compared with other evolutionary algorithms [13], DE is easy to implement, and it
also could reduce the complexity of the algorithm greatly. we choose Radial Basis
Function (RBF gaussian kernel) as the kernel function and apply differential evolution
algorithm (DE) to optimize the kernel radial r and punishment coefficient C. Then, we
establish optimal kernel extreme learning machine (OKELM) model. The optimal
process devotes to search the optimal parameter which aims to minimize the error of
OKELM model.

2.2 Differential Evolution Algorithm

Differential evolution algorithm is a merging evolution algorithm, Compared with other
evolutionary algorithms [14]. The differential evolution algorithm has four steps:
generating initial population, mutation, crossover and selection. Variation as a search
mechanism. Crossover recombines the initial population to generate a better solution.
The target parameters are formed into a vector D, and a random population is started to
be created randomly. The mutation, crossover, and selection are used to improve the
population [15].
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2.3 Estimated Indexes

In order to highlight the role of about PICP, PIMWP and MWD. we choose a multi-
plication format to integrate them. We put forward the predictive interval aggregative
indicator (PIAI) which is the comprehensive optimal objective function:

min PIAI¼ ð1þ k �MWDÞ � PIMWP � ð1þ e�gðPICP�lÞÞ ð1Þ

where k and g are the punishment coefficient of MWD and PICP respectively, l
represents the defined confidence level.

In order to ensure that the three indicator values are greater than 1, we set a penalty
on the indicator, According to the discussion of Reference [16], we can obtain

lim
PIMWP!0

PIAI ¼ð1þ k �MWDÞ � PIMWP � ð1þ e�gðPICP�lÞÞ
¼ lim

PIMWP!0
ð1þ k �MWDÞ � PIMWP � ð�gðPICP� lÞÞ

¼ lim
PIMWP!0

ð1þ k �MWDÞ � PIMWP � ðlg� gPICPÞ
ð2Þ

where 1þ e�gðPICP�lÞ and �gðPICP� lÞ are Equivalent infinitesimal, they could be
replaced by each other.

2.4 Proportional Coefficient Method

The uncertainty of model and the interference of noise data make predicted value
deviate from the true value. In order to improve forecasting accuracy, we expand the
predictive interval symmetrically. As a result, the width of predictive interval is too
large to meet the actual need. To solve this problem, the paper proposes proportional
coefficient method (PCM) to establish the non-symmetry predictive interval to reduce
the predictive interval’s width and improve the prediction efficiency.

3 DE-PCM-OKELM Model in Predicting Satellite Power
System Parameter Interval

This section gives the method the four steps of DE-PCM-OKELM model to predict the
parameter interval of satellite power system, The details are as follows.

PCM combined with OKELM model is chosen to obtain predictive interval. Then,
DE algorithm is utilized to optimize PCM-OKELM model and integration strategy is
adopted to establish k DE-PCM-OKELM models. Finally, integrate the k DE-PCM-
OKELM models together and obtain the final predictive model. The specific procedure
is introduced below:

Step 1: Data Preprocessing
Step 2: DE algorithm is utilized to optimize the PCM-OKELM model in validating

set. Then attain the optimal proportional coefficient, and reestablish predictive model.
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Step 3: Integrate the k DE-PCM-OKELM models together and obtain the final
predictive model.

Step 4: Calculate the average of the proportional coefficient of the k DE-PCM-
OKELM models, and define the average value as the final proportional coefficient.

Step 5: Establish the final predictive model.
The establishment of the entire model is composed of three parts Optimizing

parameters of KELM with DE, Establishing OKELM model and Optimizing OKELM
model with DE-PCM and Integration strategy, the specific flow chart is shown below
(Fig. 1):
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Fig. 1. The flow chart of the DE-PCM-OKELM.
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4 Experiment

4.1 Data Preprocessing

The experiment used telemetry data recorded from power system of an anonymous
satellite in space project. Owing to the large amount of data, slow variation velocity,
and more noise data, the satellite power system data are supposed to be preprocessed in
advance.

First, we divide the data in accordance with one minute interval, and remove the
data which is more than 30 times than the normal range and the occurrence number is
less than 3 times. Second, we choose the characteristic data and transform them which
are in equivalent time interval into standard deviation sequences. Third, the single
dimensional data sequence is transformed into a matrix form. And we obtain suitable
sample set for OKELM model. Final, we normalize the sample set matrix according to
the column. In order to simulate the process, we select the first 80% experimental data
as history data, the rest 20% experimental data as the actual current or future data in
orbit satellite.

4.2 Setting of Experimental Parameters

4.2.1 Embedding Dimension
The KELM prediction model needs a regression function, it can fit the historical input
vector and the future output value. Transform original sample data into data patterns
T = {(X1, Y1),…,(Xi, Yi),…,(Xn-m + 1,Yn-m + 1)} 2 ðX � YÞn�mþ 1

firstly.
Where

X ¼
x1 x2 � � � xm
x2 x3 � � � xmþ 1

..

. ..
. . .

. ..
.

xn�mþ 1 xn�mþ 2 � � � xn

2
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6
6
4

3

7
7
7
5
; Y ¼

xmþ 1

xmþ 2

..

.

xnþ 1

2

6
6
6
4

3

7
7
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5

ð3Þ

m is called the embedded dimension which determines the time window and the
dimension of input vector, as well as plays a crucial role in the performance of model.

The input vector of each row of matrix X corresponds to the output value of the
same row of matrix Y. m is an embedded dimension. Then, the n + 1th value can be
predicted by the following function:

xnþ 1 ¼ f ðXn�mþ 1Þ ð4Þ

where Xn-m + 1 refers to the n-m + 1-th row of matrix X. That means we use history
values of IN1 to predict the current value and future values of IN1without other power
system parameters only IN1.

We adopt a tow self-adaptive parameter setting mechanism to select an appropriate
value of embedded dimension for improving reliability and accuracy. We carry out 10
different experiments, and set the embedded dimension from 1 to 10 respectively.
Kernel parameter is set to 10, and punishment coefficient is set to 10. We select RMSE
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as the evaluation indictor. Table 1 and Fig. 3 display the relationship between
embedded dimension and predictive performance. Thus, the optimal dimension of the
crucial parameter IN1 in satellite power system is 4 shown in Fig. 3 (Fig. 2).

4.2.2 Parameters of KELM Algorithm
We define the kernel width r and punishment coefficient C in advance. We utilize DE
algorithm to optimize the parameter r and C for KELM model. The obtained optimal
parameters of OKELM model are displayed in Table 2.

4.3 Interval Prediction

The predictive model we proposed is a short-time predictive model, For the sake of
obtaining the predictive interval, we adopt Bootstrap method and PCM combined with
OKELM, LS-SVM and BP neural network to construct predictive model respectively.
We carry out six experiments on one week telemetry data in satellite power system, six
different predictive models all obtain higher accuracy, while DE-PCM-OKELM model
possess the highest precision. Comparing PCM and Bootstrap method, the PIAIs of
PCM are lower than those of Bootstrap method, and the PIMWPs of Bootstrap method
are obviously wider than that of PCM shown in Fig. 3 and Fig. 4.

Table 1. Parameters of KELM Optimized by DE

Parameters in KELM Value

Kernel width parameter r 7.3183
Punishment coefficient C 22.827

1 2 3 4 5 6 7 8 9 10
0.32
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0.36

0.38
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0.44

Embedding Dimension m

R
M

S
E

set basiswidth=10, punishment coefficient=10

Fig. 2. Relationship between embedded dimension and predictive performance
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5 Conclusion

Power system is a crucial subsystem in satellite. Once a fault occurs in power system, the
normal operation would be interrupted. Interval prediction not only could depict the
fluctuation range of satellite power system data, but also could enhance the reliability of
predictive results effectively. Therefore, it believes the key to improve the accuracy and
generalization capability is constructing a non-symmetric interval rather than symmetric
interval. Based on this, DE-PCM-OKELM model to predict satellite power system
parameter interval is presented. OKELMmodel overcomes the random fluctuation of the
output caused by the randommatrix H, and simplifies the setting of the nodes’ number. It
also possesses better generalization capability and fast velocity. Owing to the predicted
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Fig. 3. PIAI of predictive models
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value obtained by OKELM could estimate the true value with a very small deviation (or
even no deviation), thus the predictive value can correspond to a high quality predictive
interval. It can be seen from the experimental results that the accuracy and generalization
performance ofDE-PCM-OKELMmodel is highest in the six differentmodels. The PIAIs
of DE-PCM-OKELMmodel are almost lower than the othermodels, and the PIMWPs are
narrower than the other models we introduced in this paper. Therefore, DE-PCM-
OKELM model is more simple and effective, which could be used in constructing high
quality predictive interval. It can also be further applied to predict telemetry data of other
equipment of spacecraft (e.g. attitude control and orbit control system).
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Abstract. A new method based on dynamic adjustment of action sequences is
proposed in this paper, to solve the problem of low observation rate of tradi-
tional autonomous mission management. A payload topological model is con-
structed according to the purpose of the command and the characteristics of the
equipment/module. Then, the mission instructions of the equipment on the
satellite are dynamically adjusted according to the real-time working state and
the attributes of the action sequence, so that the dynamic programming of
equipment switching between missions is realized, which can improve the
completion rate of intensive observation missions on the basis of satisfying the
constraints on the satellites. The on-orbit application results of a high-resolution
remote sensing satellite show that compared with the traditional autonomous
mission management method, the number of missions completed and the
observation time are effectively increased, and the satellite utilization efficiency
is elevated for more than 40%.

Keywords: Action sequence � Dynamic adjustment � Agile imaging satellite �
Autonomous mission management

1 Introduction

Imaging satellites use spaceborne sensors such as visible light camera, multispectral
camera, hyperspectral camera, and synthetic aperture radar to capture images of ground
targets, which have the unique advantages of wide coverage, long operating time, no
restrictions on national boundaries and airspace, no need to consider the safety of
personnel, and having the ability of observing in any part of the globe [1]. To use
traditional remote sensing satellites, users need to plan all the missions on the ground in
advance and then apply instruction templates to meet their needs. However, it is limited
by the short ground control time and the high precision of satellite control, which
seriously restricts the efficiency of satellite in orbit. Autonomous Mission Management
technology is getting more and more attention by space powers, which has many
advantages, such as low dependence on TT & C resources, high efficiency of satellite
resources, and so on. Damiani [2] and Bensana [3] establish continuous decision-
making model and integer linear programming model to solve the problem of mission
planning, which has no consideration of instruction optimization between tasks.
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Zhixin T [4] puts forward a satellite mission instruction algorithm based on directed
graph model, which simplifies the operation mode of the satellite and improves the
efficiency of mission injection obviously, but this algorithm does not consider the
coupling correlation between missions, which results in the repetition of the sequence
of actions, it is only suitable for low-mission-intensive satellites. Yujiang Y [5] pro-
posed a dynamic environment oriented imaging satellite mission planning method, but
the mission conflict adjustment is based on the mission window as the minimum unit,
which does not consider the optimization of the command sequence of the payload
equipment in the mission, and repeatedly performs a large number of actions, which
results in the poor mission responsiveness. Binbin L [6] proposed a mission planning
algorithm based on mission compression, which can improve the number of missions
and the observation time, Wang MC [7] established a dynamic scheduling optimization
model and proposed a IDI heuristic algorithm based on insert-delete-reinsert operation,
but these two methods are difficult to make dynamic planning based on the real-time
state of satellite using the static constraints based on large envelope, so the efficiency of
action sequence execution is low.

With the development of high-resolution Earth Observation System in China, the
satellite imaging resolution and attitude maneuverability have been improved rapidly
[8], the number of daily observation tasks as well as the intensity of the targets has
increased sharply, meantime, the variety of payloads brings up the complexity of the
working mode of the satellite. The Algorithm adopted by the traditional autonomous
mission planning method does not consider the coupling relationship between the
missions. It belongs to the static mission planning method, with more repetitive
sequences and lower observation efficiency, which can’t meet the needs of the intensive
target and complex operation mode observation of imaging satellite at present.
Therefore, it is urgent to put forward a universal and deployable autonomous mission
management method applying to remote sensing satellite with high performance and
complex operation mode, which takes full account of inter-mission coupling correlation
and payload control timing constraints according to the observation time and the
satellite state, so that, the operational sequence of the satellite is adjusted dynamically
to improve the operational efficiency, so as to improve the autonomous mission
management level of the satellite and improve the efficiency of the satellite use.

So, this paper proposes a satellite autonomous mission management method based
on the dynamic adjustment of the action sequence. Firstly, the mission sequence is
analyzed, and then the payload topological model based on the action sequence is
established, furthermore, the inter-mission instruction optimization algorithm is given.
Finally, the effectiveness of the method is verified by the on-orbit application of a high-
resolution remote sensing satellite.

2 Requirements Analysis of Agile Imaging Satellite
Operation

To accomplish a mission of earth observation, the equipment of control subsystem,
camera subsystem, data transmission subsystem and other related subsystems should
participate in the work. The operational state of the satellite payload mission is

160 X. Li et al.



controlled by the sequence of satellite switching and observing actions. Due to satellite
and orbit characteristics, for the low earth orbit remote sensing satellites, payload
equipment such as camera and data transmission controller does not have the long-term
power-on capability, so it needs to start up and get the working mode parameters
loaded in the beginning of each mission, and be shut down at the end of the mission.
The traditional satellite missions are low in intensity, while the attitude maneuver time
is long. The time of attitude switch between two missions is much longer than that of
the payload switching time, so the payload equipment will be shut down after each
observation mission. On one hand, the power consumption of the satellite is saved, and
on the other hand, the influence of the space environment on the short-term equipment
is reduced. The normal working sequence is shown in Fig. 1. The task 2 startup
sequence is executed after the task 1 shutdown sequence is completed. A conflicting
working sequence is shown in Fig. 2. The task 1 shutdown sequence overlaps with the
task 2 startup sequences.

With the development of the satellite capability, the attitude maneuver time of the
satellite is much shorter than before, and the payload switch-off time became the main
factor that limits the switching time between missions. Due to the limitation of com-
ponent capability, the time of power-on and power-off can’t be infinitely short, so a set
of inter-task instruction optimization algorithm is needed, at the same time, considering
the power consumption and payload constraints of the satellite, the inter-mission
instructions are optimized to meet both the constraints on the satellite and the
requirements of user-intensive observation tasks, as shown in Fig. 3.

Fig. 1. The normal working sequence

Fig. 2. The conflicting working sequence
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3 The Method of Satellite Autonomous Mission Management
Based on Dynamic Adjustment of Action Sequence

In order to reduce redundant information which is injected to the satellite and improve
injection efficiency, task-oriented high-level instructions are often used to manipulate
satellite, as shown in papers [9, 10]. The task control mode supported in this paper is
also task-oriented high-level instruction. Users only need to inject the parameter
information related to the task, according to the payload topological model, the
instruction which are autonomous generated and optimized between inter-task are sent
to each payload intelligent terminal.

3.1 Model Design

The payload topological model is composed of a number of sequential executions, time
interval requirements, and a number of relatively independent task sequences (referred
to as “basic instruction sequences”). In each basic instruction sequence, the following
attributes are included: instruction code, instruction content, the starting time of
observation, the ending time of observation, the substitution rule of instruction word,
the substitution rule of key parameter, instruction attribute and basic instruction
sequence definition and attribute. Among them, the first six attributes are used for
autonomous generation of task instructions, and the last two attributes are used for
dynamic adjustment of action sequences between tasks.

(1) Instruction attribute in payload topological model

The working instructions are divided into power-on instruction, shut-down instruction,
power-on replacement instruction, shut-down replacement instruction and normal
instruction, which are used in dynamic adjustment of action sequences between tasks.

Fig. 3. Optimized instruction sequence of two missions

162 X. Li et al.



• The power-on instruction is used to control the power on of the intelligent terminal
equipment/module. Each equipment’s action sequence requires power-on
instructions.

• The shut-down instruction is used to control the power off of the intelligent terminal
equipment/module. Each equipment’s action sequence requires shut down
instruction.

• The power-on replacement instruction is used to power on only the equipment/
module with high power consumption between two tasks, and is only applied to the
high-power equipment/ module in the equipment action sequence.

• The shut-down replacement instruction is used to shut down only the
equipment/module with high power consumption between two tasks, and is only
applied to the high-power equipment/module in the equipment action sequence.

• The normal instruction is sent in each mission, and does not participate in the
optimization of the action sequence between tasks. It is only suitable for the
equipment that needs to be set the working state before each task.

Power-on and shutdown replacement instructions do not participate in autonomous
instruction generation of single task and are only used for inter-task instruction
optimization.

(2) Basic instruction sequence attributes in payload topological model

Considering the high power consumption required during payload operation, inter-task
instruction optimization is carried out in units of basic instruction sequence. If the time
between two tasks is long enough to shut down the equipment and power on again the
equipment of the corresponding basic instruction sequence, the basic instruction
sequence should be optimized. Otherwise, it does not need to be optimized. The basic
instruction sequence has a task time parameter property, as follows:

• Case 1: (0, Threshold 1);
• Case 2: (0, Threshold 1),[Threshold 1, Threshold 2];

If the base instruction sequence contains equipment/ module with high power
consumption, use case 2 which has two thresholds; if the base instruction sequence
does not contain equipment/module with high power consumption, use case 1 which
has only one threshold.

3.2 Inter-task Instruction Optimization Algorithm

The steps of inter-task instruction optimization Algorithm are as follows:
Step 1: Get the task information of injection task, and generate instructions

autonomously through autonomous instruction generation algorithm, get the execution
window Ti

start;T
i
end

� �
of each taski (Ti

start is the start time of the task, Ti
end is the end time

of the task) and the observation time window Ti
obser;T

i0
obser

h i
, (Ti

obser is the starting time

of the observation, Ti
obser is the ending time of the observation), and then put the task

into the task pool;
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Step 2: The tasks in the task pool are sorted in chronological order to determine
whether the observation windows of two adjacent taski and taski + 1 overlap or not, if

Ti
obser;T

i0
obser

h i
\ Ti

obser;T
i0
obser

h i
6¼ ; taski + 1 is consider to be in conflict with taski,

then taski or taski + 1 is deleted according to colict principle, if Ti
obser;T

i0
obser

h i
\

Tiþ 1
obser;T

iþ 10
obser

� � ¼ ;, then the next step is carried out;
Step 3: Determine whether the execution windows of twot taski or taski + 1

overlap, if Ti
start;T

i
end

� � \ Tiþ 1
start ;T

iþ 1
end

� � 6¼ ;, taski or taski + 1’s action sequence can
be optimized, then go to step 4; if Ti

start;T
i
end

� � \ Tiþ 1
start ;T

iþ 1
end

� � ¼ ;, taski and taski + 1
are considered as two independent tasks without instruction optimization;

Step 4: Maintain an equipment status table for the equipment involved in the basic
instruction sequence. The default status is shutdown. Optimize the instructions based
on the properties of the instructions and the equipment state table, as shown in cases 1–
4, and proceed to step 6:

Case 1: If you want to send a power-on instruction, determine the state of the
equipment to which the instruction belongs; if it is on, do not send the instruction; if it
is off, send the instruction, and set the state of the equipment to be off, and save the task
number;

Case 2: If the instruction to be sent is the power-on replacement instruction, to
determine the state of the equipment to which the instruction belongs, if it is closed,
and the maintenance task number is different from the current task number, then send
the instruction; otherwise, do not send the instruction;

Case 3: If you want to send a shut-down instruction, judge the optimization flag
returned from step5, if the optimization flag is needed to be optimized, then don’t send
the instruction; if the optimization flag is not needed to be optimized, send the
instruction, and set the equipment status to off, at the same time save the task number;

Case 4: If you want to send a shut-down replacement instruction, judge the opti-
mization flag returned from step5, if the optimization flag is needed to be optimized,
then send the instruction, and set the equipment status to off, at the same time save the
task number; if the optimization flag is not needed to be optimized, don’t send the
instruction;

Step 5: Calculate the difference between Ti þ 1
obser and Ti0

obser , and compare it with the
time thresholds of the basic instruction sequences involved in the work in turn. If it is
within (0,Threshold 1), then return the flag that needs to be optimized and the power-on
replacement instruction and the shut-down replacement instruction don’t participate in
optimization operation; if it is within [Threshold 1,Threshold 2], then return the flag
that needs to be optimized and the power-on replacement instruction and the shut-down
replacement instruction need to participate in optimization operation; if it is within
�1;Threshold 1½ � or Threshold 2; þ1½ Þ then return the flag that don’t need to be
optimized;

Step 6: Apply step 4–6 to the instructions of taski and taski + 1 in turn until all
instructions in the task have been sent;

Step 7: The end of the algorithm flow, output the optimized sequence of
instructions.
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4 On-orbit Effects

The autonomous mission management method described in this paper has been applied
to a high resolution agile remote sensing satellite. The satellite is equipped with a
visible light camera, a multispectral Imager, an angular displacement sensor, an
atmospheric corrector and other payloads at an altitude of 500 km, according to the
sun-synchronous orbit. A segment of the orbit circle scene in the routine mission of the
satellite in orbit is selected, using the traditional satellite autonomous mission man-
agement method (which is mentioned in paper [2]) and the autonomous mission
management method presented in this paper, compare the number of missions that can
be performed in the orbit circle with the time of satellite observation (Table 1):

Table 1. Observation mission

Task Starting time of
observation

End time of
observation

Angle (roll angle, pitch
angle)

Task1 2020/03/25 10:21:00 2020/03/25 10:21:10 (− 5.85, −0.08)
Task2 2020/03/25 10:21:35 2020/03/25 10:21:45 (− 22.39, 0.13)
Task3 2020/03/25 10:22:10 2020/03/25 10:22:20 (15.60, 0.2)
Task4 2020/03/25 10:23:40 2020/03/25 10:23:50 (37.11, −0.21)
Task5 2020/03/25 10:24:10 2020/03/25 10:24:20 (1.05, 0.12)
Task6 2020/03/25 10:27:00 2020/03/25 10:27:10 (34.58, 0.16)
Task7 2020/03/25 10:28:10 2020/03/25 10:28:20 (4.70, −0.08)
Task8 2020/03/25 10:30:20 2020/03/25 10:30:30 (20.9, 0.02)
Task9 2020/03/25 10:31:00 2020/03/25 10:31:10 (25.2, 1.32)
Task10 2020/03/25 10:31:30 2020/03/25 10:31:40 (− 7.9, 0.02)

Table 2. Result comparison

Task The traditional method of ATM The method adopted of this paper

Task1 To be executed To be executed
Task2 To be deleted To be executed
Task3 To be deleted To be executed
Task4 To be executed To be executed
Task5 To be deleted To be deleted
Task6 To be executed To be executed
Task7 To be deleted To be executed
Task8 To be executed To be executed
Task9 To be deleted To be executed
Task10 To be executed To be deleted
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As can be seen from Table 2 and Fig. 4, the autonomous mission management
method based on the dynamic adjustment of the motion sequence proposed in this
paper can effectively increase the number of missions in orbit. The average recon-
naissance time in orbit was increased from 50 s to 90 s: from 5 missions using the
traditional autonomous mission management method to 8 missions (2 of which were
deleted due to the limitation of the satellite attitude maneuver capability), which
increases the satellite efficiency for more than 40%.

5 Conclusion

In this paper, the factors that restrict the switching time between missions in the
satellite mission sequence are analyzed, and an autonomous mission management
method based on the dynamic adjustment of the mission sequence is proposed. The
flight test results show that the method can reduce the switching time between missions
and increase the number of missions and the reconnaissance time. Compared with the
traditional autonomous mission management method, the efficiency of satellite use has
been improved for more than 40%.

References

1. Ren-jie, H.: Models algorithms and applications to the mission planning system of imaging
satellites. J. Syst. Eng. Theory Pract. 31(3), 411–422 (2011)

2. Damiani S.: A continuous anytime planning module for an autonomous earth watching
satellite. In: ICAPS05 Workshop on Planning and Scheduling for Autonomous Systems,
California, pp. 19–28 (2005)

3. Bensana, E.: Exact & inexact method for daily management of earth observation satellite. In:
Space Mission Operation and Ground Data Syatem-Spaceops 1996, Munich, vol. 397,
p. 507 (1996)

4. Zhixin, T.: Remote sensing satellite autonomous command Sequences generation based on
digraph model. J. Spacecraft Eng. 23(6), 54–60 (2014)

0

2

4

6
1 46 91 13
6

18
1

22
6

27
1

31
6

36
1

40
6

45
1

49
6

54
1

58
6

63
1

timeline(2020-03-25 10:20:10~2020-03-25 10:31:25,with 1s apart) 

voltage value CCD

Camera

data transmission

angular displacement
sensor
atmospheric corrector

Fig. 4. The diagram of equipment voltage

166 X. Li et al.



5. Yujiang, Y.: A mission planning method for imaging satellite in dynamic environment. In:
The 18th annual Meetings of Systems Engineering in China, Hefei (2014)

6. Binbin, L.: Imaging satellite mission planning based on task compression. J. Radio Eng. 47
(11), 73–78 (2017)

7. Wang, M.C.: Heuristic scheduling algorithm oriented dynamic tasks for imaging satellites.
J. Math. Probl. Eng. 2014, 11 (2014)

8. Yujun, G.: Review of high resolution optical remote sensing satellite. J. Space Int. 5, 2–9
(2013)

9. Baofeng, W.: Design of mission oriented autonomous commands for small satellites.
J. Spacecraft Eng. 22(4), 68–71 (2013)

10. Yang, L.: Design of high-efficiency telecommand upload method under limited uplink
channel. J. Telemetry Track. Command 35(6), 45–49 (2014)

An Autonomous Mission Management Method for Agile Imaging Satellite 167



Research on Agile Satellite Imaging Simulation
Technology Based on STKX

Yuting Li(&), Jing Yu, Longjiang Yu, Lijia Fan, Yue Wang,
and Hongtao Gao

Beijing Institute of Spacecraft System Engineering, Beijing 100094, China
liyt1229@sina.com

Abstract. Simulation technology has been widely used in the aerospace field
due to its economical and rapid nature. The simulation technology based on
STKX not only inherits the professionalism and fidelity of STK (Satellite Tool
Kit), but also can be seamlessly integrated into the software, which has become
a key technology in the simulation research in the aerospace field. The agile
satellite is a kind of satellite that can observe the ground target quickly and
flexibly. It is of great significance to guarantee modern agriculture, disaster
prevention and reduction, resource investigation, environmental protection and
national security in China. This article takes the agile satellite ground obser-
vation imaging as the engineering background, expounds the basic principles of
STKX technology, explains the engineering and technical issues such as the
creation of satellites, cameras and observation targets in scene simulation, and
uses Cesium to demonstrate simulation effect of ground observation imaging. It
aims to provide reference for the engineering application of STKX technology.

Keywords: Satellite imaging � STKX � Simulation technology � Cesium

1 Introduction

Simulation technology has been widely used in the aerospace field due to its eco-
nomical and rapid nature. For two-dimensional and three-dimensional scene simulation
of satellite work, there are currently two commonly used ways to achieve. One is to use
OpenGL and other application programming to achieve the display of two-dimensional
and three-dimensional scenes [1]. This method is relatively autonomous, but it requires
a lot of work to develop and requires proficient knowledge of complex spacecraft
dynamics; Another way is to carry out secondary development on the basis of existing
satellite simulation software, such as the STK (Satellite Tool Kit) commercial analysis
software developed by American Analytical Graphics, which is not only professional
but comprehensive, and the simulation scenarios are also extremely realistic. Based on
the secondary development of the software, the simulation of satellite working sce-
narios can be realized quickly.

The traditional development based on STK mainly uses STK/Connect module. For
example, in 2012, Zeng Fan, Yongxin Feng, etc. [2] used this module to conduct
simulation research on satellite formation flying, and realized the interaction between
STK and other federal members. In 2018, Peng Xu et al. [3] realized dynamic modeling
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and simulation analysis of radar countermeasures by combining this module with
Matlab. These studies have expanded the simulation function of STK and completed
some simulation studies well. However, due to its inherent limitations, this module has
the disadvantages of complex application program, inability to achieve seamless
integration of software development, and large footprint. STKX technology is a new
development technology provided by the STK software. Compared with the traditional
STK/Connect module, this technology can seamlessly integrate the STK simulation
module in the independently developed software without starting the STK software. In
the software, it can respond to user operations at the same time, and the interface is
clear, which is convenient for development. Bo Chen et al. [4] took the missile attack
and defense as a background to further develop this technology. Fengming Ji et al. [5]
proposed to embed STKX components in the MATLAB GUI interface, and conducted
research on the development of independent application software to realize the function
programming with MATLAB and STKX. In addition, other scholars at home and
abroad [6–10] have also done some applications and research. However, these studies
mainly focus on sorting out the principle framework of the STKX simulation tech-
nology, and there are few studies on the application of STKX technology in engi-
neering. In particular, the use of C# language to develop STKX technology is more
integrated than the traditional C/C++ language, and has good encapsulation. It can
make full use of the interfaces and classes provided by STK to set various simulation
parameters.

The agile satellite is a kind of satellite that can observe the ground target quickly
and flexibly. It is of great significance to guarantee modern agriculture, disaster pre-
vention and reduction, resource investigation, environmental protection and national
security in China. For this particular engineering background, based on STKX tech-
nology, C# and Java language, the engineering techniques of creating satellite, camera
and observation target are described in detail and the simulation of satellite imaging
observation task is successfully achieved inthispaper.

CesiumJS is used for geospatial display. It provides a development kit based on the
JavaScript language, which is convenient for users to quickly build a zero-plug-in
virtual earth Web application, and has high quality guarantees in performance, accu-
racy, rendering quality, and multi-platform, ease of use. Use STK to generate CZML
files to demonstrate data sharing in Cesium.

2 The Basic Principle of Development Based on STKX

The basic principle of using STKX for simulation development is to import STKX
components in the form of control modules into the window control program written in
C# language, so that the window can be connected to the analysis engine of STK
simulation software, then the STK’s simulation scenarios and data analysis functions
are integrated into the software written by itself.

The main STKX controls used in simulation of satellite imaging observation
mission which is based on STKX technology are 2D controls and 3D controls. When
programming in C# language, there are two ways to control the STKX control. One is
equivalent to the traditional control method, which is to use the Connect command
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string. For example, send the command “New/*/Satellite Sat1” to create a new satellite
named “Sat1” in the scene. Another control method is to use the classes and interfaces
provided by STK to achieve control. This method is convenient and direct, and it is
faster to run, but for developers who are not very familiar with STK, finding related
classes and interfaces will cost a lot of time. Also taking a new satellite named “Sat1”
as an example, using the class AgStkObjectRoot, through the code root.CurrentSce-
nario.Children.New (AgESTKObjectType.eSatellite, “Sat1”), the new creation can be
easily completed, and through the interface IAgSatellite all attributes of the satellite can
be set and controlled.

3 Agile Satellite Imaging Simulation Technology

3.1 Creation of Satellite Objects

The foundation of satellite creation is the establishment of its orbital dynamic model,
and then by setting the attitude of the satellite, the simulation of the satellite maneuver
observation process can be achieved.

Orbit Dynamic Model. The key to creating satellite objects is the flexible application
of interfaces such as IAgSatellite. The orbit dynamics model is the key to satellite
objects. The most commonly used orbit prediction models are the two-body model
TwoBody and the high-precision orbit prediction model HPOP. The basic parameters
that need to be set for the two-body model are the orbit prediction model, start time,
end time, output step size, orbit epoch, coordinate type, coordinate system, classical
orbit number, etc. Table 1 summarizes the settings of these main parameters.

When the requirements for the orbit prediction model are high, it is necessary to use
the high-precision orbit prediction model HPOP. For high-precision models, in addition
to the above two-body model parameter settings, other effects such as perturbation need
to be considered. The settings of these perturbation parameters are similar to those of
the two-body model. According to the above information, the orbital dynamics model

Table 1. Parameter setting of satellite two-body orbit model

Parameter name Function or property used

Prediction model IAgSatellite.SetAttitudeType
Start time IAgVePropagatorTwoBody.StartTime
End time IAgVePropagatorTwoBody.StopTime
Input step size IAgVePropagatorTwoBody.Step
Orbit epoch IAgOrbitStateClassical.Epoch
Coordinate type IAgOrbitState.ConvertTo
Coordinate system AgECoordinateSystem
Classical orbit number AssignClassical
Position and speed AssignCartesian
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required for the observation mission can be successfully created by reasonably setting
the above parameters in combination with the mission requirements.

Satellite Attitude Setting. After the establishment of the satellite and camera object,
the key step of observation and imaging simulation is to control the attitude maneuver
of the satellite, and then simulate the process of ground imaging of the satellite
maneuver observation. Since the process of satellite maneuvering to observe the target
is a very complex maneuver process, it will be controlled by multiple maneuvers during
imaging, so it is necessary to set the parameters of multiple maneuver segments. For
this complex process, currently STK does not provide multiple interface for attitude
data control, so this paper adopts the Connect command to send STK to achieve. By
adjusting the command parameters, attitude control fragments can be added, deleted,
and modified. The main command format is as follows:

AttitudeSegment <ObjectPath> {Add | Delete | Modify} {SegmentType}
< Parameters>

3.2 Creation of Camera Objects

The camera is a satellite-based device, so the camera must be created after the satellite
object is created. Like the parameters of satellite objects, the field of view angle of the
camera, the imaging status on the ground and other parameters are also the core
parameters of the observation task, which directly affect the results of the observation
simulation. The main interface used for the creation of camera objects is IAgSensor.
Taking the rectangular lens used in the task as an example, the Settings of some
parameters such as the camera lens type, the horizontal angle of view of the lens, the
vertical angle of view of the lens, the color of the camera beam and the imaging state of
the ground, etc. are combed and explained, as shown in Table 2.

3.3 Creation of Observation Targets

The observation target is the target area of satellite observation imaging. According to
the characteristics of common observation targets, they can be divided into three

Table 2. Parameter setting for camera model

Parameter name Function or property used

Camera lens type IAgSensor.SetPatternType(AgESnPattern PatternType)
The horizontal angle of view IAgSnRectangularPattern.HorizontalHalfAngle
The vertical angle of view IAgSnRectangularPattern.VerticalHalfAngle
The color of the camera beam IAgSensor.Graphics.Color
Fill the imaging area IAgSensor.Graphics.FillVisible
Continuous filling IAgSnProjection.FillPersistence
3D scene filling IAgSensor.VO.FillVisible
3D scene transparency IAgSensor.VO.FillTranslucency
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categories: point target, band target and region target. Only by accurately creating three
observation targets in the scene can the satellite attitude planning be further carried out
and the satellite observation imaging simulation be completed.

Point Target. Point target refers to a target area with a width of the camera width and
a length approximately equal to the width. The creation of point targets mainly utilizes
the IAgTarget interface in STK. Through the Position property of this interface, the
latitude and longitude of the point targets can be set. The Graphics property can be used
to set the parameters of the two-dimensional scene such as the color and line of the
point target. In addition, VO, UseTerrain and other attributes can be used to set the
three-dimensional characteristics of the point target and other parameters. The two most
commonly used point target input methods, one is to directly enter the name, longitude
and latitude of the point target, use the above attributes to write the function
AddPointTarget (string name, double latitude, double longitude), and the addition of
point targets can be achieved; The other method is to determine the point target by
clicking the mouse in the two-dimensional graph. This method is very convenient for
users. In this way, the response to the mouse click is realized by delegating
IAgUiAx2DCntrlEvents_MouseDownEventHandler (object sender, IAgUiAx2DCntr-
lEvents_MouseDownEvent e), and then pass the captured longitude and latitude
information to the function AddPointTarget (string name, double latitude, double
longitude).

Band Target. The band target refers to the target area whose width is the width of the
camera and the length is significantly larger than the width of the camera. Its creation
can be achieved through the IAgLineTarget interface, and the methods of Add and
Remove of the IAgLineTarget interface can be used to add and remove points on the
strip. Combined with the method of this interface, write the function AddLineTar-
getPoint (double latitude, double longitude), and the strip points can be added by
passing the latitude and longitude parameters. And a series of strip points can also be
added by using the connect command “SetLine * /LineTarget/LineTarget
LatLon” + LineTargetPoints. LineTargetPoints represents a collection of latitude and
longitude data points.

Region Target. The region target refers to the target area whose width and length are
all larger than the camera width, and its creation mainly depends on the IAgAreaTarget
interface. The interface has AreaType, AreaTypeData, Graphics and other attributes,
through which you can set the type of the area, the area data, the color line of the area
Graphics, and so on. For example, the area type can be set to the boundary point
characterization type AreaType = AgEAreaType.ePattern, and the area point can be
added by using the method Add of AreaTypeData. However, in the case of many
boundary points, it is inefficient to create a region with this algorithm. You can store all
the boundary data in an array, and then load the entire array into the scene with
SetAreaTypePattern of the CommonTasks attribute at one time to realize the rapid
creation of the region, which greatly improves the creation efficiency of the region
target.
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4 Dynamic Geospatial Visualization Display Technology

4.1 Technical Approach

Create a data-driven event dynamic scene through a data script. Using the WebGL-
based earth simulation engine, by giving the coordinates of a number of (4 to 6) points
on a closed circle at a certain time, the rendering engine will take the points as a string
and then realize the closed circle. Optimized WebGL can take full advantage of
hardware rendering graphics. High resolution and visualization of world terrain from
multiple sources: use WMS, TMS, openstreetmaps, Bind and ESRI standards to draw
image layers; use KML, GeoJSON and TopoJSON to draw vector data. Use plug-ins to
extend core Cesium; use animation controls to control animation time.

4.2 Data Sharing Between Cesium and STK

Cesium and STK are two products provided by AGI. Cesium is a JavaScript library for
creating 3D earth and 2D maps in browsers without plug-ins, which uses WebGL for
hardware to accelerate graphics, and is cross-platform and cross-browser, suitable for
dynamic data visualization. Cesium is an open source program based on the Apache2.0
license, which is free for commercial and non-commercial use. It can draw images by
itself, highlight areas, and provide good touch support, and can supports most browsers
and mobile.

STK offers several options for sharing simulation scenarios, one of which is the
ability to export data to CZML files for visualization in Cesium. CZML is a pre-
existing format that conforms to STK to communicate time dynamic data to a visu-
alization system, and is specifically used to represent analysis data that changes over
time. CZML has basic building blocks for displaying STK complex scenes, including
polylines, billboards, text labels and even 3D models. By exporting the dynamic time
visualization to a web browser while still supporting interactivity, the ability to save to
a CZML file allows information to reach a larger audience.

Developers using the STK Components development kit to build custom applica-
tions can also write .net or Java code to generate CZML for visualization in Cesium.
However, when users use STK, their aerospace and defense related analysis can be
easily implemented in Cesium through CZML.

5 Simulation Effect of Agile Satellite Imaging

According to the above introduction, STKX technology can be used to flexibly set the
interface and command parameters of satellite, camera and observation target, so as to
realize the creation of satellite, camera object and observation target, control satellite
attitude, and dynamically simulate the process of satellite imaging observation. Take the
orbit simulation starting time 1 Jul 2015 12: 00: 00.000 UTC, semi-major axis 7000 km,
eccentricity 0, orbit inclination angle 100°, perigee amplitude angle 180°, ascending
intersection right angle 260°, and approach angle 0°. Take three bands as observation
targets. Its simulation effect is shown in Fig. 1. The background of the two-dimensional
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scene on the right in the figure is the world map, and on this basis, the information of the
provincial boundaries in China is loaded. The red line is the band target that has been
observed, and the light blue line indicates the band target to be observed. On the left is a
three-dimensional scene of satellite observation. In the three-dimensional scene, in
addition to some simulation information on the two-dimensional map, you can also
dynamically see the process of satellite attitude maneuver and changes in some
parameter values.

6 Conclusion

In this paper, the application principle of STKX in simulation technology is expoun-
ded. Combining the engineering background of agile satellite earth observation, the
establishment of satellites, cameras and observation targets are carefully combed.
Based on STKX technology, the simulation of satellite observation imaging task was
realized, and the effect of simulation example was shown by Cesium. This article aims
to deepen the research of simulation technology in the field of aerospace from the
perspective of engineering, and provide reference for the realization of simulation
technology in engineering. In addition, on the basis of this article, users can use STKX
technology to flexibly implement various simulations according to their actual engi-
neering needs.
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Abstract. The magnetometer designed in this paper is an integral part of the
satellite plasma and surface charge risk monitor. Its main function is to predict
the discharge current by monitoring the change of magnetic field and compare
the magnetic field changes with the possible satellite anomalies. This can be
used to study the correlation between the orbital plasma environment and the
satellite’s typical charge and discharge events. The system design of the mag-
netometer and the analysis results of the magnetic field data during the vacuum
thermal test of the satellite are introduced in the paper. Analysis results show
that the state change of omnidirectional electron detector will cause the change
of magnetic field measurement.

Keywords: Magnetometer � Satellite charge and discharge � Vacuum thermal
test � RMS

1 Introduction

The satellite anomaly caused by the charge and discharge event in orbit cannot be
ignored. The main performance is the downlink data within the frequency difference
and the frequency difference hopping. According to the analysis of abnormal events
caused by the environment, the suspected charge and discharge phenomenon is a major
factor in the satellite failures. The magnetometer designed in this paper, together with
the omnidirectional electron detector, omnidirectional ion detector, electron energy
density detector, surface charge and total dose detector, constitutes the satellite plasma
and surface charge risk monitor. The functions of the satellite plasma and surface
charge risk monitor are to detect plasma environment parameters and surface potential
data of typical materials, to obtain the correlation between the on-orbit plasma envi-
ronment of the satellite and the typical surface potential, and to establish the risk model
of surface electrification of satellite system by combining with other plasma environ-
ment detection resources at home and abroad. The design of the satellite magnetometer
can speculate the discharge current size by monitoring the magnetic field changes, and
the magnetic field changes measured by a magnetometer can be compared and ana-
lyzed with the possible satellite anomalies, which is helpful for the comprehensive
assessment of electrostatic discharge hazards, the study on the correlation between the

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. Wang et al. (Eds.): Signal and Information Processing, Networking
and Computers, LNEE 677, pp. 176–182, 2021.
https://doi.org/10.1007/978-981-33-4102-9_22

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_22&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_22&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_22&amp;domain=pdf
https://doi.org/10.1007/978-981-33-4102-9_22


plasma environment and the typical satellite charging and discharging events, and the
discrimination of charge and discharge on the surface of the spacecraft [1–3].

2 The Design of the Magnetometer

2.1 The System Design

The magnetometer and the omnidirectional electron detector share a case in which the
two triaxial probes of the magnetometer are placed on the mounting bottom of the case
and on its opposite side. The purpose of the two magnetometer probes is to backup
each other and to measure the gradient of the magnetic field in which the satellite is
located. In addition, both the magnetometer and the omnidirectional electronic detector
are connected to the electronics box via a cable, which is used to provide power and
storage. The installation location of the instrument is shown in Fig. 1.

In this design, the magnetoresistive magnetometer is adopted. The two triaxial
probes output the vector magnetic field data to the electronics in the form of three
analog signals. In order to correct the influence of temperature drift of magnetometer, a
temperature resistance is arranged in the magnetometer unit.

2.2 The Circuit Design

The magnetometer circuit board includes 2 sensor probes, analog circuit module and
digital circuit module.

Fig. 1. Schematic diagram of instrument installation location.
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The Sensor Module. The sensor module is used to measure the magnetic field signal
and output it to the analog circuit module.

The Analog Circuit Module. The analog circuit module is used for analog signal
processing of the output signal of the reluctance sensor. The circuit block design
diagram of the magnetometer analog circuit board is shown in Fig. 2. The circuit
includes excitation circuit module, signal processing circuit module and feedback
circuit module. The output signals of the excitation circuit module and feedback circuit
module are input to the sensor probe. The output signal of the signal processing circuit
module is output to the digital circuit module.

The Digital Circuit Module. The digital circuit module completes the AD sampling
of the output data of the analog circuit module and sends it to the electronics controller
through the RS422 serial port. In order to achieve the above functions, A3P1000 was
selected, which is Microsemi Corporation’s FPGA based on flash structure [4].

2.3 Interface Circuit Design

Interface circuit includes digital interface circuit and analog telemetry interface circuit.
The digital interface is a full-duplex asynchronous 422 bus interface communicating
with the electronics controller, with a baud rate of 115200bps. The interface circuit
converts the output or input signals of the FPGA into signals conforming to the bus
interface specification. The analog telemetry interface circuit outputs the analog signals
inside the instrument, including the monitoring signals of the internal working power
supply and the temperature signals, which are used to monitor the internal working
status of the instrument.

Fig. 2. The hardware circuit design of magnetometer system.
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3 Test and Analysis

After the design of the magnetometer was completed, the magnetic field resolution test
and noise power spectral density calibration test were carried out. By calculation, if the
sampling rate is 10 Hz, the RMS value of noise of each magnetic field signal of the
triaxial magnetometer is about 0.14nt, and the noise power spectral density at the 1 Hz
point is about 0.035nt/√Hz.

The magnetometer was delivered to the satellite assembly along with the plasma
and surface-charge risk monitor and completed on-board installation. After the delivery
of the magnetometer, according to the test arrangement of the satellite, 4 Power-up tests
were carried out successively, including after the mechanics of the satellite experiment,
before the vacuum thermal test of the satellite, during the vacuum thermal test of the
satellite and before entering the launch site. According to the test rules, the remote
measurement was interpreted in the test process, and the data obtained from the
transmission was analyzed and interpreted after the test, so as to verify whether the
functional performance of the load was normal.

The test flow of this power-up test is listed in Table 1. During the vacuum thermal
test of the satellite,the electrification test was carried out in the low temperature section
of the third cycle. The test was carried out in accordance with “Plasma and surface
potential charging risk monitor whole star test stage test rules”. During the test, the
remote measurement was interpreted, and the data obtained from the transmission was
analyzed and interpreted after the test. The following is an analysis of the telemetry and
magnetic field data obtained during the test. Since the magnetometer is adjacent to the
installation position of the omnidirectional electron detector on the satellite, the on-off
state and other factors of the omnidirectional electron detector should be considered
when analyzing the magnetic field data.

Table 1. Test flow chart.

Number Operation Actual starting time

1 Electronic controller power on 9:52:50
2 Megnetometer power on 9:53:33
3 Omnidirectional electron detector power on 9:54:35
4 Omnidirectional electron detector test enable 9:55:21
5 Omnidirectional electron detector test disabled 10:15:50
6 Omnidirectional electron detector power down 10:16:55
7 Megnetometer power down 10:17:46
8 Open the data channel 10:10:14
9 Close the data channel 10:23:00
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Curves drawn from the data of remote measurement and down-transmitted mag-
netic field are depicted in Fig. 3. Curve Data A and curve Data B are the detection Data
curves of magnetometer 1 and magnetometer 2 respectively, which are used to char-
acterize the magnetic field measurement values of magnetometer 1 and magnetometer
2. Curve Data C is the 5 V voltage telemetry signal curve of omnidirectional electron
detector, which is used to characterize the on-off state of omnidirectional electron
detector.

According to the test curve, the magnetic field measured by magnetometer 1 is
26500nT and magnetometer 2 is 25000 nT respectively, which are the total fields of
geomagnetic field and environmental magnetic field. During the omnidirectional electron
detector powered on, the magnetic field changed, the magnetic field value of magne-
tometer 1 decreased by about 700 nT, and the magnetic field value of magnetometer 1
decreased by about 400 nT. For the changes of themagneticfieldmeasurements caused by
the operation of the omnidirectional electron detector, magnetometer 1 was larger than
magnetometer 2. In addition, the magnetic field value measured by magnetometer 1 also
changed by about 100 nTduring the omnidirectional electron detector powered on.As can
be seen from Table 1, this change is related to the test enable and the test disable of the
omnidirectional electron detector, and also corresponds to the change of voltage telemetry
signal of the omnidirectional electron detector. This indicates that the operation of the
omnidirectional electron detector can cause change in the magnetic field, which was
detected by the magnetometer.
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Fig. 3. The analysis of magnetic field data during the thermal vacuum test.
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Figure 4(a) shows the measurement of magnetic field before the omnidirectional
electronic detector powered on, Fig. 4(b) shows the measurement of magnetic field
during the omnidirectional electronic detector powered on, Fig. 4(c) shows the mea-
surement of magnetic field after the omnidirectional electronic detector powered down.
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Fig. 4. Magnetic field changes caused by the omnidirectional electronic detector powered on.
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Further, the magnetic field changes detected by magnetometer 1 in the three time
periods are analyzed. The three time periods are before the omnidirectional electronic
detector, during the omnidirectional electronic detector powered on and after the
omnidirectional electronic detector powered down. Figure 4(a) is the magnetic field
measurement value before the omnidirectional electronic detector powered on, Fig. 4(b)
is the magnetic field measurement value during the omnidirectional electronic detector
powered on, and Fig. 4(c) is the magnetic field measurement value after the omnidi-
rectional electronic detector powered down. By calculation, the magnetic RMS value
shown in Fig. 4(a) is 7.25nT before the omnidirectional electronic detector powered on;
the magnetic RMS value shown in Fig. 4(c) is 9.4nT after the omnidirectional electronic
detector powered down; and the magnetic RMS value shown in Fig. 4(b) is 43.28nT
during the omnidirectional electronic detector powered on. This indicates that the
magnetometer RMS value increases during the omnidirectional electronic detector
powered on, which means the magnetic field disturbance increases during the omnidi-
rectional electronic detector powered on.

4 Conclusion

This paper presents the analysis results of magnetic field data which was measured
during the vacuum thermal test of the satellite. It can be found that the measured
magnetic field value changes during the omnidirectional electronic detector powered
on, and the magnetic field RMS value increases during the omnidirectional electronic
detector powered on. It proves that the magnetometer worked normally during the
vacuum thermal test of the satellite, it also indicates that the state change of the
omnidirectional electronic detector caused the magnetic field disturbance, and the
magnetometer designed in this paper detect these changes clearly.
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Abstract. Space-borne global navigation satellite system (GNSS) radio
occultation (RO) is a superior tool for global sounding of atmosphere and
ionosphere. The amount of operated low Earth orbit (LEO) satellite equipped
with GNSS RO receivers for atmospheric sounding are surging in recent years.
The orbits of these RO sounding satellites are varied because of the requirement
of multitask. A digital simulation system aimed at GNSS RO atmospheric
sounding satellite constellation design with or without on-orbit LEO satellites is
presented in this paper. The system contains two main simulation modules. One
of them is a transient position and velocity generator for both LEO satellites and
GNSS satellites. The other is a forward GNSS RO event simulator for GNSS-
LEO atmospheric sounding. In addition, a data processing module and graphical
user interface (GUI) are designed and developed for interacting the data con-
venient and efficient in the initiative design of LEO satellite constellation.
A Walker-d satellite constellation with 6 LEO satellites is designed based on this
system with simulations of GPS RO atmospheric sounding.

Keywords: Digital simulation � Radio occultation � Atmospheric sounding �
Satellite constellation

1 Introduction

Space-borne radio occultation (RO) was developed for planetary exploration in 1960s.
But it had not been used for the Earth sensing for years since the lack of a perfect radio
signal source. The development of GPS brought the opportunity for RO with global
coverage, low cost and high-precision. The excellent performance of GPS RO satellite
system was verified by dozens of test low earth orbit (LEO) satellites launched in the
last tow decades. As more countries and regions develop more and more constellations
of global navigation satellite system (GNSS) such as GPS, GLONASS, Galileo and
Beidou, IRNSS and QZSS, the method of GPS RO is renamed by GNSS RO [1].
There has been significant work done on the GNSS RO receiver design and sounding
data processing [2].
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As any kind of the Earth remote sensing missions, GNSS RO sounding is operated
base on the orbit of LEO satellite, but it is distinct from the other missions. GNSS RO
sounding is an edge and indirect detection [3]. A GNSS RO constellation design is
primarily based on the status of GNSS, the performance of GNSS RO receivers, the
simulation algorithm of signal propagation, the simulation algorithm of satellite orbital
dynamics and the evaluating index. Though there are abundant studies on the simu-
lation algorithm of satellite orbital dynamics, it brings large amount of calculation
because of more the 130 GNSS satellites are operated on-orbit and a GNSS RO
sounding satellite constellation will consist of dozens, or even hundreds of LEO
satellites for optimal efficiency [4]. In addition, a GNSS-LEO RO event commonly
lasts less than 1 min, and it happens randomly. Such as the simulation step is supposed
to be less than 10 s, the relative position and attitude between hundreds of GNSS
alliterates and LEO satellites, as well as the signal propagation, are computed according
to this step. So far, GNSS RO sounding satellite constellation design is studied with 6–
12 LEO satellites, and the on-orbit GNSS is seldom fully utilized [5–8].

This paper put forward a simulation system for GNSS RO atmospheric sounding
satellite constellation design constructed by digital computers and interface devices. The
application software is based onMicrosoft Foundation Classes (MFC), so as to make full
use of the powerful graphic user interface (GUI) design ability of Visual C++ platform.

2 Description of GNSS RO Satellite Constellation

2.1 Space-Borne GNSS RO Sounding

GNSS radio original signal are distorted because of the interference of atmospheric
medium. Compared with the research on how to eliminate these error in space mea-
surement technology, these GNSS radio signals recorded are used for inverting the
atmospheric parameters in GNSS Meteorology. Space-borne GNSS RO sounding is the
method in which GNSS signal receivers are equipped on LEO satellites. Considering
the LEO satellite as a observer, a GNSS RO event happens when a GNSS satellite
rising from the horizon or falling to horizon, as shown in Fig. 1. Based on the
GNSS RO signal propagation path, atmosphere parameters could be indirect detected
from the top of atmosphere to the earth’s surface in each GNSS RO event.

P
GNSS 

Satellite A

LEO
Satellite 1

GNSS
Stelllite B

P

Fig. 1. Diagram of GNSS RO sounding events
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2.2 Design Flow of GNSS RO Sounding Satellite Constellation

Satellite constellation design is usually an iterative optimization process. Many factors
need to be considered in the design of a GNSS RO sounding satellite constellation such
as available constellation of GNSS, available operated LEO satellites, bending of signal
propagation path corresponding to available GNSS signal frequency, GNSS RO
antennas’ field of view and the effectiveness evaluation including the economic cost,
the amount, the coverage, transmission delay, etc. The design process for such LEO
satellite constellation is shown in Fig. 2.

Firstly, the configuration of LEO satellite constellation or specific orbit parameters
of LEO satellites are initialized and the constraints and index are given by the aero-
space engineers. Secondly, orbit parameters of the LEO constellation and the GNSS
constellations in a certain period should be generated [9], and the bending of signal
propagation path related to the prior atmospheric model should be calculated [10].
Thirdly, the calculation and forward simulation should be carried out according to the
GNSS RO simulation algorithm [11]. Fourthly, the sounding data should be processed
and analyzed according to the mission analysis requirements. Finally, engineers make
the resolution for this design by the multiple data statistics, and then give the initial
parameters of the next group of iterative design.

3 Simulation System Design

3.1 Functional Framework

The functional requirements of the simulation system for GNSS RO sounding satellite
constellation design mainly include eight contents as shown in Fig. 3, such as project
initial setting, sounding constellation aided design, orbit dynamics simulations,
atmospheric refraction simulation, forward RO event simulation, data processing and
visualization, and data storage and management.

GNSS Satellite 
Orbit Simulation

LEO Satellite 
Orbit Simulation

Atmospheric 
Refraction Simulation

Forward 
RO Event 

Simulation

Effectiveness
Evaluation

Data 
Visualization

Simulation 
Initialization

Fig. 2. Flow chart of GNSS RO satellite constellation design process
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3.2 Hardware Design

According to the functional requirements of the simulation system, the orbital
dynamics simulations are carried out first in the simulation process. The CPU and
memory utilization rate of the computer is high because of the huge amount of com-
putation discussed as mentioned earlier, so two computers should be configured sep-
arately to simulate the GNSS satellite constellation and LEO satellite constellation.

Forward occultation simulation is the core function of the system, which is mainly
completed by RO simulation computer. The position and attitude parameters needed
for occultation simulation are calculated by GNSS satellite constellation simulation
computer and LEO satellite constellation simulation computer, while the prior atmo-
sphere data model needed for RO simulation is calculated before simulation. Based on
the above considerations, the simulation function of the atmospheric model is realized
by the RO simulation computer, and the prior atmospheric data calculation is com-
pleted in the initialization stage of the simulation.

Considering the mission parameters and certain sounding constellation parameters
setting before the simulation and the data processing and analysis requirements after
the simulation, the system scheme set up the main control computer to meet the
corresponding functional requirements. Besides the graphical human-computer inter-
face (GUI), the main control computer processing has the functions of simulation
scheduling and control, and coordinates the system to complete the simulation process.

In addition, according to the requirements of simulation data storage and man-
agement, the system configures the data server to realize the simulation data storage
management function; according to the requirements of simulation mission scene
visualization, the system sets the data visualization computer to realize the mission
scene dynamic visualization function.

Because the whole system is a digital simulation system, there is no requirement for
real-time operation of the system and network communication delay. Therefore, the
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LEO sounding Constellation 
Aided Design
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Orbital Dynamics 
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Forward RO 
simulation
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GNSS Satellite 
Orbital Dynamics 

Simulation

Fig. 3. The simulation system function block diagram
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communication between simulation computers can meet the requirements by using
general Ethernet.

3.3 Software Design

The software of the simulation system for GNSS RO satellite constellation design
mainly includes five contents such as main control software, constellation simulation
software, forward RO simulation software, data service software, and data visualization
software. Three of the key software modules are introduced in detail.

Main Control Software. The main control software is the main operation object of
the user to design and analysis a GNSS RO satellite constellation as shown in Fig. 4.
The whole interactive function of simulation test between the system and mission
analyst is realized in the main control module.

The interaction between the system user and the main control software is various,
and the scheduling management process is complex. It is a difficult point in the
development of the system to design the user interface and interaction function of the
main control software reasonably and to ensure the integrity and good interface of GUI
at the same time. On the one hand, deeply understanding the requirements of software
interaction, reasonably positioning the human-computer interaction function; on the
other hand, developing the interface prototype application program as a software rapid
prototype for testing, timely discovering design defects, and improving the design.

The input and output of the main control software includes the input and output for
mission analysts and other software users, as well as the input and output for other
simulation software in the system, as shown in Fig. 5. The former is the direct real-
ization of system data input and output requirements.

Message Panel

Property Panel

Main ViewGuide 
Panel

Main Toolbar
Simulation Toolbar

Analysis Toolbar

Main Menu

Fig. 4. The interface of main control software
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Constellation Simulation Software. The constellation simulation software mainly
provides the orbital dynamic simulation of GNSS constellation and LEO constellation,
provides position and attitude parameters for RO event simulation. It has the function
of calculating the visible sequence of data transmission and orbit lighting of occultation
detection constellation. In addition, considering the needs of software distributed
simulation, it also has simulation scheduling and data management functions and
network communication and data service functions as shown in Fig. 6.

The input parameters of this software mainly include mission scheme, simulation
control, satellite constellation configuration, ground station location, etc. The output
parameters mainly include constellation orbit, simulation control, transmission visi-
bility and eclipse.

Forward RO Simulation Software. The forward RO simulation software can cal-
culate the temporal and spatial distribution parameters of occultation events according
to the orbit parameters and atmospheric environment parameters. It is mainly composed
of user interface, simulation module of occultation event, simulation scheduling and
data management module, network communication and data service and other func-
tional modules as shown in Fig. 7.
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Fig. 5. The main control software function block diagram
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The RO event simulation module includes prior data calculation, atmosphere Model
setting, reflection calculation and bending angle calculating. Occultation event inte-
gration and attribute calculation module mainly are focus on two aspects: one is the
calculation of occultation determination and location, the other is the integration and
attribute calculation of all occultation events in the simulation time.

4 Experiment

According to the satellite calendars and RO data provided by COSMIC, an experiment
was taken to evaluate the accuracy of this simulation system.

GPS constellation is used as GNSS RO sources, and the LEO satellite constellation
is set to be the same as COSMIC constellation. The result of 24-hour RO simulation
shows that the occultation event recurrence rate is 100%. Deviation between predicted
and actual sounding points in 24 h is shown in Fig. 8. The blue dots marks the
predicted points calculated by simulation, while the red dots marks actual points from
COSMIC.
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Fig. 7. The constellation simulation model software function block diagram
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According to the initial orbit parameters of each satellite in the constellation, the
satellite orbit simulation and orbit prediction can be realized quickly, and it can be
effectively used to forward simulate the occultation event, calculate the space-time
distribution parameters, and automatically generate the required performance analysis
chart. In the main evaluation items of detection performance, the maximum latitude
difference of occultation sounding is 3.98°, the ratio of latitude deviation within 1° is
above 97.0%, and the ratio of longitude deviation within 1° is above 84%, which meets
the application task demand of numerical weather prediction (NWP).

5 Conclusion

A digital simulation system has been designed based on forward RO simulation to
predict the performance of space-borne GNSS RO atmospheric sounding, which pro-
vides a convenient tool for the iterative design of the LEO sounding satellite con-
stellation. The experiment result shows that its performance predication meets the
requirement of NWP application and has great potential for the design of GNSS RO
sounding satellite constellation developing towards multi-GNSS, multi-function,
heterogeneous and largeness.
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Abstract. A certain type of microwave remote sensing satellite has wide fre-
quency coverage, coexistence of high-power transmission and high-sensitivity
reception, most of the stand-alone equipment on the satellite exceed the
requirements in the satellite load receiving frequency band, and the electro-
magnetic environment is extremely complex. Satellite payload equipment is
mostly related to radio channels. Preventing other systems from interfering with
itself (conductivity and radiation sensitivity tests) and not interfering with other
systems (conduction and emitted emission tests) are top priorities for EMC
work. Through system-level EMC tests on satellites, after finding and con-
firming the interference source, the correct processing method is adopted to take
different suppression measures for satellite EMC interference source, sensitive
equipment, relevant cables and holes and seams, so as to ensure the whole
satellite to pass the EMC test verification successfully. This paper focuses on the
EMC problem in the development of satellite, proposes and implements a
comprehensive treatment of the satellite system-level shielding, which combines
various measures to reduce the impact of electromagnetic interference on
equipment performance. This method effectively solves the problem of elec-
tromagnetic interference and ensures the safety of the satellite from the per-
spective of electromagnetic compatibility.

Keywords: Microwave remote sensing � Electromagnetic compatibility �
Shielding treatment

1 Introduction

A certain type of microwave remote sensing satellite has the characteristics of multiple
radio frequency devices and a compact satellite structure layout; the frequency band
covers multiple bands such as VHF (Very High Frequency) and UHF (Ultra High
Frequency), and includes multiple highly sensitive receiving frequency bands and
multiple high-power transmitting frequency bands. Multiple receiving and transmitting
antennas are installed on the satellite, high-power transmitting and highly sensitive
receiving loads coexist, the electromagnetic environment is particularly complex.
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Among them, the receiving load working in VHF frequency band is very sensitive and
vulnerable to electromagnetic interference from other equipment, so corresponding
EMC requirements are put forward for other equipment. Without EMC processing,
most of the stand-alone equipment on the satellite exceed the corresponding require-
ments, the most serious exceedance could reach dozens of dB [1]. In order to ensure
that the satellite can work normally according to the predetermined function design and
complete the normal mission in orbit, it is necessary to conduct the EMC test of the
whole satellite to find and confirm the interference sources, then take different sup-
pression measures for different interference sources and sensitive equipment, so as to
improve the compatibility of the satellite itself.

2 Analysis of Satellite Electromagnetic Compatibility

Electromagnetic compatibility refers to the coexistence of electrical and electronic
equipment that can perform their functions respectively in a common electromagnetic
environment. It is required that all the above equipment in the same electromagnetic
environment can work normally without mutual interference and reach the compatible
state. The system-level electromagnetic compatibility has become an objective problem
in the life cycle of the satellite [2].

The satellite integrates a large number of electronic and information equipment in
its limited space. The electromagnetic compatibility problem among these devices
through electromagnetic radiation and signal conduction has become an issue that must
be faced in system design and use [3]. A satellite is usually a huge investment. Once it
enters space, it is basically unmaintainable, making its EMC performance requirements
more stringent. It must be ensured that the satellite cannot have any electromagnetic
interference problems that affect its performance and safety during its entire life cycle.
In turn, it requires further complete verification of satellites. If it is not properly
resolved, it will not only waste a large amount of development funds, but also cause the
system to fundamentally lose its ability, which will seriously affect the satellite’s life
cycle and efficiency.

3 Treatment Scheme Proposal

For VHF band, the EMC specification of XX satellite only makes general requirements
for radiation emission of the stand-alone electronic equipment (<52 dBlV/M @ VHF),
so the electronic equipment has no protection design for RE102 limit requirements
(<5 dBlV/M) of AIS receiving band. Therefore, a requirement in EMC specification of
XX satellite follow-up platform is put forward: active single unit on-board must
undergo the RE102 test [4, 5], and the external radiation emission path of the tested
part must be confirmed, such as which cable, vacant port and shell hole slot, and the
effectiveness of rectification measures shall be verified in the single unit test.

Through stand-alone equipment EMC test, the RE102 emission characteristics of
the XX satellite electronic equipment for AIS receiving frequency band are shown in
Table 1, and the interference leakage path is located. Since the internal design of XX
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satellite follow-up platform equipment has been finalized, on the premise of minimum
modification, the main rectification measures adopted are shielding treatment for the
leakage path. Because of the gap between the brush and the motor, it is difficult to
suppress the head of the scatterometer by shielding, so shielding processing and fil-
tering method are adopted. After taking measures, the amplitude of the out-of-tolerance
signal can be greatly reduced.

3.1 Simulation Analysis of Exit Cable

There are two main factors that affect the shielding effectiveness of the module: gaps
and exit cables [6]. Through simulation analysis, it is determined that the exit cable is a
main factor that destroys the shielding of bulkhead, therefore controlling the exit cable
is a key step to improve the shielding effectiveness of the cabin.

Figure 1 shows the distribution of the field inside and outside the module when
emission frequency of cable is at 156 MHz-163 MHz. It can be clearly seen that the
exit cable caused an electromagnetic leakage. Through calculation, it is obvious that
after adding the cabin cable, the field strength of leakage increases from inside to the
outside, and vice versa. The increase range is around 20-30 dB.

3.2 First EMC Verification of Main Loads

Through the first test of satellite in EMC laboratory, it was found that when the load is
at full-main and full-back-up status, the data transmission subsystem works in the mode
of writing while wiping while playing + direct transmission. The antenna can be
deployed, unlocked and rotated by switching the working mode through load. In this
condition, verify whether the satellite subsystems are compatible. The main system
works at the sensitivity level of −111dBm, and the unpacking rate of each channel is
over 90%. Each subsystem can work compatibly.

3.3 Treatment Plan for Relevant Loads

For some satellites equipped with high-sensitivity equipment, during EMC test, the
penetration cables may bring the electric field radiation inside the module to the out-
side, and the radiation can be received by the antenna of the high-sensitivity load
system outside the module, thus affecting the reception of normal signals by the
equipment [7]. Therefore, it is necessary to find a method to suppress the electro-
magnetic leakage of penetration cables, so as to reduce its impact on the receiving
system and improve the electromagnetic compatibility of the satellite.

The processing contents mainly include: exit cable and the interior cable of relevant
equipment; cable holes, openings on bulkheads for equipment and gaps between the
module; electrical connectors and connectors of equipment are covered to suppress
electromagnetic interference coupling.
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Table 1. Statistical results of RE102 emission characteristics of on-board electronic equipment.

No. Subsystem Equipment RE102@161.94–
162.06MHz156.74–
156.86 MHz

Locate
leakage

Correction measures After
corrections

1 Avionics
subsystem

Central
processing unit

29 dBµV/m Cables and
connectors

Shielding 14dBuV/m

2 Double remote
unit

15 dBµV/m Cables and
connectors

Shielding

3 Remote
control unit

16 dBµV/m Cables and
connectors

Shielding

4 Radar
altimeter

Power supply
and
distribution
unit,
microwave
front-end,
power
amplifier unit,
numerical
control unit
and other
subsystems are
tested

56 dBµV/m Cables and
connectors

Shielding 17dBuV/m

5 Microwave
scatterometer

Scatterometer
probe head

38 dBµV/m Brush gap,
Cables and
connectors,
Head
shelter gap

Shielding + Filtering 6dBuV/m

6 System
controller

26 dBµV/m Cables and
connectors

Shielding 14dBuV/m

7 Servo
controller

35 dBµV/m Cables and
connectors

Shielding

8 Microwave
radiometer

Radiometer
probe head

50 dBµV/m Cables and
connectors,
Head
shelter gap

Shielding 7dBuV/m

9 Integrated
processor

37 dBµV/m Cables and
connectors

Shielding 16dBuV/m

10 Servo
controller

28 dBµV/m Cables and
connectors

Shielding

11 Calibration
source
controller

32 dBµV/m Cables and
connectors

Shielding

12 Calibration
radiometer

Subsystem test 23 dBµV/m Cables and
connectors

Shielding 14dBuV/m

13 Data
transmission
subsystem

Subsystem test 42 dBµV/m Cables and
connectors

Shielding 17dBuV/m
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4 Implementation Scheme

Shielding processing is an important measure to improve EMC capability. Shielding
the interference source is a way to reduce interference emission and improve its anti-
interference capability.

4.1 Exit and in-Cabin Cables of Related Equipment

The low-frequency outgoing cables and high-frequency cables are spirally coated with
double-sided aluminum-plated polyester perforated film. The cable should be wrapped
up from about 100 mm inside the cabin, and it should be as clingy as possible. The two
adjacent circles overlap by about 50%. When the double-sided aluminum-coated
polyester perforated film is not long enough, it can be lapped [8], the branch of the
cable needs to be covered and gaps are strictly prohibited. All processing needs to be
fixed firmly, loosening is strictly not allowed.

Fig. 1. Internal and external field distribution of box by internal point source excitation (from
left to right: no hatch, single hatch, with exit cable; the leakage field gradually becomes larger)
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4.2 Cable Holes, Openings for Equipment and Gaps Between Bulkheads

For non-cable holes with diameter less than 50 mm on the bulkhead, conductive copper
foil shall be directly used for sealing. The cable holes larger than 50 mm out of the
cabin shall be covered and sealed with a whole piece of double-sided aluminum coated
polyester perforated film. This requires that samples be taken in advance when
preparing materials, and the double-sided aluminum-coated polyester perforated film
should be reasonably cut to achieve the purpose of one-time molding. Two layers of
double-sided aluminized polyester perforated film are used for sealing, and the edge is
well overlapped with the structural plate, which is firmly fixed. The gaps between the
bulkhead are sealed with double-sided aluminum-coated polyester thin film single-
sided pressure-sensitive adhesive tape to ensure that the bulkhead is well lapped, firmly
fixed, and pierced [5, 9].

4.3 Electrical Connector of Equipment

The plug of the electrical connector is spirally covered with a double-sided aluminum-
plated polyester perforated film. The coverage should be as clingy as possible, with the
front and back circles overlap by about 50%.

4.4 Grounding Implementation

Good conductivity shall be ensured at the joint of double-sided aluminized polyester
perforated film of all hatch holes and gaps and bulkheads. Apply conductive copper foil
to cable holes, link the double-sided aluminum-plated polyester perforated film with the
bulkhead to ensure conductivity.

4.5 Status Check

Check whether the cable wrapping status meets the requirements, make sure lapping
and conduction processing have been done as required. If the requirements are not met,
re-coat them [10]. The coating method is shown in Fig. 2.

Fig. 2. The implementation location of a satellite load capsule
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5 Treatment Effect

After processing as required, satellite enters EMC laboratory for testing. According to
the EMC test, the electromagnetic radiation intensity of the main payload is reduced
from 27 dBlV/m to 15 dBlV/m.

Under two different working condition: full main equipment and full back-up
equipment, the test results show that the subsystem works normally in whole satellite
status, meets the requirements of coverage greater than 1000 km (corresponding
receiving sensitivity requirement of−102dBm) andmessage demodulation probability is
greater than 85% (Table 2).

The coated cable successfully reduces unintentional radiation emission level the
equipment by 15–20 dB. Compared with that before coating, the number of interfer-
ence lines after coating is significantly reduced, which meets the requirements of
satellite electromagnetic compatibility test (Fig. 3).

Table 2. Subsystem EMC test - 105dBm demodulation capability test results.

Satellite status Test
duration

Number of sent
messages

Number of
demodulated
messages

Demodulation
probability

Full main
equipment

8565 s 171300 153553 89.64%

Full back-up
equipment

9782 s 195640 172666 88.26%

Before coating

After coating

Fig. 3. Effect comparison before and after cable wrapping
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6 Conclusion

After conducting system-level EMC tests to confirm the source of interference, a
method aimed at solving the system-level shielding treatment of the entire satellite is
implemented and reasonable treatment measures are taken for relevant parts with
electromagnetic signal leakage. The method effectively solves the problem of elec-
tromagnetic interference, ensures the safety of the satellite from the perspective of
electromagnetic compatibility. The influence of electromagnetic interference on sen-
sitive equipment and the cost of satellite development is reduced, user needs are met,
and an important reference basis is provided for subsequent satellite development.
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Abstract. The reuse strategy for current satellite control software, which gives
the percentage of reuse property less than 30%, is based on software snippets.With
the rapid growth of satellite R&D missions, the development method for satellite
control software is changing to the way that consists of standard-hardware
assembly and software-defined function. The role of on-board software becomes
more important, and requirements on software become stricter as well as the
decreasing development period. The software development ability is currently
constraining the satellite development. Based on the problem aforementioned, it is
the tendency to strengthen the software productization and improve the software
reuse rate. This paper introduces the reuse method based on software product line
technology for control software of low-Earth orbit (LEO) satellite, and analyzes
the key techniques including satellite domain analysis, software architecture
modeling, component design and variability management. The application for
new satellite constellation is demonstrated and verified that more than 80% of the
reusable core asserts can be realized, while comprehensive and systematic soft-
ware reuse can be achieved for specific domain.

Keywords: Software product line � LEO satellite � Control software � Software
reuse

1 Introduction

With the increasing complexity of software system, software reuse is considered as an
important method to solve the software crisis, improve software development efficiency
and quality, and realize software engineering industrialization. Software reuse can be
divided into 4 stages: 1) code reuse, 2) components reuse, 3) design reuse and 4)
software product-line reuse. Software product-line, which was proposed by the Soft-
ware Engineering Institute (SEI) at Carnegie Mellon University (CMU), is considered
as an effective and systematic approach for implementing software reuse [1]. It is a set
of software reliant systems that share a common, managed set of features satisfying a
particular market or mission area, and are built from a common set of core assets in a
prescribed way. The engineering implementation is consist of domain engineering and
application engineering. Domain engineering is responsible for establishing the core
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assets, while application engineering focuses on satisfying requirements from specific
applications and developing the application system from the core assets [2, 6].

On-board control software is required to implement various functions, including
guidance, navigation, attitude and orbit control, for satellite. It is one of the most
important, complicated and largest software applied for the whole satellite, and it
guarantees the stability operation for spacecraft. Over 20 years of development on
satellite control software, a great number of reusable assets have been established.
However, the current software reuse method is still limited to the code snippets and
functions reuse, which leads to less than 30% of assets reuse rate. In recent years, the
development needs of common platform for LEO satellite are increasing rapidly;
therefore, significantly increasing the software reuse rate becomes extremely urgent. By
applying domain analysis, the paper describes the commonality and variability of the
LEO satellite domain. Based on the software product-line architecture, this paper
establishes the hierarchical architecture model to support the components, mission
interactions and decoupling, and to realize the standard encapsulation for the operating
system (OS) and hardware driver. Moreover, functional-level components with func-
tional unit data design is implemented. Furthermore, effect management of product-line
variable features is realized by employing the means of parameterization, information
hiding, mode abstraction, and the fast, efficient and high quality software delivery is to
be achieved eventually [2, 4, 11].

2 Domain Analysis and Modeling

The attitude control system of spacecraft is generally composed of attitude measure-
ment, control algorithm and actuators, as shown in Fig. 1. Attitude measurement
determines the spacecraft attitude. Control algorithm calculates control parameters
according to the attitude measurement information. Actuators take the control
parameters as inputs to generate torque and spin the spacecraft, which would result in
new attitude measurement to form the closed-loop of attitude control system.

Among the attitude control system, the most commonly used attitude measurement
sensors are Earth Sensor (ES), Digital Sun Sensor (DSS), Star Sensor (STS), Inertial
Measurement Unit (IMU), and Magnetometer. The category of actuators, i.e. torque
generation part, is generally divided into mass emission, momentum exchange and
environment torque. Mass emission actuators are usually jet propulsion engine (using
hot or cold gas) and electric propulsion engine, while the Reaction Wheel is a typical
actuator of the momentum exchange system. And the magnetorquer belongs to the
environment torque actuator [3].

Attitude
Measurement

Control
Algorithm Actuators Spacecraft

Dynamics
Command

Disturbance

Fig. 1. The attitude control system of spacecraft
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The major differences of attitude control system between different satellite plat-
forms and different satellites within the same platform contain the following aspects:
different communication methods and protocols because of different sensor and actu-
ator configurations; various attitude determination methods, control algorithms and
mode scheduling resulted from different working modes; differences of hardware
interface addresses and drivers resulted from the on-board computer. The differences
mentioned above also result in different telemetry and telecommand contents.

From the view of control subsystem features, the common and variable features of
the LEO satellite domain is analyzed. After choosing and abstracting the objects and
operations that describe these features, the feature model is obtained as shown in
Fig. 2. The Capability features are services and operations provided by the subsystem.
The Operating Environment features are the hardware and software runtime environ-
ment of the subsystem. And the Domain Technology features are the particular tech-
niques in the domain. In the feature model, function attributes are divided into common
features and variable features. The common features must be included in all systems,
while the variable features are classified as alternative and optional. For alternative
feature, when it appears in the product only one feature can be chosen. For instance,
one type of CPU is required. Optional features may or may not be chosen, such as
Earth Sensor, and the choice of ES should not affect the ability of the system [1, 11].

3 Software Architecture Design

The commonality and variability of domain requirements are developed as the reusable
core assets of a product line, i.e. architecture. The architecture not only reflects the
commonality of the requirements, but also supports the implementation of variability
[5, 6]. According to the domain analysis and feature modeling, hierarchy for hiding the

Fig. 2. The feature model of control subsystem
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technical details of specific functions in the layer is applied, which converts the
common requirements for the domain to the architecture implementation scheme.

As shown in Fig. 3 [7], the sensors and actuators of satellite control system are
referred to as Parts collectively. The part analysis layer and part drive layer are com-
bined into the part layer, thus the software can be separated into three layers, namely
Interface Layer, Part Layer and Application Layer, respectively. By applying hierarchy
design, the system functions can be decoupled where the lower layer is divided into
Interface Layer and Part Layer that can isolate the influence of parts and hardware
interface from the upper Application Layer. By using the idea of object-oriented
programming, each part and each interface is considered as an object which can for-
malize the software product development, control and simplify the system complexity.
The hardware and part operations in the lower layer are black boxes related to the
Application Layer. When developing the software functions, there is no need to care
about the variability of interface, part and structure complexity, which helps to elim-
inate the influence to the upper layer software functions brought by interface change
and part change [14].

The Interface Layer implements the binding of devices and drives while the Part
Layer binds the parts and protocols. By means of bindings within layers, it can achieve
the decoupling among mission logic, satellite parts and communication protocols,
maximize the commonality, and hide the information of variability, thus make the
software more general.

3.1 Interface Layer Structure

The Interface layer encapsulates and manages device drives, establishes the connec-
tions to hardware devices and achieves the interactions with the on-board computer.
The layer uses the interface as an object, and the interface objects manage interface
drives by device abstraction and drive abstraction. It hides the computer-related
hardware interface information, provides standard access methods and general con-
figuration methods, and isolates the upper layer software from the influences of
hardware variability. Figure 4 shows the structure of the communication interface layer
as an example.

Fig. 3. Control software architecture model of LEO satellite
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3.2 Part Layer Structure

The Part Layer, as shown in Fig. 5, takes satellite parts as objects. It loads part pro-
tocols to establish the mapping between parts and objects. The layer binds interface
devices and part objects by configuring interface objects. It integrates device opera-
tions, and encapsulates the operation of the part to interface devices and part protocols
as part drives, which are managed by part objects. The path from accessing part objects
to operating interface devices is established. This changes the process-oriented part
operation methods used before, makes it applicable for plug and play, and achieves the
hardware independence for the upper software applications.

3.3 Application Layer Structure

In the Application Layer, by means of decomposing function units, 4 common function
units are designed as orbit calculation, attitude determination calculation, attitude control
and attitude acquisition, and each unit is composed of several sub function units. As
shown in Fig. 6, the system is decoupled by the hierarchical management method.

Fig. 4. Structure of communication interface layer

Fig. 5. Structure of Part Layer
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4 Domain Component Design

The component design based on the domain feature model is the basic unit of the
implementation carrier and reuse of the product line. Based on the analysis and
requirements of portability, real-time, and reliability of LEO satellite control software,
domain components are designed and developed [8, 17].

4.1 Interface Design

The component follows unified interface definition of architecture, while the compo-
nent itself defines the internal and external interface for different levels of the archi-
tecture. The input and output of the component at the data level are realized through the
data interface, and the functional interface mainly realizes the function and internal
dependency provided by the external component through the functional interface, as
shown in Fig. 7.

Ground Injection 
Orbit

GPS 
Orbit

Orbit 
Elements

Satellite Orbit 
Determination

Orbit Determination 
Output Data 

Orbit Determination Function Unit

Earth Sensor 
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Sun Sensor 
Data GyroData Star Sensor 
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Earth Sensor Attitude 
Determination

Star Sensor Attitude 
Determination

Earth Sensor Dynamics 
Attitude Data

Star Sensor Dynamics 
Attitude Data

Attitude Determination Output Data

Attitude Determination Function Unit

Attitude Acquisition Function Unit

Earth SearchSun
Acquisition 

Attitude Acquisiton Output Data

Attitude Control Function Unit

Attitude Control 
Algorithm

Magnetic Torquer

Reaction Wheel

Thruster

Data Trans Antenna

Fig. 6. Structure of application layer
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4.2 Data Design

The data involved in the component operation consists of two parts, wherein the
internal data is generated internally during the component operation process, and the
interface data are external data needed by component calculation, which are generated
and provided to the external system by the component. During data acquisition and
transmission, data update and data availability should be considered. Thus the data
buffering scheme is designed, as shown in Fig. 8.

Fig. 7. Interaction model of component and architecture

Fig. 8. Information interaction service
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5 Variability Management

For the variable features of domain products, the variability management method of
Generalization + Configuration + Customization (i.e. A + B + C) is designed, wherein
A are the general reusable core asserts, B stands for the configuration parameters and C
is mission-specific code. The A + B + C method uses parameterized template tech-
nology to limit the variability of features in one or a small number of components,
which can hide the variability information of features.

The configuration interface is set in the component model and implemented in file
format. Configuration parameters can be updated statically via the configuration inter-
face and the component will read configuration information to complete component
initialization settings. During operation, dynamic configuration updates and function
refactoring can be achieved through configuring information, as shown in Fig. 9 [8].

6 Project Practical Analysis

According to the design scheme proposed in this paper, the application software of a
satellite constellation control subsystem adopts the software development mode of
A + B + C. A is the general function of LEO satellites, giving full consideration to the
common contents of the LEO satellite platform. B includes specific parameters of the
satellite and C contains the specific algorithms of the satellite. According to statistics,
part A of the satellite has nearly 35000 lines of code, and part B has 5000 lines of code
which can be generated by automated tools while part C has nearly 2000 lines of code.
The satellite customization code accounts for only 17% which also includes 12%
parameter configuration code, the whole reusing rate reaches 83%. It took only one
week to complete the software instantiation and closed-loop debugging for the fun-
damental functions. Based on the software product line of LEO satellite, the software is
capable of rapid construction and fast delivery [12, 13].

Fig. 9. The method of A + B + C

206 Q. Wu et al.



7 Conclusion

According to the development requirements of satellite control software, a unified
design scheme is proposed to realize the rapid construction of software with good
expansibility and maintainability based on the product-line technology in this paper. In
the future, technical specifications of platform software will be summarized and
formed, and instrumental management practices will be carried out for the common-
ality and variability of software, so as to further improve the efficiency and reliability of
software development.

References

1. Kang, K.C., Cohen, S.G., Hess, J.A., Novak, W.E.: A spencer petersom. Feature-oriented
domain analysis (FODA) Feasibility Study. CMU/SED90-TR-21, ESD-90-TR-222, Soft-
ware Engineering Institute, Carnegie Mellon University (1990)

2. Clements, P., Northrop, L.: Software Product Lines: Practices And Patterns. Addison
Wesley, Longman (2001)

3. Böckle, G., Clements, P., McGregor, J.D., Muthig, D., Schmid, K.: Calculating ROI for
software product lines. IEEE Softw. 21(3), 23–31 (2004)

4. Peng, X., Lee, S.W., Zhao, W.Y.: Feature-oriented nonfunctional requirement analysis for
software product line. J. Comput. Sci. Technol. 24(2), 319–338 (2009)

5. Kruchten, P.: Architecture blueprints—the “4 + 1” view model of software architecture. In:
Tutorial proceedings on TRI-Ada 1991, pp. 540–555 (1995)

6. Lee, K., Kang, K.C., Chae, W., Choi, B.W.: Featured-based approach to object-oriented
engineering of applications for reuse. Softw. Pract. Exp. 30(9), 1025–1046 (2000)

7. Mei, H., Huang, G., Zhao, H., Jiao, W.: A software architecture centric engineering approach
for Internetware. Sci. China Ser. F Inf. Sci. 49(6), 702 730 (2006)

8. Lee, K., Kang, K.C.: Feature dependency analysis for product line component design. In:
Bosch, J., Krueger, C. (eds.) ICSR 2004. LNCS, vol. 3107, pp. 69–85. Springer, Heidelberg
(2004)

9. Kang, K.C., Lee, J., Donohoe, P.: Feature-oriented product line engineering. IEEE Softw.
19(8), 58–65 (2002)

10. Witt, B.I., Baker, F.T., Merritt, E.W.: Software Architecture and Design—Principles,
Models, and Methods, p. 324. Van Nostrand Reinhold, New-York (1994)

11. Chastek, G., et al.: Product line analysis: a practical introduction. Technical report
CMU/SEI-2001-TR-001, Software Eng. Inst, Carnegie Mellon Univ., Pittsburgh (2001)

12. Moon, M., Yeom, K.: An approach to developing domain requirements as a core asset based
on commonality and variability analysis in a product line. IEEE Trans. Softw. Eng. 31(7),
551–569 (2005)

13. Halmans, G., Pohl, K.: Communicating the variability of a software product family to
customers. Softw. Syst. Model. 2(1), 15–36 (2003)

14. Hohl, P., Stupperich, M., Münch, J., Schneider, K.: An assessment model to foster the
adoption of agile software product lines in the automotive domain. In: 2018 IEEE
International Conference on Engineering, Technology and Innovation (ICE/ITMC), 17–20
June 2018

Research on Software Reuse for Satellite Control Software 207



Motion Compensation for Data Transmission
Dantenna Angle During Satellite Attitude

Maneuvering

Ding Jianzhao1(&), Mo Fan2, Cheng Li1, Zhang Tao1, Wu Rina1,
Liu Jie1,3, Yao Xinyu2, and Chen Chao1

1 Beijing Institute of Control Engineering, Beijing 100190, China
770825956@qq.com

2 Beijing Institute of Spacecraft System Engineering, Beijing 100094, China
3 Science and Technology on Space Intelligent Control Laboratory,

Beijing 100190, China

Abstract. With the sharp improvement of the satellite’s ground-to-ground res-
olution and the development of the whole satellite’s autonomous mission, the
contradiction between the observation data downloading and attitude maneuver
imaging during satellite transit has become increasingly prominent. This paper
proposes a data transfer to the ground during attitude maneuver The antenna
motion compensation technology can ensure that the normal data transmission of
the ground-based digital transmission antenna can be continued during the satellite
attitude mobile imaging, thereby improving the efficiency of satellite data use.

Keywords: Attitude maneuvering � Antenna angle � Motion compensation

1 Introduction

At present, ground-based telemetry satellites generally use ground-based digital
transmission antennas for high-speed downloading of payload data [1]. With the sharp
improvement of the ground-to-ground resolution and the development of the whole
satellite autonomous mission, the amount of payload data has increased significantly
during the satellite’s orbit. According to the current maximum transmission capacity of
the ground-based digital transmission antenna, the data recording and data playback
ratio (Recording ratio) is generally not less than 2: 1, and the use efficiency of satellites
is greatly limited.

In addition, considering that China’s satellites are mainly used for domestic ground-
based target mapping or reconnaissance, sideways maneuvers are required during
imaging to complete land cover. During attitude maneuvers, the satellite attitude
changes greatly, and it is more difficult to control the orientation of the ground digital
transmission antenna to the ground. In order to avoid data transmission during attitude
maneuvers, satellites do not perform data transmission operations during attitude
maneuvers. However, the currently available ground-to-ground digital antenna
receiving stations are all in China. During the satellite transit, there is a contradiction
between the transmission of observation data and attitude mobile imaging, which
further exacerbates the limitation of satellite use efficiency.
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In order to resolve the contradiction between the transmission of observation data
and attitude mobile imaging during the transit, a ground-to-ground digital transmission
antenna motion compensation technology during attitude mobile imaging is proposed,
which can greatly reduce the control error of the ground-based digital transmission
antenna during attitude maneuver. So as to improve the antenna use efficiency and
satellite use efficiency.

2 Calculation Method of Theoretical Angle

In the process of digital antenna control, the control subsystem calculates the tracking
antenna frame angle and angular velocity command based on the azimuth relationship
between the satellite and the ground station, and sends them to the antenna system. The
antenna subsystem executes the control instructions to achieve antenna ground tracking
(Fig. 1).

2.1 Calculation Method of Conventional Antenna Target Angle

In the calculation process, first, based on the satellite’s orbit data and ground station
data (elevation, latitude and longitude information), the position vector rs and rg which
is the satellite’s centroid and the ground station in the J2000 Inertial coordinate system
after 0.605 s (communication period) is calculated in real time, and the satellite’s
centroid is calculated The pointing ground station vector is represented in the J2000
Inertial coordinate system:

Fig. 1. Schematic diagram of antenna rotation

Motion Compensation For Data Transmission 209



rsg ¼ rg � rs

Combining the orbit calculation information and the ground-to-ground digital
antenna installation matrix, the vector of the antenna centroid pointing to the ground
station is calculated as the representation in the antenna coordinate system:

rTasg ¼ CTBCBOCOIrsg

CTB is the installation matrix for the ground-based digital transmission antenna,
CBO is the current matrix of the satellite’s center of mass coordinate system relative to
the satellite’s center of mass orbit coordinate system. COI is 0.605 s after the satellite’s
center of mass orbit coordinate system is transferred to the J2000 inertial coordinate
system.

The nominal antenna frame angles of the digital antenna around the X-axis and Y-
axis are:

aac ¼ arc tan �rTasg ð2Þ; rTasg ð3Þ
� �

; bac ¼ arc sin
rTasg ð1Þ

normðrTasg Þ

 !

The norm function is a standardized modulus function.
During normal satellite-to-ground stabilization, the attitude stability is good, and

the attitude fluctuation is small. Therefore, the attitude transition matrix CBO does not
change much, and the effect of the 0.605 s communication cycle need not be
considered.

During the maneuver of the whole star attitude, the attitude angle and attitude
angular velocity fluctuated greatly, and the attitude transfer matrix CBO changed greatly
after 0.605 s. If the current attitude transfer matrix CBO is still used, it will cause a large
deviation in the pointing angle product of the ground-based digital antenna. Affects the
ground pointing state, so the previous models generally do not control the ground
digital transmission antenna during the maneuver of the attitude.

2.2 Antenna Target Angle Motion Compensation Method

In order to solve the contradiction between the download of observation data and
attitude maneuver imaging during transit, and to improve the use efficiency of satellites,
the attitude transition matrix CBO is compensated during attitude maneuver. The main
idea is to use the current average angular acceleration to estimate the attitude angle
increase after 0.605 s. Then, the attitude deviation matrix is further calculated, and the
attitude transition matrix CBO is expected after 0.605 s, thereby improving the calcu-
lation accuracy of the antenna target angle during attitude maneuver.
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Under normal circumstances, it is calculated according to the following formula for
CBO:

CBO ¼
cos wð Þ sin wð Þ 0
� sin wð Þ cos wð Þ 0

0 0 1

2
4

3
5 cos hð Þ 0 � sin hð Þ

0 1 0
sin hð Þ 0 cos hð Þ

2
4

3
5 1 0 0

0 cos uð Þ sin uð Þ
0 � sin uð Þ cos uð Þ

2
4

3
5

u; h;w is the three-axis attitude angle (the three-axis attitude angle of the satellite
centroid body coordinate system relative to the satellite centroid orbit coordinate
system).

The current average angular acceleration is:

�axbo ¼ xbo � xbopst

Dtwindow

Among them: Dtwindow is the smoothing window time for motion compensation
acceleration can be adjusted according to the situation. If the attitude maneuvering
speed changes rapidly (such as the use of a control torque gyro for sideways maneu-
ver), the smoothing window time should be appropriately reduced. (Such as using the
momentum wheel for sideways maneuver), the smoothing window time can be
appropriately increased.

Estimated attitude error angle after 0.605 s:

duhw ¼ DtDT � xbo þ xbo þDtDT � �axboð Þð Þ
2

Where: duhw is the error attitude angle and DtDT is the communication cycle.
After calculating the error attitude transition matrix CDwbo based on the error atti-

tude angle, the estimated attitude transition matrix after 0.605 s is calculated as:

C0
BO ¼ CDwbo � CBO

Utilizing the calculated attitude transfer matrix C0
BO after 0.605 s, the vector of the

antenna centroid pointing to the ground station is recalculated as:

rTasgNew ¼ CTBC0
BOCOIrsg

According to the new antenna centroid pointing to the ground station vector, the
nominal antenna frame angles around the X-axis and Y-axis of the antenna can be
recalculated respectively:

a0ac ¼ arc tan 2 �rTasgNewð2Þ; rTasgNewð3Þ
� �

; b0ac ¼ sin�1 rTasgNewð1Þ
normðrTasgNewÞ

 !
;
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3 Simulation Results

In order to verify the correctness of the motion compensation technology, the satellite
motion dynamics simulation software is used to simulate the antenna motion com-
pensation technology. During the simulation, the simulated satellites use the control
torque gyro for side-to-side swing maneuvers under the condition of normal ground
attitude. The maximum maneuvering angular velocity is 0.5 degree/s, and the attitude
maneuvering curve is shown in Fig. 2.

In order to verify the correctness of the simulation, the attitude data from the
satellite attitude dynamics simulation results are imported into the STK simulation
module, and the STK tool is used to simulate the angle rotation of the target angle of
the antenna frame. During the STK simulation, no communication period extrapolation
is performed and only the current attitude is performed. The calculation and simulation
of the lower antenna frame angle are used as accurate data of the antenna frame angle to
analyze the antenna frame angle error (Fig. 3).

After the antenna frame angles of the antennas around the X-axis and Y-axis are
calculated by the traditional method, the simulation results are compared with the STK
simulation results.

It can be seen from Fig. 4 that the antenna frame angle calculated using the tra-
ditional method has an error of not more than 0.05° during the whole star-free roll
maneuver. During the roll maneuver, the error is enlarged to about 0.28°, at least 5
times, which seriously affects Antenna tracking effect.
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Fig. 2. Curve of attitude movement during +32° skew maneuver
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To verify the effectiveness of the improved method, the antenna frame angles
around the X-axis and Y-axis of the antenna are calculated using the improved method,
and the simulation results are compared with the STK simulation results. The antenna
frame angle error is shown in Figs. 5 and 6.
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Fig. 3. Curve of antenna frame angle calculated by traditional method
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As can be seen from Fig. 6, the antenna frame angle calculated using the improved
method has the following two results:
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Fig. 5. Curve change of antenna frame angle calculated by improved method
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(1) During the whole starless maneuver, the angle error of the antenna frame does not
exceed 0.05 degrees, which is not much different from the traditional method;

(2) During side-swing maneuver, the antenna frame angle error has no obvious change,
and the error is still better than 0.05°. Compared with the traditional calculation
method, the effect is obvious, which can greatly improve the accuracy of the
antenna frame angle calculation during attitude maneuver.

It can be seen that the use of improved methods can greatly improve the accuracy of
the calculation of the angle of the antenna frame during maneuvering without affecting
the accuracy of the calculation of the angle of the antenna frame during steady state.

4 Conclusion

During the satellite yaw maneuver, the attitude maneuver angular velocity is large. The
angle error of the antenna frame calculated by the traditional method is more than 5
times larger than that during the stable operation, which seriously affects the tracking
accuracy of the ground-based digital transmission antenna. As a result, it is generally
impossible to perform the calibration The tracking and control of ground digital
antennas on the ground seriously affects the use efficiency of satellites.

After using the improved method proposed in this paper to compensate, there is no
obvious change in the angle error of the antenna frame during the maneuver of the
whole star and during stable operation, and the error is better than 0.1°, which meets
the requirements for antenna tracking and pointing. Whether the attitude of the side-by-
side digital transmission antenna during side-to-ground tracking has a sideways
maneuver, which greatly simplifies the use of the entire satellite’s autonomous tasks
and improves the efficiency of satellite use.
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Abstract. Aiming to improve the robustness of GEPSVM to outliers, in this
paper, we propose a generalized nonparallel proximal support vector machine
based on arbitrary Lp-norm and Ls-norm (GNPSVM), where p; s[ 0. An
effective and simple iterative technique is introduced to solve GNPSVM. The
convergence of the above algorithm is also given. Experimental results support
the superiority of GNPSVM.

Keywords: Nonparallel support vector machines � Robustness � Ship
recognition

1 Introduction

Satellite imagery becomes more and more important since it provides unique insights
into various areas, such as finance, energy, and agriculture. In satellite imagery,
detection of satellite ship images has helped a lot to deal with a large variety of
applications, including ocean pollution monitoring, fishery management, natural oil
slick detection, disaster risk assessment, or even naval warfare [1–3].

With the outgrowing of new imagery, it is beyond the range of manually recog-
nizing each captured image, and therefore it generates a natural need for machine
learning algorithms to recognize ships. Support vector machine (SVM) [4, 5] is an
effective pattern recognition method in machine learning. Classical SVM performs
poor on ‘‘XOR’’ problem, therefore, generalized eigenvalue proximal support vector
machine (GEPSVM) [6] was raised and studied. Since been put proposed, its
improvement were studied extensively from various aspects [7–15].

However, all the above extensions of GEPSVM were formulated under L2-norm.
As we know, L2-norm is not robust to outliers, and it will exaggerate their effect [16].
As a robust replacement, L1-norm was usually used. L1-norm proximal support vector
machine (L1-) and its improvement were studied in [17–19] by directly using L1-norm.
They were further improved to a generalized Lp-norm GEPSVM with an effective
generalized elastic net regularization termed (GLpNPSVM). However, when
constructing a hyperplane in GLpNPSVM, the distance of a Class 1 sample to its
own hyperplane and the one of a Class 2 sample to this hyperplane may have different
importance. When the importance of the within-class and between-class distances is
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different, it is necessary to consider different norm for different classes. In addition,
when the data contain outliers, the degree of outlier effects on these two distances may
be different, which also brings the necessity of considering generalized formulation of
GLpNPSVM.

In this paper, by incorporating a generalized elastic net regularization, we propose a
generalized nonparallel proximal support vector machine (GNPSVM) based on Lp-
norm and Ls-norm, where p; s[ 0, and apply it on satellite imagery for ship recog-
nition.The proposed GNPSVM has the following characteristics: (i) GNPSVM con-
siders different norms for within-class and between-class distances, which not only
endows them with different importance, but also discriminates the degree of outlier
effects. (ii) GNPSVM is solved through a series of quadratic problems. (iii) When p; s
lie certain ranges, the above algorithm is convergent. (iv) The application of GNPSVM
on satellite imagery for ship recognition demonstrates the effectiveness and robustness.

The organization of the paper is as the following. Related works are briefly reviews
in Sect. 2. Section 3 proposes GNPSVM and gives the corresponding theoretical
analysis. Experiments on GNPSVM with other methods are given in Sect. 4. Section 5
presents concluding remarks. For notations, in n-dimensional vector space R

n, we
consider the following binary classification problem on training set
T ¼ fðx1; y1Þ; . . .; ðxm; ymÞg, where xi 2 R

n and yi 2 f1; 2g is its label, i ¼ 1; . . .;m.
Write m1 Class 1 samples by X1 2 R

n�m1 and m2 Class 2 samples by matrix
X2 2 R

n�m2 , m1 þm2 ¼ m.

2 Related Works

2.1 Gepsvm

GEPSVM [6] tried to find nonparallel hyperplanes d1ðxÞ ¼ wT
1 xþ b1 ¼ 0 and d2ðxÞ ¼

wT
2 xþ b2 ¼ 0 such that these two hyperplanes fit different classes well, where wi; x 2

R
n and bi 2 R, i ¼ 1; 2. Its within-class and between-class distances both utilized L2-

norm.
In specific, GEPSVM formulated as

min
ðw1;b1Þ6¼0

jjwT
1X1 þ e1b1jj22 þ djjðw1; b1Þjj22

jjwT
1X2 þ e2b1jj22

and min
ðw2;b2Þ6¼0

jjwT
2X2 þ e2b2jj22 þ djjðw2; b2Þjj22

jjwT
2X1 þ e1b2jj22

;

where d was a nonnegative trade-off parameter. Here djjðw1; b1Þjj22 and djjðw2; b2Þjj22
were Tikhonov regularization terms which can avoid the singularity problem.

By defining �w1 ¼ ðw1; b1ÞT , �w2 ¼ ðw2; b2ÞT and �X1 ¼ ðX1; e1ÞT 2 Rðnþ 1Þ�m1 ,
�X2 ¼ ðX2; e2ÞT 2 Rðnþ 1Þ�m2 , the above models were equivalent to

min
�w1 6¼0

jj�wT
1
�X1jj22 þ djj�w1jj22
jj�wT

1
�X2jj22

and min
�w2 6¼0

jj�wT
2
�X2jj22 þ djj�w2jj22
jj�wT

2
�X1jj22

:
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GEPSVM was solved by solving two generalized eigenvalue problems as follows

ð�X1�X
T
1 þ dIÞ�w1 ¼ k�X2�X

T
2 �w1; �w1 6¼ 0; ð�X2�X

T
2 þ dIÞ�w2 ¼ k�X1�X

T
1 �w2; �w2 6¼ 0:

Here I 2 R
ðnþ 1Þ�ðnþ 1Þ was the identity matrix. For obtained �w1, �w2, an unseen

sample x was classified according to dðxÞ ¼ argmin
i¼1;2

jfiðxÞj
wik k :

2.2 GLpNPSVM

To improve the robustness and adaptiveness, GLpNPSVM was proposed in [20]. In
specific, GLpNPSVM considered within-class and between-class distances based on
Lp-norm and incorporated the a generalized elastic net regularization term
djjwjjqq þ rjjwjj22, which was formulated as

min
�w1 6¼0

jj�wT
1
�X1jjpp þ djj�w1jjqq þ rjj�w1jj22

jj�wT
1
�X2jjpp

and min
�w2 6¼0

jj�wT
2
�X2jjpp þ djj�w2jjqq þ rjj�w2jj22

jj�wT
2
�X1jjpp

;

where r; d were nonnegative trade-off parameters. GLpNPSVM was solved similar to
LpNPSVM, and the solving algorithm was convergent when 1� p� 2 and 0\q� 2.

3 Generalized Nonparallel Support Vector Machine

3.1 Problem Formulation

We now construct a more generalized nonparallel support vector machine on top of
GLpNPSVM. To generates nonparallel hyperplanes, for any p; q; s[ 0, we consider
the following optimization problems

min
�w1 6¼0

jj�wT
1
�X1jjpp þ djj�w1jjqq þ rjj�w1jj22

jj�wT
1
�X2jjss

ð1Þ

min
�w2 6¼0

jj�wT
2
�X2jjpp þ djj�w2jjqq þ rjj�w2jj22

jj�wT
2
�X1jjss

ð2Þ

where r; d are nonnegative tuning parameters. We call the above problem as the
generalized nonparallel support vector machine (GNPSVM).

We now give the geometric meaning of GNPSVM. Take (1) as an example.
Optimizing jj�wT

1
�X1jjpp forces Class 1 close to d1ðxÞ ¼ 0 under Lp-norm measurement.

Minimizing djj�w1jjqq þ rjj�w1jj22 controls model complexity as well as avoids over-

fitting. Optimizing jj�wT
1
�X2jjss makes Class 2 far away from d1ðxÞ ¼ 0 under Ls-norm
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measurement. Thereafter, GNPSVM achieves both structural risk minimizing and
empirical risk minimizing. Choosing p; s and q on involved datasets, GNPSVM pos-
sesses adaptiveness. After getting �w1 and �w2, a new coming x is assigned by

dðxÞ ¼ argmin
i¼1;2

jfiðxÞj
wik k : ð3Þ

Clearly, GEPSVM and some of its variants are special cases of GNPSVM.
GNPSVM degenerates to GEPSVM [6] when p ¼ s ¼ 2, d ¼ 0; GNPSVM degener-
ates to LpNPSVM [17] when p ¼ s ¼ 1, r ¼ 0; GNPSVM degenerates to
L1-GEPSVM [18] when p ¼ s ¼ 1, d ¼ 0; GNPSVM degenerates to L1-NPSVM [19]
when p ¼ s ¼ 1, d ¼ 0, r ¼ 0; GNPSVM degenerates to GLpNPSVM [20] when
p ¼ s[ 0.

3.2 Solving Algorithm of GNPSVM

We here solve model (1). (2) can be solved similarly. Model (1) can be rewritten as

min
�w1

jj�wT
1
�X1jjpp þ djj�w1jjqq þ rjj�w1jj22

s:t:jj�wT
1
�X2jjss ¼ 1

ð4Þ

which is equivalent to

min
�w1

�wT
1

Pm1

j¼1

�X1j �XT
1j

j�wT
1
�X1jj2�p þ diag d

j�w1j2�q
r

� �
þ rI

 !
�w1

s:t:
Pm2

l¼1
j�wT

1
�X2ljs�1signð�wT

1
�X2lÞ�wT

1
�X2l ¼ 1:

ð5Þ

Here �X1j denotes the j-th column of �X1, j ¼ 1; 2; . . .;m1, �X2l denotes the l-th column
of �X2, l ¼ 1; 2; . . .;m2, signð�Þ is sign function, and d

j�w1j2�q
r

is the r-th diagonal element of

diagonal matrix diagð d
j�w1j2�q

r
Þ, r ¼ 1; 2; . . .; nþ 1.

We now iteratively solve (1). Assume we have obtained �wðtÞ
1 ; �wðtÞ

2 . Denote

HðtÞ ¼
Xm1

j¼1

�X1j�XT
1j

jð�wðtÞ
1 ÞT �X1jj2�p

þ diag
d

j�wðtÞ
1 j2�q

r

 !
þ rI;

hðtÞ ¼
Xm2

l¼1

jð�wðtÞ
1 ÞT �X2ljs�1signðð�wðtÞ

1 ÞT �X2lÞ�X2l:
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Then solution �wðtþ 1Þ
1 of (5) is given by

min
�w1

�wT
1H

ðtÞ�w1; s:t:ðhðtÞÞT �w1 ¼ 1

It can be easily obtained that

�wðtþ 1Þ
1 ¼ ðHðtÞÞ�1hðtÞ

ðhðtÞÞTðHðtÞÞ�1hðtÞ
: ð6Þ

Algorithm 1. GNPSVM algorithm
Input: Data 1 2,X X , parameters , , , , 0p s q , and a test sample x .
Process:

1. Randomly initialize (0)
1w , (0)

2w and iteration number 0t .
2. Repeat

(1) Compute
( 1)
1( 1)

1 ( 1)
1

t
t

t

w
w

b
by (6), and compute

( 1)
2( 1)

2 ( 1)
2

t
t

t

w
w

b
similarly;

(2) 1t t .
Until reaching the maximum iteration number or convergence.
Output: ( 1) ( 1)* *

1 21 2,t tw w w w .
Predict: Assign x according to (3).

We now discuss the convergence of Algorithm 1 for solving (1). The proving idea
is similar to that of [20].

Lemma 1: For 0\p; q� 2, we have

jjð�wðtþ 1Þ
1 ÞT �X1jjpp þ djj�wðtþ 1Þ

1 jjqq þ rjj�wðtþ 1Þ
1 jj22 � jjð�wðtÞ

1 ÞT �X1jjpp þ djj�wðtÞ
1 jjqq þ rjj�wðtÞ

1 jj22:

Proof: It can be proved similarly to [20].

Lemma 2: For s� 1, we have jjð�wðtþ 1Þ
1 ÞT �X2jjss � jjð�wðtÞ

1 ÞT �X2jjss:
Proof: It can be proved similarly to [20].

Proposition 3: When 0\p; q� 2 and s� 2, in each iteration of Algorithm 1,
objectives of (1) and (2) decrease monotonically.

Proof: It is clear by combining Lemmas 1 and 2.
Since the objective values are obviously lower bounded by 0, the algorithm is

convergent.
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4 Experiments

We apply GNPSVM to a satellite imagery data set on ship recognition. The data set
includes 4000 images from Planet satellite imagery. Each image is of the pixel 80�80
RGB, and “ship” and “no-ship” are binary labels of images. The “ship” class includes
1000 images, and “no-ship” class has 3000 images. The first 1/3 images in “no-ship”
class do not contain any ship part, which are randomly sampled from different land
cover features. The second 1/3 images are “partial ships” which only comprise a part of
one ship. However, this part does not contain enough information to make it recognized
as a ship. The last 1/3 images are the ones which are mislabeled previously by machine
learning methods. The reason for these images being mislabeled is strong linear fea-
tures or bright pixels. We select 1000 images for “no-ship” class, and randomly select
evenly numbers of images in each of the three cases. To recognize the images more
effectively, we first apply Bag-of-words (BoW) to extract features, and represent each
image by a numerical vector. In specific, for feature detection, the SIFT algorithm is
used to extract local features. The number of patch size, grid space and maximal image
size are set to 16, 8 and 1000, respectively. For feature representation, the dictionary
size is set to 100. Therefore, images are represented as 100-dimensional vectors.

After processing the ship images, we experimentally compare the proposed
GNPSVM with GEPSVM [6], PCC [9] and GLpNPSVM [20]. The parameter d in
GEPSVM, LpNPSVM, GLpNPSVM and r in GLpNPSVM and GNPSVM are selected
from 2�8; 2�7; . . .; 27; 28

� �
. p; q in GLpNPSVM and s in GLpNPSVM are taken from

f0:1; 0:5; 1; 1:5; 2; 5g. We select each parameter optimally by grid search technique
combining with 5-fold CV. Classification accuracy is used as the measurement of
performance.

To estimate the effectiveness of GNPSVM, 50% images of each class are randomly
selected for training, and the remaining images are for testing. After the training images
are represented by vectors using BoW, we apply all the NSVM classifiers to the
training data and optimal parameters are obtained. Then the labels of the processed test
images are predicted by the trained SVMs. The corresponding accuracies are shown in
the first row of Table 1. We observe that our GNPSVM performs other better than
other methods. Especially, GNPSVM owns higher accuracy than GLpNPSVM shows
that the utilizing different measures will improve the performance.

Table 1. Classification accuracies of GEPSVM, PCC, GLpNPSVM and GNPSVM.

Data GEPSVM PCC GLpNPSVM GNPSVM

Original data 90.9 93.80
Noise data b20 91.00 83.80 91.00 94.30
Noise data b30 91.10 87.30 90.10 95.80
Noise data g20 90.00 86.70 90.40 94.30
Noise data g30 89.40 86.20 90.30 94.50
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To see if GNPSVM is robust, different kinds of noise are added on all training
images. We first add rectangular block of random length and width at random position
that covers 20% or 30% area of each training image. The 20% case is shown in Fig. 1(a),
and all the classification models are further applied to the occluded training data to learn
optimal parameters. Then the test accuracies are computed by the above obtained
models. The corresponding accuracies are shown in the second and third rows of
Table 1. From the table, we see our GNPSVM performs better than other methods. This
observation indicates that GNPSVM is robust.

We then add rectangular Gaussian noise with 0 mean and 0.1 variance of random
length and width at random position that covers 20% or 30% area of each training
image. The 20% case is demonstrated in Fig. 1(b), and its classification accuracies are
listed in the fourth and fifth row of Table 1. The results support the above observation
that our GNPSVM achieves better robustness.

5 Conclusion

A generalized nonparallel proximal support vector machine (GNPSVM) by employing
Lp-norm and Ls-norm (p; s[ 0) was proposed in this paper, and its application on
satellite imagery for ship recognition was studied. GNPSVM used different norms to
measure within-class and between-class distances, and therefore achieved adaptiveness.
How to accelerate the training speed of the proposed algorithm and how to apply it to
other machine learning problems are our further work.

(a) 20% occluded images 

(b) 20% Gaussian noise images 

Fig. 1. Sample noise images of the ship data set. The first row is the images that containing a
whole ship, and the second row are other images.
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Frequency Fluctuation for Satellite Data
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Abstract. Bit error rate (BER) may get worse, when the received spectrum of
signal fluctuates in satellite data transmission system. It has set up three typical
amplitude-frequency (AF) fluctuation models which are linear, zigzag and
sinusoidal type. The whole link simulation model is established and the effect of
the fluctuations is researched. It’s demonstrated that the affection of the fluc-
tuation could be decreased by improving the input signal to noise (SNR), if the
AF characteristic is linear which represents a simple case. However, The BER
performance of sinusoidal type deteriorates rapidly and improved hardly with
the increase of SNR. In order to stabilize the satellite data transmission link and
acquire expected BER performance, the AF fluctuation should be restricted
strictly. It is suggested that if the fluctuation is less than 3 dB, better BER
performance could be achieved by a small increase of input SNR. It’s instruc-
tional for the system design and verification of satellite high rate data
transmission.

Keywords: Amplitude-Frequency fluctuation � Data transmission � Bit error
rate

1 Introduction

When the satellite is running in orbit, due to some factors, the signal gain in the
transmission band may fluctuate (i.e. “amplitude-frequency fluctuation”). It will result
in the distortion of the received signal spectrum relative to the normal modulation
envelope, which will have a certain impact on the data transmission and the perfor-
mance of bit error rate.

In order to analyze the influence of amplitude-frequency fluctuation characteristics
quantitatively, three types of mode have been setup: linear type, zigzag type and
sinusoidal type. The corresponding amplitude-frequency characteristics are hypothe-
sized, and then the complete channel of data transmission link from source to receiver
under QPSK modulation is simulated and analyzed.
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2 Channel Amplitude-Frequency Fluctuation Model

In order to complete the analysis of the influence of the amplitude frequency charac-
teristics on the data transmission system, it is necessary to simulate the spectrum
fluctuation phenomenon, and carry out quantitative research through the simulation of
the whole link performance of the satellite to ground data transmission system. At the
same time, in order to improve the simulation calculation speed, it assumes that the bit
rate of baseband data is 150Mbps, the modulation mode is QPSK (75Mbps for I-
channel and Q-channel respectively), and the carrier center frequency is 1.2Ghz.

There are many factors to the channel amplitude-frequency fluctuation, including
not only the modulator, filter, amplifier, the wireless transmission link, the affection of
the satellite body to the antenna pattern and so on [1–3]. These factors are simulated
through three typical spectrum fluctuation channels: linear type, zigzag type and
sinusoidal type. The amplitude-frequency characteristics of the channel is shown in
Fig. 1. “f0” is the center frequency of the carrier, “f0 ± 75 MHz” is the cut-off fre-
quency.“A” describes the magnitude of the spectrum fluctuation. When the value of
“A” is 0, it means that there is no fluctuation in the transmission bandwidth.

The linear model indicates that the amplitude-frequency characteristics changes
linearly, representing a relatively regular situation; the zigzag model indicates an
approximately linear change; the sinusoidal model represents a situation that changes
irregularly.

3 Data Transmission Link Model

In terms of function, the whole data transmission system can be divided into several
parts such as transmitter, transmission channel and reception [4, 5], In order to research
the influence of amplitude-frequency fluctuation on the receiving performance of the
data transmission system, it simplifies the whole satellite ground link into several links,
such as source, QPSK modulation, Additive Gaussian White Noise, amplitude-
frequency fluctuation characteristics filter, QPSK demodulator, receiver. Without
considering the channel coding, the affection to the amplitude- frequency character-
istics caused by the modulator, filter, amplifier, antenna and environment is simulated
by a “amplitude frequency fluctuation characteristic filter”. When the ideal QPSK
modulation signal passes through this “filter”, the spectrum fluctuation phenomenon
will be produced. BER is an important performance measurement parameter of digital

Fig. 1. Typical amplitude-frequency fluctuation models
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communication system [6]. It’s used to evaluate the influence of amplitude-frequency
fluctuation on data transmission link.

Based on the above ideas, it establishes a complete link model of the data trans-
mission system from the source to the receiver, as shown in Fig. 2. The “random
source” part is responsible for generating pseudo random binary source, the “QPSK
modulation” part is responsible for modulating the source, and the “QPSK demodu-
lator” is the inverse process. AWGN noise and amplitude-frequency fluctuation char-
acteristic filter generates AWGN noise and amplitude-frequency fluctuation
respectively. Finally, the error rate can be calculated by comparing the received
symbols with the source. The ratio of each information energy to noise density Eb/N0

(SNR) determines the bit error rate level of the system [7, 8]. By adjusting the SNR of
the input signal to the “amplitude frequency fluctuation filter”, the BER curve could be
obtained.

4 Simulation Analysis

According to the three amplitude-frequency fluctuation characteristics, the corre-
sponding filters are designed. In the simulation calculation, the value of “A” is
0 * 7 dB, and the step value is 1 dB. For the zigzag model, “A0” is fixed at 7 dB.
According to the model and analysis method in Chapter 3, the BER curve is obtained.
The BER curves of linear, zigzag and sinusoidal amplitude-frequency fluctuation
models affected by the data transmission system are shown in Fig. 3, Fig. 4 and Fig. 5,
respectively. The SNR is the input value of the “amplitude frequency fluctuation
characteristic filter”.

For the linear amplitude-frequency fluctuation model, it can be seen from Fig. 3
that: (1) when the amplitude-frequency fluctuation is within 3 dB, there is no signifi-
cant difference in the performance of BER; (2) in the presence of amplitude and
frequency fluctuation, better BER performance can be achieved by improving the input
SNR.

Fig. 2. Simulation mode of the effect of AF fluctuation on data transmission system
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For the zigzag amplitude-frequency fluctuation model, it can be seen from Fig. 4
that the overall BER performance is poor, and when the amplitude frequency fluctu-
ation changes, the BER performance does not change much.

For the sinusoidal amplitude-frequency fluctuation model, it can be seen from
Fig. 5 that: (1) when the amplitude-frequency fluctuation changes, the BER perfor-
mance changes greatly; (2) when the amplitude frequency fluctuation is less than 3 dB,
the same BER performance can be achieved at the expense of smaller SNR; (3)when
the amplitude-frequency fluctuation is further increased, even if the input SNR is
increased, it is difficult to achieve better BER performance.

Fig. 3. BER of linear type of amplitude-frequency fluctuation

Fig. 4. BER of zigzag amplitude-frequency fluctuation
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In addition, the BER performance of each channel fluctuation characteristics model
is worse than the ideal situation. The reason for this inherent deviation is that the filter
module which simulates the channel fluctuation features, introduces the phase- fre-
quency characteristics fluctuation interference, in addition to the required amplitude-
frequency characteristics fluctuation. It does not affect the simulation analysis
conclusion.

5 Conclusion

Aiming at the increase of BER performance in data transmission system affected by the
amplitude-frequency fluctuation, three typical simulation analysis models of channel
and the whole link are established. The influence of amplitude-frequency fluctuation
characteristics on the BER performance of QPSK system is quantitatively researched.

(1) The BER performance gets worse when the amplitude-frequency fluctuation
increases. The affection of the linear amplitude-frequency fluctuation can be
decreased by improving the input SNR. The BER performance of zigzag line is
worse, which is improved slightly as the input SNR increased. The BER per-
formance of sinusoidal type is sensitive to the amplitude-frequency fluctuation,
which deteriorates rapidly when the amplitude-frequency fluctuation gets worse.

(2) For linear and sinusoidal fluctuation models, when the amplitude-frequency
fluctuation is less than 3 dB, the BER performance of the system deteriorates less,
and better BER performance could be achieved by sacrificing a smaller SNR.

Therefore, in order to ensure the stability of satellite to ground data transmission
link, it is necessary to control the amplitude-frequency fluctuation characteristics of the
channel strictly. For the system design, it should be considered that the influence of
modulator, filter, amplifier, antenna, satellite body environment, wireless transmission
channel and other factors. For the system verification, it should be carried out for the
complete operation mode on orbit.

Fig. 5. BER of sinusoidal type of amplitude-frequency fluctuation
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A Test Method for Satellite Autonomous Flight
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Jiao Rong-hui(&) and Duan Chuan-hui

China Academy of Space Technology, Beijing 100094, China
4028212@qq.com

Abstract. Satellites with chemical propulsion systems have a basic 1:1 rela-
tionship between propellant weight and satellite dry weight, while satellites with
full-electric propulsion have a significant reduction in satellite weight but a long
orbital transition, while satellites with hybrid propulsion systems combined with
chemical and electrical propulsion can balance between the two. After the
satellite separates from the carrier rocket. it first carries on the chemical
propulsion to change the orbit, then throws off the chemical propulsion, reduces
the weight, then carries on the full electric propulsion to change the orbit. The
whole transfer orbit has a long duration and complex working condition, which
requires satellite to complete independently. In this paper, a closed-loop test and
verification method for autonomous flight is designed to establish the operating
environment of the satellite during autonomous flight State, simulate all kinds of
excitation signals needed during autonomous flight of satellite, at the same time,
simulate the load characteristics of various driving signals by satellite, and
realize the full closed loop test of autonomous flight.

Keywords: Propulsion � Autonomous flight � Testing � Closed loop

1 Foreword

With the development of modern industry towards standardization and intelligence, the
idea of satellite design is also aimed at hardware standardization and modularization,
and the design idea of software definition function evolves, which makes the satellite
function more flexible and the satellite working complexly by software reconstruction.
Limited by the arc of Telemetry and Tele-command and navigation coverage area, the
idea of on-board design is to reduce the ground intervention and make the satellite
complete independently.

In the design of autonomous flight control strategy, we should not only consider the
normalflowautonomous control, but also consider the treatmentmeasures under the fault,
which makes the control strategy logic complex, many branches. Support verification is
not sufficient, untrue,may lead to failure of the task. Therefore, it is very important to carry
out the testing and verification process of satellite autonomous flight [1].
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2 Satellite Autonomous Flight Strategy

Satellite autonomous flight strategy mainly includes satellite autonomous orbit deter-
mination strategy, satellite attitude autonomous closed loop control strategy, satellite
energy autonomous management strategy, satellite thermal control autonomous man-
agement strategy and so on.

2.1 Autonomous Determination of Orbit

The on-orbit computer calculates the orbit of the satellite and obtains the orbit infor-
mation according to the position and velocity information of the satellite in space
obtained by the GPS or BD navigation terminal. Orbital information is the basis of
satellite autonomous flight strategy design. The orbit information needs to be trans-
mitted to the ground in real time, so that the ground can be monitored in real time in the
face of the satellite orbit state, and the abnormal intervention is found in time.

2.2 Attitude Autonomous Closed Loop Control

The general idea of satellite controller attitude closed loop control is to measure the
satellite triaxial angle and angular velocity in real time through the sensor. The satellite
controller carries on the comparison calculation according to the measurement result
and the attitude requirement, outputs the control pulse to the satellite actuator. After the
actuator control is completed, the sensor measures the satellite triaxial attitude again.
The controller realizes real-time closed-loop control of satellite attitude by this way.

The attitude control mode varies according to the different stages of the satellite,
and the use of sensors and actuators varies. The satellite eliminates the interference
moment, stabilizes the attitude by chemical thruster during the transition orbit chemical
propulsion. The satellite completes the attitude real-time maneuver according to the
electric propulsion ignition strategy, completes the whole star angular momentum
management, and the executive mechanism is an electric thruster [2].

2.3 Energy Autonomous Management

According to the satellite working condition, the charge and discharge control of the
battery group and the cell balance control of the battery group are completed, and the
energybalanceof the satellite and the fault disposal of the energy systemare completed [3].

2.4 Thermal Autonomous Management

According to the temperature of each temperature measuring point on the star, com-
plete the heater switch state setting. When the total power of the heater exceeds the
thermal control power limit, according to the satellite temperature distribution area
control strategy, turn off part of the heater maintain the thermal control power does not
exceed the total power limit.
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3 Autonomous Flight Test Programmers

3.1 General Programmers

In order to verify the whole-star autonomous flight control strategy, as far as possible to
ensure that the real satellite products and hardware links to participate in the test,
cannot participate in the test of on-board equipment, ground simulator or equivalent to
simulate its function or performance to complete closed-loop control [4].

The schematic diagram of autonomous flight test is shown in Fig. 1. The com-
pletion of satellite autonomous flight testing requires four parts of testing equipment,
namely, ground testing equipment, digital testing system, digital satellite and autono-
mous flight simulator.

The test digitization system completes the state setting for the real satellite, the
ground test equipment and the digital satellite. To realize the design of autonomous
flight test flow, and make each work can modules in series to achieve automated
testing. In addition, the system can predict and compare and analyze the important
parameters such as satellite orbit attitude, predict the Telemetry and Tele-command
area and energy balance state, and display the predicted and compared results intu-
itively through the form of curves and charts.

The ground test equipment includes ground power supply equipment, Telemetry
and Tele-command equipment and satellite function equivalent equipment or equiva-
lent load, control system sensor excitation source, etc. It belongs to the necessary
ground equipment for satellite testing. On the one hand, the ground test equipment
completes the basic power supply and Telemetry and Tele-command functions of the
satellite; on the other hand, it completes the cutting of each working condition during
the autonomous flight of the satellite Change the required excitation signals to meet the
conditions or thresholds required for satellite conversion [5].

On the one hand, digital satellite needs analog satellite subsystem model, which can
receive ground remote control instruction or autonomous instruction, and respond
according to each subsystem model, at the same time output satellite telemetry
parameters. On the other hand, it needs to encapsulate satellite control strategy and
satellite management algorithm, which can output related control and management
results [6].

The flight environment simulator needs to provide a satellite operating environment
model, including launch vehicle model, ground Telemetry and Tele-command station
model, GPS and BD navigation satellite model and relay satellite model. The simu-
lation results of the model are lost on one hand the simulation parameters are set up for
the digital satellite, on the other hand, the control parameters are output to the ground
test equipment [7].
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3.2 Test Method

3.2.1 Orbit Projected
Firstly, the dynamics model of satellite orbit is established, that is, the behavior of
satellite orbit maneuver and maintenance is affected by the gravity of the earth, J2
perturbation, atmospheric drag perturbation, etc. Secondly, the satellite orbit control

Fig. 1. Schematic diagram of autonomous flight test scheme
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algorithm is encapsulated as the input of the satellite orbit model, and the satellite orbit
is expected to be output in the next 2 h or real time, compared with the real satellite
dynamics orbit, and the comparison result is output to the satellite orbit model, and the
model is modified to gradually approximate the real orbit. Its control logic is shown in
Fig. 2.

3.2.2 Attitude Closed-Loop Control Test
The satellite establishes the attitude dynamics model, the dynamics outputs the exci-
tation signal to the sensor signal source, the signal source outputs to the satellite sensor
circuitry, the sensor circuitry calculates the attitude angle and the angular velocity
information to the satellite controller the controller outputs the control pulse signal
according to the satellite attitude measurement result according to the predetermined
control strategy, the pulse signal outputs to the ground for shaping and collecting,
outputs to the ground attitude dynamics, the attitude dynamics carries on the action and
outputs the new measurement result to the ground signal source, thus completes the
closed loop control. The schematic diagram of the closed loop test is shown in Fig. 3.

Fig. 2. Logical diagram of projected control of orbit
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3.2.3 Thermal Closed Loop Test
Satellite autonomous flight requires temperature as a threshold determination condition
or trigger signal, the ground test system can automatically respond to the satellite heater
on-off instructions, when the heater is on or off, the ground thermistor equivalent
outputs the temperature change signal according to the resistance model.

In order to ensure the whole star energy security, the total power of the thermal
control subsystem is controlled. When the heater turns on the total power over the
upper limit of the total thermal control power, the satellite disconnects part of the heater
according to the design strategy according to the temperature conditions of each region
and equipment of the satellite at that time to ensure the satellite energy security.

3.2.4 Telemetry and Tele-Command Closed Loop Test
According to the satellite orbit model, attitude model, antenna model and ground
Telemetry and Tele-command station model, the satellite Telemetry and Tele-
command coverage area is predicted, the result is output to the ground Telemetry and
Tele-command equipment, the electrical ground support equipment (EGSE) is con-
trolled by the expected result of the TMTC coverage area, and the closed loop control
of remote control and telemetry up and down is completed. At the same time, the
satellite delay telemetry scheme is verified.

3.2.5 Energy Closed Loop Test
According to the satellite orbit model, attitude model and solar wing model, the satellite
power output model is simulated, and the model output results are output to the ground
solar square array simulator, and the ground storage battery simulator simulates the
satellite battery pack charge and discharge model to verify the satellite battery pack
charge and discharge control strategy [8, 9].

3.2.6 Actuator Closed Loop Test
For the operation of the actuator during the autonomous flight of the satellite, the
ground set up the actuator to simulate the load, simulate the electrical characteristics of
the actuator load, and complete the closed loop control of the actuator.

Fig. 3. Schematic diagram of attitude closed loop test
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4 Application Scenario

4.1 Test Validation Scenario

Under the test and verification scenario, the digital satellite and autonomous flight
simulator work, and the digital satellite encapsulates the satellite model, satellite control
strategy and satellite management strategy. The operational orbit model, launch vehicle
model, ground Telemetry and Tele-command station model, GPS and BD navigation
satellite model and relay satellite model are established according to the operating
environment state of the satellite. All relevant operations involving real satellites,
ground test equipment and digital satellites are performed through the test digitization
system.

The test steps are as follows:
Step 1: Complete the test start time state setting through the test start time state

setting module, set up the real satellite, ground test equipment and Digital satellite
status.

Step 2: through the flight environment simulator to complete the boundary and
other constraints of satellite operation, the results are output to the satellite model,
ground test equipment and digital satellite.

Step 3: Complete wired PCM full-time telemetry comparison, real tracking down
telemetry comparison and 2-hour (time can be set) orbit prediction three state com-
parisons through the running state comparison module.

Step 4: Test digital system data display module dynamic display comparison
results, such as out of range to give alarm tips.

To simulate satellites by sending instructions on the ground to real satellites,
ground equipment and digital satellites a fault to verify the correctness of the whole-star
FDIR autonomous disposal strategy [10].

4.2 Flight Control Scenario

In the application scenario of satellite flight control, digital satellite encapsulates
satellite model, satellite control strategy and satellite management strategy. According
to the state of satellite operating environment, the operating orbit model, launch vehicle
model, ground Telemetry and Tele-command station model, GPS and Beidou navi-
gation satellite model and relay satellite model are established.

The test steps are as follows:
Step 1: through the test start time state setting module to complete the test start time

state setting, set the digital satellite state.
Step 2: Receive the information of operating environment during satellite flight

control in real time, and modify the setting module of operating bad state of autono-
mous flight simulator the result is output to digital satellite.

Step 3: Complete the real tracking down telemetry comparison and 2 h (time can be
set) orbit prediction by running state comparison module.

Step 4: Test digital system data display module dynamic display comparison
results, such as out of range to give alarm tips.
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5 The End

In this paper, a closed-loop test and verification method for autonomous flight is
designed to establish the operating environment state of the satellite during autonomous
flight, to simulate the various excitation signals needed during the autonomous flight of
the satellite, and to simulate the load characteristics of the various driving signals
output by the satellite.
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Abstract. In this paper, the influence of carrier phase noise on the performance
of modulation and demodulation in satellite communication downlink is simu-
lated and analyzed. The influence trend of carrier phase noise on demodulation
of different sampling rates and symbol rates under specified modulation mode is
elaborated. We have come to the conclusion that: the influence of carrier phase
noise on performance of specified modulation mode is related to sampling rate
and symbol rate, and is also closely related to parameter setting of receiving
system. Therefore, if we want to restrict the influence of carrier phase noise of
transmitter on final demodulation performance, we need to consider different
code rates have different influence of the phase noise on the performance under
specified modulation mode. Meanwhile, we need to consider the whole trans-
mission link, not only the transmitter itself, but also the relevant design
parameters (loop form, bandwidth setting and damping coefficient setting) of the
receiving system should be carefully designed and constrained to minimize the
influence of carrier phase noise on modulation and demodulation performance.

Keywords: Satellite downlink � Carrier phase noise � Modulation and
demodulation � Performance influence

1 Foreword

In satellite down-link data transmission, because of the low baseband frequency, it is
not suitable for wireless transmission, baseband signal needs to be modulated to the
carrier of higher frequency band, such as S, X and Ka band. The higher the carrier
frequency is, the more difficult it is to control the phase noise, and the higher frequency
will cause higher cost of improving the carrier phase noise. Therefore, in the single
machine and system design, it is necessary to accurately analyze and evaluate the
influence of carrier phase noise on performance, in order to give the optimal carrier
phase noise index.
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2 Definition of Carrier Phase Noise

In general, a single frequency sinusoidal signal should be a single pulse in the fre-
quency domain. However, in practice, due to the influence of device performance
(oscillator noise, VCO noise), power supply and PLL, low noise of the carrier will be
raised. Generally, the closer the signal frequency is, the higher the noise will be.

The normalized phase noise spectral density L Dfð Þ is used to characterize the
carrier phase noise. It is defined as follows:

L f � fcð Þ ¼ 10 log Sc fð Þ=Sc fcð Þ½ � ð1Þ

Among Sc(f) is the power spectral density at distance from carrier frequency f, Sc(fc)
is the carrier power spectral density.

The phase noise measured by spectrometer or special phase noise tester is the
normalized phase noise spectral density L(Df), the Fig. 1 shows the phase noise figure
measured with phase noise tester.

Phase noise in the time domain can be characterized as phase jitter. According to
the definition of phase noise, clock jitter can be calculated by following formula:

RMS he f 1 to f 2
�
�

� � ¼ 1
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
Z f 2

f 1
10

L fð Þ
10 df

s

ð2Þ

Formula 2 gives the calculation formula of phase jitter in the specified frequency
band (f1 ! f2).

In order to see the correlation between time and frequency domain more intuitively,
Fig. 2 shows the ideal carrier and carrier affected by phase noise.

Fig. 1. Actual measurement diagram of phase noise.
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3 Analysis of the Influence of Carrier Phase Noise
on the Performance of Modulation and Demodulation

3.1 Phase Jitter Caused by Carrier Phase Noise

The phase jitter corresponding to specified phase noise can be calculated by formula 2.
Taking the phase noise given in Table 1 as an example:

Through the method of piecewise linear integration, it can be obtained that the
phase jitter represented by the phase noise in Table 1 is 3.59°, and the change of 8PSK
modulation constellation caused by the phase jitter of 3.59° is shown in Fig. 3(left).
The changes of 8PSK modulation constellation (phase jitter is 9.89°) caused by phase
noise (−50 dBc/Hz@100 Hz, −60 dBc/Hz@1 kHz, −70 dBc/Hz@10 kHz, −90
dBc/Hz@100 kHz and −110 dBc/Hz@1 MHz) is shown in Fig. 3(right).

Fig. 2. The influence of carrier phase noise in frequency and time domain.

Table 1. Specified phase noise.

No. Frequency offset to carrier Phase noise

1 100 Hz −60 dBc/Hz
2 1 kHz −70 dBc/Hz
3 10 kHz −80 dBc/Hz
4 100 kHz −90 dBc/Hz
5 1 MHz −110 dBc/Hz
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3.2 The Influence of Carrier Phase Noise on the Performance
of Transmitter from the Receiver

Transmission path of phase noise between the transmitting and receiving systems is
shown in the Fig. 4. Carrier (LO) and baseband data are mixed to obtain the RF signal,
which is sent to the demodulator after power amplification, antenna transmission/
reception, power amplification and down conversion [4].

Amplifiers, receiving and transmitting antennas do not have a significant impact on
phase noise, so they are not considered in the analysis. For the mixer, phase noise is
added to its two inputs, and the output phase noise is the sum or difference of the input
phase noise. This paper only analyzes carrier phase noise of transmitter, so it can be
considered that carrier phase noise of transmitter is linearly transmitted to modulator
through the transmission link. The conventional processing flow of demodulator is:
filtering, AD sampling, carrier synchronization, bit synchronization and frame syn-
chronization. Finally, the data output after frame synchronization is sent to the sub-
sequent processing, as shown in Fig. 5 [1].
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Fig. 5. Processing flow of demodulator.
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Fig. 4. Carrier phase noise transmission path.

Fig. 3. 8PSK constellation by phase jitter 3.59° (left) and 9.89° (right).
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In order to analyze the final influence of carrier phase noise at the receiver, com-
puter simulation is used to understand the processing flow of demodulator, and the
software simulation flow is shown in the Fig. 6 [3].

The sampling rate and modulation mode used in the simulation are as follows.

• Sampling rate: 100 Mbps;
• Modulation/demodulation mode: 8PSK;
• Symbol rate: 25 Mbps;
• Shaping factor: 0.5.

On this basis, the influence of given phase noise on performance is simulated.

1) Simulation Example 1
The phase noise is as Fig. 3(right). Figure 7 (left) shows the constellation output of the
simulation program after bit synchronization on the specified phase noise and simu-
lation input conditions. It can be seen that the constellation output through bit syn-
chronization is obviously better than that shown in Fig. 3(right).

2) Simulation Example 2
The input boundary condition is the same as that of example 1. The phase noise is
shown below, and the near-end phase noise is further deteriorated (100 Hz).

Figure 7(right) shows the constellation output by the demodulation simulation
program after bit synchronization under the phase noise in example 2.
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on diagram
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Fig. 6. Simulation flow chart.

Table 2. Specified phase noise (condition 2).

No. Frequency offset to carrier Phase noise

1 100 Hz −30 dBc/Hz
2 1 kHz −60 dBc/Hz
3 10 kHz −70 dBc/Hz
4 100 kHz −90 dBc/Hz
5 1 MHz −110 dBc/Hz
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3) Analysis of Simulation Results
It can be obtained from two simulation examples that the output constellation of
demodulation is better than the result when only the phase jitter caused by phase noise
is considered at the transmitter. At the specified sampling rate (100 MSPS) and symbol
rate (25 Msps), the modulation and demodulation performance is not sensitive to the
near-end phase noise. The main reason is that the PLL is used to track the changes of
input in carrier syn-chronization and bit synchronization, and the best sampling posi-
tion is obtained by PLL and interpolation, especially in the case of bit synchronization.
The loop band-width of the bit synchronous PLL is related to the sampling rate and
symbol rate. In the simulation, the loop bandwidth is 0.005 � sampling rate (i.e.,
0.5 MHz).For the phase noise of PLL bandwidth, PLL can track the change of input
phase noise, in this way, reducing the influence of phase noise on demodulation
performance.

Figure 8 and Fig. 9 respectively show the system transfer function and error transfer
function of typical second-order loop under different damping coefficients f. Due to the
existence of loop filtering, the system transfer function T xð Þj j shows low-pass prop-
erty, while error transfer function E xð Þj j shows high-pass property [2].

Fig. 8. System transfer function of a typical second-order loop with different damping
coefficients.

Fig. 7. Constellation after bit synchronization (example 1 left and example 2 right).
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In theory, the untracked phase noise after PLL can be expressed as follows:

WO ¼ Wi E xð Þj j2 ð3Þ

amongWi is the input noise,Wo is the output untracked noise, E xð Þ is the error transfer
function.

To verify the above analysis, under the phase noise specified in condition 2.
The simulation results are shown in Fig. 10, with the sampling rate of 10 MHz,

while symbol rate of 2.5 Msps, sampling rate of 1 MHz, while symbol rate of 250 ksps
and sampling rate of 100 kHz, while symbol rate of 25 ksps.

Generally, the loop bandwidth of bit synchronization is between 1% and 1‰ of the
symbol rate, and the phase noise above this frequency has a great influence on the
system performance. For example, if the symbol rate is 2.5 Msps, 1‰ is 2.5 kHz. It can
be roughly considered that it is sensitive to phase noise above 1 kHz, and the quali-
tative estimation of the impact of phase noise on performance can be made.

Fig. 9. The error transfer function of a typical second-order loop with different damping
coefficients.
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4 Conclusion

This paper analyzes the influence of carrier phase noise on transmission performance in
satellite downlink, and the following conclusions can be drawn:

a) The influence of carrier phase noise on performance of specified modulation mode
is related to sampling and symbol rate. The same phase noise has different influ-
ence on links of different rates, and low-data rate transmission is more sensitive to
the near-end phase noise than the high-speed transmission.

b) Furthermore, the influence of carrier phase noise of transmitter on performance
under specified modulation mode is closely related to parameter setting of
receiving system (PLL, loop bandwidth, the damping coefficient, etc.).

Therefore, if we want to restrict the influence of carrier phase noise of transmitter
on final demodulation performance, we need to consider different code rates have
different influence of the phase noise on the performance under specified modulation
mode. At the same time, we need to consider the whole transmission link, not only the
transmitter itself, but also the relevant design parameters (loop form, bandwidth setting

Fig. 10. Constellation at different sampling rate and symbol rate.
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and damping coefficient setting) of the receiving system should be carefully designed
and constrained to minimize the influence of carrier phase noise on modulation and
demodulation performance.
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Abstract. As a new type of satellite communication, satellite data link has
attracted more and more attention from various countries. This article aims to
discuss the channel coding simulation method of satellite communication data
link based on big data, in order to provide a solution for further improving the
reliability of tactical data link. This paper presents a satellite data link system
solution based on LDPC encoding. After simulation, it is found that under the
AWGN channel, the error performance of the LDPC (1008,504) data link when
the Eb/N0 is greater than −0.6 dB is better than that of the JTIDS type system.
When the bit error rate is 10–5, the LDPC data link system has an advantage of
about 5 dB. As an alternative code group for channel coding technology, LDPC
codes can improve the transmission reliability of the data link, and have certain
application prospects in tactical data links.

Keywords: Data link � Satellite communication � Channel coding � Simulation
method

1 Introduction

Satellite communication is very important technology in modern social production and
living, especially with the development of science and technology, the popularity of big
data, has become a part of the People’s daily life [1]. Through collecting the signal
from all kinds of ground station and widespread use of microwave transmission, can
achieve a wide range of coverage. With the rapid development of world military
science and technology, information technology as an important basis, integrating the
system as a basic method, and effective control as a basic target, it will continue to
promote the war and the strategic pattern of change in many aspects. The most
prominent feature is the increasing dependence on information [2, 3]. Among the
numerous technical means of close combination of communication and command and
control, one with outstanding performance and potential is data link [4]. But the tra-
ditional communication can not meet the demand of information system. Tactical data
link system can improve the ability of combat troops informatization, including channel
coding technology is one of the key technologies of message transmission reliability.
Data link is the biggest different with general communication system not only provide a
communication channel (wireless communications equipment), also provide format of
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the data and control packets (wireless communication protocols and application pro-
tocol), directly connected specific weapons of command and control, control system,
can real time receiving and sending all kinds of information and instructions, achieve
end-to-end control [5, 6].

Satellite data link refers to using satellite communication channels, with special
communication protocol and message format, real-time battlefield command and
control, information transmission, and other information, to provide a wide range of
connecting the combat troops and weapons platform command center system [7, 8]. As
the core of today’s military information technology, data link technology has received
great attention from all countries for its strategic and tactical importance since it entered
the military arena. With the development of science and technology and the deepening
of information warfare and electronic warfare, countries are becoming more and more
dependent on data links. It is expected that the role of data links in future wars will be
further enhanced.

In this paper, a satellite data link system based on LDPC coding is proposed. It can
be seen that under AWGN channel, LDPC data link system error performance is better
than JTIDS system error performance, LDPC coding scheme can improve the relia-
bility of data link transmission.

2 Satellite Data Link Characteristics and LDPC Code
Scheme

2.1 Satellite Data Link Features

The satellite data link is characterized by wide coverage, fast planning speed, large
communication capacity, and stable transmission channel. The specific performance is
as follows: long transmission distance, wide service range, good connection quality,
and no geographical restrictions; The geostationary satellite is 36,000 km away from
the earth’s equator, and it can cover one third of the earth’s surface. In theory, as long
as three suitable satellites can provide global coverage, in addition to the polar regions,
an uninterrupted global connection can also be established, and not only limited to the
terrain, but the communication quality is relatively stable. Available frequency band-
width and large communication capacity; Satellite data link can work in multiple
frequency bands such as UHF, C, Ku, Ka. The network is flexible, the routing con-
figuration is simple, and the communication cost is independent of the communication
distance; Satellite relay switching is suitable for multi-access communications, as long
as it is within the coverage of the same satellite, it can achieve multi-directional and
multi-site communications at the same time. The network is efficient and flexible.

2.2 LDPC Code Scheme

LDPC code is a linear block code, an LDPC code encoding process in the same general
block code. Probabilistic decoding process may employ an iterative algorithm, or also
known as the sum-product belief propagation. Such an algorithm with soft decision The
characteristics of the two algorithms and hard decision. In short, the sum product
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algorithm iteratively processes received symbols yl, using the edge posterior proba-
bility, log-likelihood ratio (LLR) of each decoded symbol, or the corresponding
received symbol value as a measure of reliability. Where i is the number of iterations.
At the end of each decoding iteration, the newly obtained measure of the reliability of
the code symbol will be used as the input for the next iteration. The entire decoding
iteration process continues until a certain stopping condition (or criterion) is met.
Iterative algorithm can be simplified as follows:
Initialization: set the number of iterations i ¼ 0, when H is a matrix of J � n, set the
conditional probability:

q0; 0ð Þ
j;1 ¼ P Sl ¼ 0ð Þ

q1; 0ð Þ
j;1 ¼ P Sl ¼ 1ð Þ

8<
: ð1Þ

Calculate the probability r0; ið Þj;l and r1; ið Þj;l , and the value of formula 2.

Pðiþ 1ÞðSl ¼ 0jyÞ
Pðiþ 1ÞðSl ¼ 1jyÞ

(
ð2Þ

Construct vector zðiþ 1Þ and test zðiþ 1ÞHT . If zðiþ 1ÞHT ¼ 0 or the number of iter-
ations reaches IMAX , output zðiþ 1Þ as the codeword of the decoding result, stop the
decoding process, otherwise let i ¼ iþ 1, go to the calculation probability.

3 Model Simulation Design

In the process of tactical communication, the communication information is susceptible
to various interferences. The information transmission channel of the tactical data link
is different from the ordinary communication system, and it is not completely the same
as other military communication. In order to meet the requirements of tactical data link
secrecy, anti-interference, large capacity and low interception rate, the information
channel needs special design. For digital communication in the data link system, the bit
error rate must be reduced to ensure the reliability of data transmission and improve the
performance of the system. In this paper, direct sequence spread spectrum (DSSS) and
quadrature phase shift keying (QPSK) modulation modules are used in the wireless
communication system. During the transmission process, after the message bit stream is
sent from the upper layer of the data chain to the physical layer, it first passes through
the LDPC encoder; Next, the data codewords will be interleaved to prevent burst errors.
The spreading and modulation part adopts DS-QPSK modulator. Transmission model
the tactical data link transmission model of the LDPC code is shown in Fig. 1.

Channel Coding Simulation Method of Satellite Communication 249



4 Performance and Simulation Results Analysis

4.1 Performance Analysis

The signal transmission environment of the communication system is very harsh. On
the one hand, it is affected by the terrain and the topography. On the other hand, it is
subject to the intentional and malicious electromagnetic interference of the enemy.
Handling and distribution should be timely, effective and safe. When analyzing
transmission performance, only AWGN and fixed frequencies are considered. The
expression of bit error rate under binary phase shift keying modulation is:

Pb ¼ Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Eb=N0

p� �
ð3Þ

Among them, Eb is the average energy per bit, and the power spectral density of
AWGN is N0/2. Assuming that the receiver successfully synchronizes to the AWGN
channel and the signal-to-noise ratio is large enough, so that the demodulator can
recover the contaminated sequence, QPSK modulator has the symbol error perfor-
mance. After DSSS, each bit is additively modulated by the bits of the pseudo-random
noise (PN) sequence. If the length of the PN binary sequence is assumed to be L, the
bits of the PN sequence have the same energy as the encoded bits, then the average
symbol energy Es is

Es ¼ LEbc ¼ LrEb ð4Þ

Where Ebc is the average energy of each encoded bit, and r is the coding efficiency.
Therefore, when forward coding is used, the symbol error probability of the data link
model is:
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Fig. 1. Tactical data link transmission model using LDPC encoding scheme
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ps ¼ 1� 1� Q

ffiffiffiffiffiffiffiffiffiffi
2rEb

LN0

r� �� �2
ð5Þ

So far, the symbol error probability of the LDPC decoder has not been strictly
obtained, but it can be estimated by the analysis results of the general block codes. The
decoding error probability of the quasi-complete code (quasi) is within the range of the
equation:

Pe �
Pdmin

m¼ dmin=2b cþ 1

dmin
m

	 

pms 1� psð Þdmin�m

Pe � 2k � 1
	 
 Pdmin

m¼ dmin=2b cþ 1

dmin
m

	 

pms 1� psð Þdmin�m

8>>>><
>>>>:

ð6Þ

4.2 Discussion of Simulation Results

The system simulation uses the Visual Studio 6.0 simulation platform. In the new
system scheme, the LDPC encoder uses (1008,504) codes, and the check matrix
density r = 0.005952, which is often used in the study of codeword construction
methods and coding algorithms. As shown in Table 1, the bit error rate (BER) distri-
bution of the codeword under different maximum iteration times is given. It can be seen
that with the increase of the maximum number of iterations, the bit error performance is
better, but the increase of the number of iterations means that the complexity of the
decoder and the decoding delay are increased. Therefore, the maximum number of
iterations should be controlled within a reasonable range, not only to meet the error
performance requirements, but also to reduce the decoding delay.

By simulating the bit error performance of the LDPC coded data link system and
the JTIDS type system under the AWGN channel. The bit error performance curve of
the LDPC coded data link system and the JTIDS type system is obtained, as shown in
Fig. 2.

It can be seen that under the AWGN channel, the LDPC (1008,504) data link has
better error performance than the JTIDS system when the Eb/N0 is greater than −0.6 dB.

Table 1. Bit error performance at different maximum iterations

BER Signal to noise ratio, (Eb*N0
−1)/dB

1 2 3 4 5

Number of iterations 1 0.1 0.096 0.08 0.065 0.015
Number of iterations 10 0.099 0.094 0.074 0.009 0.001
Number of iterations 20 0.099 0.093 0.073 0.0073 0.0001
Number of iterations 50 0.097 0.09 0.064 0.001 0.000008
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When the bit error rate is 10−5, the LDPC data link system has about 5 dB advantage.
Obtain better error performance than JTIDS-type systems. It can be seen that the LDPC
coding scheme can improve the transmission reliability of the data link, and has certain
application prospects in the tactical data link.

5 Conclusion

In summary, the introduction of satellite communication methods in the data link
system, and the future study of high-speed, large-capacity satellite data links, is of great
significance for improving the overall operational effectiveness of the data link. This
paper proposes a tactical data link system scheme based on LDPC coding. According
to the discussion of the simulation results, the LDPC coding scheme can be applied to
the tactical data link, and can obtain better error performance than the JTIDS system
under the AWGN channel. It shows that the LDPC coding scheme can improve the
transmission reliability of the data link, and has certain application prospects in the
tactical data link. It should be pointed out that since the tactical data link also has strict
requirements in other aspects such as real-time, security. The impact of the LDPC
coding scheme on other performance requirements of the data link needs further study.
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Abstract. Navigation signals are the carriers for providing navigation services.
The signal quality level determines the accuracy of navigation positioning. With
the increase in the complexity of navigation signals and the aging of device
components, the navigation signals generated by satellites will produce certain
distortions. For the level of accuracy, predistortion optimization of signal quality
needs to be carried out on-orbit and injected into the navigation satellite through
parameter reconstruction to ensure the accuracy and stable operation of the
quality of the navigation signal. This paper introduces a reconstruction design
method of spaceborne predistortion parameters, designs a hardware architecture
of CPU + FPGA, and optimizes the design of the bus, injection path, and
injection information format to realize the in-orbit injection and predistortion
parameters. Enabling to solve the problem of on-orbit signal quality distortion.
This solution is applied to the Beidou-3 satellite payload, which ensures that the
quality pre-distortion parameters can be adjusted and optimized on-orbit, and
also lays a solid foundation for subsequent signal quality improvement.

Keywords: Signal quality � Predistortion parameters � On-orbit reconstruction

1 Introduction

With the development of satellite navigation systems and technologies, GPS, Galileo,
GLONASS and other satellite navigation systems have successively upgraded the
signals of this system. Beidou satellite navigation system independently developed by
China, with the improvement of performance and accuracy, the navigation signal
system is also moving towards a wider bandwidth, The direction of higher pseudo-code
rate, the number of signal channels broadcast more and more, and according to the ITU
frequency allocation regulations, satellite navigation signals need to be broadcast in the
L band, while ensuring satellite navigation services, require satellites The broadcasted
navigation signal cannot affect the normal use of other services, so it is necessary to
filter out-of-band extraneous signals transmitted by the navigation satellite, and the use
of nonlinear devices such as traveling wave tube amplifiers or solid-state amplifiers
during the navigation signal broadcast also leads to navigation There are nonlinear
distortions in the signal. The above factors have affected the quality of the navigation
signal to a certain extent [1]. In order to ensure that the quality of the signal broadcasted
by the navigation signal meets the accuracy requirements, a digital predistortion
technology is designed in the satellite navigation system. The non-ideal characteristics
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of the characteristics are compensated and optimized to improve the signal quality
characteristics [2].

2 The Broadcast and Influence of Satellite Navigation Signal

2.1 Design of the Signal Broadcast

The block diagram of the navigation satellite signal generation and broadcasting is
shown in the figure below, including navigation signal processors, variable frequency
modulators, power amplifiers, input filters, output filters, transmit antennas and other
equipment. The characteristics of the signal generation channel are important to the
quality of the navigation signal. The main influencing factors are the amplitude fre-
quency characteristics and phase frequency characteristics of the transmitting channel.
In particular, the amplitude-frequency and phase-frequency characteristics of the filter,
the nonlinear characteristics of the traveling wave tube amplifier, and the amplitude-
frequency and phase-frequency characteristics of the transmitting antenna have a great
influence on the signal quality [3]. The signal transmission process is shown in Fig. 1.
The non-ideal amplitude-frequency and phase-frequency characteristics of the navi-
gation satellite transmission channel will distort the downlink navigation signal,
causing asymmetry of the correlation peak, affecting the ranging accuracy of the
pseudo code [6], and leading to a decline in the quality of navigation and positioning
services [7]. In order to reduce the distortion of the navigation channel to the downlink
signal and improve the accuracy and robustness of the navigation positioning service, it
is necessary to implement signal quality pre-distortion compensation [8].

The navigation signal processor mainly completes the generation of the interme-
diate frequency navigation signal. The digital intermediate frequency method is used to
generate the navigation signal, which is transmitted after DA conversion. The signal
generation process is shown in Fig. 2, in which the input clock passes through the
frequency division unit to generate navigation information and spread spectrum. The
clocks required for codes, subcarriers and carriers are driven by the corresponding
clocks to generate navigation information, spreading codes, subcarriers and carrier
data. After modulation, intermediate frequency navigation signals are generated by the
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Fig. 1. Block diagram of navigation signal generation
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D/A converter. The amplitude-frequency characteristics and phase-frequency charac-
teristics of the signals generated by the navigation task processor are relatively ideal,
and may not be considered in the signal quality analysis. In addition to the realization
of the intermediate frequency signal, the navigation signal processor also needs to
perform constant envelope synthesis and predistortion filtering on the intermediate
frequency signal, which is the core equipment for signal generation.

The input filter mainly completes the image filter processing of the RF signal.
Because the passband bandwidth is small and the out-of-band suppression requirements
are high, the input filter meets the requirement of out-of-band suppression. The in-band
group delay and the in-band gain flatness are relatively Poor, group delay can reach
about 17 ns, which has a greater impact on signal quality.

The output filter mainly completes the out-of-band filtering processing of the RF
signal, which requires high out-of-band rejection..

Power amplifiers are broadband amplification products, which have nonlinear
characteristics. In order to improve the nonlinearity of the traveling wave tube
amplifier, although the design uses a linearizer, there will still be nonlinear distortion,
which has a greater impact on signal quality.

2.2 Verification of Navigation Signal Quality Test

The navigation signal quality test verification is divided into two stages. The first stage is
the ground cable test verification. By building a ground test verification platform, the
signal quality at the antenna input port is verified, and the pre-distortion optimization

Fig. 2. Digital IF modulation block diagram
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method is used tomake the cable test verify the signal. The qualitymeets the requirements
of the indicators. The test verification block diagram is shown in the figure below. Since
this verification method does not have an antenna installed, the signal quality evaluation
result does not include the influence of antenna characteristics (Fig. 3).

The second stage of test verification is the on-orbit test verification after the satellite
launches. The on-orbit test verification is constructed by the satellite transmitting
antenna and the ground receiving antenna to form an evaluation system. The ground
antenna uses high gain and good electromagnetic environment conditions for signal
quality evaluation And verification, to reduce the impact of environmental interference
on the evaluation results, the evaluation system block diagram is shown below.

Through the comparison of the ground test and the on-orbit test process, it can be
seen that the test system on the ground is relatively ideal, which can be directly carried
out by data acquisition. It is a pure signal and the signal power is large, while the on-
orbit evaluation is a wireless evaluation method. The transmitter has considered the
influencing factors of the transmitting antenna, and the ground receiving has also
introduced the influence of the ground receiving equipment, which is relatively dif-
ferent from the wired evaluation. Therefore, in the orbit evaluation, the predistortion
parameters need to be adjusted and readjusted according to the actual situation of the
orbit. Structure. With the gradual progress of satellite on-orbit working time, some
components of the navigation signal broadcast payload may have performance
degradation. In order to ensure the accuracy of on-orbit service, it is also necessary to
reconstruct and adjust the signal quality pre-distortion parameters to maintain stable on-
orbit operation.

3 In-Orbit Predistortion Parameters Reconstruction Design

Reconstruction is an important function of satellite on-board equipment, and plays an
important role in signal on-orbit testing, system upgrade and expansion. Beidou Global
System Satellite has carried out systematic reconstruction design, including program

Fig. 3. The block diagram of wired test system
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reconstruction design and parameter reconstruction design Two ways. The predistor-
tion parameters of signal quality are realized through parameterized reconstruction.

3.1 Reconfiguration Bus Selection and Architecture Design

The reconstruction of the predistortion parameters is realized through the joint of
satellite and ground, and the satellite mainly realizes the reception, storage and acti-
vation of the parameters [4]. In the design, the objects of spaceborne reconstruction
mainly include: navigation signal processing unit, uplink injection processing and other
equipment. In the process of reconstruction, the reconstruction structure based on the
1553B bus is selected.

The internal payload of the navigation satellite system is interconnected through the
1553B bus, the navigation task processing unit is the core unit, and the satellite plat-
form is directly interfaced. The master-slave mode of operation is adopted, and the
reconstructed information is distributed to the corresponding payload through the bus.

3.2 Choice of Reconstruction Data Injection Method

The navigation satellite uplink injection channel has a variety of links, and the various
links are designed to back up each other. The pre-distortion parameter reconstruction
design uses an injection processing structure with navigation signal processing as the
core. The central management control device for on-orbit reconstruction is navigation
The signal processing unit is the master control device for the entire reconstructed link.
It can receive data sent from the ground through two communication links, and the data
focus of each link is different.

The first type: injection through satellite measurement and control link, that is, data
injection through satellite platform data bus management, using 1553B bus interface;

The second type: the ground injection station injects the uplink processing terminal
through the uplink L, and the receiver sends the buffer to the navigation task processing
unit of the navigation task processor through the 1553B bus in the payload.

When using pre-distortion parameter reconstruction, the satellite platform is
responsible for receiving the reconstruction data, analyzing and transmitting the data to
the navigation task processing load, and the navigation task processing load distributes
the reconstruction data to the corresponding navigation signal generation module
according to the communication protocol. After receiving the reconstruction parame-
ters, the navigation signal processing module analyzes, verifies, and stores the recon-
struction data. A special reconstruction circuit and sequential logic are used to update
the pre-distortion parameters to achieve on-track reconstruction optimization of signal
quality.

3.3 Hardware Design of Data Reconstruction

The reconstruction of the quality of the navigation signal is realized by the navigation
signal processing equipment. The configuration and reconstruction efficiency are
improved through the high-speed bus to reduce the influence of the reconstruction
optimization on the normal work of other equipment. The reconstruction processing
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module with on-orbit reconfigurable parameters has a protocol analysis function.
According to the agreement agreed in advance to receive the updated software data
package sent from the ground, and store it in the processor specific storage area.

Subroutine (software function module) is the basic substitute unit for on-track
programming. Simply put, the entry addresses of subprograms that are likely to be
programmed on-track are placed in a subprogram address table. During on-track pro-
gramming, the modified code (that is, one or more subroutines) is first injected into the
RAM area. In this way, the original subroutine in the PROM area will no longer be
called, and the program will call the code in RAM. In order to realize the on-track
programming function, the RAM code area and the subprogram address table need to
be allocated in advance, and the subprogram calling method should be changed in
software design and programming.

4 Design for Enabling the Predistortion Parameters

The navigation signal processing unit is a key device for realizing the reconstruction of
spaceborne predistortion parameters. In the navigation signal processing unit, a digital
predistortion filter is designed to design the channel predistortion compensation. The
specific steps of predistortion parameter reconstruction are as follows:

The first step: ground test The channel characteristics of the payload navigation
signal broadcast channel [9]: The linear characteristics of the channel are obtained by
measuring the S parameters of the channel, that is, the amplitude-frequency charac-
teristics and phase-frequency characteristics of the channel. The amplitude-frequency
and phase-frequency characteristics of the channel can be expressed as:

S xð Þ ¼ S xð Þj je�ju xð Þ ð1Þ

S xð Þ is the amplitude-frequency response of the channel; u xð Þ is the phase-
frequency response of the channel.

Step 2: Digitization of channel characteristics: Matlab is used to convert the col-
lected channel characteristics into a channel characteristic that satisfies the amplitude-
frequency response in the passband is constant and the phase-frequency response is
linear in the passband. A predistortion filter is added to the channel, and its linear
characteristics (that is, frequency response) satisfy the following conditions, namely:

M xð Þ ¼ S xð Þ � H xð Þ ð2Þ

Among them, S xð Þ is the amplitude-frequency characteristic and phase-frequency
characteristic of the channel, which H xð Þ can be measured by a vector network ana-
lyzer, and M xð Þ is the objective function (amplitude-frequency characteristic and
phase-frequency characteristic) of the predistortion filter. It is the objective function
constraint function, which is also the channel amplitude frequency and group delay
characteristics after the predistortion filter corrects the channel (the amplitude and
frequency characteristics of this function are the characteristics of the set channel and
the phase frequency characteristics are linear phase).
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Inject the pre-distortion parameters into the navigation task processor through the
upstream injection channel and store them in the relevant storage unit; After the
injection is completed, the new predistortion parameters are enabled through the
instruction to complete the activation of the new parameters, and the signal quality
evaluation under the new parameters is performed. The digital predistortion is realized
by a filter, which is located in the navigation task processor. The predistortion filter is a
complex filter on the baseband or a real filter on the intermediate frequency. Such a
filter can be implemented on the FPGA. The realization method on FPGA is: according
to the tap coefficient of the filter, the input signal is delayed, multiplied and then added.
Its structure is shown below (Fig. 4):

It can be seen from the figure above that the FPGA resources required for the
algorithm are multipliers and adders. For an N-order complex filter, if the input of the
system is a single input (only the real part), 2 N multipliers are needed, and the output
is two signals (the real part and the imaginary part); if the input of the system is Two
inputs (divided into real and imaginary parts) require 4 N multipliers, and the output is
two signals (divided into real and imaginary parts).

... ...

...

+

+

+

+

+
+

+
+

 -1Z

 -1Z

 -1Z

 -1Z

 ( )inS n

+

+

+
+

Re( (0))H

Re( (1))H

Re( (2))H

Im( ( ))H N

Im( ( -1))H N

Im( (2))H

Im( (0))H

+

+

Im( (1))H

Re( ( 1))H N -

+

+

Re( ( ))H N

Re( ( ))outputS n

Im( ( ))outputS n

Fig. 4. FPGA implementation method of linear predistortion FIR filter
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For an N-order real filter, if the input of the system is a single input (the real and
imaginary parts are modulated together), N multipliers are needed, and the output is a
single signal (the real and imaginary parts are modulated together). If the input of the
system is two inputs (the real part and the imaginary part), 2 N multipliers are needed,
and the output is two signals (the real part and the imaginary part). The output signal is
used as the I and Q branch signals of the intermediate frequency modulation to perform
digital intermediate frequency modulation to generate a digital intermediate frequency
signal.

The above reconstruction methods and processes were verified in the Beidou global
system, and passed the on-orbit multi-star test evaluation. The signal quality adjustment
and optimization process was successfully executed. Compared with the signal quality
indicators before and after optimization, the indicators were increased by 2 times to
satisfy users. Requirements for use.

5 Conclusion

This paper introduces a current design scheme for the reconstruction of spaceborne
predistortion parameters. This scheme satisfies the requirements of the navigation
satellite’s orbital parameter reconstruction well. It can also be promoted and used on
other equipment. Distortion can also be considered using this method. Subsequent
development can be continued to support autonomous predistortion algorithms and
parameter reconstruction methods to ensure the continuity and stability of the load
system.
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Abstract. On the condition of spatial imaging, remote-sensing images are
always blurred by many elements. Wiener filter method is broadly used in semi-
blind image restoration field. To avoid complex operations of power spectrum
ratio in traditional Wiener filter, a new semi-blind remote sensing image
recovery method on the basis of improved Wiener filter and comprehensive
evaluation factor was presented. The method adopts improved Wiener filter to
restore the blurred remote sensing data. And the degraded function factor is
appraised via linear motion model. The power spectrum specific value of
acquired remote sensing image is evaluated through multiple iterative calcula-
tion. Iterative stopping condition is stipulated by an integrated evaluation
parameter, which is comprised of three no-reference quality parameters, GMG,
IE and CF. Simulations and experiments indicate that the improved Wiener filter
method acquires relatively approving restoration results and time overhead. And
the proposed algorithm could be applied in restoring the remote sensing images
blurred by linear motions and Gaussian noise.

Keywords: Remote sensing restoration � Comprehensive evaluation factor �
Improved wiener filter method � Power spectrum

1 Introduction

Image’s restoration plays a significant role in remote sensing processing field [1, 2],
which aims to restore a blurred remote sensing image to a better state [3, 4].

In order to keep more target’s details and reduce more noise of the image [5, 6],
many inverse filtering algorithms were proposed, such as total variation method, reg-
ularization method, and EM method [7, 8]. On the other hand, many image restoration
algorithms are on the basis of point spread function, such as Richardson-Lucy method,
Winner filter method, and least-squares constrained solutions [9, 10].

With the increase of computing capability, using neural network model to restore
degraded images has attracted more research [11–13]. However, neural network
methods are not conducive in space-based processing.

Classic Wiener filter is an another popular method in image reconstruction [14].
The main problem when implementing Wiener filter is the complex calculation of the
original and blurred image’s power spectrum [15].
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Based on classic Wiener, this paper proposes an improved Wiener filter remote
sensing restoration method on the basis of comprehensive evaluation factor. Before
image restoration, the point spread function is appraised by a linear motion model.
Then the image’s power spectrum ratio is estimated via iterative calculation. The
iterative stopping condition is fixed via a comprehensive evaluation parameter, which
integrates three no-reference quality factors. Experimentations demonstrate that the
improved Wiener filter method could obtain relatively approving restoration results and
time cost.

2 Remote Sensing Image Restoration Model

Figure 1 is the remote sensing image’s degradation and restoration model, p(x, y) is
original remote sensing image, q(x, y) is the blurred image function, and d(x,y) is
degradation function. g(x, y) is the noise (Gaussian function).

Suppose d (x, y) is a space-changeless linear function. So the Fourier transform of
degradation process could be described as

Qðu; vÞ ¼ Pðu; vÞDðu; vÞþGðu; vÞ ð1Þ

Assume w (x, y) is the restored image function. So the restoration process’s goal is
to make the processed image be close to the original one.

Wðu; vÞ ¼ Pðu; vÞ ð2Þ

3 Improved Wiener Filter Algorithm

3.1 Wiener Filter Method

After Fourier transformation, Wiener filter could be described as

Hwienerðu; vÞ ¼ 1
Dðu; vÞ

jDðu; vÞj2
jDðu; vÞj2 þRgðu; vÞ=Rpðu; vÞ

ð3Þ

Here D(u, v) is the degradation function, and Rg(u, v) = |G(u, v)|2 represents the
noise’s power spectrum. Rf(u, v) = |P(u, v)|2 represents the original image’s power

Fig. 1. Image degradation and restoration process
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spectrum. Actually, Rg(u, v) and Rf (u, v) are both hard to calculate, so does the power
spectrum ratio Rg(u, v)/Rf (u, v). In this paper, the value of Rg(u, v)/Rf(u, v) is simplified
as a constant C. The expression of Wiener filter could be obtained by

Hwienerðu; vÞ ¼ 1
Dðu; vÞ

jDðu; vÞj2
jDðu; vÞj2 þC

ð4Þ

So the value of C is the new power spectrum ratio.

3.2 Degradation Estimating

Uniform motion blurred images are given priority in this paper. The point spread
function of degraded system satisfy the following expression.

dðxÞ ¼ 1
s
; 0� x� s� 1 ð5Þ

Where s is the blurred dimension. To calculate the value of s, autocorrelation
function is introduced. The specific process are as follows.

(1) Carry out differential operation on vertical direction of the degrading blurred
q(x, y).

qyði; jÞ ¼ qði; jÞ � qði; j� 1Þ ð6Þ

(2) Carry out differential operation on horizontal direction.

qyxði; jÞ ¼ qyði; jÞ � qyði� 1; jÞ ð7Þ

(3) List the degrading image’s autocorrelation function of every row. Assume the
row j has l pixels, then the autocorrelation function is given by

rðkÞ ¼
XM�k�l

i¼l

Xl

m¼�l

f ðiþ kþm; jÞf ðiþm; jÞ k 2½�1; 1� ð8Þ

Where M represents the image height.
(4) Count the autocorrelation function’s mean values. Based on these values, draw

autocorrelation function graphs. By scanning the minimum value of this graphs, the
blurred dimension is estimated easily.

3.3 Estimation of Power Spectrum Ratio

There is always no corresponding vivid image in remote sensing restoration. So three
widely used assessment factors are adopted in this algorithm.

(1) Grayscale Mean Gradient (GMG). In a sense, the value of GMG reflects the
image’s texture features and contrast.
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GMG ¼ 1
ðM � 1ÞðN � 1Þ¼

XM
i¼1

XN
j¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½f ði; jþ 1Þ � f ði; jÞ�2 þ ½f ðiþ 1; jÞ � f ði; jÞ�2

2

s

ð9Þ

(2) Information Entropy (IE). IE characterizes the fullness level of merged image.
The larger value of IE is, the larger the image’s average information is.

IE ¼ �
XL�1

i¼0

pi log pi pi ¼ Ni

Nt
; 1� i� L� 1 ð10Þ

Where IE is the value of information entropy of image, L is the value of total grey
order, Ni is number of pixel which grey value equals i, and Nt is the total number of
image’s pixels.

(3) Spatial Frequency (SF). SF represents the dynamic level of the image in spatial-
domain. The bigger the SF’s value is, the more ideal the process results are. The
definition of SF could be given as

SF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CF2 þRF2

p
ð11Þ

CF and RF the image’s column frequency and row frequency, respectively. For a
remote sensing image of M � N size, the calculating method of RF and CF could be
given as

RF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

MN

XM�2

i¼0

XN�2

j¼0

½f ði; jþ 1Þ � f ði; jÞ�2
vuut CF ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

MN

XM�2

i¼0

XN�2

j¼0

½f ðiþ 1; jÞ � f ði; jÞ�2
vuut

ð12Þ

A comprehensive assessing parameter Qc is adopted to make a synthesis evaluation
of restoration quality. Qc could be expressed via IE, GMG and SF.

Qc ¼ w1 � GMGr � GMGg

GMGg
þw2 � IEr � IEg

IEg
þw3 � SFr � SFg

SFg
ð13Þ

Where w1, w2 and w3 are the weight parameters. GMGr, IEr and SFr are the
evaluation indexes of restored image, GMGg, IEg and SFg are evaluation indexes of
degraded image.

To obtain remote sensing restored images with high quality, the synthetically
evaluation parameter Qcmust be as large as possible by acquiring an optimal value of C.

To calculate optimal value of power spectrum ratio, the automatic iterative method
is adopted. The implementation steps are as follows.
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Step 1: Initialize the values C0, DC and Ct, where C0 is initial power spectrum ratio,
DC is the alternative step, Ct is the alternative times. Let C = C0;
Step 2: Though the value of power spectrum ratio, implement the Winner filter
process and calculate the comprehensive evaluation factor Qc.
Step 3: Reset the value of C, C = C0 + DC. And the alterative times t = t + 1.
Step 4: Circulate implementing Step 2 and Step 3 until t = Ct. And a series of
synthetically evaluation parameter values could be obtained.
Step 5: Based on the changing trend of Qc, search for the optimal power spectrum
ratio Copt. If Copt is not the first or last value, Copt would be selected as the optimal
parameter of proposed Winner filter. And the iteration process ends.
Step 6: If the initial value of C has the largest value of Qc, reset DC, and DC = DC/
10, repeat Step 2 to Step 5. If the last value of C has the largest value of Qc, reset
DC, and DC = DC � 10, reiterate Step 2 to Step 5.

4 Experimental Verification and Analysis

4.1 Simulations

Figure 2(a) is the classical “Lena” image with the size of 512 � 512, which is chosen
as the first test image. Figure 2(b) is the degraded image. The image is blurred by
Gaussian noise and uniform motion point spread function. The blurred scale is set as 5.
C0 = 0, DC = 0.0001, Ct = 100. Three evaluation indexes’ weight parameters are set
as w1 = 0.4, w2 = 0.4 and w3 = 0.2.

This paper choose conventional classic Wiener filter and inverse filtering are to
compare to the proposed improved Wiener filter, as shown in Fig. 3.

Through observing with naked eyes, it is obvious that the improved Wiener filter’s
process effect is more excellent than the other two methods. Figure 3(b) shows the
process results of classic Wiener filter. It seems that the image’s quality is not better
than Fig. 2(b). And new noises are introduced to the image.

Table 1 shows the evaluation indexes of the original image, degraded image and
three methods’ process results. It is evident that the proposed method is relatively

             
(a) Original “Lena” image                      (b)Blurred image 

Fig. 2. Original and blurred “Lena” image
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effective at the condition of Gaussian noise and PSF. And the proposed algorithm could
also get a relatively large PSNR (Peak Signal-Noise Ratio).

4.2 Experimental Restoration Tests

To validate the effectiveness of proposed method, five blurred remote sensing images
are chosen to implement restoration tests, as shown in Fig. 4. These images’ size is
2000 � 2000. According to the simulation above, the original parameters are as fol-
lows. C0 = 0.003, DC = 0.001, Ct = 100. Three evaluation indexes’ weight parameters
are set as 0.35, 0.35 and 0.3, respectively.

After restoration, the images’ details and contours seems more distinguishable, as
shown in Fig. 5. The targets’ features are more evident and seems more brightsome
than degraded image. In terms of operation time, the mean consuming time of one
remote sensing image is less than 5.7 s, which is relatively ideal.

After implementing the proposed improved Wiener filter, all remote sensing ima-
ges’ quality factors are improved to a certain extent, as shown in Table 2.

4.3 Analysis of Experimental Results

Statistically speaking, the Wiener filter could be the best way to realize image
restoration to some extent. After integrating various parameters, the proposed improved
Wiener contains more useful information. So, the method could obtain more gratifying
remote sensing restored results.

                   
(a) Inverse filter                       (b) Classic Wiener filter             (c) Improved Wiener filter 

Fig. 3. Processing effects of three methods

Table 1. Comparisons of processing results

GMG IE SF Qc PSNR

Original image 0.0226 0.0689 16.3 – –

Degraded image 0.0185 0.0578 13.3 – 17.9
Inverse filter 0.0872 0.0794 13.9 0.15612 11.8
Conventional Wiener filter 0.008 0.0646 5.67 −1.52748 23.6
Improved Wiener filter 0.0214 0.0607 15.5 0.44232 26.4
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Fig. 4. Original remote sensing images, No.1–No. 5

Fig. 5. Restored results of proposed improved Winner filter method
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5 Conclusions

The paper proposes a new semi-blind remote sensing restoration algorithm on the basis
of improved Wiener filter and synthetical evaluation parameter. Compared with tra-
ditional filtering methods, the proposed algorithm has two major advantages:
(a) Automatic iteration method based on synthetical evaluation parameter could obtain
more exact values of power spectrum ratio. And this value is important when imple-
menting image restoration. (b) The proposed semi-blind restoration method integrates
three no-reference quality parameters, which represents the non-degraded image’s
property to some extent. Experiments show that the improved Wiener filter method
acquires relatively approving restoration results and time overhead. So the proposed
restoration algorithm could be applied in restoring the remote sensing images blurred
by uniform motion and Gaussian noise.
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Abstract. Aiming at the problems of current power transmission and trans-
formation equipment inspection, such as insufficient means and heavy tasks, a
design for the core index of remote sensing satellite for inspection is proposed.
First, this paper analyzes the inspection demand, and constructs a multi-means
coordinated inspection mode. Then, the network design of 4 satellites is pro-
posed, while three imaging modes are introduced, including the multi-target
imaging mode, the stereo imaging mode and the splicing imaging mode.
A comprehensive detection scheme (spatial resolution of panchromatic: 0.5 m,
multi-spectral: 2 m, low-light: 2 m, mid-wave infrared: 5 m and long-wave
infrared:10 m) is put forward, where the imaging width is more than 12 km, and
the satellite’s attitude maneuvering ability is more than ±40°. Finally, STK
(Satellite Tool Kit) is used to carry out simulation analysis on the proposed
indicators. The results show that the constellation designed in this paper can
revisit any global target within 24 h. It can provide reference for the con-
struction of special remote sensing satellite system for power transmission and
transformation equipment inspection.

Keywords: Transmission line � Substation � Line inspection � Remote sensing

1 Introduction

The safe and reliable operation of transmission and transformation equipment is the
premise to ensure the quality of power supply for social production and life [1]. Power
transmission and transformation equipment inspection is particularly critical, which
ensures safe operation of the power grid and reliable supply of electricity [2]. China has
a vast territory, and the geographical climate conditions of each region are quite dif-
ferent, which makes the task of power inspection heavy and extremely difficult [3].

According to the different inspection tools or platforms, the inspection of power
transmission and transformation equipment in China can be divided into manual
inspection, helicopter inspection, unmanned aerial vehicle (UAV) inspection and so on.
In the early stage, the electric power inspection mainly adopted the manual inspection
method, which had the disadvantages of large workload, low labor efficiency, low
accuracy and high risk. In recent years, helicopter and UAV patrol inspection have been
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more widely used in transmission lines and substations [4, 5]. However, there are some
limitations [6, 7]. Therefore, new inspection methods are urgently needed to improve the
inspection capability of power transmission and transformation equipment [8].

A Patrol mode for power transmission and transformation equipment based on
remote sensing satellite is constructed according to the current situation and observa-
tion requirements. This paper elaborates the design method of the core indicators such
as maneuverability of satellite platform spatial resolution, revisit cycle, width, spectral
range. Thus, it can provide reference for the construction of special remote sensing
satellite system for power transmission and transformation equipment inspection.

2 Inspection Plan of Remote Sensing Satellite

2.1 Current Situation of Power Grid Business

(1) Lack of monitoring capacity of power grid operation and maintenance
The operation and maintenance of power grid mainly include tower monitoring,

wire defect monitoring, line pollution monitoring, channel hidden danger identification
and other businesses.

① The transmission lines are usually located in a complex environment with
diverse landforms, which can lead to the tilt, deformation and sedimentation
of the tower;

② Due to the influence of the service life and the external environment, it is
easy to produce hidden dangers, such as wire breaking, hanging objects on
the wire.

③ In the routine inspection of the transmission channel, the hidden dangers
mainly include tree barrier, illegal building and external damage;

④ Due to manual input error or precision deficiency, the geographical location
of the line tower is not accurate enough.

(2) Lack of monitoring capacity in grid planning and construction
In order to ensure the safety, quality and progress of the construction, strict

dynamic monitoring should be carried out during the construction of electric power
engineering. It mainly includes the following aspects:

① Overall construction situation monitoring, that is, monitor the scope of
construction and time schedule;

② Overall construction situation monitoring, that is, monitor the scope of
construction and time schedule;

③ Environmental impact assessment, for example, monitoring construction
stacking and its impact on the environment.

④ Construction assistance, it can improve construction safety and reduce
construction cost.
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(3) Lack of monitoring capacity of power grid disaster prevention and relief
In recent years, disasters have occurred frequently, and power grid disasters mainly

include:

① Geological disasters. The ultra-high voltage network lines are long and have
many facilities. The lines are inevitably affected by geological disasters.

② Mountain fire disaster. At present, it mainly relies on strengthening man-
power patrol and cutting down the surrounding vegetation, which requires a
large amount of financial and material resources.

③ Ice disaster. Drastic decrease of mechanical property and electric property as
a result of severe icing is the main reason for ice accidents.

④ Flood disaster. The influence of flood disaster on power grid is mainly
concentrated in the field of substation and distribution network

2.2 Requirement Analysis of Patrol Inspection Business

Aimed at the current situation of power grid, the requirements of grid inspection based
on remote sensing satellite are summarized, as shown in Table 1.

Table 1. The requirements of grid inspection based on remote sensing satellite

Subject Monitor
operation

Monitoring demands

Operation and
Maintenance
monitoring

Overhead line
monitoring

√Monitoring objects: transmission tower,
transmission line, insulator string, tree barrier,
floating object, construction operation area,
depopulated area, fire point;
√Monitoring scope: national key transmission
lines, “The Belt and Road” regions, global
scope;
√Monitoring means: visible light, low light,
infrared;
√Monitoring frequency: repeatable observation
within 24 h

Wire defect
monitoring
Contamination
monitoring
Identification of
hazards

Planning and
construction
monitoring

Overall
construction
monitoring
Channel
environmental
monitoring
Environmental
impact
assessment
The auxiliary
construction

Disaster prevention
and relief
monitoring

geological
hazard
wildfire disaster
Line icing hazard
Flood disaster
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2.3 Assumption of Inspection Mode

Through the purchase of commercial remote sensing satellite data at home and abroad,
relevant remote sensing application research has been carried out. These satellites are
not custom-designed for power transmission and transformation equipment inspections.
As a result, the platform maneuvering capability, spatial resolution, revisit cycle and
other comprehensive performance of the satellite still cannot meet the application
requirements of power transmission and transformation equipment monitoring.

Therefore, it is necessary to carry out the work of special remote sensing satellite
for power transmission and transformation equipment to make up for the deficiency of
current patrol and inspection capacity according to the current situation mentioned
above. The inspection process of power transmission and transformation equipment is
as follows. Firstly, by using the detection methods of visible light, LLL, medium wave
infrared and long wave infrared of the special remote sensing satellite, the routine
inspection of the facilities and surrounding environment in the key areas was carried
out. Once the abnormal conditions such as tower collapse, line damage and hill fire
disaster are found, the information of the abnormal target can be transmitted to the
ground command center in real time by means of measurement and control system or
BeiDou short message. Then, according to the abnormal target information, the ground
command center will send the nearest helicopter or UAV for detailed inspection, which
will return the detailed inspection results to the ground command center. At the same
time, the special remote sensing satellite will continuously monitor the hidden danger
of the abnormal target. Finally, the ground command center will guide the ground
personnel to carry out emergency repair of the abnormal facilities. Meanwhile, the
abnormal area will be marked as a key target to be paid attention to. Besides, the
maintenance effect of the facilities in the key areas will be re-evaluated through regular
patrol inspection.

3 The Core Indicators of the Satellite

3.1 Orbit Design

It is required that the inspection scope should cover key transmission lines at home and
abroad. Therefore, the sun synchronic and regressive orbit is suitable for optical remote
sensing earth imaging, which can meet the demand of global monitoring without blind
area. The dip of sun-synchronous orbit should satisfy the relationship in Eq. (1):

cos i ¼ �0:09892ða=REÞ7=2ð1� e2Þ2 ð1Þ

The relationship between the regression period and the orbit node period present as
Eq. (2):

N=D ¼ 1440=TX ð2Þ

274 Y. Zhi et al.



The orbit node period present as Eq. (3):

TX ¼ T0 1� 3
2
J2

RE

a

� �2

ð4 cos2 i� 1Þ
" #

ð3Þ

Where, D and N stand for is the regression period and regressive cycles, TX is the node
period, T0 is the orbital period, i is the orbital inclination, a is the semimajor-axis of
orbit, and RE is the earth’s equatorial radius.

Considering comprehensively the inspection requirements of domestic and foreign
key transmission lines that can be observed repeatedly within 24 h, a Networking
Scheme of four satellite is put forward, in which two satellites are distributed in orbit at
10:30 and 13:30 respectively and subsatellite locus of the four satellites are uniformly
distributed through phase optimization. The track parameters are shown in Table 2.

3.2 Imaging Pattern Design

Referring to the current satellite imagingmodes, several imagingmodes suitable for power
transmission and transformation equipment inspection are selected, as shown in Fig. 1.

The multi-target imaging mode of the same orbit, as Fig. 1(a) shows, can image
multiple targets scattered on both sides of the ground track through the rapid scroll
attitude maneuver, which is suitable for the periodic inspection of key targets around
the transmission line.

Table 2. The track parameters

Items Parameters

Orbit altitude (km) 501.5054
Orbit inclination (°) 97.4039
Orbit period (min) 94.5003
Regression period (day) 55
Local time of the descending node 10:30,13:30

1

2

3

4

5

(a) Multi-target imaging mode      (b) Stereo imaging mode      (c) Splicing imaging mode 

Fig. 1. The imaging mode suitable for equipment inspection
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As Fig. 1(b) shows, the stereo imaging mode of same orbit can perform multi-angle
imaging of the same target on the ground and obtain the three-dimensional information
of the target through rapid pitch maneuver, which is applicable to the hidden danger
identification of tree barriers and illegal buildings.

Multiple push-sweep imaging can be performed on the adjacent areas of the ground
by using splicing imaging mode (Fig. 1(c)),and then the image width can be increased
by the way of multi-strip image Mosaic, which is suitable for wide-area and rapid
monitoring of power transmission and transformation facilities.

3.3 Payload Design

A comprehensive detection scheme including visible light, glimmer, mid-wave infrared
and long-wave infrared is proposed. Visible light imaging has a very high spatial
resolution, which is suitable for fine observation of tower, conductor and insulator
string, etc. Glimmer imaging can work under the condition of insufficient light at dawn
and dusk, which can directly reflect the density of lighting facilities. Infrared imaging
can work at night to make up for the deficiency of visible light remote sensing. Mid-
wave infrared can be used to monitor high-temperature fire spots, while long-wave
infrared can be used to monitor temperature anomalies caused by equipment failure.

Ground pixel resolution (GSD) is used to describe the minimum interval between
two adjacent objects that can be distinguished as shown in Eq. (4):

GSD ¼ p� h
f

ð4Þ

Where p is the size of the detection unit, and f is the focal length of the remote
sensor.

The geometric characteristics of monitoring objects of typical equipment inspection
are shown in Fig. 2.

Fig. 2. The geometric characteristics of monitoring objects of typical equipment inspection
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Combined with the current technology, this paper proposes the following indexes
of GSD for the special needs of equipment inspection: spatial resolution of panchro-
matic: 0.5 m, multi-spectral: 2 m, low-light: 2 m, mid-wave infrared: 5 m and long-
wave infrared:10 m.

The relationship between the imaging width and the camera’s field of view Angle
and orbital height is shown in Eq. (5):

S ¼ 2h� tan c ð5Þ

Where S is the imaging width and c is the semi-field Angle of the camera.
For high-resolution satellites, the scope of observation is usually extended through

agile maneuverability. In this paper, it is suggested that the load imaging width should
be more than 12 km, and the satellite should have the attitude maneuverability
of ±40°.

4 The Simulation Verification

4.1 Orbit Simulation

The orbital elements of the constellation is shown in Table 3. It can be seen that the
constellations are distributed in the orbits of 10:30 and 13:30, and two satellites are
distributed in equal phases on each orbital plane.

4.2 Effectiveness Simulation

For the orbital altitude of 501.505 km, the satellite’s Scroll angle should be larger
than ±33.2° in theory to meet the revisit requirements. Figure 3 is a schematic diagram
of constellation revisit. The observation range of the four satellites is seamlessly spliced
together on the equator, indicating that the constellation designed in this paper can meet
the demand of revisiting arbitrary target within 24 h.

Figure 4 is the simulation diagram of the Multi-target imaging mode of the same
orbit. It can be seen that multiple targets can be photographed in a single imaging
process through the rapid scroll attitude maneuver, which is suitable for the periodic
inspection of key targets around the transmission line.

Table 3. Constellation orbital elements (J2000)

Items Satellite 1 Satellite 2 Satellite 3 Satellite 4

Orbit epoch (UTC) 2022-01-01 00:00:00.000
Semimajor axis (m) 6868715.086 6868673.907 6865697.796 6865559.849
Eccentricity 0.001212054 0.001181426 0.00152501 0.001527612
Orbit inclination (°) 97.50719483 97.50658281 97.49218655 97.49220928
Longitude Ascending Node 77.84919166 77.84866903 122.8524311 122.8524703
Argument of perigee 143.3959397 323.6801283 236.1456669 56.83686949
Mean anomaly 159.6628341 159.3786739 192.2722236 191.5799332
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4.3 Illumination Condition Simulation

In this paper, the sun elevation angle of the substellar point is used to analyze the
illumination conditions. Figure 5(a) and Fig. 5(b) show the variation of the sun ele-
vation angle (starting from January 1) of the northern and southern hemispheres in the
orbit of 10:30 and 13:30, respectively. The middle blank line represents the equator.

It can be seen that the light conditions in the northern hemisphere are better than
those in the southern hemisphere regardless of whether the local time of the descending
node is 10:30 orbit or 13:30 orbit. In the same latitude area in the northern hemisphere,
the light condition of 10:30 orbit is slightly better than that of 13:30 orbit, which is also

Fig. 3. Schematic diagram of constellation revisit

Fig. 4. Simulation diagram of the multi-target imaging mode of the same orbit

(a) 10:30 orbit                           (b)13:30 orbit

01-01
03-14

05-26
08-07

10-19
01-01

-100

-50

0

50

100

-20

0

20

40

60

80

• • • °•• •

•
•

•
•

•
•

°•

-10 0 10 20 30 40 50 60 70

01-01
03-14

05-26
08-07

10-19
01-01

-100

-50

0

50

100

-20

0

20

40

60

80

• • • °•• •

•
•

•
•

•
•

°•

-10 0 10 20 30 40 50 60 70

Fig. 5. Variation of the sun elevation angle within a year

278 Y. Zhi et al.



the reason why more optical remote sensing satellites choose 10:30 orbit. However,
considering that there are many satellites in orbit at 10:30 at present, which leads to the
shortage of satellite resources in transit in the afternoon, the constellation designed in
this paper is of more practical value.

5 Conclusion

A design method of remote sensing satellite core index for power transmission and
transformation equipment inspection is presented. Firstly, the requirements of power
grid inspection are summarized, and the inspection mode coordinated by remote
sensing satellite, helicopter, UAV and manual inspection is constructed. A compre-
hensive detection scheme is put forward, where the imaging width is more than 12 km,
while the satellite’s attitude maneuvering ability is more than ±40°. Finally, the pro-
posed index is simulated by STK, the results show that the constellation designed in
this paper can meet the demand of revisiting any global target within 24 h. The
research has verified the correctness and rationality of the core index designed.
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Abstract. With the rapid growth of the space - borne imaging system com-
plexity, the comparison and iteration of multiple schemes need to be solved. The
space-borne camera radiance transfer model, the requirement model, the system
architecture model, the calculation and analysis model and the generalization
relationship is built by MagicGrid Methodology. The comparative analysis
results show that the different solutions results are presented more intuitively
and the iteration speed is faster significantly. The solution No. 2, No. 4 and
No. 5 can meet the requirement of the SNR (>50 dB) in the condition of the
same imaging electric circuit (the correlated double sampling), the same orbit
measurement system (500 km altitude obit) and the same land position
(45°northern latitude). The SNR using off-axis three mirrors optical system is
higher than the one using coaxial three mirror system or transmission system in
the condition of the same detector, and the SNR using TDICCD is higher than
the one using TDICMOS, CCD and CMOS in the condition of the same optical
system.

Keywords: Space-borne � Imaging system � SNR simulation � Model based
system engineer � MagicGrid

1 Introduction

In 2020, the INCOSE define the model based system engineer (MBSE) as “the for-
malized application of modeling to support system requirement, design, analysis,
verification, and validation activities beginning in the conceptual design phase and
continuing throughout development and later life cycle phases” [1]. Contrasted with the
traditional document based system engineer, MBSE can maintenance and synchronize
the information produced in team work and ensure the quality evaluation correctness,
integrality and uniformity. MagicGrid is one kind of the methodology that can put the
MBSE into reality. The biggest advantage of MBSE is to solve the problem of high
complexity system.

The space-borne remote sensing system is a characteristic complex system engi-
neer. The system design, analysis and simulation refer to so many aspects include
optics, electronics, structuralism and mechanism et al. In 2014, David Kaslow simu-
lated the CubeSat mission by the behavior diagrams using SysML - based MagicDraw
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software. The simulation results are used for evaluating impacts of design indexes on
mission performance [2]. In 2015, Jeremiah Crane implemented the MBSE tools to
promote the management of the needs, the requirements, the design indexes and the
science objectives of the constellation. The results show that the relaxed cost and the
non-optimal designs scheme can be made out early [3]. In 2017, David Kaslow pre-
sents an 8 steps MBSE approach for depicting the behaviors of the CubeSat by a
functional architecture representation method. This method is proved to be traceability,
recursive and generalizability [4, 5]. In 2018, Robert Karban developed the adaptive
optics system model using MBSE approach to capture the operational scenarios and the
sequence behaviors so as to carry out the Monte-Carlo simulations in order to verify the
operational behavior, the acquisition time, and the observing efficiency [6].

The researches of MBSE method above mainly focus on the space mission level,
the satellite level and the instrument level corresponding to the multi-satellite system,
the CubeSat system and the ground-based telescope respectively. The space-borne
remote sensing imaging system is less involved especially in the design, analysis,
simulation and comparison of the performance by different schemes of parameters.
This paper puts the MBSE into practice by building the radiance transfer model et al. to
validate the system development effective.

2 Modeling Method

2.1 Space-Borne Camera Radiance Transfer Model

The space-borne camera radiance chain model can be described by internal block dia-
gram of MagicGrid methodology (see Fig. 1). The system radiance L consists of the
ground-emitted radiance L1ð Þ, the thermal radiance L2ð Þ, the solar scattered path radi-
ance L3ð Þ, the directly reflected radiance L4ð Þ, the thermal diffuse radiance L5ð Þ and solar
scattered diffuse radiance ðL6Þ, where can be expressed as follow respectively [7, 8].

L1 ¼ B Tsð Þ 1� qð Þs ð1Þ

L2 ¼ L20 þ g2q ð2Þ

L3 ¼ L30 þ g3qð Þd ð3Þ

L4 ¼ L4downqs
coshill
coshsz

bd ð4Þ

L5 ¼ ðL50down þ g5qaÞqsS ð5Þ

L6 ¼ ðL60down þ g6qaÞqsShayd ð6Þ

L ¼ L1 þ L2 þ L3 þ L4 þ L5 þ L6 ð7Þ
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Where Ts is the temperature of the surface; B Tsð Þ is the radiance of the blackbody; s
is the transmission from the ground to the camera; q is the reflectance of the surface in
the IFOV; qa is the reflectance of the ambient surface; hill is the illumination angle
between surface normal and sun direction; hsz is the zenith angle of the solar; d is the
square of the distance between Earth and Sun in astronomical units; b is the binary
factor which can be set to zero if the surface within the IFOV lies in self- or cast-
shadow, and elsewhere; S and Shay are the factors of the sky view; L20 and L30 are the
at-sensor path radiance of the thermal and the solar scattered as a reflectance of zero;
L4down is the radiance of the down welling direct-reflected on the surface; L50down and
L60down are the diffuse radiances of the down welling thermal and solar scattered on the
surface; g2, g3, g5 and g6 are the quantities to model the linear reflectance dependence.

2.2 Requirement Model and System Architecture Model

Requirement diagrams represent the content and the relationship of the stakeholder
needs, the system requirements, the design indexes, and the use cases to make the
requirements satisfaction, traceability, and verification [9]. Block diagrams define the
features of blocks from the aspects of the structure, the behavior, the logic, and the
constraints of the parameters.

The requirement model consists of six aspects – the development cycle (<1year),
the cost (<100,000,000RMB),the power (>2000kw), the volume (<1 m3), the mass
(<100 kg) and the SNR (>50 dB). The space-borne camera system architecture model
consists of 11 subsystems – the optical system, the detector, the imaging electric circuit,
the attitude measurement system, the orbit measurement system, the spectroscope
system, the focalize mechanism, the temperature control system, the calibration
mechanism, the pointing mechanism and the structure (see Fig. 2).

Fig. 1. Internal Block Diagram (IBD) of radiance transfer chain.
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2.3 Calculation and Analysis Model

Constraint blocks define the logical relationship of the parameters. The usage method
of constraint blocks is depicted by the parametric diagrams, which describe the systems
with formulas and equations using the value properties of various blocks.

Four main items of the space-borne camera system are related to the SNR [10].
Based on this, there are three constraint relations – the integrate time calculation, the
output random noise RMS calculation, and the SNR calculation (see Fig. 3). Different
from traditional methods, the algorithms are embedded in three constraint blocks. The
calculation and analysis flow describe the relation between the block and the constraint
relations more clearly by adopt modular expression.

2.4 Generalization Relationship

The system characteristic parameters are derived from the subsystem indexes. In
another word, the total system parameters can be calculated automatically after the
subsystem indexes are confirmed. However, there are so many indexes includes in sorts
of the subsystems. The compute becomes even more difficult and reflex in the condition
of the multi-scheme subsystems. To solve this problem the outstanding advantage of
the MagicGrid Methodology provides a relationship – generalization. By this rela-
tionship any parameter belongs to any scheme called second level element can
assignment the subsystem called first level element.

As seen in the Fig. 4, the land subsystem has 1 scheme with 2 indexes, the imaging
electric circuit subsystem has 1 scheme with 4 indexes, the orbit measurement sub-
system has 4 schemes with 3 indexes, the optical subsystem has 3 schemes with 6
indexes, and the detector subsystem has 4 schemes with 11 indexes.

Fig. 2. Block diagram of space-borne camera.
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3 Comparative Analysis of Multiple Schemes

The comparative analysis of multiple schemes is carried out by the “instance” function,
which the parameters are input in the block style instead of the element style. Blocks
are set as the modular units of the system structure using SysML. The different solu-
tions results are presented more intuitively and quickly.

Twelve solutions and the relative output results are listed in the Table 1, which
show that the scheme of No. 2, No. 4 and No. 5 can meet the requirement of the SNR
(>50 dB).

The SNR trend is shown in Fig. 5. The results show that under the premise of the
same imaging electric circuit (the correlated double sampling), the same orbit mea-
surement system (500 km altitude obit) and the same land position (45° northern
latitude), the SNR using off-axis three mirror system is higher than the one using
coaxial three mirror system or transmission system in the condition of the same
detector, and the SNR using TDICCD is higher than the one using TDICMOS, CCD
and CMOS in the condition of the same optical system. This is in line with the actual
situation. The iteration speed is faster significantly.

Fig. 3. Parameters diagram of SNR calculation and analysis model
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Fig. 4. Generalization relationship

Table 1. The output results of multiple schemes.

No. Subsystem Output result
Optical system Detector Radiance/W/

(m2�sr�lm)
Integrate
time/s

Output random
noise rms

SNR

1 Coaxial Three
Mirror

TDICMOS 100 3.52E-5 5.92E-4 45.27

2 Off-axis Three
Mirror

TDICMOS 100 6.59E-5 5.92E-4 63.81

3 Transmission TDICMOS 100 5.28E-5 5.92E-4 29.72
4 Coaxial Three

Mirror
TDICCD 100 3.52E-5 3.00E-4 51.17

5 Off-axis Three
Mirror

TDICCD 100 6.59E-5 3.00E-4 69.71

(continued)
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4 Conclusion

In this paper, the space-borne camera radiance transfer model, the requirement model,
the system architecture model, the parameter validation model and the generalization
relationship are built and the relative IBD diagram, the BBD diagram and the
parameters diagram are drawn. The intuition and rapidity of the MBSE method are
validated by the system SNR performance simulation. In contrast to a huge amount of
computation of the traditional algorithm, the comparison of 12 schemes is run rapidly
by the block iteration instead of the parameters iteration. According to the SNR

Table 1. (continued)

No. Subsystem Output result
Optical system Detector Radiance/W/

(m2�sr�lm)
Integrate
time/s

Output random
noise rms

SNR

6 Transmission TDICCD 100 5.28E-5 3.00E-4 35.62
7 Coaxial Three

Mirror
CCD 100 5.02E-5 4.47E-4 15.66

8 Off-axis Three
Mirror

CCD 100 9.42E-5 4.47E-4 34.20

9 Transmission CCD 100 7.54E-5 4.47E-4 0.11
10 Coaxial Three

Mirror
CMOS 100 5.02E-5 5.39E-4 15.56

11 Off-axis Three
Mirror

CMOS 100 9.42E-5 5.39E-4 34.10

12 Transmission CMOS 100 7.54E-5 5.39E-4 0.01
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example, the results show that the off-axis three mirrors optical system and the
TDICCD detector can get a higher SNR which is in line with the reality. The next work
can involve the cost, the volume, the power, the cycle and the mass et al. indexes into
the space-borne remote sensing system model. Then the whole system will be
described exactly by MagicDraw methodology.
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Abstract. The intertidal zone refers to the coast between the average highest
and lowest tidal levels, which is an important area for researching the dynamics
of modern sea-land environments and utilizing the marine resources. The
intertidal zone is affected by the dual forces of sea and land, and also human
activities. The existing land area remote sensing image processing methods are
not completely suitable for intertidal zones, and the accuracy and efficiency of
image fusion processing methods need to be improved. A method of the fusion
of large scale data remote sensing images for the land and sea intertidal zone is
proposed. The logical block is used to divide the image and an image pyramid is
established. Through the improvement of different fusion algorithms, the fusion
of large scale data remote sensing images is achieved with a high accuracy and
efficiency. The experiment was developed to prove that the IHS-NMF algorithm
based on the logical block is effective in optimizing large scale remote sensing
images.

Keywords: Logical block � Image fusion � Intertidal zone

1 Introduction

The intertidal zone refers to the coast between the average highest and lowest tidal
levels, that is, the zone between the coastline and the zero-meter isobath [1], which is
an important area for studying the dynamics of modern sea-land environments. It is
also a key area for the utilization of marine resources and military research. In addition
to being affected by the dual forces of sea and land, the intertidal zone is also affected
by human activities. The intertidal terrain zone changes more frequently [2]. Therefore,
the traditional satellite image fusion processing method is slightly inadequate for
intertidal terrain detection. It is necessary to optimize the existing image fusion algo-
rithm for obtaining remote sensing images with high spatial and spectral resolutions.

With regard to the remote sensing image fusion method, there are many studies on
the fusion of panchromatic and multispectral images, from algorithms to model
establishment. Now there are many remote sensing image fusion methods, Intensity-
Hue-Saturation transformation (IHS) [3], Principal Components Analysis (PCA) [4, 5]
and Bravery transformation [6, 7], etc. These three methods have similar advantages in
spatial resolution, but they have spectral distortion and spectral degradation. Wavelet
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transform can extract the spatial and spectral information of the image, but cannot
achieve the best results in both spatial and spectral resolution. So an image fusion
algorithm with a better balance between maintaining spatial detail and reducing spectral
distortion is necessary [8]. But in contrast, the scale of image data will also increase
significantly.

Image data segmentation can improve computing resource utilization rate and data
transmission rate, and can also make the data more easier to record and manage. It can
provide technical support for intertidal image real-time processing on satellites and the
establishment of an intertidal remote sensing image database. There are two methods
for common data block, physical block and logical block. Physical blocks are used to
physically segment images by resampling. When faced with large scale image pro-
cessing, this method divides large scale images into multiple small images, the gen-
eration process files are complicated, which is not conducive to classification
management, and frequent travel of small images will cause excessive pressure on
computing resources. The logical block method achieve image travel by changing the
data storage structure, establishing image pyramid and data scheduling. Therefore, the
logical block method is more suitable for large scale remote sensing image fusion.

An intertidal remote sensing image fusion algorithm based on the logical block is
proposed. It combines non-negative matrix factorization algorithm and IHS fusion
algorithm. At the same time, the multi/hyperspectral image is subjected to I transform
and NMF (Nonnegative Matrix Factorization) transform, and the both feature infor-
mation are comprehensively used. Then the logical block method is introduced, and
finally a large-data-range remote sensing image is obtained after fusion. This method
can be applied to large scale data remote sensing image processing in the intertidal
zone.

2 Improved Method for Remote Sensing Image Fusion

2.1 Improved NMF Method Based on IHS

The process of the improved NMF method based on IHS is as follow: to IHS transform
the multi/hyperspectral image, to NMF transform the obtained I component and high-
resolution image and replace the original information, inversely transform the H
component and S component by both characteristic information, and obtain the fusion
image, the whole process is shown in Fig. 1.

Red, green, and blue (RGB) in images can be converted into intensity (I), hue, and
saturation color spaces through the IHS space. The three components I, H, and S after I
conversion are independent to each other. S and H refer to the image spectral infor-
mation, and I contain the image spatial details. The mutual conversion of RGB and IHS
of color image is a reversible process.
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IHS transformation is [9]:
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Fig. 1. Flow chart of improved NMF method based on IHS
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Let In � I0 ¼ x, then get:
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Hue H is unchanged. Saturation S is:
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When In and I0 are different, saturation distortion occurs after IHS conversion.
The NMF algorithm uses the form of multiplying two non-negative sub-matrices to

represent the non-negative matrix that needs to be decomposed. The mathematical
expression can be described as follows [10]:

V ¼ WH ð10Þ

Where V 2 Rm�n represents the observed non-negative mixed signal matrix, which can
be written as V ¼ v1; v2. . .vn½ �; W 2 Rm�n becomes the base matrix in the NMF
algorithm, and can be regarded as a mixed matrix in the blind source separation model;
H 2 Rm�n is the coefficient matrix in NMF, and it can be regarded as the separated
source signal in blind source separation, which can be written as H ¼ h1; h2. . .hn½ �; vt
and ht are the t-th column vectors of V and H, respectively, vt can be regarded as the
sum of all the column vectors of W after weighting, then ht is the weighting coefficient.
The NMF process can be described as, under the constraint of non-negative conditions
of W and H, the error between the matrix V and WH is minimized.

The typical IHS transform fusion process is better than simply replacing the I com-
ponent with a panchromatic image, which loses the spectral information in the original
image. The spectral distortion after the inverse transform fusion is more obvious. The
improved method of IHS fusion combined with NMF transformation, in the process of
NMF transformation for information synthesis, the characteristic information in the
original I component is better preserved in this integrated component, so it is conducive to
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the retention of spectral information. The fusion image has rich spatial information and
spectral information, which could help to the image analysis.

2.2 Improved NMF Method Based on IHS

In remote sensing image processing with large scale data, zooming in and out of the
image is an important and commonly operation. For the zoom-in operation, the
instantaneous pressure to computer memory caused by too fast operation should be
avoided. In the zoom-out operation, the computer is performing a large number of
sampling operations at the same time when performing image travel and other pro-
cessing, which is also a tough condition to the computer memory, and it affects the
display speed of remote sensing images to a certain extent. In order to solve the above
problems, the method image pyramid generating from the original image is adopted.
The original image is resampled at a certain ratio to form an intermediate image
sequence, as shown in Fig. 2, where the shaded area corresponds to the sequence.

Each layer in the sequence represents a reduced scale image. For example, the first
layer is the original image at 1:1, and after are the 1:4, 1:16 remote sensing image. The
number of layers in the intermediate image sequence is determined according to the
size of the corresponding remote sensing image. The larger image has more number of
layers in the sequence, and the opposite is true.

Logical block is to change the data storage structure of the image, and store the
pixels of a region in a row-order structure again. In this way, the block can be read only
by moving the pointer during travel. According to the above method, to create various
layers of images and build pyramids to achieve image display; then to real-time read
and release data blocks to achieve image travel by data scheduling algorithms. The
steps to achieve logical block are as follows:

(1) To obtain the image initial information

• To obtain the size of the current display unit.
• To obtain the basic information of the input image, including the height and

width of the original image, the number of the image bands, and the scale of the
image. The first three kinds of information can be obtained by GDAL
(Geospatial Data Abstraction Library), and the size of the image can be
obtained by API functions.

Fig. 2. Diagram of the intermediate image sequence
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• To calculate the total layers number of the image pyramid. The total layers
number is:

Ln = S0 / Re ð11Þ

Where Ln is total layers number, S0 is original image size, Re is reduction ratio.
To determine whether the calculated image size is larger than the display unit
size, true then perform the operation again until it is smaller than the display
unit size. The times of operations is the total number of layers of the image
pyramid.

• To calculate the number of blocks in each layer of the pyramid, including the
number of blocks in column direction and row direction.

Bn¼ S0
3n � Bs

ð12Þ

Where Bn is number of blocks, n is the layer of the current image pyramid, Bs is
block size, and if there is less than one, add one.

(2) Block operation (based on GDAL)

• To read part of the image which to be divided into memory.
• To store the data in the input image pointer, and to transfer the pixels of each

block of the input image to one line of the output image. Finally, to free up
memory for reading data and memory space for output images. After releasing
the memory, to read the next part, and so on.

• To follow the steps above to build the image pyramids for the left and right part.

3 Experiment and Evaluation

3.1 Experiment of Fusion Method

The method mentioned above is used to verify the fusion of intertidal zone remote
sensing images. The image is small-scale data obtained by satellite. Figure 3 and 4 are
the original image fusion results, the IHS fusion results without the NMF algorithm and
the IHS-based NMF algorithm fusion results.

It can be seen that without the algorithm improvement, the result of the direct
fusion of the block image is significantly brighter than the original image fusion result,
and there is spectral distortion. The fusion result of the improved algorithm is in good
agreement with the original image. The fusion result is quantified by mean value,
standard deviation, information entropy, and average gradient. The results are shown in
Tables 1 and 2.

The results show that compared with the original image, the error of the fusion
image using the IHS-based NMF method is: mean value 0.23%, standard deviation
0.04%, information entropy 0.02%, average gradient 0.17%, and the improved fusion
image has better performance.
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(a) Original image fusion result                             (b) Block image fusion result 

Fig. 3. IHS fusion result without introducing NMF algorithm

 

(a) Original image fusion result                            (b) Block image fusion result 

Fig. 4. Improved NMF method based on IHS

Table 1. Original image fusion performance

Mean Standard deviation Information entropy Average gradient

Band 1 20.9817 10.8910 4.8638 3.1302
Band 2 28.7323 15.6140 5.5898 3.4321
Band 3 30.9264 14.8514 5.6298 4.1006
Mean 26.8801 13.7853 5.3612 3.5543

Table 2. Block image fusion performance

Mean Standard deviation Information entropy Average gradient

Band 1 21.0108 10.9004 4.8653 3.1351
Band 2 28.6218 15.6137 5.5890 3.4372
Band 3 30.9756 14.8743 5.6303 4.0918
Mean 26.8694 13.7961 5.3616 3.5547
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3.2 Fusion Experiment of Large Scale Data Remote Sensing Images
of Intertidal Zone

Based on the improved fusion method mentioned above and experiment results, the
large scale data remote sensing images of intertidal zone is processed. The remote
sensing image of the coastal zone detected by satellite is used. The multi/hyperspectral
image is about 2.5G Bytes, and the full-color image is about 850M Bytes, the image
size is 29975 � 29720, the image pyramid is divided into 5 layers, the original image
and the fusion image are shown in Fig. 5 and 6 respectively, the fusion is effective.

4 Conclusions

For the processing and application of intertidal zone remote sensing images with large
scale data, an intertidal remote sensing image fusion method based on logical block is
proposed. By combining the IHS transform and the NMF transform, a better image
fusion effect is obtained, and then the logical block method is brought in to complete
the fusion processing of a large scale intertidal zone remote sensing image.

(a) Multi / hyperspectral image                     (b) Panchromatic image 

Fig. 5. Large scale image to be fused

Fig. 6. Fusion result image
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To fuse the large scale intertidal zone remote sensing images obtained by satellites
through the improved NMF method based on IHS, introducing the logical block
method, and to derive the root mean square error of the fusion result of the block image
and the original image. The mean value is 0.23%, the standard deviation is 0.04%, the
information entropy is 0.02%, and the average gradient is 0.17%, the fusion method is
proved to have a better performance.

Compared with the existing inter-tidal zone image fusion method, the method
mentioned above improves the adaptability to remote sensing images with large scale
data. It can be used for on-satellite fusion processing of intertidal zone images obtained
by satellite or airborne remote sensors, so as to obtain high-resolution image products
on the sensor platform. In addition, the direction for further improvement of theoretical
research and experimental scheme is pointed out through error analysis.
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Abstract. This paper presents one method and application for remote real-time
processing & analyzing of payload data, describes the implementation principle
of this method and the details of each functional module in the system. In the
first part of this paper, the author introduces the overall architecture design of the
system; Then describe the design idea, implementation method and running
process of the remote-test-service- platform and remote-terminal in detail; At the
same time, the design and implementation of image partition compression
technology and data frame format for data communication within the platform
are described in detail; Finally, the operation process and operation logic of the
platform are introduced. In the second part of this paper, the author introduced
the application and characteristics of this system in detail. In the last part of this
paper, the author gives a concise introduction to the improvement and opti-
mization direction of this platform. In this paper, the satellite payloads’ remote
testing system can able to support the function of real-time processing and
analyzing for large amount of data on the remote side, so that the limited expert
power can monitoring and testing the satellites been laid on the launching place
from the testing hall of Beijing.

Keywords: Payload data � Remote � Real-time processing & analyzing

1 Introduction

With the development of space technology in China, the demand for high-density
launch of spacecraft is becoming more and more prominent. Under the existing test
system application conditions, experts are not enough to support such a high-density
launching mission. Therefore, development the satellite remote-testing-system, the
experts in Beijing can real-time monitoring and control the satellite launch site. At
present, many companies and scientific research institutes began to develop satellite
remote-testing-system, and already have remote real-time processing and analysis
functions of small data such as telemetry, tele-commands and so on, however, it
doesn’t support the real-time processing and analysis function of the large load
transmitted under the satellite data transmission subsystem [1], it still needs the experts
analysis the test data at the test area, or remote analysis the test data after testing, still
unable to solve the problem of insufficient utilization of expert.

According to the demand of the existing test system in the field of load remote
testing, the system adopts the design idea of data close to the place, remote real-time
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display and operation [2, 3]. It successfully solved the remote real-time analysis and
processing of the data transmitted by the payload in the process of satellite develop-
ment, and broke the bandwidth limit of the dedicated network that supports remote
testing. Real-time analysis [4] and processing function of large data volume data with
small bandwidth is realized [5]. The experts are not required to go to the test site of the
launch site to complete the processing and analysis of satellite payload data, and the
limited experts can invested in more satellite development tasks.

2 System Program

2.1 Overall Structure

The main structure of the system is shown in Fig. 1. The system consists of a remote
test service platform and a remote test terminal. Among them, the remote test service
platform is arranged in the test hall of the launch site to provide the operating platform
and remote test service for the entire remote test system. The remote test terminal is
arranged in the Beijing Remote Test Hall to provide users with real-time analysis
results display and remote real-time control functions. Remote test terminals connect to
the virtual application service of the remote test service platform through a remote test
network to create an application image on the terminal’s local desktop. The remote
operation, remote real-time analysis, processing and display of load data are realized by
mirroring the local application.

2.2 Design of Remote Test Service Platform

The remote test service platform is the core of the remote test system. The remote test
service platform consists of an application server and a remote test service program.
The internal structure of the remote testing service program is shown in Fig. 2 and
consists of a payload data interaction interface, a remote service module, a central
control module, a data processing resolution management control center module, and a
plug-and-play data processing resolution module. Load data interaction interface uses

Payload test 
euipment

Payload test 
euipment

Payload test 
euipment

Remote-testing service platform

Remote Test Terminal

Remote Test Terminal

Remote Test Terminal

Remote-Testing Network

Tes�ng Room at 
Launch Site

Beijing Remote Test Hall

Fig. 1. Map of network structure of remote test system for satellite load
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TCP/IP network protocol to interact with load test equipment; The remote test service
module is responsible for information interaction between remote test network and
remote terminal. The central control module is responsible for controlling the initial-
ization and operation of the entire remote test service platform; The data processing
resolution management control center module is responsible for controlling and
managing the operation, initialization and data interaction of all plug and play data
processing resolution modules; Plug-and-play data processing analysis module adopts
the common data interface to realize different types of data processing functions.

The principle of the remote test service platform is:

1. The central control module completes the initialization of each module of the entire
remote test service platform;

2. The remote service module obtains the user’s real-time operation information from
the remote test terminal, and finally transmits the image compression data of the
data processing results back to the remote test terminal for processing and display;

3. The payload data interactive interface sends remote user operation information to
the payload test equipment, and at the same time obtains real-time data of the
payload from the payload test equipment;

4. The data processing resolution management control center module centrally con-
trols the data processing analysis module with a general data interface to complete
the real-time analysis and processing function of the load data, and intercepts the
image data of the data processing results in real time, and uses the zoning com-
pression technology to complete the dynamic zoning compression operation of the
image data. Finally, the compressed image data is sent through the remote service
module to the remote test terminal display. The following section describes the key
techniques of image partition compression used in this system.

Payload Data Interaction Interface Remote Service Module

Central Control Module

Data Processing Resolution Management Control Center Module

plug-and-play 
data processing 

resolution 
module1

plug-and-play 
data processing 

resolution 
module2

plug-and-play 
data processing 

resolution 
module3

Payload original
 data

User 
operation info.

initialization

Initialization Info.

Data processing results
Image compression data

Payload 
info.

Real-time 
data Result

Remote 
request 

info.

User 
operation info.

plug-and-play 
data processing 

resolution 
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Fig. 2. Internal module structure of remote testing service platform
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2.3 Image Partition Compression Technology

Only a small portion of the interface may be updated in real time in the process of load
data processing software, and most areas are unchanged. If the entire interface image is
transmitted, it will inevitably result in a large amount of unnecessary network band-
width occupancy. Therefore, in order to effectively save the amount of bandwidth in the
test process, this system uses image partition compression technology to transfer image
partition compression.

The system divides the real-time interface area of the load data processing software
into 4 * 4 equal divisions (the partitioned granularity can bemanually set according to the
actual application needs). During the load test process, the remote test service platform
partition the real-time operation interface area of the load data processing according to
the regional situation, and matched the image data of the current partition with the
historical image data of the previous corresponding area one by one. If the image data of
the current area does not match the previous data, the image data of the area is encap-
sulated and compressed and sent to the remote test terminal for decompression display,
and then the matching operation of the image data of the next area is continued. If you
match the previous image well, you continue to detect the image data in the next area, so
that all areas of the entire interface are traversed. In this way, the bandwidth usage of the
image data transmission can be reduced effectively by transmitting only the changing
parts of the image.

2.4 Remote Terminal Design

As shown in Fig. 3, the remote test terminal is a user-oriented part of the entire system.
The terminal consists of a general computer as the operating platform. The terminal
software consists of a service communication interface, an operation display module, a
central data routing module, and a data processing module. The service communication
interface uses TCP\IP network protocol to interact with the remote test service plat-
form; The operational display module is responsible for displaying real-time data
processing results images and providing users with an operating interface that is
consistent with the local operating experience; The central data routing module is
responsible for the transmission control function of the internal data of the entire
remote test terminal; The data processing module is responsible for processing the
image of the analysis and processing results and encapsulating the user operation
information.

The principle of the remote test terminal is:

1. The remote test terminal presents the real-time image information of the load data
processing results to the user through the operation display module, and at the same
time collects the user’s real-time operation information, and sends the operation
information to the central data routing module for transmission;

2. The central data routing module is the data interaction bridge of the entire remote
test terminal. All data inside the terminal must pass through this module to reach its
corresponding data transmission or resolution processing module; The design of the
central data routing module allows the data transmitted within the terminal to
circulate systematically within it;
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3. The user real-time operation information sent by the remote test terminal to the
remote test server and the data real-time processing results displayed by the remote
test terminal are encapsulated and analyzed through the data processing module.
The central routing module sends the data to be packaged or parsed into it for
processing. After processing, the data processing module feeds back the data to the
central routing module for distribution;

4. The service communication interface uses the TCP\IP communication protocol to
communicate data with the remote test server through the remote test network and
send users’ real-time interface operation information to the remote test server. At
the same time, the result image data is obtained from the remote test server and sent
to the central data routing module for distribution processing.

2.5 Design of Data Frame Format for Transmission

As shown in Table 1, the data frame format used by the remote server and the remote
test terminal consists of eight parts: frame synchronization head, frame length, source
ID, target ID, data type, data domain, CRC check, and frame end. Among them, the
frame synchronization head adopts the 0x1ACFFC1D specified by the CCSDS com-
munication protocol standard; The frame length is the entire frame length and the
length value is N + 20; The source ID records the source of this frame data; The target
ID records the target of this frame data; The data type uses 4 bytes to record the type of
data for this frame; Data fields are used to transmit valid data; CRC is the verification
code that verifies the user’s recording of this frame data. The verification area is the
data between the synchronization head and the end of the data field. The frame tail code
uses the inverse sequence code 0x1DFCCF1A of the synchronization head.

service communication 
interface

Operation& Display Module

Central Data Routing Module

data processing module

User 
operation info.

Service
Communication

 interface

Processed
data

Data
Processing

results

Data processing 
results

Image compression 
data

Data processing 
results

Image compression 
data

Fig. 3. Internal module diagram of remote test terminal

Table 1. Data interactive data formats within the system
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Target
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Data
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Data
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4B 4B 1B 1B 4B N B 2B 4B
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2.6 System Operation

The overall operating flow of the system is shown in Fig. 4:

1. The user launches the remote payload data real-time analysis and processing tool
on the remote test service platform on the remote terminal;

2. The user’s operation control command is transmitted to the remote test service
platform through the remote network;

3. Remote test service platform parses this command and performs corresponding
operations;

4. The remote testing service platform obtains real-time processing results images of
payload data and compresses the images in the changed area and sends them to the
remote test terminal through the remote network;

5. After the remote test terminal receives the real-time processing result image data of
the load data, the image data is compressed and the image is updated to the
corresponding area;

6. Users continue to operate on remote test terminals as needed;
7. Remote test terminals convert user operations into operational data and encapsulate

operational data into a unified internal communication frame format and send it to
the remote test service platform;

8. Repeat the operation of step 3-step 7 until the load test is completed, the user sends
an exit operation command;

9. After receiving the exit operation command, the remote test service platform first
closes the locally running load data analysis processing tool and sends the end of
the operation message to the corresponding remote test terminal;

10. The remote test terminal closes the local load data real-time result image after
receiving the end of the operation message, and the load remote test work ends.

3 Application and Characteristics of the System

The system has been used in multiple launch site missions, which has solved the need
for remote real-time analysis and processing of data transmitted by the payload during
the development of satellites, and has broken the bandwidth limit of dedicated net-
works that support remote testing. Real-time analysis and processing function of large
data volume data with small bandwidth is realized. The system has the following
features:

1. The system centralizes the processing and analysis of all data in the on-site server.
The data can be analyzed and processed in real time without full return of data. The
problem of remote real time analysis and processing of downloadable data is solved,
which is not available in the existing remote test system.

2. The system adopts a remote distributed architecture scheme. As long as the terminal
that can access the remote test server can be used as a load test data analysis and
monitoring terminal, local experts can even sit in the office to complete the load test
of the satellite work;
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3. The system can transmit the image of the data processing analysis of the load in real
time and respond to the virtual operation of the remote terminal in real time,
providing users with the same operating experience as the local operation. No
training and adaptation time is required to complete the transition from on-site
testing to remote testing;

4. The system adopts a variable image partition compression algorithm, which can
only occupy a very small network bandwidth during the operation, and can com-
plete the support for the real-time processing, analysis and monitoring of remote
load data under any extreme conditions.

4 Conclusion

At present, the system only supports the electronic load data and some optical load data
remote real-time processing and analysis function. The software data coding and
compression algorithm needs to be optimized and upgraded to expand the system’s
support surface for optical load data. The intelligent bandwidth allocation algorithm is
introduced to further improve the system’s effective usage of remote network
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Fig. 4. Flow chart of system operation
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bandwidth. Follow up, the data security research will be conducted on remote data
transmission and the feasibility of using public networks to transmit confidential data
will be explored.
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Abstract. With the development of the space industry, the number of space
model development tasks has increased significantly. Product warranty
requirements are also increasing. Therefore, the Aerospace Model Control
Subsystem Product Assurance work also put forward higher requirements. In
order to improve the development quality of aerospace model control subsys-
tem, the quantitative evaluation of product assurance in the development of
control subsystem is carried out. Evaluation Method of product assurance work
quality for Aerospace Model Control Subsystem is a quantitative method based
on modern quality management theory and engineering project practice. In this
paper, the method is used to quantitatively evaluate the product assurance of a
specific type of control subsystem. The evaluation results are in good agreement
with the actual evaluation results of the aerospace model of control subsystem.
The validity of the quantitative evaluation method is confirmed. It provides the
reference for the product guarantee of the follow-up aerospace model control
subsystem.

Keywords: Control subsystem � Product guarantee � Quantitative evaluation

1 Introduction

The control subsystem product assurance work evaluation is characterized by a clear
model workflow and clear product assurance elements. The product assurance work
can be evaluated by a quantitative model. The difficulty of product assurance work
evaluation is that product assurance work has complex discrete uncertain factors and
uncertain processes. The evaluation process of product assurance is affected by these
factors. The spacecraft model mission puts forward high-quality requirements for each
subsystem product. For this reason, it is necessary to carry out a quantitative evaluation
of the effect of product assurance work, based on the evaluation results, guide the
follow-up work, improve weak links and improve product quality.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. Wang et al. (Eds.): Signal and Information Processing, Networking
and Computers, LNEE 677, pp. 307–313, 2021.
https://doi.org/10.1007/978-981-33-4102-9_38

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_38&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_38&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_38&amp;domain=pdf
https://doi.org/10.1007/978-981-33-4102-9_38


2 Establishment of Quantitative Evaluation Model
for Product Assurance

The product assurance work of the control subsystem includes: stand-alone product
assurance elements that make up the product, such as controlling and guaranteeing the
basic units (components, software, raw materials, etc.) that constitute the product
quality, and also includes the design verification product assurance of the control
subsystem Elements (reliability design [1, 2], space environment adaptability guaran-
tee, power supply security, etc.). Spacecraft Model Control Subsystem product
assurance work items are shown in the image below [3–6] (Fig. 1).

Let the control subsystem-level product assurance evaluation result be P, and the
quantitative evaluation of product assurance work is the evaluation of the implemen-
tation of the model product assurance elements during the model development process
[7]. The product assurance elements of the control subsystem are the evaluation items
a1,a2,a3,…an, and totally n. Product assurance project evaluation results

P
0 ¼ ½a1; a2; a3; � � � an� ð1Þ

The evaluation sub-items are further subdivided into n evaluation items, and each
evaluation item can be divided into m evaluation sub-items. The evaluation item can be
written as:

a1 ¼ ½ a11a12 � � � a1m �
a2 ¼ ½ a21a22 � � � a2m �
. . .
an ¼ ½ an1an2 � � � anm �

ð2Þ

The product assurance evaluation conclusion of the control subsystem is O, and the
five major evaluation conclusions after quantification are [8]:

Subsystem product 
guarantee work

Product Assurance Management
Quality assurance

Reliability guarantee
Security guarantee

Space environment adaptability guarantee
Component warranty

Material and process guarantee
Software Assurance

Ground Equipment Guarantee
Product guarantee elements for subsystems  

Fig. 1. Control subsystem product guarantee work block diagram
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O ¼ ½completely conformed; better conformed; generally conformed; generally not

conformed; completely not conformed�
ð3Þ

Represented as

O ¼ A B C D E½ � ð4Þ

Assign points for the product assurance evaluation of the control subsystem, and the
quantification of the criterion is shown in Table 1. In order to achieve “better con-
formed” at the B level, it is necessary to obtain a score of 0.8 or more on the corre-
sponding level (out of 1 point). The product guarantee work of the model can only be
qualified if it reaches level C or above.

In the evaluation of product assurance, due to the different importance of the
elements of product assurance in the implementation process, in order to make the
evaluation more scientific, each impact factor is quantified into different weights and a
weight table is formed. The weight table can be adjusted dynamically. The guaranteed
work weight table of a certain control subsystem product is shown in the second
column in Table 1 above.

When evaluating the product assurance work of the control subsystem, it is nec-
essary to perform a process evaluation on each of the sub-items in the control sub-
system and give the process evaluation level of the sub-items, thereby forming the
evaluation of each product assurance project set. The evaluation process is divided into
the first-level product assurance quantitative process evaluation and the second-level
product assurance quantitative process evaluation. Finally, the control subsystem
product assurance comprehensive process evaluation score and grade are obtained.

The first-level product assurance process evaluation model is:

P
0 ¼ a � O ¼ ½an1; an2; an3; � � � anm� �

O1
1 O2

1 � � � O5
1

O1
2 O2

2 � � � O5
2

O1
3 O2

3 � � � O5
3

� � � � � � � � � � � �
O1

n O2
n � � � O5

n

2

6
6
6
6
4

3

7
7
7
7
5

ð5Þ

Table 1. Evaluation set of product assurance system factors

Level Evaluation standard

A: completely conformed {0.8, 0.2, 0, 0, 0}
B: better conformed {0.2, 0.8, 0, 0, 0}
C: generally conformed {0, 0.2, 0.8, 0, 0}
D: generally not conformed {0, 0, 0.2, 0.8, 0}
E: completely not conformed {0, 0, 0, 0.2, 0.8}
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Where

P
0
= Product assurance evaluation set after quantitative evaluation of each project

½a1; a2; a3; � � � an� = Evaluation item
n = Number of evaluation items
½an1; an2; an3; � � � anm� = Sub-items in each product guarantee project
m = The number of sub-products under each product guarantee project of the
subsystem
O1

1 O2
1 � � � O5

1
O1

2 O2
2 � � � O5

2
O1

3 O2
3 � � � O5

3
� � � � � � � � � � � �
O1

n O2
n � � � O5

n

2

6
6
6
6
4

3

7
7
7
7
5
= Evaluation criteria obtained for each evaluation sub-

project

The quantitative evaluation value P of the second-level product guarantee process is
a comprehensive product guarantee process quantitative evaluation obtained by
assigning weight to each item in the product guarantee process.

3 Quantitative Analysis Results of Product Assurance Work

3.1 Control Subsystem Product Guarantee Quantitative Evaluation
Weight

The quantitative evaluation model of product warranty is adopted. According to the
development characteristics and the development test verification of a satellite control
subsystem, the product assurance process of the control subsystem is evaluated, the
weight value of the product assurance project is given and the number of sub-products
is defined. The results are shown in the following Table 2.

3.2 Quantitative Evaluation Results of Product Assurance of a Control
Subsystem

The evaluation result calculated by a control sub-system for each item is:

I: Product Assurance Management P1 ¼ 0:1740 0:5860 0:1760 0:0640 0½ �
II: Quality assurance P2 ¼ 0:4940 0:3860 0:1200 0 0½ �
III: Reliability guarantee P3 ¼ 0:3300 0:4860 0:1460 0:014 0:024½ �
IV: Security guarantee P4 ¼ 0:0900 0:4700 0:4400 0 0½ �
V: Space environment adaptability guarantee P5 ¼ 0:2000 0:8000 0 0 0½ �
VI: Electrical, electronic and electromechanical components warranty P6 ¼
0:6740 0:3260 0 0 0½ �
VII: Material, mechanical parts and process guarantee P7 ¼
0:4200 0:3800 0:2000 0 0½ �
VIII: Software Product Assurance P8 ¼ 0:0400 0:3200 0:6400 0 0½ �
IX: Ground Support Equipment Assurance P9 ¼ 0:5600 0:4400 0 0 0½ �
X: System-level product guarantee P10 ¼ 0:2320 0:6800 0:0880 0 0½ �
(Fig. 2).
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3.3 Quantitative Evaluation Results of Product Assurance of a Control
Subsystem

After the model has completed the first-level quantitative evaluation of product guar-
antee, the evaluation indexes P1–P10 form a quantitative evaluation matrix.

Table 2. Table of evaluation weights for product assurance of a control subsystem

No. Product guarantee item name, weight

I Product assurance management: P1 ¼ ½a11; a12; a13; � � � a1m�ðm ¼ 1; 2 � � � 12Þ, Weight:
0.02

II Quality assurance: P2 ¼ ½a21; a22; a23; � � � a2m�ðm ¼ 1; 2 � � � 17Þ, Weight: 0.02
III Reliability guarantee: P3 ¼ ½a31; a32; a33; � � � a3m�ðm ¼ 1; 2 � � � 31Þ, Weight: 0.25
IV Security guarantee: P4 ¼ ½a41; a42; a43; � � � a4m�ðm ¼ 1; 2 � � � 8Þ, Weight: 0.02
V Space environment adaptability guarantee: P5 ¼ ½a51; a5m�ðm ¼ 2Þ, Weight: 0.1
VI Electrical, electronic and electromechanical components warranty:

P6 ¼ ½a61; a62; a63; � � � a6m�ðm ¼ 1; 2 � � � 17Þ, Weight: 0.1
VII Material, mechanical parts and process guarantee:

P7 ¼ ½a71; a72; a73; � � � a7m�ðm ¼ 1; 2 � � � 10Þ, Weight: 0.02
VIII Software product assurance: P8 ¼ ½a81; a82; a83; � � � a8m�ðm ¼ 1; 2 � � � 7Þ, Weight: 0.15
IX Ground support equipment assurance: P9 ¼ ½a91; a92; a93; � � � a9m�ðm ¼ 1; 2 � � � 6Þ,

Weight: 0.02
X System-level product guarantee: P10 ¼ ½a101; a102; a103; � � � a10m�ðm ¼ 1; 2 � � � 21Þ,

Weight: 0.3
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Fig. 2. Intuitive diagram of product guarantee operation of a control sub-system
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P
0 ¼

0:1740 0:5860 0:1760 0:064 0
0:4940 0:3860 0:1200 0 0
0:3300 0:4860 0:1460 0:014 0:024
0:0900 0:4700 0:4400 0 0
0:2000 0:8000 0 0 0
0:6740 0:3260 0 0 0
0:4200 0:3800 0:2000 0 0
0:0400 0:3200 0:6400 0 0
0:5600 0:4400 0 0 0
0:2320 0:6800 0:0880 0 0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

ð6Þ

The comprehensive evaluation of the product system’s second-level quantitative
guarantee of the model system is (Fig. 3):

P ¼ 0:2803 0:5313 0:1776 0:0048 0:0060½ � ð7Þ

4 Conclusion

Based on the evaluation principles, the final evaluation conclusion is reached. Model
products are guaranteed to be completely conformed: 28.03%, better conformed is
53.13%, general conformed is 17.76%, general not conformed is 0.48%, and com-
pletely not conformed is 0.6%. According to the evaluation principle, and the distri-
bution of weights, the proportion of “better conformed” is the largest. The product
assurance status of this satellite control subsystem falls into the “general conformed”
category. In actual work, the satellite control subsystem runs stably in orbit, as
expected.
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Abstract. A spacecraft power system design and simulation software is dis-
cussed in this paper, which is including satellite orbit analysis module, the solar
light ray incidence Angle of solar panel analysis model, and the calculation
method of solar array size under the sun light conditions. According to the
design parameters of spacecraft orbit and electricity load, the critical design of
solar array is developed, and the battery capacity is determined. Simulation of
satellite EPS’s energy balance is laid out and energy changes as satellite work on
orbit is running on real-time. The battery capacity changing with the real output
power of solar arrays and load is calculated. The software is designed in
modular, easy to operate, simplifying the spacecraft power system’s analysis,
design and simulation.

Keywords: Spacecraft electrical power � Design and analysis � On-orbit
simulation � Energy balance

1 Introduction

At present, the spacecraft power system in China mostly adopts the photovoltaic-
battery combined power supply system. Such system uses solar cells converting solar
energy into electrical energy. During the sun light period, the solar arrays supply power
to the load and charge the battery. During the shadows time all subsystems of the
spacecraft is powered by batteries. Power system design is influenced by spacecraft
orbit parameters, the spacecraft construction, space environment, attitude control mode,
the life, the whole spacecraft power requirements, work load characteristics and many
other factors, and the design optimization of the power system is often the iterations
result of these factors.

Spacecraft power system design is a complex calculation process, and requires
multiple iterative designs and analysis. Development of spacecraft power design,
analysis and in orbit simulation software takes a lot of calculation by the computer, so
more spacecraft power system design and iterations can be carried out during a short
time period. Compared with the conventional manual calculations, it cans ensure more
accurate analysis and saving a lot of computing time. According to the spacecraft orbit
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and attitude parameters we can get the solar array and the sunlight angle, and consider
about the characteristics of spacecraft electricity load, so electrical power system design
analysis and simulation software forms the solar array-battery design to obtain the
required solar cell area; volume, weight and other key parameters of battery. According
with the actual spacecraft location and status, the software can real-timely simulate the
whole spacecraft energy balance.

Power design analysis and on-orbit simulation software are constituted by five
modules: the orbit and light conditions analysis module, load power demand analysis
module, solar array aided design module, battery-aided design module and power
balance analysis and simulation modules, see Fig. 1.

Fig. 1. Relation graph between input and output in power system design analysis software

Electrical Power Sizing and Performance Simulation Tools 315



2 Spacecraft Orbit and Solar Array Light Conditions
Analysis

2.1 Orbit Analysis

Orbital parameters is the basic element of power system design. Therefore spacecraft
on different type orbit have different solar incidence angle on solar array, earth shadow
time and other important parameters. The power analysis software gets algorithm for
the subsequent analysis of the solar array temperature, power load and spacecraft
attitude analysis, to provide the design basis for energy balance on orbit simulation and
other functions. It is the key technology for EPS design of spacecraft, and its accuracy
and computational speed directly affects the performance of the software.

In order to ensure the accuracy of orbital dynamics sub-module, the analysis results
of an example using this spacecraft orbital dynamics sub-module were compared with
the results of STK.

Test example: (Table 1)

– Simulation Start time: at 12:00 on July 1, 2013
– Semi-major axis: 6778.14e3 m
– Eccentricity: 0
– Orbital inclination: 42.5°;
– RAAN: 0°
– Mean anomaly: 0
– Spacecraft attitude: to be oriented three-axis stabilized
– Sailboard configuration: mounted on the y-axis, sailboard directed by Sun to

consider

The test results show that the calculated deviation between orbital dynamics
module (the blue line) and the STK software result (the red line) is within the per-
missible range, see Fig. 2.

Table 1. Calculated deviation of example.

Deviation Value

The spacecraft position maximum deviation on X axis 250 m
The spacecraft position maximum deviation on Y axis 200 m
The spacecraft position maximum deviation on Z axis 150 m
The spacecraft velocity maximum deviation on X axis 0.25 m/s
The spacecraft velocity maximum deviation on Y axis 0.2 m/s
The spacecraft velocity maximum deviation on Z axis 0.2 m/s
The included angle between sunlight and orbit plane 0.01°
The included angle between sunlight and Sailboard 0.037°
The included angle between solar panel and the earth-spacecraft line 0.12°
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2.2 Solar Arrays Light Conditions Analysis

According to the attitude and position of the spacecraft, the solar array’s mounting
direction, the status of tracking sun (or fixed-wing bias angle), the solar incidence angle
calculation method can directly calculate the angle between the normal of solar panel
and the sunlight. It is simple to use and convenience for solar array analysis and design,
see Fig. 3 and Fig. 4.

3 Spacecraft Power System Design and Analysis

3.1 Design of Solar Array

Spacecraft solar array has many solar cells connected in series and parallel,achieving
desired output voltage by series connection and output current by parallel connection.
Currently, the types of solar cell used on spacecraft include: silicon solar cells, single-
junction GaAs cells, triple junctions GaAs cells. the main technical parameters on
selecting solar cell are: conversion efficiency, open circuit voltage, short circuit current,
maximum power point voltage, maximum power point current. During the design
process, power system engineers make the best choice for the type of solar cell, solar
cell series and parallel connection, the size and weight of the array.

Fig. 2. Included angle between sunlight and orbit-plane (unit: degree).

Fig. 3. Included angle between sunlight and solar panel (unit: degree).
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(1) Number of solar cell in series

Ns ¼ VB þVD þVM

VMPðEOLÞ
þN

Among the formula: Ns is the number of solar cells in series; VB is power bus voltage;
VD is solar cell separate diode forward voltage drop; VW is cable voltage drop. For
different topologies, VW has different value choice, N is the redundancy numbers;
VMP (BOL) is the voltage of the maximum power point at the end of life.

VMPðEOLÞ ¼ ðVmp þ bvðT � 25ÞÞKV
E K

V
A K

V
MK

V
O

Vmp is the voltage at the maximum power point at the beginning of life; bv is the
voltage temperature coefficient; T is the working temperature; KV

E is irradiated degrade
factor; KV

A is voltage assembly loss factor; KV
M is measuring error factor; KV

O is addi-
tional loss factor.

(2) number of solar cells in parallel

Np ¼ Is
IMPðEOLÞ

ð1þMÞ

Np——the number of solar cells in parallel
Is——the output current of solar array
M——design redundancy “(5%,10%,0, selectable)
IMPðEOLÞ——the current at the maximum power at the end of life.

IMPðEOLÞ ¼ ðIMPB þ b1ACðT � 25ÞÞKI
BK

I
AK

I
MK

I
UVK

1
o cos h

IMPB is the voltage of the maximum power point at the beginning of life; b1 is the
current temperature coefficient; AC is the area of one solar cell; T is the working
temperature; KI

E is the current irradiated degrade factor; KI
A is the assembly loss factor;

KI
M is the measuring error factor; KI

UV ultraviolet irradiated loss factor; KI
o is additional

loss factor; h is the incidence angle of solar array; h, range from 0–180°.

Fig. 4. Included angle between sunlight and earth-spacecraft line (unit: degree).

318 D. Jiang



(3) the calculation about area and weight of solar array

A ¼ ACNSNP

Fs

AC——the standard area of one solar cell
NS——the number of solar cell in series
NP——the number of solar cell in parallel
FS——pieces coefficient

W ¼ WCNSNP þWE

Among the formula: W is the weight of solar array; WC is the weight of solar cell; WE is
the weight of cables and other components in solar array.

3.2 Design of Battery

Currently, the usual energy storage devices used in solar array-battery power system
commonly are: nickel-cadmium batteries, nickel metal hydride batteries, lithium-ion
batteries, see Table 2. The three type batteries have different characteristics. Nickel-
cadmium batteries for aerospace applications have the longest history, and are the most
mature technology. For nickel-metal hydride batteries, its mass energy ratio, depth of
discharge, and the working life are much greater than the nickel-cadmium batteries, and
it also endures to over-charge and over-discharge. Despite its disadvantages on rela-
tively low volumetric energy, greater self-discharge rate, it is still widely used in GEO
spacecraft and began to apply to the MEO, LEO spacecraft. Lithium-ion batteries, due
to its mass energy features ratio (operating voltage corresponds to a single operating
voltage of three nickel-cadmium or nickel metal hydride batteries battery cell), has
become widely used in spacecrafts.

The design of battery pack focus on the series number calculation and the selection
of cell capacity and weight choosing.

(1) Numbers of battery cell series
For S3R topology, the numbers of battery cell in series, nb should satisfy:

Vb þVK

Vpd
� nb � Vc þVK

Vpmax

Vc is the minimum output voltage of BCR; Vk is the voltage drop on cable from BCR to
cable of battery; Vpmax is the final voltage of battery cell charging. Vb is the minimum
input voltage of BDR; Vkb is the voltage drop on cable from battery to BDR; Vpd is the
final minimum voltage of battery cell discharging.

(2) Calculation of battery pack capacity
When the number of battery cell in series nb is obtained, the capacity of battery CN

should satisfy:
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CN �ðCD þCD1ÞjDODmax ¼ ð ED þED1

VPEnbgBDRKL
ÞjDODmax ¼ CND

CND is the capacity designed of battery pack; CD capacity discharged in shadows of
battery pack; CD1 is the capacity discharged in the light period. ED is the max required
power in shadow period.; ED1 is the extra required power in light period; VPE the
average discharge voltage of battery cell; nb is the number of battery cell in series; ηBDR
is the efficiency of BDR; KL is the power loss factor of battery pack (default 0.99);
DODmax is the max depth of discharge in design. The depth of battery pack can be
confirmed according to standard, also can be selected by the cyclic charge-discharge
times on orbit, in view of Table 3.

According with the capacity of single battery cell CND in design, user chose such
kind of product which can satisfy the using requirement. when product is selected, CN

should be satisfy:

CN �CND

Table 2. Typical performance parameters of battery cell (reference value)

Iterm Nickel-
cadmium

Nickel metal
hydride

Lithium-ion

Mass energy ratio (Wh/kg) 30 60 125
Volume energy ratio (Wh/l) 150 90 300
Efficiency (%) 72 70 96
Self-discharge (%/day) 1–3 3–5 0.3
Memory effect Exist Slight Inexist
Temperature stability (°C) 0–40 −20–30 10–30
Charge pattern Constant

current
Constant
current

Constant current + constant
voltage + equilibrium

Max charge voltage (V) 1.55 1.55 4.1
Min charge voltage (V) 1.15 1.15 3.0

Table 3. Reference value of depth of discharge

LEO GEO

nickel-cadmium 15%–30% 50%–60%
nickel metal hybride 30%–40% 70%–80%
lithium-ion 20%–30% 60%–75%
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4 Energy Balance Analysis and On-Orbit Simulation

Based on spacecraft on-orbit working conditions, working patterns and flight attitude,
and consider changes in temperature, light and life, the output power of working
process of solar array, batteries charge and discharge statues are simulated. The soft-
ware can analysis a certain period of time in the whole process of on-orbit state of
power supply subsystem, and verify the result of the design of the solar cell array and
battery. Basically we see whether it can meet the requirements of battery discharge
depth, prevent excessive battery discharge depth lead to premature battery performance
degradation, or check whether the recharging time can fit the requirement of charging
of battery, see Fig. 5 and Fig. 6.

5 Conclusion

This paper analyzes the spacecraft power system design calculation and simulation
method by using the software to complete the design analysis and on-orbit spacecraft
power system simulation. Through developing spacecraft orbit dynamics algorithm and
light conditions analysis model, establishing the mathematical model of power system
analysis and design constraints model, this software calculates the area of the solar
array and battery capacity, and it also provide energy balance analysis and on-orbit
operations simulation.
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Abstract. In this paper, the application of several “design pattern” of object-
oriented software development technology in aerospace embedded software
development was mainly discussed. aerospace embedded software is the core of
supporting spacecraft in orbit, Its quality directly determines the performance
and the saftey of the spacecraft. In order to adapt to the improvement and
development of spacecraft in recent years, the software becomes more and more
complex. “Design pattern” is necessarily adopted to help designing software in
order to develop high-quality software with high reusability and scalability. This
article focuses on three applicable design patterns. They mainly included the
following patterns, including “intermediary pattern” and “strategy pattern”
among the “Behavioral pattern” and “bridge pattern” among the “Structural
pattern”. They were analyzed aiming at the characteristics of aerospace
embedded software and in detail for specific application scenarios. The main
purpose of applying these “design patterns” is to solve the problems such as
software body architecture design and complex algorithm design, etc.

Keywords: Design pattern � Aerospace embedded � Software development

1 Design Pattern and Aerospace Embedded Software
Development

Aerospace embedded software development model is transforming from the previous
waterfall model [1] into the iterative model [1], aiming to adapt to the actual needs that
the software functions are becoming more and more complex and development cycle is
becoming shorter and shorter. Compared with structured methods, object-oriented
methods are more suitable for iterative development. Classic development patterns
mainly include unified process model [1], etc. The main points of object-oriented
technology are “encapsulation”, “inheritance” and “polymorphism”. In the design
process, it is necessary to abide by the well-known “seven design principles” [2], so as
to develop software with high reusability and expandability. “Design pattern” [3] is a
set of summaries which are repeatedly used, independent on programming language
and programming design experiences. The use of “design patterns” helps design
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software meet the “seven design principles”; “Design patterns” are divided into three
types, and each type of “design patterns” have their own applicable occasions. Among
them, “creational pattern” [3] is mainly used to hide the creation details and create
objects. “Structural pattern” [3] mainly describes how to combine classes and objects to
form larger structures. It is mainly used for reusing mature modules to realize interface
matching or adding new functions, deconstructing function modules to make it easier
for each module to change independently, and saving memory by merging common
parts, etc. “Behavioral pattern” [3] mainly designs the commonly used communication
patterns among the objects and implements them. It is mainly used to improve the
flexibility of code changing, decouple the complex interaction between objects and
respond to the change of object state in time, etc. Therefore, it is necessary to find the
applicable occasions in the software functional requirements and choose the corre-
sponding “design pattern” to achieve the purpose of designing high-quality code. In
recent years, design patterns have been applied to software design in the aerospace
field, such as the application of structural patterns in measurement and control software
to achieve flexible cross-platform reuse of code [7], and the application of behavioral
patterns to achieve real-time data updating [8], etc. In this paper, in view of the
ubiquitous functional requirements of three types of aerospace embedded software, the
“design patterns” suitable for these occasions were selected for software design, which
has a high reference value.

1.1 Intermediary Pattern Realizes Software Body Architecture
of Minimum Coupling Interaction Among Various Functions

Most aerospace embedded software has the following basic functions, that is, the
hardware registers’ operation, communication tasks and main software algorithm.
These three functions aren’t directly related, but they need to transit information to each
other, for example, the value of the hardware register is needed by the software
algorithm, and the related information of the software algorithm and the hardware
register parameters are needed by the communication task. Therefore, a network
interaction structure [4] is formed, and it isn’t conducive to code maintenance. For
example, if the hardware platform is switched and the acquisition method of a hardware
register value changes, then it needs to “notify” all objects which use it. Each object
needs to know the existence of all other objects, which violates the Law of Demeter [2].
Transforming this network interaction structure into star interaction structure will
greatly reduce the coupling between them, which is a typical application scenario of
intermediary pattern.

One of the classic software architectures designed by the intermediary pattern [3] is
MVP three-tier architecture [5], whose controller (P) is the intermediary between the
pattern (M) and the view (V). M and V don’t interact directly, and their interactions are
performed through P and occur within P. The design pattern defines an intermediary
object to encapsulate the interaction between a series of objects, so as to loosen the
coupling between the original objects. At the same time, it can independently change
the interaction between them, so it is a typical application of Law of Demeter. The
intermediary pattern includes the following roles: 1. Role of abstract intermediary: it is
the interface of the intermediary, which provides an abstract method for colleague
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object registration and colleague object information forwarding; 2. Role of concrete
intermediary: implement the abstract intermediary interface, define a list to manage
colleague objects, and coordinate the interaction between various colleague roles, and it
depends on the colleague role; 3. Role of abstract colleague: define the interface of the
colleague class, save the intermediary objects, provide the abstract method of colleague
object interaction, and realize all the common functions of the colleague class that
affects each other; 4. Role of concrete colleague: it is the implementer of the abstract
colleague class. In the implementation, when it needs to interact with other colleague
objects, the intermediary object is responsible for the subsequent interaction. The class
diagram of the intermediary patterns designed in this paper is shown as follows
(Fig. 1):

The above class diagram defined the abstract colleague class Colleague. The class
SoftArith, class HardOperation and class Communication are the concrete colleague
classes inherited from Colleague. Communication between them is realized through the
concrete mediator class ConcreteMediator, which is the implementation class of the
abstract Mediator class. The object sequence diagram is as follows (Fig. 2):

#define Hard_Informatiaon … #define Soft_Informatiaon … #define
Comm_Informatiaon …

As can be seen from the above object sequence diagram, when the communication
function object needs to package the information, it only needs to call the askfor
method, without caring whether the hardware operation object or the software algo-
rithm object provides this parameter. However, in the answer method, the object that
receives the request obtains parameters according to the actual situation and returns the
result to the request object. Among them, obtaining parameters may involve a series of
complex operations. These complex operations are transparent to the request object.

Fig. 1. The class diagram of the intermediary patterns designed in this paper
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Three kinds of functional objects can be changed independently without affecting other
objects to get their information. In this pattern, any colleague object can be the active
initiator or passive receiver of the request, and this two-way communication design
meets the active and passive flexibility requirements of the interaction between objects
in the actual conditions, so that the software is easy to expand and even expand to the
multi-core platform. For example, each core of a multi-core platform runs a software
algorithm task. There is no functional coupling between the software algorithms, but
the interaction of data is involved. At this point, all software algorithm objects can be
registered to the intermediary object, which is responsible for information scheduling
uniformly.

It can also be seen from above that the major defect of the intermediary pattern is
that when there are too many colleague classes, the intermediary’s responsibilities will
be very large, such as the branch of judgment in its relay method will become complex
and large. However, most of the aerospace embedded software has a strong function
pertinence, limited resources, and doesn’t involve too many functional tasks, so it can
be predicted that the complexity of the intermediary is within the acceptable range. In
conclusion, the intermediary pattern is suitable for designing the main architecture of
aerospace embedded software, and it is easy to decouple various functions, realize high
flexibility of the system, and facilitates the expansion and maintenance.

Fig. 2. Object sequence diagram of the strategy pattern designed in this paper
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1.2 Policy Patterns Implement Different Strategies for Functionality

Aerospace software mostly involves the following scenarios, where the same function
can be implemented by different ways in different working patterns. Practical appli-
cation of star sensor [6] software, the algorithm involves the all-sky region capture
pattern to identify stars when entering the orbit [6], the local sky capture region pattern
is used to identify stars after obtaining its optical axis direction [6], and the window
tracking pattern is used to identify stars after obtaining its angular velocity [6]. These
patterns all achieve the same function, that is, star recognition; The input source is also
the same, namely, the star map taken by the star sensor and the pre-stored guide star list
[6]. Taking different processing strategies for the same input source is a typical
application scenario of the strategy pattern [3]. This pattern doesn’t need to modify the
environment code using the algorithm when adding, deleting or changing the strategy
algorithm, so it is easy to maintain and meets the Open/Closed Principle [2]. The
strategy pattern contains the following roles: 1. abstract strategy class: a public inter-
face is defined. Different algorithms realize this interface in different ways, and envi-
ronment roles use this interface to call different algorithms. Most of the time, an
interface or abstract class implementation is used; 2. concrete strategy class: it realizes
the interface defined by abstract strategy and provides concrete algorithm implemen-
tation; 3. environment class: it holds a reference of strategy class which calls specific
strategies. The class diagram of the strategy pattern designed in this paper is as follows
(Fig. 3):

The above class diagram defined the abstract Strategy class, while wholeMatchS-
trategy (all-day recognition algorithm), LocalMatchStrategy (local sky recognition
algorithm) and WinMatchStrategy (window recognition algorithm) all inherit the
Strategy as the concrete Strategy class. The user chooses a specific strategy according
to the demand, that is, the three working conditions of the star sensor in orbit, and then

Fig. 3. The class diagram of the strategy pattern designed in this paper
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realizes the strategy through the specific strategy method. The object sequence diagram
is as follows (Fig. 4):

As can be seen from the above object sequence diagram, three star recognition
algorithms are defined, and each algorithm is encapsulated and switched to each other
under different conditions. The change of the algorithm won’t affect the environment
where the algorithm is used. If the star sensor needs to add a new algorithm for star
recognition, it can be added flexibly without modifying the original code, that is, add a
subclass. When using each strategy algorithm, strategy selection is carried out by
calling the setStrategy method of SoftArith environment class object, and then strategy
implementation is carried out by calling strategyMethod. To implement the strategy
algorithm, the strategyMethod of the concrete strategy class object is called. This
completely decouples the use method and implementation method of the strategy
algorithm, which is conducive to their independent modification and reuse.

It can be seen from the above that the main defect of the strategy pattern is that the
user must understand the differences of all the strategy algorithms in order to timely
select the algorithm class, and the strategy pattern may cause many strategy classes.
That is, it is not suitable for the condition that there are too many working modes and
each working mode is relatively simple.

1.3 The Bridge Pattern Realizes the Decoupling Change of the Algorithm

When a function is implemented by the software, it mostly contains different kinds of
algorithms, such as the star recognition function of the star sensor mentioned above,

Fig. 4. Object sequence diagram of the strategy pattern designed in this paper
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which can be disassembled into the star map processing algorithm (extracting stars
from the star map) and star matching algorithm (matching the extracted star with the
guide star list) from the algorithm dimension. The star map processing algorithm itself
has a variability due to the environment, including star extraction of the whole star map
and star extraction of the filtered star map. Star matching algorithm also has a diversity,
Practical application in the star sensor triangle matching, tetrahedron matching, max-
imum group matching, etc. If the star recognition function is inherited as a whole, m(m
kinds of star map processing algorithms) * n (n kinds of star matching algorithms) will
be generated, which isn’t easy to maintain. Therefore, the two can be separated, and
each algorithm derives its own sub-classes, and then the derived sub-class objects are
combined [2] to form the final functions. This is, the star recognition function can be
implemented according to one dimension (such as star map processing), and the other
dimension (star matching) is considered as an abstraction. The abstraction is separated
from the implementation, and the both carry out derivation separately, which is a
typical application scenario of bridge pattern [3]. The bridge pattern contains the
following roles: 1. abstract abstract role: it defines an abstract class and includes a
reference to an implemented object; 2. extended abstract role: it is a subclass of abstract
role and realizes the business method in the parent class and realize the business
method in the role through the implementation of composite relationship; 3. abstract
implementation role: it defines the interface of the role implementation for the calling
of extended abstract role; 4. concrete implementation role: it provides the specific
implementation of the role interface. The class diagram of the bridge pattern designed
in this paper is as follows (Fig. 5):

The above class diagram defined the abstract role class Abstraction, which passes
an abstract implementation role class object in its constructor. When used in detail, its
subclass extends the abstract role class StarMatchMethod_A will be initialized with the
object of the concrete implementation role class StarExtractMethod_A; When the

Fig. 5. The class diagram of the bridge pattern designed in this paper
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subclass’ OperationAbstract method, which realizes the star recognition algorithm is
called, the corresponding implementation method OperationImpl, which realizes the
star extraction algorithm, will be executed by the StarExtractMethod_A object passed
in. The object sequence diagram is as follows (Fig. 6):

It can be seen from the above object sequence diagram that, in the star recognition
function, the star extraction and star matching are completely separated, and the both
can be inherited and extended separately without affecting each other. That is, if a star
extraction algorithm is changed, it only needs to derive the subclass StarEx-
tractMethod_B of an Implementor. When it is used, an object of StarExtractMethod_B
is created to replace the object of StarExtractMethod_A, and codes of Abstraction and
it’s derived sub-classes don’t need to make any changes, and vice versa. The bridge
pattern has a strong expansion capability due to the separation of abstraction and
implementation. As shown above, it can be seen that the method OperationImpl pro-
vided by the implementation role class is also transparent to the consumer, which not
only reduces the amount of information the consumer needs to know, but also helps to
encapsulate and hide the codes’ information. The key to realize bridge pattern is to
design the decomposition of the algorithm in the abstraction layer.

2 Conclusions

In this paper, the application of several “design patterns” in aerospace embedded
software design was discussed in detail. In practice, good results have been achieved in
the application of star sensor embedded software. The decoupling of software algo-
rithm, communication function and hardware operation has been acheived, which is
conducive to the formation of a stable software architecture. At the same time, the
reusability and the flexibility of extension and change of the algorithm code are
improved. Adopting object-oriented technology and well using “design patterns” to

Fig. 6. The object sequence diagram of the bridge pattern designed in this paper
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establish a unified and stable embedded software architecture is not only an important
link for aerospace embedded software development, but also its future development
trend.
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Abstract. The direction modulation of electrical thruster’s flow is based on
magnetic field reforming which leads to the orientation altering of plasma flow
ejected from the helicon plasma thruster (HPT). The theoretical simulation and
experiments are carried out to analyze the effect of magnetic field shifting for
HPT. Simulation work shows that the magnetic field is adjustable when the
magnetic coils change their position. All the Permutation and Combination are
listed for Three coaxial coils. Plasma density fluctuates according to an acces-
sional magnetic field generated periodically. The plasma density is about
6*1013 m−3 without any modulation and is from 6*1013 m−3 to 1.5*1014 m−3

when the magnetic field introduced. The plasma flow changes its orientation
with 60 degree at most with a modulated frequency which reaches 15 Hz. The
reason for the increasement of plasma density is the change of orientation of
plasma flow, which verifies that the electric-magnetic coil is effective. More
specific work of magnetically modulation and integration will be brought into
effect.

Keywords: Electrical propulsion � Vector modulation � Electromagnetic
concocting

1 Introduction

Helicon plasma discharge has great advantage in next generation of electric propulsion
because of its high density, longevity and ionization rate [1]. Plasma density of helicon
discharge is one order of magnitude larger than that with other discharge method at the
same pressure and input power [2]. Helicon plasma propulsion is based on helicon
wave discharging and energy coupling to generate high density plasma, and produces
thrust with double layer effect in expanding magnetic field [3–5]. Research of helicon
plasma propulsion develops fast and is fruitful at present. Many kinds of HPT, like
HDLT, mHTX, HPH, PMEP and HPHT are brought out in the United States, Australia,
Japan, Italy, Spain and Ukraine, respectively [6–9]. For the orientation modulation of
plasma flow in electrical thruster, theoretical simulations are conducted inland and
abroad [10]. Based on the electromagnetic concocting method, direction of thrust can
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be altered without rotated structure, which is a great advantage for the application of
electrical thruster in spacecraft.

2 Simulation

To achieve the vector propulsion without moveable structure, additional assistant coil is
deployed in the magnetic nozzle to control the orientation of plasma flow. Fewer
thrusters are needed for spacecraft gesture and orbit maintenance which enhances the
reliability.

In the simulative models, single electromagnetic coil and multi coils are analyzed
respectively.

2.1 Single Coil Simulation

In single coil simulative model, there are main electromagnetic coil and vector altering
coil. It is 30 mm between main coil and additional altering coil. The vector controlling
coil is adjustable within 30 degrees according to the axis. Parameters of electromag-
netic coils are illustrated in Table 1. Parameters of electromagnetic coilsThe structure
and position between main coil and vector coil are shown in Fig. 1. Position between
main coil and vector coil.

Table 1. Parameters of electromagnetic coils

Inner Diameter Outer Diameter Height Turns Current

Main coil 80 mm 180 mm 150 mm 250 70A
Vector coil 80 mm 200 mm 50 mm 100 70A

Fig. 1. Position between main coil and vector coil
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Both main coil and vector coil are charged in the simulation, the angle between
these two coils is adjusted to verify the magnetic field reshaping (see Fig. 2. Distri-
bution of magnetic field strength and lines).

Magnetic field figure is adjusted by altering the vector coil’s angle according to
main electromagnetic coil. The varied range can be controlled with the DC current in
vector coil. The simulation result is coherent with three-dimensional result conducted
by Wes Cox illustrated in Fig. 3. Simulation result by Wex Cox

2.2 Three Coaxial Coils Simulation

Since the ionized particles are bonded with magnetic field lines, plasma flow alters as
soon as the magnetic field lines are distorted. The magnetic field is constituted of three

Fig. 2. Distribution of magnetic field strength and lines

Fig. 3. Simulation result by Wex Cox
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coils which are in the same axis shown in Fig. 4. Models of electromagnetic coils. The
orientation can be adjusted by changing the current in the coils.

The direction of plasma flow in electrical thrustor can be illustrated in column
coordinate system illustrated in Table 2. Parameters of electromagnetic coils. The
range for longitude coordinate is 0 * 30o and degree of accuracy is 5o. The range for
latitude coordinate is 0 * 360o, and degree of accuracy is 5o.

The currents in electromagnetic coils are introduced separately, the magnetic field
transforms, illustrated in Fig. 5. Magnetic field figure.

The magnetic field transforming can be achieved by altering the currents in elec-
tromagnetic coils, and is the foundation for electromagnetic vector propulsion
experiments.

Fig. 4. Models of electromagnetic coils

Table 2. Parameters of electromagnetic coils

Position in axis Dip angle in longitude Dip angle in latitude

Coil 1 50 mm −30° 0
Coil 2 50 mm −30° −120°
Coil 3 50 mm −30° −240°
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3 Experiments

The main coils are Helmholtz coils with 1000 turns, and can provide 1800 Gs magnetic
field with 25 A current. The coupling antenna is right-handed helical antenna with
12 cm in length. The discharge chamber is quartz glass with 4 cm in diameter and
40 cm in length. The radio frequency is 13.56 MHz, and the input power is able to
reach 3 kW. The installation of helicon plasma thrustor is shown in Fig. 6. Installation
of helicon plasma thrustor

The altering magnetic field strength is 500Gs in center, and is turned on when the
discharging is in helicon mode with 2 kW RF input power.

Fig. 5. Magnetic field figure transforming
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The Fig. 7. Shape of plasma flow with altering magnetic field introduced shows
that the plasma flow is obviously modulated with about 60 o deflection. The experi-
ment shows that electromagnetic regulation for electrical propulsion is feasible.

To verify the extent of the modulation, the plasma density is diagnosed, at 10 cm
downstream of the plasma flow and 10 cm below the axis. The altering coils is charged
by a triangular wave with 15 Hz. It will be confirmed when the plasma density fluc-
tuates in a certain cycle.

The plasma density is collected with Automated Langmuir Probe System produced
by Impendans company. The plasma density is about 6*1013 m−3 without any mod-
ulation. When the magnetic field is introduced, the density is 6*1013 m−3 at blow and
1.5*1014 m−3 at most, illustrated in Fig. 8. Plasma density with and without modula-
tion (current:0 * 6A, 15 Hz)

Fig. 6. Installation of helicon plasma thrustor

Fig. 7. Shape of plasma flow with altering magnetic field introduced
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The plasma density fluctuates when the altering coils is charged by a triangular
wave with 0 * 6A in current and 15 Hz in frequency. The density is displayed in
Fig. 7. The time between the two green lines is the modulation half period of plasma
density. There are 33000 steps, and each step is 1 us. The frequency for the plasma
density fluctuation is 15 Hz, same as the frequency of current in altering coil. The
reason for the increasement of plasma density is the change of orientation of plasma
flow, which means the electric-magnetic coil is effective.

4 Conclusion

Theoretical analysis and experiments are carried out and illustrated in the article.
Plasma flow is able to be adjusted by electromagnetic modulation and reacted to the
frequency in altering coil. The deflection accuracy can be improved with meticulous
adjustment. All the simulation and experiment results are solid proof for the electro-
magnetic modulation of plasma flow from electric thrustor. They are helpful for the
electric thrustor design and improvement of the vector propulsion.
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Abstract. A fast response high-voltage power supply for the electrostatic
deflection system in a low-energy particle spectrometer is designed. The high-
voltage power supply uses high-voltage optocouplers as the core amplifying
devices, and the output stage is a two-arm push-pull amplifier composed of two
high-voltage optocouplers. The experimental results show that the high-voltage
power supply can output either positive or negative voltage from the same
output port, and the output voltage range is from −3 kV to +3 kV, which can
meet the demand of the electrostatic deflection system for the bipolar voltage
supply. The adjustment speed of the output voltage is fast. The time of voltage
rise or fall does not exceed 1.7 ms, which can speed up the scanning speed of
the spectrometer and improve the time resolution. The output stage adopts a
push-pull amplification structure, which can improve the temperature stability of
the output voltage. The design satisfies the expected performance of the high-
voltage power supply for the electrostatic deflection system.

Keywords: Low-Energy particle spectrometer � Electrostatic deflection � High-
voltage power supply � Fast response

1 Introduction

Carrying out in-situ detection of the near-Earth space plasma can help to research the
changing laws of spacecraft and prevent the threat of catastrophic space weather to the
safe operation of satellites [1, 2]. The lower-energy charged particles in the plasma are
usually detected by a low-energy particle spectrometer with an electrostatic analyzer and
an electrostatic deflection system. These spectrometers can simultaneously obtain the
energy, flux and incident direction of charged particles, so that they have been used as
the core payloads in space plasma detection tasks such as Juno [3] and MAVEN [4, 5].
In a low-energy particle spectrometer, the electrostatic deflection system is used to
measure the incident direction of particles, and the high-voltage power supply provides
the voltage for the electrostatic deflection system. The accuracy of the output voltage of
the high-voltage power supply is the main factor affecting the accuracy of the measured
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incident direction by the spectrometer. The response speed of the output voltage limits
the maximum time resolution. The output voltage range determines the energy range
that can be detected. Therefore, the development of high-voltage power supplies with
high-voltage accuracy, fast scanning speed, and large output voltage range for elec-
trostatic deflection systems is a way to improve the performance indicators of omni-
directional energy spectrometers.

In this paper, a fast response high-voltage power supply for the electrostatic
deflection system in a low-energy particle spectrometer is designed. The high-voltage
power supply has a fast adjustment speed, a large output voltage range, a good tem-
perature stability, and can output high-voltage of the positive or the negative polarity
from the same output port. The experimental results show that the designed high-
voltage power supply meets the requirements for the electrostatic deflection system.

2 Design

2.1 Principle Analysis

According to the expected performance of the low-energy particle spectrometer, the
maximum range of the output voltage of the high-voltage power supply should be
larger than −2.5 kV — +2.5 kV. The output voltage is controlled by an analog control
voltage. And the output voltage can be adjusted continuously within the scope of the
whole output range. According to the time resolution character of the spectrometer, the
response speed to adjust the output voltage is fast, and the duration of the output
voltage increasing/decreasing between the positive and the negative maximum value
should be less than 6 ms. Considering the high-voltage power supply’s load, namely
the electrostatic deflection system, is equivalent to a 50 pF capacitor, so the high-
voltage supply should provide an output current as large as 150 lA to reduce the
voltage increase/decrease time to the required several milliseconds. In addition, an
analog monitor voltage is needed to show the value of the current output voltage.

To achieve the fast response of the output voltage, the high-voltage power supply is
designed on the scheme that the step-up DC/DC converter outputs constant high-
voltage to power a high-voltage amplifier circuit [6]. The high-voltage amplifier
amplifies the control voltage signal of several volts into a high-voltage output of several
thousand volts. Usually, the high-voltage amplifier is made of high-voltage semicon-
ductor devices. Notice the fact that although the high-voltage power supply for the
electrostatic deflection system has a high output voltage, its output current is as small as
150 lA. In this case, high-voltage optocouplers have greater advantages than tradi-
tional MOSFET and IGBT devices to build the high-voltage amplifier. The principle of
high-voltage optocouplers is the photoconductive effect of a reverse-biased high-
voltage diode. And the high-voltage optocoupler is equivalent to a light-controlled
variable resistor in a high-voltage amplifier circuit. The linear closed-loop control
circuit adjusts the current of the light-emitting diode in the high-voltage optocoupler,
and then changes the resistance of the high-voltage diode so that the output voltage can
track the input control voltage of the high-voltage amplifier. The advantages of this
circuit are: 1. Amplifiers made by high-voltage optocouplers can achieve fast response
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speeds, regardless of when the output voltage increases or decreases between the
positive and the negative maximum value; 2. It’s able to achieve bipolar output voltage,
that is to say, the same output port can provide either positive or negative high-voltage;
3. It can reduce the circuit size, weight and the number of components; 4. Because the
insulation of the high-voltage optocoupler is good, the driving circuit of the opto-
coupler does not have isolation problems, so it can be simplified.

High-voltage amplifiers made by high-voltage optocouplers can be the one-arm
type shown in Fig. 1 (a) or the two-arm type shown in Fig. 1 (b). For both types, the
output voltages (+HV and –HV) of a pair of positive and negative step-up DC/DC
converters are divided to generate a high-voltage output voltage proportional to the
input control voltage at the equivalent circuit capacitance C1 of the electrostatic
deflection system. The optocoupler driving circuit detects the error between the output
voltage and the input control voltage, adjusts the current on light-emitting diodes (D1
in Fig. 1 (a) or D1, D3 in Fig. 1 (b)), and changes the equivalent resistances of the
reverse bias high-voltage diode (D2 in Fig. 1 (a) or D2, D4 in Fig. 1 (b)) to make the
output voltage consistent with the input control voltage.

The difference between the two types is that the single-arm amplifier uses one
optocoupler and a fixed resistor in series to divide the voltage, and the two-arm
amplifier uses two optocouplers in series to divide the voltage. Compared with the two-
arm amplifier, the one-arm amplifier adds a high-voltage resistor, but omits a high-
voltage optocoupler and an optocoupler driving circuit, so that the circuit is simplified
and the size is smaller. The one-arm amplifier has been applied to high-voltage power
supplies in low-energy particle spectrometers [1, 2].

The two-arm amplifier has advantages in response speed and temperature stability
of the output voltage. In the two-arm amplifier, the charging and discharging currents
of the electrostatic deflection system are respectively provided by high-voltage diodes
D2 and D4 with a current magnitude of 0.1 mA. The capacitance C1 is about 50 pF, so
the output voltage of the two-arm amplifier can achieve a slew rate of 2 V/ls.
According to the output range of −2.5 kV— + 2.5 kV, the response time for the output
voltage switching between the maximum and minimum value is about 2.5 ms. In the
single-arm amplifier, the charging current of the electrostatic deflection system is
provided by the high-voltage diode D2, so the response speed to increase the output

(a) (b)

Fig. 1. The high-voltage amplifier, (a) the single-arm amplifier and (b) the two-arm amplifier.

342 H. Li et al.



voltage can be guaranteed. However, if the voltage of the electrostatic deflection
system needs to be decreased, the capacitor C1 can only be discharged through the
resistor R1. The response speed of the circuit is limited by the time constant of the RC
network composed of resistor R1 and capacitor C1. The output voltage’s decrease time
of the single-arm amplifier is about 12.5 ms, which cannot achieve expected perfor-
mance for the spectrometer. Therefore, the output voltage response speed of the two-
arm amplifier is faster than that of the single-arm amplifier.

Another advantage of the two-arm amplifier is the better temperature stability of the
output voltage. The output voltage temperature drift of high-voltage amplifiers made
with optocouplers is mainly caused by the dark current of high-voltage diodes. In the
one-arm amplifier shown in Fig. 1 (a), the dark current flowing through the high-
voltage diode D2 is from the positive step-up DC/DC converter +HV, and reaches the
output of the amplifier. In order to balance the current continuously flowing at the
amplifier output, the current appears which flows from the amplifier output through the
high-voltage resistor R1 to the negative step-up DC/DC converter −HV. The magni-
tude of this current is approximately the same as the magnitude of the dark current. The
resistance R1 is about 50 MX. The dark current of the high-voltage optocoupler
increases significantly with temperature increasing. In operating temperature range, its
typical value is on the order of 0.001 * 1lA. Due to the dark current, the voltage
generated on resistor R1 can reach tens of volts in high temperature environments. This
voltage prevents the output voltage of high-voltage amplifier from closing to the
negative high-voltage power supply −HV. The result is that the output voltage range of
the single-arm high-voltage power supply becomes smaller in a high-temperature
environment, and the negative maximum output voltage of the power supply changes
significantly with temperature changes.

In the two-arm amplifier, there is dark current in the high-voltage diodes D2 and
D4. The dark current of the two diodes can be balanced to a certain extent, thereby
reducing the adverse effects of dark current. In addition, the part of the dark current that
cannot be balanced with each other can be balanced by the optocoupler driving circuit
to adjust the brightness of the light-emitting diodes D1 or D3, thereby increasing or
decreasing the current in the diodes D2 or D4. For a high-voltage amplifier that can
output a current of 150 lA, the adjustable current of diodes is sufficient to balance the
dark current on the order of 1 lA. Therefore, dark current has little adverse effect on the
temperature stability of the two-arm type high-voltage power supply.

2.2 Circuit Design

The fast response high-voltage power supply is designed on the scheme that a pair of
positive and negative step-up DC/DC converters to power a high-voltage amplifier. Its
schematic diagram is shown in Fig. 2. The high-voltage amplifier uses a two-arm high-
voltage amplifier circuit based on high-voltage optocouplers. The DC/DC converters
are space-level shelf products. The U1 is a positive step-up DC/DC converter that
outputs a DC high-voltage of +3 kV. The U6 is a negative step-up DC/DC converter
that outputs a DC high-voltage of −3 kV. The output current of both converters can
reach 500 lA. The control port of the high-voltage power supply is an analog voltage
input port to control the output voltage. The ref port is an analog voltage output port,
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which can monitor the output voltage. The voltage difference between the ref port and
the control port is used as the error signal. The PI controller composed of the opera-
tional amplifier U4, the resistors R1, R2, and the capacitor C1 is used as an optocoupler
driving circuit to output the current that drives the light-emitting diode according to the
error signal. In the branch of the light-emitting diode, a protective resistor R3 is
connected in series to limit the maximum current of the light-emitting diode. The high-
voltage optocouplers U2 and U3 are the HV801 devices from AMPTEK, one in each of
the positive and negative high-voltage branches, forming a two-arm high-voltage
amplifier circuit [7]. The high-voltage output voltage at output port is divided by the
resistors R4, R5, and the follower composed of the operational amplifier U3 outputs the
divided voltage to the monitor port ref. The voltage dividing ratio is 600, so that the
ratio of the output voltage to the control voltage and the ratio of the output voltage to
the monitor voltage are both 600 V/V.

3 Experiments and Discussion

3.1 Relationship Between Input and Output Test

The experiment is conducted to verify that the relationship between the input and
output of the high-voltage power supply meets the design requirements. The results are
shown in Fig. 3.

When the voltage applied at the control port of the circuit increases from −5 V
to + 5 V, the output voltage of the monitor port increases from −5 V to + 5 V, and the
output voltage of the output port increases from −3 kV to +3 kV. It is proved that the
ratio of the output voltage to the control voltage, the ratio of the output voltage to the
monitor voltage are both 600 V/V, and the output voltage range is from −3 kV to
+3 kV, which meets the requested specifications on the output voltage range and the
ratios of the voltages at the input and output ports.

Fig. 2. The schematic of the high-voltage power supply circuit
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3.2 Response Speed Test

A signal generator is used to apply a square wave at the control port of the high-voltage
power supply. The square wave has a peak-to-peak magnitude of 10 V, an average
value of 0 V, and a frequency of 32 Hz. The output voltage waveform of the high-
voltage power supply is measured by the high-voltage probe (KEYSIGHT N2891A)
and the oscilloscope (Agilent DSO-X4034A), The result is shown in Fig. 4.

The output voltage measured in the experiment is a square wave with distortion. Its
peak-to-peak magnitude is 6130 V, the average value is 0 V, and the frequency is
32 Hz as same as the frequency of the control voltage. Because the electrostatic
deflection system is equivalent to a capacitor of about 50 pF, and the output current of
the high-voltage power supply is limited, the edges of the output voltage are not steep,
and it takes an adjustment time for output voltage to reach the set value. In the
experiment, the rise time of the output voltage measured by the oscilloscope is 1.2—
1.5 ms, and the fall time is 1.3—1.7 ms, which meets the requirements of the rise time
and fall time less than 6 ms. According to the following experimental results of the

Fig. 3. The relationship between the output voltage (Voutput), the monitor voltage (Vmon) and the
control voltage (Vcontrol)

Fig. 4. The waveform of the output voltage in the response speed test
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output voltage adjustment time of about 1.7 ms, the equivalent capacitance of about 50
pF, and the voltage change magnitude on the capacitance of about 6130 V, it can be
estimated that the average current provided by the high-voltage power supply during
the output voltage adjustment is about 180 lA, and the slew rate is 3.6 V/ls. The
requested specification on the maximum magnitude of the output current is satisfied.

3.3 Temperature Stability Test

The experiment compares the temperature stability of the high-voltage amplifiers of the
single-arm type and the two-arm type. Both amplifiers are made by industrial-grade
high-voltage optocouplers (HV801, without temperature-screened). Before these
optocouplers are assembled, their dark currents are measured to be 155—194 nA at
75 °C. The dark currents of the high-voltage optocouplers used in the experiment are
not significantly different from each other.

During the experiment, the high-voltage amplifiers are put in a temperature chamber.
The temperature in the temperature chamber increases from 20 °C to 65 °C, holds for a
period of time, and then decreases from 65 °C to 0 °C. A control voltage of 0 V is set at
the control ports of the one-arm high-voltage amplifier and the two-arm high-voltage
amplifier, and the voltages at the output ports of the two amplifiers are measured with
time by a probe, and the voltage waveforms are shown in Fig. 5.

On the left side of the dotted line in Fig. 5, the phasemarkedwith ‘High temperature’,
the temperature of the chamber is in a stage of increasing and holding. During this phase,
the output voltage of the single-arm high-voltage amplifier increases with time, mono-
tonously increasing from 10.8 V to 155.1 V. During the same phase, the output voltage
of the two-arm amplifier is in the range of 6.2—6.8 V. On the right side of the dotted line,
the temperature chamber is in the cooling process for the phase marked with ‘Cooling
down’. The output voltage of the single-arm amplifier is monotonously reduced from
155.1 V to 4.8 V. The output voltage of the two-arm amplifier fluctuates in the range of
6.2—7.0 V. From the experimental results, it can be seen that the output voltage of the
single-arm high-voltage amplifier changes significantly with the temperature. In the

Fig. 5. Voltage waveforms in the temperature stability experiment
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temperature range of 0 °C to 65 °C, the output voltage changes by 150.3 V. The output
voltage of the two-arm high-voltage amplifier is not significantly affected by the tem-
perature. In the temperature range of 0 °C to 65 °C, its output voltage fluctuates within
the range of 6.2—7.0 V, and the fluctuation range is 0.8 V. In comparison, the tem-
perature stability of the two-arm high-voltage amplifier is better than that of the single-
arm high-voltage amplifier.

4 Conclusion

A fast response high-voltage power supply is designed using high-voltage optocouplers
as core amplifying devices. The power supply can be used to actuate the electrostatic
deflection system in a low-energy particle spectrometer. The power supply is imple-
mented by a pair of step-up DC/DC converters and a high-voltage amplifier. The
experimental results show that the high-voltage power supply can output positive or
negative high-voltage from the same output port, and the output voltage range is from
−3 kV to +3 kV. The output voltage adjustment response is fast, the slew rate can be as
fast as 3.6 V/ls, and the average output current can reach 180 lA. When the output
voltage switches between the positive and the negative maximum value, the voltage
increase/decrease time does not exceed 1.7 ms, which meets the time resolution
requirement of the spectrometer. Compared to the single-arm high-voltage amplifier,
the two-arm high-voltage amplifier used by the high-voltage power supply has better
temperature stability. The high-voltage power supply designed in this paper can meet
the required performance to actuate the electrostatic deflection system in the low-
energy particle spectrometer, which can be of benefit to the space low-energy plasma
research.
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Abstract. During the test of the spacecraft, a large number of telecommands
need to be injected to verify the correctness of the functional performance. In
order to improve the efficiency of telecommand generation and use, this article
designs a Lua script-based telecommand quickly generation system. Use Lua
language to abstract the model and generation algorithm of various telecom-
mands, design a universal telecommand description method, and shield the
variety of telecommand data format diversity; Through the interface functions of
C and Lua, the Lua interpreter is compiled into the spacecraft test platform,
Interprets and executes Lua scripts to achieve quickly automatic telecommand
generation and real-time injection. According to the actual test of a satellite, this
method can abstract more than 300 telecommand templates for 4 Lua scripts,
and reduce telecommand generation time by more than 90%, greatly improve
the efficiency of test verification. It also provides reference methods and prac-
tical tools for improving the flexibility of spacecraft telecommand generation.

Keywords: Lua � Spacecraft � Test verification � Telecommand

1 Introduction

Spacecraft testing is an important part of the satellite development process. During the
testing, a large number of commands need to be frequently injected, and the correctness
of the spacecraft’s actions is checked through telemetry [1]. At present, telecommand
generation tools independent of the spacecraft test platform [2] is mostly used. Testers
configure the telecommand, generate the telecommand after confirm, and upload the
telecommands in the main test processor (hereinafter referred to as MTP), and send to
the satellite. Or use MTP plug-in dynamic link library to make telecommands, write
code in advance and compile MTP.

With the in-depth development of the spacecraft autonomous control technology
and the transformation of the development model [3], the traditional telecommand
generation scheme has been difficult to meet the mission control needs of intelligent
spacecraft: (1) The number of telecommands is doubled, and the multi-person full-time
mode cannot meet the requirements of parallel development and the cycle is contin-
uously shortened; (2) The generation of a large number of variable parameter derivative
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telecommands and complex logical relationships in new technologies requires high
professionalism, and telecommand security cannot be guaranteed; (3) The cumbersome
production steps of telecommands are not conducive to automated testing; (4) There is
hysteresis, which does not to meet the new requirements such as the association for
telecommand and telemetry.

In response to the problem, this article registers telecommands as Lua functions and
designs a quick generation system for spacecraft telecommands based on Lua scripts.

2 Lua Characteristics and Application Analysis

Lua is currently the fastest running embedded scripting language, with cross-platform,
simple, efficient, and extensible features [4, 5], which has been used in a variety of
systems or tool software [6–9]. Compared with other scripting languages, the biggest
feature of Lua is that it runs fast and is not limited by the platform. It can be compiled
and run on almost all operating systems and platforms [10], which is very suitable for
embedding in MTP written by standard C. And compatible with the application layer
software of the spacecraft test platform under Linux and Windows operating systems.

With the support of the Lua class library, can easily access the variables and
functions in the main program of the C language, define the extension functions
required for generating telecommands in the MTP.

Starting from the requirements of spacecraft testing, the telecommands are
abstracted into Lua scripts, which is easy to promote and apply for non-software
majors, changing the status quo of having to develop and configure telecommand
generation tools by full-time personnel. Using the characteristics of Lua’s own inter-
pretive language, no compilation time is required, compared with the dynamic link
library method, the program writing, compiling, linking and running time are greatly
shortened. It allows users to write application programs at run time and can modify the
telecommand generation script in real-time to improve test efficiency.

3 Telecommand Quickly Generation System Design

3.1 Information Flow Architecture Design

The system relies on the spacecraft test platform, based on the principles of one-key,
generalization and de-specialization of telecommand generation. The architecture of the
information flow system with MTP dynamic telecommand generation module as the
core and compatible telecommands to automatically generate the satellite and obtain
telemetry as input parameters is realized. The telecommand code words and logic
controlled are completed through the Lua script language, the Lua interpreter generates
and verifies the Lua script telecommand code words, and automatically submits them to
the MTP to realize the quickly generation and real-time transmission of spacecraft
telecommands.

As shown in Fig. 1, the system is mainly composed of front-end equipment, test
console and main test processor:
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(1) The telemetry front end receives satellite telemetry and sends it to MTP, and the
remote front end receives MTP command and sends satellites;

(2) The test console transfers commands of the MTP to generate the required
parameters, and the transfer content includes the telecommand name and parameter
fields (format example: “: Parameter 1:…: Parameter N”), etc.;

(3) The dynamic telecommand generation module in MTP completes the Lua script
function registration, and the Lua interpreter interprets and executes the Lua script file;
the telemetry parsing module processes the telemetry from the data source code to data
engineering values, and distributes data for subscribed users.

3.2 Principle of Lua Interpreter

Before creating the Lua interpreter, use the C language in the main program MTP to
define the extension functions used for the dynamic generation of spacecraft
telecommands, and write the extension functions of the Lua interpreter, such as
implementing telemetry subscription Getparamhex (), binary storage Savefile (), cali-
bration Checksum calculation Crccompute (), etc., make up for the script language is
not good at implementing functions, and MTP creates an independent process for
loading dynamic telecommand generation module to complete telecommand
generation.

As shown in Fig. 2, Lua explains the execution process as follows:
(1) Creation and initialization: When receiving the telecommand sent by the test

console, the LuaL_newstate () interface function is called to create the Lua interpreter,
and the Lua_checkstack () interface is called to extend the Lua stack capacity to receive
user telecommand parameters. Call the LuaL_openlibs () interfaced to load the Lua
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Fig. 1. Composition chart of spacecraft remote command rapid generation system
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universal extension library, and finally call the Lua_register () interfaced to register the
MTP extension function of the created Lua interpreter in N times (in accordance with
the number of C extension functions);

(2) Load and check script: call the LuaL_loadfile () interface function to load the
Lua script file into the Lua interpreter, and call Lua_pcall () to check the grammar and
lexical of the Lua script file.

(3) Interpretation and generation: Get the parameters of the telecommand and pass
them to the Lua interpreter, execute the Lua script function and execute the extension
function, call Lua_pcall () to dynamically generate the instruction, and get the
telecommand string generated by the script through Lua_tostring (). Then convert the
string of binary data and return to MTP to judge and process. When the return result is
0, the telecommand generation script logic is wrong, and other values are sent directly
to the satellite, and the Lua interpreter created is finally destroyed.

3.3 Design of Telecommand Based on Lua Function Script

Most of the spacecraft telecommands had parameter change requirements, this method
maps telecommands in Lua functions. A typical Lua telecommand functioned script
structure is as follows:

function TCS221(p1, p2, p3)
return rul
end
Among them, TCS221 is the telecommand function name, corresponding to the

telecommand name passed; p1, p2, p3 are the number and value of the passed

:Testers :Test console :MTP :Lua interpreter :Lua script

3:Enter parameters

4.1:Passing  parameters

1:Define C extension function

2:Create instruction
Build process

4.2:luaL_newstate()

4.3:lua_checkstack()
luaL_openlibs()4.4:Lua_register()

4.5:luaL_loadfile()
4.6:Passing  parameters

4.7:Lua_pcall()
4.8:Lua_tostring( )

4.9:X

Loop

When receiving 
command parameters

Fig. 2. Lua interpreter working principle timing diagram
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parameters; The function body implements logical operations according to the MTP
extension functions and Lua built-in functions, and finally returns the generated
command string result from the MTP. The core idea of using Lua function script to
define telecommands is to realize the mapping relationship between telecommand
parameters, telecommand codewords, and logic timing. The effect is particularly
obvious in the telecommand scheduling of complex load tasks of remote sensing
satellites.

Remote sensing satellites generally support more than 6 typical working modes
[11]. There are hundreds of derivative telecommand combinations that need to be
verified during the test. There are two main types of factors that affect the number of
telecommand generation, namely the number of telecommand templates and the
number of telecommand parameters. The number of telecommand templates is subject
to the timing logic of the telecommands required by the satellite to perform the task.
The main constraints are: (1) Data processing, including n data processing modes such
as recording, playback (recording MDP1,MDP2,……,MDPn); (2) Load imaging,
including s loaded combination modes to participate in this task(recording MPL1,MPL2,
……,MPLs); (3) Antenna control, including k transmission modes such as ground, relay
antenna (recording MAT1,MAT2,……,MATk); (4) Attitude control, including l transmis-
sion modes such as single target swingback, multi-target offset (recording MAOCS1,
MAOCS2,……,MAOCSl). Through the combined enumeration of the above constraints,
y telecommand templates can be determined (CMmody) different timing combinations to
determine the number of telecommand templates (CMnum), the calculation formula is as
follows:

CMnum ¼
Xn

i¼1
MDPi �

Xs

j¼1
MPLs �

Xk

o¼1
MATo �

Xl

v¼1
MAOCSv ð1Þ

The number of telecommand parameters is related to the variable parameter amount of
each telecommand. It is used to generate different combinations to meet test coverage
requirements, but does not affect telecommand timing changes. General telecommand
parameters include task class information (PTASK); Time information (PTIME); Attitude
antenna parameters (PAT); Load imaging parameters (PPL); Data processing parameters
(PDP). Therefore, when a certain telecommand template is determined, the traversal
combination of x kinds of telecommand parameters in this mode can be determined
(CMmodsx). Finally, derived derivative telecommand required for satellite load mission
testing:

CPnum ¼ [ y2ð[ x2fPTASK ;PTIME ;PAT ;PPL ;PDPgCMmodsxÞCMmody ð2Þ

Use Lua functioned script to describe telecommands, define the logic constraints on
telecommand timing as logic condition telecommand parameters (PLMOD), and merge
similar items with other telecommand parameters. It is further abstract into one or a few
Lua function telecommand templates. For a single Lua function, only z kinds of
telecommand parameter traversal combinations need to be determined (CLmodz),
Derived telecommands required for testing CLnum, Represented by the following set:
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CLnum ¼ [ z2 PLMOD ;PTASK ;PTIME ;PAT ;PPL;PDPf gCLmodz ð3Þ

The above method of abstract the telecommand logic sequence in Lua telecommand
parameters is also applicable to a single telecommand or a simplified combination of
telecommand logic. The telecommand sequence logic is controlled and solidified by
Lua scripts. Only the parameters need to be filled in when used, which reduces the
requirements for telecommand production capabilities.

4 System Implementation and Application

Implement the system based on the design method described in Chapter 3, based on the
existing spacecraft test platform. Lua is embedded in the host MTP as an embedded
script, provide parameter configuration and logic description for the quickly generation
of MTP telecommands; MTP is also used as the underlying extension library of Lua,
Support Lua script to access various data and computing resources in the test system.
The nested communication relationship between MTP and Lua is shown in Fig. 3, and
the implementation principle is as follows:

(1) The host language (MTP) creates a Lua interpreter object;
(2) Implement the Lua extension of the host language and register it to the Lua

interpreter for its use. The specific implementation is Lua_register (L, “name”,
fpointer), where L is the specific Lua status registered by the current function; name is
registered the string of the function name; fpointer is a function pointer with the
registered function, and the registered function completes the logical implementation in
the host MTP;

(3) The host reads in the Lua source program or the pre-edited Lua program (can be
from any source such as files, strings);

(4) The host executes the read Lua program;

MTP host

Lua script

MTP host extension 
Lua

Fig. 3. Schematic diagram of nesting relationship between MTP and Lua script
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Extend the dynamic telecommand module in the application layer software, such as
the test console, to achieve the visual effect of telecommand parameter transmission.
The tester followed the Lua syntax and the C function extended to the Lua interpreter,
Write the required dynamic telecommand generation logic into Lua script. Taking a
satellite telecommand compilation as an example, the packaging format based on the
CCSDS subcontracting telecommand system is used, as shown in Fig. 4:

The telecommand is composed of three independents telecommand packages, and the
telecommand packages have common associated parameters. Taking the record and
playback mode as an example, according to Sect. 3.3, the telecommand logic timing and
telecommand parameter enumeration are performed: (1) Attitude parameters include:
Pl

v¼1 MAOCSv = 2,
Pk

o¼1 MATo = 5, PTASK = 2, PTIME = 7, PAT = 15; (2) Imaging
parameters included:

Ps
j¼1 MPLs = 2, PTASK = 2, PTIME = 1, PPL = 36; (3) Task

parameters include:
Pn

i¼1 MDPi = 8, PTASK = 2, PTIME = 8, PDP = 3, PAT = 3. In sum-
mary, the model CMnum = 160, CPnum is the union of 160 templates and 77 parameters
traversal.

Lua function script is used to describe the telecommands,MAOCS;MAT ;MPL;MDP is
abstract into 4 logical conditional telecommand parameters (PLMOD); Combine the same
items for the parameters of the three packages: PTASK = 2, PTIME = 8, PAT = 12,
PPL = 26; Use PLMOD for parameter optimization:PDP = 2, Register as Lua function
BJBFMB (p1, p2,…, p54), CLnum is the union of 1 Lua function and 54 parameter
traversal.

Input telecommand parameters in the application layer software use, when neces-
sary acquisition parameters from the telemetry, Lua interpreter C extension function
submits a subscription request to the telemetry parsing module to obtain the telemetry.
Complete a series of actions such as “passing parameters-generating-uploading-storing-
sending”.

According to the comprehensive test and verification of a satellite, the article
method has significantly improved the efficiency of satellite testing in terms of opti-
mization of the number of telecommand templates and shortening of telecommand
generation time. The detailed index comparison data is shown in Table 1:

Telecommand 
Frame Leader

Command 
package 1

Attitude parameter

Command 
package 2

Imaging parameter

Command 
package 3

Task parameter 

Telecommand   
Frame CRC 

check

Fig. 4. Remote frame task format description
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5 Conclusion

The article proposes a method of quick generation of telecommands. Relying on the
characteristics of Lua scripting language, the language is embedded in the spacecraft
test platform. By mapping telecommands into function scripts, a rapid generation
system for telecommand of spacecraft based on Lua script is realized. The script
language is used to liberate manpower, reduce production time, improve the sufficiency
of testing, simplify the generation steps, and meet the needs of telecommands to
generate in real time. Solve the problem of poor flexibility in telecommand generation,
effectively guarantees the safety of order generation, avoids the risks of manual pro-
duction or review and confirmation, and significantly improved telecommand gener-
ation efficiency. It is now widely used in spacecraft testing.

References

1. Baofeng, W.: Design of mission oriented autonomous commands for small satellites.
Spacecraft Eng. 22(4), 68–71 (2013)

2. Sheng, Y.: Design of software system based on plug—ins for monitoring and control in
spacecraft testing. Spacecraft Eng. 24(5), 119–125 (2015)

3. Zhixin, T.: Satellite utility improvement technique based on dynamic onboard command
scheduling. J. Astro. 35(10), 1105–1113 (2014)

4. Ierusalimschy, R.: Reference Manual of the Programming Language LUA [DB/OL]. http://
www.lua.org.,2018

5. Ierusalimschy, R.: The implementation of Lua 5.0. J. Univ. Comput. Sci. 11(7), 1159–1176
(2005)

Table 1. Lua script-based telecommand quickly comparison with traditional methods

Number Content Traditional scheme This article scheme Increased
efficiency

1 Imaging
record

Number of templates 32,
parameter 46

1 Lua function,
parameter 31

Quantity
optimization
95.0%

2 Real-time
transmission

Number of templates
64, parameter 57

1 Lua function,
parameter 38

Quantity
optimization
98.4%

3 Data
playback

Number of templates 50,
parameter 49

1 Lua function,
parameter 28

Quantity
optimization
98.0%

4 Playback
while record

Number of templates 0,
parameter 49

1 Lua function,
parameter 54

Quantity
optimization
99.4%

5 Generation
time

Configuration software and
production 5–30 min

Fill in the
parameters, about
10–60 s

Time by more
than 90%

Design and Implementation of Spacecraft 355

http://www.lua.org.%2c2018
http://www.lua.org.%2c2018


6. Jia, Y.: General test platform for data manager system of spacecraft. J. Beijing Univ. Aero.
Astro. 36(3), 346–349 (2010)

7. Feng, G.: The Application of Lua script language in the SCADA system of hydropower
plant. Hydropower Autom. Dam Monitor. 38(5), 78–80 (2014)

8. Yong, J.: The role of lua language in bypassing active defense mechanism. Commun.
Technol. 49(9), 1239–1243 (2016)

9. Shiwei, W.: Improving the efficiency of Lua GC based on SSC algorithm. In: 2015
International Conference on Information (ICC2015). Computer and Communication
Engineering,Hong Kong, China (2015)

10. Qiao, L.: Application of lua language in lightweight web server design. Comput. Syst. Appl.
25(7), 124–129 (2016)

11. Zhixin, T.: Remote sensing satellite autonomous command sequences generation based on
digraph-model. Spacecraft Eng. 23(6), 54–60 (2014)

356 H. Gao et al.



The Research of Aerospace Software Product
Line Engineering

Chengliang Guo1, Junyuan Teng2,3(&), Meng Gao2,3,
and Yunsong Jiang2,3

1 Beijing Institute of Space Mechanics and Electricity, Beijing 100094, China
2 Beijing Sunwise Information Technology Ltd., Beijing 100190, China

tengjunyuan@sunwiseinfo.com
3 Beijing Institute of Control Engineering, Beijing 100190, China

Abstract. The “mass, low cost, fast response” development mode proposed by
commercial aerospace has become the trend of future aerospace missions.
However, the current aerospace software development is twisting with severe
issues such as quality, progress, and efficiency, etc., and software product line
(SPL) technology turns out to be a good resolution to these issues. Software
product line method is one software reuse technology which is oriented to a
particular field, massive and in large particle. The method has attracted much
attention in the software reuse field in recent years. This paper firstly presents
detail discussion on extensive aspect of software product line, such as the
concept, theory and methodology, etc. Then after further analysis of the char-
acteristics of software in the aerospace field, this paper points out the application
feasibility of SPL and proposes a method of software development and man-
agement based on SPL suitable for aerospace field.

Keywords: Software product line � Aerospace software � Software
development � Software management

1 Introduction

In the field of aerospace, the trends of simultaneous development of multiple tasks,
short-period development and high-density launching have become increasingly sig-
nificant and normalized in recent years. The scale and complexity of aerospace soft-
ware put forward new requirements for the development mode of aerospace software.
However, the reuse level is only small-grained reuse and the software development is
just to meet the needs of aerospace missions now. This situation leads to the fact that
(i) satellites in the same field are hard to be compatible with each other, (ii) the software
in the same field is invested in repeated development, (iii) the quality of software
products in the same field varies greatly and (iv) the software in the same field cannot
be customized quickly. In addition, the fast-paced batching features of aerospace
missions such as multi-star networking accelerate the release of new versions of
software and the withdrawal of old versions. The increasing demand for availability of
satellites has made continuous iteration of software requirements the norm. The con-
tinuous verification and deployment of new technologies in the aerospace field brings
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an impact on the software product spectrum. These challenges to software producti-
zation model based on component reuse and typesetting.

Software product line (SPL) is adopted to complete software development through
systematic application of reuse technology [1, 2]. The core idea is to develop core
assets of SPL on the basis of domain-oriented generality and variability analysis. Rapid
custom development of products is achieved by reuse of core assets. As an important
way of systematic software reuse, software product line has been widely concerned in
academia and industry. In academia, mainstream software engineering conferences
such as ICSE, ICSR, ICRE, GPCE, OOPSLA, etc., have taken software product line as
an important research focus. In industry, NASA, Lockheed Martin, General Dynamics,
etc., have researched and practiced software product line technologies to effectively
deliver high-quality software products to users.

This paper firstly presents detail discussion on extensive aspect of software product
line, such as the concept, theory and methodology, etc. Then after further analysis of
the characteristics of software in the aerospace field, this paper points out the appli-
cation feasibility of SPL and proposes a method of software development and man-
agement based on SPL suitable for aerospace field.

2 Overview

SPL is a collection of software-intensive systems with a set of manageable common
characteristics that meet specific task requirements and are developed from a set of core
assets in a pre-refined manner. The SPL approaches consist of two stages: domain
engineering and application engineering [3]. The former focuses on the development of
core assets and defines a unified development process for the development of core
assets so that any changes in code, configuration, environment and data are under
control. The latter applies core assets to assemble software products, incorporating test,
deployment, and release activities into the development process and forming the
feedback loop of the development process [4]. Figure 1 presents the classic framework
of SPL engineering.

The software development process in the two stages of SPL is independent of each
other. In domain engineering, it builds SPL architecture and develops reusable com-
ponents for domain requirements, including domain analysis, domain design, domain
implementation, domain integration, domain testing, and domain delivery. In appli-
cation engineering, we can develop software products based on domain engineering.
Application engineering includes application demand analysis, application system
design, application system implementation, application system integration, application
system test, application system delivery and other stages. The domain engineering of
the SPL guides the implementation of the application engineering, and the results of the
application engineering are used to facilitate the development of core assets [5]. In this
case, the framework of SPL can provide a mechanism for continuous iteration and
improvement.
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3 Characteristics of Aerospace Software

The practice of the software product line proves that software system-level reuse is
more likely to succeed in some specific areas [6]. By investigating the aerospace
software development process from the perspective of SPL, it has the following
characteristics.

• Specificity
A large number of software products in aerospace engineering, especially the key
shipborne and arrow-borne software are embedded software. The characteristics and
development process of these software products determine the specificity of aero-
space software development. This specificity is mainly reflected in specific devel-
opment processes, specific development environments, specific test methods, etc.
This specificity is the foundation of SPL. For example, the embedded characteristics
make the test environment limited to all-digital simulation environment, semi-
physical simulation environment and full-physical simulation environment, and the
testing adopted at different stages of software development is relatively fixed.

• Cohesion
The content of the aerospace software development process can be classified, and
this classification is limited. In this way, it is possible to grasp everything contained
in the field of aerospace software through the identification of limited generic
definitions and generic relationships.

• Stability
Aerospace software is often designed on the basis of a mature system architecture,
and has the characteristics of forward compatibility. A mature system architecture
usually has a long life cycle. In this long life cycle, new systems developed based
on this architecture usually use the same development and testing methods. This
longer cycle is a guarantee for software system-level reuse.
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Fig. 1. The classic framework of SPL engineering
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It can be seen that there are a lot of commonalities and controllable differences in
the development of aerospace software. These characteristics make it possible to
apply SPL approaches in aerospace field.

4 Aerospace Software Development Based on SPL

The development process of aerospace SPL includes two stages, and its development
model is presented in Fig. 2.

• Standard core assets
The core assets are developed based on the principle of sub-system and platform,
algorithm/ service componentization, business function modularization, and soft-
ware architecture.

• Aerospace software applications
Based on the core asset allocation, the aerospace software function is customized
within the standard core asset framework.
Through the application of software product line technology, the focus of devel-
opment can be moved to standard core assets. Through multi-level reusable design,
it ensures that aerospace software only focuses on customized functions, which
makes aerospace software development more efficient.
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4.1 Domain Engineering

The main work in this stage is to carry out generic analysis of the task requirements of
models, identify the common and variable requirements, design SPL architecture,
complete the design and implementation of reusable components, perform component
testing and verification and release components for subsequent application.

1. Domain requirement analysis

In domain demand analysis, we first need to determine the demand range of SPL,
then establish the demand model of SPL, and finally define the common and variable
characteristics. The sources of domain requirements include existing system capabili-
ties and potential user requirements.

2. SPL architecture design

By adopting the component-based method, the SPL architecture is designed as the
software components and the relationship between the components. In the design
process, attention should be paid not only to the overall structure of the software
architecture, but also to the communication mode and interface specification among the
components. The software product line architecture provides a common design solution
for all software products, it must be able to cover common features of all products, and
needs to efficiently handle their variable features [7]. There are some mechanisms
which can be used to implement the variable features, as shown in Table 1.

3. Design and implementation of reusable components

The implementation of reusable components can be implemented in an incremental
manner by selecting a product line subset for each increment. We need to complete
component-based design, coding, and unit testing in the implementation of incremental
components.

Table 1. Mechanisms used to implement the variable features.

Mechanism Description

Inheritance Modify the default behavior of the parent class as required by the
application

Patching Patches can be designed and implemented by application engineering
teams

Compile-time
configuration

“Make” mechanism can transform components into multiple binary
variables, or link the correct component to generate an executable fil

Configuration Provide an interface for users to choose among multiple possibilities
Code generation Generate code for specific components or the entire product through

some high-level specifications, such as models, scripts, etc
Component
replacement

The implementation of one component can be replaced by another

Plugin Allow plugins to be added to the SPL architecture. Plugins provide
specific functions, which can be public or product-specific
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4. Domain integration and testing

Domain integration includes integration of reusable components and integration of
software product line frameworks. Components are generally integrated in the form of
dynamic libraries or static link libraries. Software product line framework guidelines
and usage guidelines for each reusable component should be written in accordance with
specifications. Domain testing includes integration testing and functional testing of
components. Incremental versions of any domain software delivered to the core asset
library should undergo a rigorous testing process.

Using the software product line approach, integration and functional testing can be
performed on the core system, which is the smallest subset of the product line that
contains the core components and any default components. Testing of variable com-
ponents can be performed in domain testing or in application engineering.

5. Domain delivery

The delivery objects of domain components are generally core asset management
teams without the direct participation of users. The organization formulates acceptance
specifications for delivery acceptance of domain components and specify quality
requirements. Because domain components are used by multiple application systems,
organizations should strictly control the quality of domain components.

4.2 Application Engineering

In this stage, we need to maximize the reuse of software products provided by domain
engineering. This depends on the configuration mechanism and the variability
description of the aerospace software products at each stage of domain engineering [8].
Ideally, a new software product can be customized to satisfy the specific requirements
of an application only by configuring and binding specific variants.

1. Application system requirements analysis

Application system requirements generally include all core features, as well as
some optional and variable features. Therefore, the analysis of application requirements
should focus on the value of the upper variable of the variable point of application
systems and specific field requirements of application systems.

2. Application system design and implementation

Application products can be described using common and variable characteristics of
SPL with application system requirements, such as application requirements, architec-
ture, components, and tests. Component is developed according to specific requirements,
such as detailed design, coding and unit testing and functional testing of components.

3. Application system integration and testing

Application system testing includes integration testing and functional testing of
application systems. Software delivered to users should undergo a complete system test
in accordance with user requirements. If there is a problem with the domain component
during the test, the domain component needs to be modified by feeding back to the
domain engineering process.
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4. Application system delivery

Application system delivery is user-oriented delivery and should meet user
acceptance requirements.

5 Aerospace Software Management Based on SPL

We propose the requirements of aerospace software product line management from
three aspects in this paper, including optimizing the development process, multi-unit
cross collaboration, and optimizing configuration management [9, 10].

• Optimizing the development process

According to the inheritance and difference of software configuration status of
different satellites, we can determine optimization goals, formulate corresponding
optimization plans and development processes, carry out the development of multiple
satellites in parallel, and eliminate duplicate development steps under the premise of
ensuring software quality.

In addition, the software project team detailed and comprehensively decomposed
the whole life cycle in the planning, accurately analyzed the shortcomings and risk
points, and implemented the optimized plan step by step.

• Multi-unit cross collaboration

Based on the task decomposition, first of all, the functions and responsibilities of
the multi-party software are clarified, and then the data flow of the software interface
and the responsibility control subject are determined to ensure that the interface defi-
nition is clear and strict. To ensure software fault isolation for all parties, a unified
agreement is made on resource allocation, coding rules, data interaction, and task
modes to avoid security impacts such as memory access violations and timing
deadlocks.

It is necessary to strengthen the communication between the project office and the
designer on the progress of scientific research, and to clear as soon as possible the
communication and coordination barriers that affect the further development of multi-
unit software development.

• Optimizing configuration management

Software configuration items that can meet the requirements of multiple satellites
using only parameters or no modification at all are used as baseline. The main line is
formed by recording the development and evolution history of the baseline and the
corresponding configuration status. The branch is formed by recording the develop-
ment and evolution history of each satellite specific version on the basis of the baseline
and the corresponding configuration status.
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6 Conclusion

As a specific field, aerospace software has the characteristics of specificity, cohesion
and stability, and is more suitable for applying SPL. On the basis of SPL approaches
and characteristics of aerospace software products, this paper proposes a method of
software development and management based on SPL suitable for aerospace field and
provides new ideas for ensuring aerospace software quality and improving software
development efficiency. In addition, although the software product line method pro-
posed in this paper is aimed at the aerospace field, it is also universal, and can be
applied to the software development process in other fields after being refined.
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Abstract. Spacecraft operation in-orbit is an important part of the life cycle of
the spacecraft. Compared with the spacecraft product itself, users are more
concerned about the operation services of the spacecraft. As the ultimate
manifestation of the quality of spacecraft products, the stable and reliable
operation of spacecraft is always an important indicator of the ability to meet
user requirements and provide stable business services. Aiming at the insuffi-
cient technical monitoring methods, inadequate service quality, and manage-
ment efficiency to meet user needs, this paper proposes a standardized
management model for multi-spacecraft in-orbit support with refined manage-
ment throughout the life cycle. Testing results show that this management mode
improves the efficiency of in-orbit management, ensures the stable operation of
more than 200 spacecraft and achieves the standardized, modeled and profes-
sional operation of in-orbit support management. Therefore, it improves the
spacecraft operation management capability and user satisfaction, and has
important reference value for the spacecraft in-orbit support management work.

Keywords: Spacecraft � In-orbit support � Management

1 Introduction

In recent years, space military equipment spacecraft and civilian business spacecraft
have increased significantly. With the constellation system represented by the second-
generation navigation satellites successively put into operation in orbit networking, the
focus of spacecraft in-orbit management has gradually changed from single satellite
management to constellation network management [1–3]. Higher requirements have
been put forward on how to improve in-orbit management capabilities to complete the
orbit management tasks scientifically and efficiently.

China’s space industry has entered a stage of rapid development, and the man-
agement of spacecraft in orbit is facing huge challenges. The new generation of
spacecraft has a long orbit life, and users have high requirements for the continuous
service time, stability and emergency response speed of the spacecraft [4]. The existing
spacecraft in-orbit management methods are difficult to meet the new requirements.

In the face of fierce commercial market competition, users have increasingly higher
requirements for service awareness and service quality. Currently, there are more than
200 orbiting spacecraft developed by the China Academy of Space Technology
(CAST), accounting for over half of all orbiting spacecraft in China. At the same time,
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the number of international commercial satellites in orbit continues to rise. Ensuring the
stability of spacecraft in orbit is extremely important to enhance the core competi-
tiveness of aerospace enterprises [5–7].

CAST combines the mission characteristics and requirements of spacecraft in-orbit
management under the new situation, focusing on improving the construction of in-
orbit management mechanisms and establishing a standardized in-orbit support man-
agement model to strengthen the basic capabilities of in-orbit support. Aiming at the
above bottleneck problems, this paper proposes an in-orbit standardized support
management model for multi-spacecraft to further ensure the stable operation of the
spacecraft, improve management efficiency and user satisfaction.

2 Conception of In-Orbit Standardized Support Management

The spacecraft in-orbit support standardized management design concept is based on
the full life cycle of spacecraft and is divided into the spacecraft operation management
preparation stage, flight control and in-orbit test support stage, long-term operation
management stage and end-of-life processing stages, as shown in Fig. 1.

2.1 Get Involved Early In-Orbit Management

The advance involvement of the spacecraft development process through in-orbit
support management not only provides strong support for spacecraft development and
improvement, but also lays a solid foundation for the subsequent long-term in-orbit
management and stable operation of the spacecraft. It also links spacecraft ground
development with in-orbit management.

Get involved 
early in-orbit 
management

Elaborate 
flight control 
and in-orbit 

testing

Strengthen 
the in-orbit 

management

Disposal of 
end-life 

spacecraft

Increase 
communication 
with units and 

users

Fig. 1. Spacecraft management stage
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2.2 Elaborate Flight Control and In-Orbit Testing

Based on careful planning of spacecraft flight control, delivery, orbit management,
completion of related software and hardware and technical preparations for link con-
struction, the operation management engineer participates in the flight control test team
throughout the process and is responsible for collecting relevant information. It also
establishes and continuously improves the resume of the spacecraft in orbit, records the
main events during the flight control phase, assists the test team in reporting normal and
abnormal conditions, and conducts in-orbit data analysis.

2.3 Strengthen the In-Orbit Management of Long-Term Operation

The health status of orbiting spacecraft implements daily, weekly, monthly and annual
report systems, conducts quarterly and annual analysis of in-orbit performance for key
sub-systems such as control, power supply and distribution. Based on a comprehensive
analysis of the operating situation, the health assessment of the in-orbit spacecraft is
carried out to form a comprehensive analysis and health assessment report of the
spacecraft’s in-orbit operation.

2.4 Disposal of End-Life Spacecraft

The orbiting spacecraft de-orbits, the disappearance of telemetry signals, or the
inability of telemetry data to support in-orbit surveillance are considered end of life of
the spacecraft. After determining the end of the spacecraft’s life, the operation and
management center filed an application to end the long-term in-orbit management task,
and organized a review of the end of the spacecraft’s life. In 2011, the first active de-
orbit operation in China, was decommissioned in accordance with international stan-
dards, meeting the requirements and reaching its intended goal.

2.5 Increase Communication with Measurement and Control Units
and Users

In addition to requesting the spacecraft telemetry and remote control data from the
spacecraft measurement and control units, the operation management center also reg-
ularly communicates with the spacecraft measurement, control operations and moni-
toring of the spacecraft. At the same time, it actively inquires users about the use of
spacecraft and special mission requirements, provides technical support services for
spacecraft users, feedbacks the health status of spacecraft to orbits, regularly visits
users to understand their needs and satisfaction with technical services.
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3 In-Orbit Standardized Support Management General
Design

In order to achieve effective support for in-orbit management, the design idea is to
focus on fine-grained management of the entire process and use various methods as
means to solve the massive database of multiple spacecraft, data analysis, abnormal
monitoring, abnormal alarm, and fault diagnosis. The relationship between various
parts of the mode will be improved by enhancing the intelligence of the tool, intensive
team configuration and other support methods to improve management efficiency and
user satisfaction, as shown in Fig. 2.

3.1 Full-Cycle Refined Management of Spacecraft in-Orbit

The core of the multi-spacecraft in-orbit management model is full-cycle refined
management. By establishing a refined management model, systematically sort and
classify the multi-spacecraft in-orbit management work items, establish a working
system, refine the workflow, quantitative evaluation of the effect, and use the evalua-
tion results as feedback to continue to improve the follow-up work, thereby forming a
closed-loop control of multiple spacecraft in-orbit management.

3.2 Data-Driven Intelligent Management of Spacecraft In Orbit

CAST has continuously increased the application of in-orbit spacecraft big data to feed
back research projects, and promote the development of research projects. The ultimate
purpose of spacecraft development is the prerequisite for market development. CAST
combine the characteristics of in-orbit management business data intensive, complex
calculations and increasing number of satellites, fully refer to new technologies and
concepts such as big data, cloud computing, and AI.

Facing the challenges of orbiting spacecraft with telemetry data, fewer employees,
and resource constraints, CAST proactively sought breakthroughs and changes, which
was completed through data analysis, as shown in Fig. 3.
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Fig. 2. In-orbit Standardized Support Management General Design
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(1) Multi-spacecraft intelligent diagnostic system
The multi-spacecraft intelligent diagnosis system has functions such as conditional

interpretation, correlation interpretation, complex trend monitoring, and prompts for
troubleshooting plans. The system simulates the logical thinking of designers in
monitoring satellites and analyzing abnormalities, and adopts a set of spacecraft in-
orbit fault diagnosis knowledge-specific language.

(2) Integrated in-orbit data management and application system
The development of an integrated data management and application system, and the

implementation of in-orbit telemetry data and information query to the designer’s
desktop. Through the application of technologies such as distributed design and loss-
less compression storage of massive data, the data application efficiency is improved,
and the annual data query time reaches the second level.

(3) Integrated duty-assisted decision-making platform
An integrated on-duty auxiliary decision-making platform is established to provide

a basis for 24 h duty personnel on alarm confirmation and ensure that the various work
procedures on duty are electronic, intensive. This platform can conveniently store and
maintain the original information of in-orbit management and improve the efficiency of
shift staff. Moreover, it can provide first-hand complete data for in-orbit management
experience accumulation and data analysis.

3.3 Spacecraft In-Orbit Diversification Services

Establish a user communication system, form a three-party joint guarantee system for
spacecraft safety and mission management, expand the support direction for major
tasks, and explore the establishment of a remote support model for export commercial
satellites, as shown in Fig. 4.

Data management 
and application system

Duty-assisted 
decision-making 

platform

Intelligent diagnostic 
system

Fig. 3. Data-driven intelligent management
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(1) User communication and service
Draw up management measures for the communication of in-orbit spacecraft users,

strengthen the information communication and feedback with spacecraft users, and
actively collect information on load orbit operation from users. Carry out regular return
visits to users, report on the health assessment of in-orbit spacecraft, and conduct
closed-loop management of problems and suggestions raised by users.

(2) Tripartite work
Establish a three-party collaborative work system for measurement and control

units, user units and research and development units. The three parties cooperate with
each other, carry out daily monitoring in accordance with unified standards, notify each
other of abnormalities in a timely manner and coordinate processing, and jointly agree
on major events to ensure the stable operation of the spacecraft in orbit.

(3) Export satellite management remote support
Establish remote support links for all international commercial satellites (including

“Nigeria Communication Satellite”, etc.), and receive telemetry data from all interna-
tional commercial satellites. Moreover, technical support for exception handling; reg-
ularly providing spacecraft in-orbit operation health assessment reports, assist foreign
parties in managing orbiting satellites.

3.4 Intensive Team Configuration Guarantee

Spacecraft in-orbit management is a cross-project. The number of full-time personnel
implementing in-orbit management is limited. The human resources will be unbearable
with the spacecraft approach. In order to adapt to the increase in the number of orbiting
spacecraft without the increase of management personnel, based on the original
management team configuration of a single responsible person, various methods have
been used to intensively configure the in-orbit management team.

Two-dimensional horizontal and vertical matrix mode. Configure according to
project division of labor, each project has one responsible person, set up multiple
sources such as power supply and control. A professional management team conducts
horizontal analysis to support the work of the responsible person. Figure 5 shows the
configuration mode of the in-orbit management team.

Diversification services

User communication 
and service

Remote supportTripartite work

Fig. 4. Diversification services
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4 Analysis and Testing of Designed In-Orbit Standardized
Support Management

4.1 Results Achieved

In recent years, after continuous exploration and innovation, the multi-spacecraft in-
orbit management model proposed in this article has achieved significant results,
mainly reflected in the following aspects.

(1) The spacecraft in-orbit management task has ensured the stable operation of
more than 200 spacecraft and handled in-orbit anomalies nearly 300 times per year,
with an average annual average.

(2) The spacecraft’s in-orbit management capabilities and efficiency have continued
to increase. Currently it has supported the lossless compression storage of 3,000
satellites of petabyte-level telemetry data per year, achieving real-time high-speed
storage of 100,000 times per second.

(3) The satisfaction of spacecraft users continues to increase. By continuously
strengthening the communication and service system, the annual user satisfaction rate
has exceeded 99%.

4.2 Power Enhanced

CAST has continuously strengthened the construction of in-orbit management orga-
nizational system. Significant results have been achieved in accelerating the space-
craft’s orbital support management capabilities and performance analysis capabilities.
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(1) Great improvement in In-orbit support management capabilities
By continuously strengthening the in-orbit management conditions, the CAST

effectively improves the work efficiency of the on-site management staff of the oper-
ation. With its limited personnel growth, it currently has the support and management
capabilities of nearly 300 spacecraft in orbit, which provides a strong guarantee for the
spacecraft’s stable operation in orbit.

(2) Gradual improvement of spacecraft performance analysis capabilities
The operation management center starts with the classification and statistics of

alarm information, studies the causes of false alarms, and gives the definition of false
alarm rates. Spacecraft in-orbit performance analysis is the focus of in-orbit manage-
ment and an effective means of traction in professional and capacity enhancement.

4.3 Keep Improving

Facing the situation that the orbit management tasks have increased significantly,
CAST has focused on the goal of ensuring the spacecraft’s in-orbit stable operation and
the successful completion of the in-orbit management tasks. It has completed the
systematic review of the existing basic guarantee conditions of in-orbit management.

(1) Establish a spacecraft In-orbit management work conference
CAST has established a spacecraft in-orbit management work meeting system

around continuous improvement goals. It regularly holds in-orbit management work
meetings and special analysis meetings to evaluate the phase operation of orbiting
spacecraft, coordinate and resolve major problems encountered in in-orbit manage-
ment, and effectively guide the development of key in-orbit management work. The-
matic analysis of the requirements for in-orbit management guarantee conditions will
guide the follow-up basic guarantee construction work.

(2) Deepen application of In-orbit data and explore the mechanism of evaluation
Focusing on the goal of improving the reliability of the spacecraft in orbit, CAST

has actively carried out the practice of exploring the in-orbit test mode of the extended
service spacecraft and deepening the application of in-orbit data analysis to effectively
guide the improvement of subsequent development of the spacecraft. The evaluation
mechanism of in-orbit operation of typical products has played a positive role in the
subsequent improvement of spacecraft and product maturity.

5 Conclusions

This paper focuses on fine-grained management of the entire process and use various
methods as means to support multiple spacecraft. The establishment of standardized
support management in orbit for multiple spacecraft has enriched satellite in-orbit
monitoring methods and data sources, improved satellite in-orbit operation support
capabilities, and ensured constellations long-term stable operation.

With the advancement of in-orbit management work, CAST continues to improve
the spacecraft in-orbit fault diagnosis and early warning capabilities, and constantly
strengthen the professional construction of in-orbit management and technical support
teams.
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Abstract. All the time integrated modular avionics (IMA) is a hot research
topic in fields of aircraft and spacecraft. IMA mainly focuses on the determin-
istic partition protection in avionics resource sharing, which is the core tech-
nology to allow mixed-criticality applications developed by multi-vendors to
run on the same system. Firstly, the avionic development before 2010 year is
reviewed briefly, mainly focused on the key technologies in IMA. Furthermore,
heterogeneous computing and virtualization are surveyed respectively, because
they grew most rapidly during 2010 and 2020. The content surveyed cover the
background and reasons of the fast growth, the critical technologies and their
development trends. Finally, some technology and management recommenda-
tions are proposed to promote avionics development in the next decade.

Keywords: Integrated avionics � Resource sharing � Partition protection �
Heterogeneous computing � Virtualization

1 Introduction

Avionics is a set of electronic systems on spacecraft or aircraft, especially the com-
puting module. The original goal of integrated modular avionics (IMA) is to research
how to integrate numerous mixed-criticality applications developed by multi-vendors
on one or several networked computing modules to reduce size, weight and power
consumption (SWaP). Around 2010, we surveyed space integrated avionics and its key
technologies, mainly focusing on architecture, partitioned operating system and net-
works [1]. At that time, the processor is almost single-core CPU, hence time & space
partitioning (TSP) of computing power is implemented by single-core operating sys-
tem. This TSP scheme is named kernel-based.

During the past decade, great development has taken place in computing tech-
nology. The technological innovation has brought up heterogeneous computing which
includes ever more powerful processors, such as multi-core, many-core, GPGPU, DSP,
FPGA, etc., Heterogeneous computing can provide anywhere from 10x to 1000x
improvements in onboard computing capability [2]. Intuitively, computing platform
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can execute more and more applications developed by multi-vendors [3, 4]. However,
there are great challenges to realize the above vision.

1. It is hard to design a prudent heterogeneous computing architecture to meet many
requirements, such as: ① scalability to accommodate emerging heterogeneous
networks and computing units with different hardware and software, especially for
the future development; ② avoiding various couplings to avoid domino-like effect,
there are many coupling relations such as coupling between hardware and software,
between adjacent software layer, between different function modules, etc.; ③
systematic solutions and toolkits for developing all kinds software and hardware,
including programming models, software reuse, debugging, deployment, logging,
etc.; ④ reconfigurability for different missions;

2. Because of many heterogeneous factors, it is a new challenge to provide TSP for
heterogeneous computing, otherwise mixed-criticality applications cannot execute
on the same computing module. It is urgent to develop new TSP scheme, and
virtualization is a powerful solution.

Heterogeneous computing and virtualization are the main methods to solve those
challenges above. In the study, we survey those two technologies development during
2010 and 2020. For each technology, this article mainly launches the analysis from
three aspects: the background and reasons of the fast growth, the critical technical
details and their development trends. Finally, some technology and management rec-
ommendations are proposed according to our technology status and national
conditions.

This paper includes five sections, IMA before 2010 are briefly introduced in
Sect. 2. Heterogeneous computing and virtualization are discussed in Sect. 3 and 4
respectively. We conclude the paper in Sect. 5.

2 Brief Introduction of IMA Before 2010

In our previous paper published in 2011, we surveyed the IMA before 2010. In this
paper, the definition, history and requirement of IMA are summarized firstly, and the
main process of IMA development was proposed [1]. In terms of requirements, par-
tition protection (TSP) is a unique requirement for IMA. In terms of the key method
and technology, architecture, operating system and on-board network are the executors
of ensuring TSP, so those three are called corner stones of IMA; furthermore, the three
corner stones are analyzed respectively in detail. In terms of standard, the revolution
process of many top-level reference standards is concluded, from the pioneer Space
Station Information Systems (SSIS) to the Allied Standard Avionics Architecture
Council (ASAAC) published at 2004; at that time, the low-level application standards
of TSP includes ARINC-653 for software and ARINC-664 for network [5]. ARINC-
653 has been the de facto standard in kernel-based TSP field, while ARINC-664 was
only a domain-specific standard mainly used in airplane field.

Because ARINC 653 is the most important milestone, it is introduced briefly below.
ARINC 653 was initially released in 1996 as a joint project of Boeing and Airlines
Electronic Engineering Committee (AEEC). This specification describes a Real Time
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Operating System, with Associated Application Executive (APEX) and Application
Programming Interface (API), which calls for 51 routines, allowing time and space
partitioning, health monitoring and communications via ports [6]. In ARINC-653, an
application only connects with APEX, the interface between applications is strictly
controlled by APEX, and all the resource of every application is strictly determined
through blueprint mechanism, hence partition protection is guaranteed.

In short, IMA before 2010 mainly focused on integrating multi-functions into one
centralized computing module, and ensured partition protection among many appli-
cations, hence it is called IMA-1G. For comparison based on IMA-1G, IMA-2G which
was funded by European Commission in 2008 and focused on a truly generic dis-
tributed computing pool (cloud computer), proposed virtualization-based TPS which
emphasized a distributed, virtualized and software defined TPS other than the mere
centralized TSP in IMA-1G [7].

3 Heterogeneous Computing Development in the Past Decade

3.1 Background and Development of Heterogeneous Computing

Introduction of heterogeneous computing
Traditionally, high performance computing capability can be pursued through boosting
single chip processor’s performance. However, this method is ended before 2010, it is
mainly because of four technological and economic constraints (power, memory,
instruction-level parallelism and complexity walls). Taking the power wall as example,
high performance single core processors consume a lot of power, while high power
consumption requires expensive packaging and powerful cooling solutions. From
1990 s to twenty-first Century, the strategy of reducing the gate size, reducing the
supply voltage and improving the clock rate was successful, making the single core
processor faster. However, it is not feasible to continue to reduce the power supply
voltage around 2004, because the power consumption begins to exceed the actual limit,
that is, the so-called single core processor hit the power wall. In chip level multipro-
cessors, multiple cores can work together at low clock frequencies to achieve high
performance, thus overcoming the power wall problem [8].

With the development of technology there are more and more heterogeneous fac-
tors, including: ① heterogeneous processing units, including single heterogeneous unit
(such as CPU, DSP, FPGA, GPU, etc.), composite heterogeneous units (such as multi-
core, many-core, MPSoC, CPU + GPU, etc.), which have different computing skills;
② heterogeneous software, including programming language, operating environment
or operating system; ③ the interconnection between heterogeneous units is hetero-
geneous, including PCI, RapidIO, Ethernet, etc. [3].

Because single isomorphic computing cannot meet the comprehensive requirement
of high performance and flexibility, heterogeneous computing technology is needed.
The basic principles of performance and development flexibility of heterogeneous
computing are as follows: ① heterogeneous devices have different advantages and
computing skills, such as CPU is good at complex logic tasks, GPU is good at simple
logic mathematical computing. High performance can be achieved by mapping task to
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the computing nodes that perform the task with the highest efficiency; ② for tasks that
can be executed in parallel, high performance can be achieved by improving the degree
of parallelism; ③ by encapsulating the complex and high-performance inside details to
simplify the development process and realize the development flexibility; ④ by
reconstructing software and hardware to achieve multiple function modes and realize
the application flexibility [3].

The requirement of high-performance computing for advanced applications
To study the common computing characteristics of typical space missions is the key to
design a computing system suitable for space-based applications. Although exhausting
space applications is unrealistic, literature [9] summarizes typical space applications
and classifies space computing into remote sensing (SAR, beamforming, etc.), image
processing (multi-spectral, stereo vision, image compress, etc.), orbital orientation (star
tracking, AOCC, etc.), orbital maneuvering (relative motion control, on-orbit assembly,
etc.), surface maneuvering (autonomous landing, hazard avoidance, path optimization,
etc.), mission planning(intelligent scheduling, model checking, etc.) and communica-
tion (software-defined radio, cryptography, etc.).

Some computing capability requirement is moderate, for example traditional
AOCC application’s computing requirement is about 80 MIPS (million instructions per
second). However most payload application’s computing requirement is very huge, for
example the computing requirement for hyperspectral imaging processing and vision-
based guidance is about 50 GOPS (1ops is equal a multiplication and an add) [9]. As
for artificial intelligent (AI) computing, the requirement is more powerful than ever.
This is also the reason why AI turns into practical application only when the computing
capability is high enough.

Heterogeneous computing and its development in foreign aerospace
Nowadays, almost all the high performance research projects are pursuing high per-
formance computing capability through heterogeneous computing, such as SHREC
(Space, High-performance, and Resilient Computing) [10], SpaceCubeX [2, 11], HPSC
(high performance spaceflight computing) [9], ScOSA (Scalable On-board Computing
for Space Avionics) [12], OBC-NG (on-board-computer next generation) [13], and
Dahlia [14]. Dahlia and HPSC are the cutting-edge with very high-performance
technology such as chip-let 3D packaging, mixed-criticality task supporting, etc.
SpaceCube is the typical one in those high-performance heterogeneous computing
systems [2], so it is introduces briefly below.

SpaceCube is composed of CPU/FPGA/DSP and other hybrid components, which
is used for the next generation earth science missions. In SpaceCube, high performance
COTS circuits are widely used. The COTS reliability is guaranteed by dependable
radiation-hardened monitor. It is a difficult task to develop applications with hetero-
geneous computing, because it is necessary to divide the applications into sub tasks,
map them to specific processor types and compile them for different processor types.
SpaceCube makes use of the previous IP developed under the support of DARPA to
simplify the software compilation process and improve the development efficiency [2].
The compilation process needs manual task division to map the computing tasks to
each computing element, and uses a library to define the general task to task
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communication of heterogeneous computing elements, which is the so-called com-
munication middleware. The most difficult piece of this is bridging to FPGA hardware-
like resources, which is accomplished through the use of new High Level Synthesis
(HLS) to translate C to gates compilers, and the specific VHDL-level communication
middleware library.

According to the testing results through a space application benchmark, the speed
of SpaceCube achieves 1000 times higher than Cobham GR 740, and the ratio of speed
to cost (1GOP/dollar) is reduced to 3.75% (34710/6250000) comparted to Honeywell’s
CPU HXRH-PPC. The development time is also reduced greatly through component-
based development method. A component entry consists of computational, program-
matic and physical metadata. Computational metadata are details about how the
component performs computation: number of cores, cache size, operating frequency,
etc., Programmatic metadata describes how to use the component for computation: the
compiler tool chain, debuggers and run-time environments for operating systems.
Physical metadata lists the components material characteristics: size, weight, I/O,
power, heat, radiation tolerance, etc. [2].

3.2 Key Technologies

Guiding ideology of space-based heterogeneous computing architecture
Based on our own project, with reference to the above-mentioned foreign heteroge-
neous computing systems, and with reference to CORBA, JAVE, virtualization and
other technologies, the guiding ideology of space-based heterogeneous computing is
proposed as follows: ① framework software adopts layered design, and the upper and
lower layers are decoupled by “abstract technology”, which is similar to virtualization;
② application software are decoupled by middleware; ③ communication middleware
should adopt lightweight design instead of heavy one such as CORBA.

There are many “abstractions” between the upper and lower layers: ① operating
system abstraction layer (OSAL) abstracts the underlying operating system, and the
application container uses OSAL to cooperate with lower layer, so that the functions
provided by the container can be applied to different operating systems, that is,
portability is achieved; ② communication middleware abstracts the underlying com-
munication mechanism (based on message or shared storage), and components and
containers use communication middleware to communicate, so that the application can
be applied to different network environment. Heterogeneous System Architecture
(HSA) brings the abstraction concept to the extreme and realizes the unified abstraction
both of OSAL and communication middleware [15], by which all heterogeneous units
will follow the unified standard to realize interconnection.

The idea of decoupling between the same layer software comes from the CCM
model of CORBA 3.0. The application software only depends on the general container
model. For each heterogeneous computing node, only the corresponding adaptive
container is developed for the heterogeneous computing node. The application software
module and the external software and hardware are decoupled by the container, so as to
realize the decoupling between the application software, and the application software
can be migrated cross platforms.
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Middleware- and component-based heterogeneous computing framework
Based on the guiding ideology above, a “four unified” space-based heterogeneous
computing framework is proposed based on middleware and component concept.

1. Unified device abstraction: it mainly includes the OSAL and the board-level support
of FPGA. This layer decouples the core framework layer from the underlying
platform (OS and FPGA), so that the core framework layer software can be applied
to heterogeneous underling software and hardware.

2. Unified core framework: provide key management functions (container service,
communication middleware, component scheduling management, diagnosis, etc.),
shield the differences of the underlying software and hardware, provide the unified
API for the top-level application, make the application independent of the low-layer
software and hardware, and make the software modules reusable.

3. Unified service management: provide basic management functions for top-level
applications, including log, deployment, hang-up, start-up, etc.

4. Unified application mode: develop application through service management inter-
face API and core framework-layer API. The application is decoupled with the
underlying hardware and software, hence achieving portability.

3.3 Application and Development Prospect

Space-based heterogeneous computing has the characteristics of networking, software
definition, reconfiguration and powerful computing capability, which has great appli-
cation prospects in many application fields. The application scenarios are summarized
as follows: ① signal processing (modulation and demodulation, filtering, equalization,
FFT, etc.) can be used to realize radio frequency synthesis, radar communication
integration, radar electronic warfare integration, communication navigation identifi-
cation (ICNI) integration and other integration scenario requiring powerful computing
capability. ② it can be used in image processing, image recognition, data compression,
three-dimensional reconstruction, image tracking, etc., the typical application is vision-
based navigation requiring powerful computing power. ③ the space-based internet-
hub, which the powerful computing power can support data mining, information fil-
tering and artificial intelligent applications. ④ if the heterogeneous computing system
can support partition protection, the platform control and payload signal and infor-
mation processing can be integrated together to achieve SWaP.

Although heterogeneous computing has been successful in the field of consumer
electronics, it has only started a very primary application in the field of aerospace, and
there are many key technologies to be solved: ① In the field of integrated aerospace
electronics, there are many applications sharing resources (memory, IO, processor time,
communication link, etc.). The key technology for this integration scenario is partition
protection. It is great challenge to implement partition protection in heterogeneous
computing system, because there are too many kinds of heterogeneous processing units
and networks. Nowadays, only sporadic work has been carried out, lacking systematic
solutions. ② resource scheduling is a NP-hard problem, especially there are too many
heterogeneous resources. Currently heterogeneous computing mainly requires manual
and static task partitioning to map computational tasks among heterogeneous resources,
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and it is difficult to achieve efficient resource scheduling, so a dynamic and efficient
resource scheduling scheme is urgently needed for heterogeneous computing. ③ at
present, there is a lack of efficient development environment and unified standards,
only sporadic solutions to some special problems.

4 Virtualization Development in the Past Decade

4.1 Background and Development of Virtualization

Introduction of virtualization
Virtualization (VM) has come a long way since its beginnings in the 1960s [16].
A virtual machine is an abstraction of a complete compute environment through the
combined virtualization of the processor, memory and I/O components of a computer.
A hypervisor is a specialized piece of system software that manages and runs virtual
machines. The process of hypervisor is as below: at first, the hypervisor separates the
physical resources from their physical environment, and allocates the resources from
the physical environment to each virtual environment as needed. Guested users work
with and perform computations within their own virtual environments. Once the
hypervisor is running, it will perform the following operations on each instruction
issued by the guest user or program: if the instruction does not change or affect the
virtual environment of other guest users, the hypervisor will relay the instruction to the
physical environment for direct execution; if the instruction changes or affects the
virtual environment of other guest users, the hypervisor will emulate the instruction in
the virtual machine, and transfer the emulated instructions to the physical system.
Because the emulation instructions only affect their own virtual environment, and do
not affect other environments, thus the isolation of different guest users achieved. The
above process is called either direct execution or capture and simulate, which is the
core technology of hypervisor. In the core algorithm, sensitive instructions include
control sensitive instructions and behavior sensitive instructions, in which control
sensitive instructions can update the system state, and the semantics of behavior sen-
sitive instructions depend on the actual values set in the system state.

The advantages of hypervisor are obvious, including operating system diversity
(running multiple OS on a single machine), server consolidation (save money), reusing
legacy software, rapid provisioning (save money and efficient), security, high-
availability, cloud computing, etc. However, there is obvious shortcoming, the over-
head caused by trap-and-emulate. For example, for the application of reference [17],
the execution speed of virtualization is 39% slower than that of bare metal. Therefore,
prior to 2010, the hypervisor was mainly used for desktop and enterprise applications,
because these applications did not involve real-time problems.

Virtualization used in avionics field
In the past decade, with the great improvement of computing power, the overhead is
almost negligible, so hypervisor is now moving into the embedded system. Through
hypervisor’s function of resource allocation and management, partition protection is
achieved; this creates a new TSP scheme, named virtualization-based TPS.
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Since the first paper about virtualization-based IMA TPS published in 2008 [18],
there are more and more virtualization-based partition protection solutions in IMA
field. According to uncompleted statistic, there are more than 20 kinds of open source
hypervisors and 12 kinds of commercial hypervisors in the embedded field. Hypervisor
has been widely used in automobile field, such as the intelligent cockpit systems in
domestic cars (Chery XING-TU, Great Wall F7), which all adopt open-source
hypervisor. In space field, hypervisor is also widely used. Compared with kernel-based
TSP, virtualization-based TPS has the following advantages: ① virtualization-based
TPS allows for different operating systems in its partitions, which is a substantial
advantage for heterogeneous applications integration. ② kernel-based TSP usually
comprises more functionality than virtualization-based TSP, which need more time to
authenticate and validate.

4.2 Key Technologies and Development Prospect

Hardware-assistant hypervisor in embedded processor
Early virtualization of x86 processors was notoriously low performance, because of the
lack of hardware support for virtualization, including virtualized memory management
unit and input/output memory management unit, modern processor provide support for
hardware-assisted virtualization. One example is Intel VT-x & VT-d and ARM VE.
Both technologies rely on a new privileged processor mode and the hypervisor mode
altogether, with memory management unit support for 2-level address translations [19].
In the cutting-edge LEON processor of Cobham ESA, the GR745 processor has been
enhanced with both TSP and more efficient virtualization support by hardware just as
VT-x and ARM VE.

Systematic virtualization-based TSP architecture
The hypervisor only solves the virtualization problem, not the systematic TPS scheme.
Most hypervisors implement TSP using ARINC-653 scheme, however it is mainly
focus on single processor. A new TSP architecture is urgent.

1. Support system modeling in heterogeneous distributed environment: this model is
used to describe heterogeneous processing units, networks, hybrid application
requirements, included roles, management processes, scheduling parameters, etc.

2. Support heterogeneous computing platform: support more heterogeneous comput-
ing units and more details (L2/ L3 cache, IO and other details).

3. Development tools: the virtualization-based TSP involves more development pro-
cesses and needs systematic tool support.

Development prospect
Although hypervisor technology has achieved some success, there are still many
challenges to be solved: ① on the basis of hardware-assisted virtualization, new
strategies should be researched to further improve the efficiency of virtualization. ②
software-defined architecture is proving to be a smarter way to implement next-gen
avionics, however there is no mature solution yet. It is urgent to tap the potential of
virtualization to realize systematic software defined frameworks. ③ how to realize
distributed and portable avionics frameworks? ④ how to certify the safety and security
of hypervisors on heterogeneous computing platform.
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5 Conclusions

Heterogeneous computing and virtualization are relatively new and important tech-
nologies in the field of aerospace, both of which are important cornerstones for the
development of high integrated avionics on board. This paper focuses on the devel-
opment background, key technologies and their advantages, such as powerful com-
puting power, portability, reuse of legacy software and hybrid critical partition
protection, and looks forward to their development.

In the study of heterogeneous and virtualization technologies in foreign aerospace
fields, two valuable general strategies are found. Firstly, in the research of cutting-edge
high-performance computing, it is often developed by multiple top-level application
agencies, rather than a single application agency. For example, HPSC in the United
States is led by NASA and AFRL, Dalia in Europe is led by Airbus, Thales, St, etc. this
discovery inspired that it is better to jointly develop heterogeneous computing tech-
nologies with high-performance computing, instead of developing each organization’s
own one. Secondly, in the field of virtualization system software, hypervisors are
usually developed by specialized companies such as Wind River and SYSGO, rather
than by top application organizations.

This work was supported by the National Natural Science Foundation of China
under Grant NSFC 61972398.
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Abstract. The reaction flywheel is one of the most common actuators in the
satellite attitude control, which has a significant impact on satellite attitude.
Based on the observer, a finite time control system is designed to resolve the fast
stabilization control problem of the spacecraft with the reaction flywheel failure
and the unknown disturbance. Using the sliding mode technology, a finite time
fault tolerance control law is proposed. Considering the unknown parameters of
the actuator effectiveness of the spacecraft and the external disturbance, an
observer estimating the interference is designed to improve the disturbance
rejection. Finally, the convergence of the designed control system is verified
using the Lyapunov function. The results demonstrate the proposed controller
has good robustness to the actuator effectiveness and the unknown disturbance.

Keywords: Actuator effectiveness � Extended state observers (ESO) � Finite-
time stabilization control

1 Introduction

The reaction flywheel is one of the most common actuators in the satellite attitude
control and its failure will have a significant impact on satellite attitude control.
However, the spacecraft’s long-term operation is severe under the weightlessness,
strong radiation et al., the inherent factors such as the aging and wear of mechanical or
the electrical components will cause the reaction flywheel failure to limit the output
torque of the actuator, which decreases the stability and accuracy performance of the
system, and even collapse [1–5]. The fault-tolerant stabilization control of the space-
craft has become a research hotspot of the scholars.

Because of the strong robustness to unknown parameter and the interference, the
sliding mode control theory is deeply studied to realize finite-time attitude control,
which needn’t the definite model. Considering the problem of external interference,
Huo X et al. [6] propose an uncertainties observer using a finite time attitude tracking
strategy. Ding et al. [7] proposed an attitude controller to stabilize in the finite time with
the terminal sliding mode technology. Song et al. [8] propose a finite time stabilization
controller containing the inner and outer control circuits, which cannot solve the
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problem of the external interference. Godard et al. [9] design a non-singular terminal
sliding mode control system using the relative motion equations to overcome the initial
value selection problem, which ensures the formation configuration under the external
disturbance. Yang et al. [10] verifies the finite-time tracking capability of the proposed
controller using the experiments.

The finite-time stabilization control is studied to solve the fast stability problem of
the spacecraft with the reaction flywheel failure and the unknown disturbance.

2 Attitude Dynamics Model

Consider the spacecraft to be rigid, the attitude dynamics equation is

I _xþx�Ix ¼ uþ d ð1Þ

I 2 <3�3 represents the inertia matrix, assuming the matrix I of the spacecraft is a
positive definite matrix; x¼ xx xy xz½ �T represents the attitude angular velocity,
u 2 <3 represents the control torque of the spacecraft, d 2 <3 represents the interfer-
ence of the spacecraft.

Considering the actuator effectiveness model, the Eq. (1) can be rewritten as

I _xþx�Ix ¼ u� DEuþ d ð2Þ

Where DE¼I�E and
Let Q = [q0 q]

T and q0
2 + qTq = 1. The attitude equation of the spacecraft is

_q ¼ 0:5ðq0I3 þ q�Þx ð3Þ

_q0 ¼ �0:5qTx ð4Þ

3 Disturbance Observer Design

The observer is proposed to suppress the influence of the disturbances, which is taken
from the work by Jingqing Hang et al. [11]. The equations of the ESO is

e ¼ ŷ� y

_z1ðtÞ ¼ z2ðtÞ � b1g1ðeÞ
..
.

_znðtÞ ¼ znþ 1ðtÞ � bngnðeÞþ u

_znþ 1ðtÞ ¼ �bnþ 1gnþ 1ðeÞ

8
>>>>>>><

>>>>>>>:

ð5Þ
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Where z1; � � � ; zn the estimated value of the state x1; � � � ; xn,gi is the nonlinear contin-
uous function, and bi is the adjustable parameter. The state znþ 1 is the extended state to
estimate the sum of the entire disturbance. The function gi satisfies

8e 6¼ 0; egiðeÞ[ 0

gið0Þ ¼ 0; i ¼ 1; � � � ; nþ 1

The Fal function is an ideal choice of the function gi, which has good variable gain
capability, fast convergence and good filtering effect. The expression is

Falðe; c; dÞ ¼ ej jcsignðeÞ ej j[ d

e=d1�c ej j � d

(

ð6Þ

Where a; c; d; e is the design parameter of the Fal function. The appropriate
parameters are selected, the state observer (5) can effectively estimate the state quantity
and unknown disturbance of the system, and the observer hardly needs any prior
information of disturbance.

4 Finite-Time Stabilization Controller Design

The controller is designed using the sliding mode control theory. Let’s first introduce
the following lemma.

Lemma1 [12]: Assumed the function VðxÞ : D ! R
n and the positive real numbers

k1 [ 0; k2 [ 0; a 2 ð0; 1Þ ,and a neighborhood D0 2 D containing the equilibrium
point, which makes the following inequality true:

_VðxÞþ k1VðxÞþ k2VaðxÞ� 0

Then, the system can be stable in the finite time. Let the function Vðx0Þ to be the
initial value of VðxÞ, Tf is the system arrival time, we have

Tf � 1
k1ð1� aÞ ln

k1V1�aðx0Þþ k2

k2

Design the sliding surface as

s ¼ xþ k1nþ k2sigðnÞa ð7Þ
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Where

k2sigðnÞa¼
q0q1j jasnðq0q1Þ
q0q2j jasnðq0q2Þ
q0q3j jasnðq0q3Þ

2

4

3

5

Where n = q0q, a 2 ð0; 1Þ and k1 2 R
3,k2 2 R

3, sn �ð Þ is a sign function.

Theorem 1: if the u is introduced to make the spacecraft’s attitude motion to slide on
the surface (7), there is a finite time T1 to make 8t� T1, qðtÞ ! 0, q0ðtÞ ! 1 and
xðtÞ ! 0.

Proof: when the system moves on the s, there is

s ¼ xþ k1nþ k2sigðnÞa¼0

Select a Lyapunov function V1¼qTq, the derivation of the V1 is

_V1 ¼ nTx ¼ �nTk1n� nTk2sigðnÞa
¼ �q20q

Tk1q� qaþ 1
0 qTk2qa

ð8Þ

Because 8q 2 ð0; 1Þ, the inequality
P 3

i¼1 qij jqþ 1 �ðP 3
i¼1 qij j2Þðqþ 1Þ=2. It can be

obtained from Eq. (8):

V1 � � k1ðqTqÞ � k2ðqTqÞð1þ aÞ=2 � � k1V1 � k2V
ð1þ aÞ=2
1

Where k1,k2 are the minimum eigenvalue of the q20k1 and qaþ 1
0 k2.

Theorem 2: For the spacecraft systems (2), (3) and (4) with the uncertain parameters
and the unknown disturbance, the following finite-time stabilization controller is

u ¼ unom þ ucom ð9Þ

Where

unom¼x�Ix�0:5Iðk1 þ ak2sigðnÞa�1Þ q0ðq0I3 þ q�Þx� qqTx½ �
ucom¼� ~d� ss

Where s = diag s1 s2 s3½ �; si [ 0, and ~d is the unknown estimated disturbance,
which is estimated by the observer (5).

Proof: Assumed the Lyapunov function is

V2 ¼ 0:5sTIs
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The derivation of the V2 is

_V2 ¼ sTI_s

¼sT(x�Ixþ uþ dþ 0:5Iðk1 þ ak2sigðnÞa�1Þ q0ðq0I3 þ q�Þx� qqTx
� �Þ

Substituting the designed controller (12) into the above equation, it can be get

_V2¼sTðd� ~d� ssÞ

When the system is stable, the observer state converges, and the unknown distur-
bance of the system can be effectively estimated. We can get d� ~d. Then the above
equation satisfies

_V2 � � sTss� 0

Then, the proposed controller is stable in the finite time. h

Because of the chattering problem of the system, let the function satðuÞ, x=ð xk kþ eÞ
replace the function u, x= xk k. The system (2) and control law (9) is rewritten as:

I0 _xþx�Ix ¼ EsatðuÞ þ d
u¼x�Ix�0:5Iðk1 þ ak2sigðnÞa�1Þ q0ðq0I3 þ q�Þx� qqTx½ � � ~d� s s

sk kþ e

Where

satðuÞ¼ u uj j\umax

umaxsgnðuÞ uj j � umax

(

umax is the max output of the actor.

5 Numerical Analysis

Let the rotational inertia matrix I ¼ 22:1 �1:3 2:2; �1:3 17:8 1:1;½
2:21:120:3�, the disturbance torque d ¼ A0 3 cosðx0tÞþ 1 1:5 sinðx0tÞþ½
3 cosðx0tÞ3 sinðx0tÞþ 1�T [12]. The Table 1 shows the system parameters.
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The following scenarios are considered:

Case 1. the actuator is normal.

Case 2. the known failure, which produces a constant failure: E ¼ e1 ¼ 0:7þ½
0:1 sinðtÞ j t[ 4 s e2 ¼ 0:8þ 0:2 sinð0:2tÞe3 ¼ 0:7 j t[ 5s�T.
Case 3. the unknown failure occurs, which produces time-varying and random failure,
for i ¼ 1; 2; 3, ei ¼ 0:5þ 0:15 r andðtiÞþ 0:1 sinð0:4tþ ip=4Þ, Dti ¼ 0:4ði� 1Þ,
DT ¼ 2:4 s, and randðtiÞ are defined in the literature.

The four elements, angular velocity and response curves of the spacecraft simulation
are shown in Figs. 1, 2 and 3. The output torque response curve of the spacecraft
actuator is shown in Fig. 4.

Table 1. The parameters of the system

System Initial state Q ¼ ½0:52450:5915�0:15850:5915�T ;
x0 ¼ ½ 5:0 �5:0 5:0 �T (0=s);

Disturbance parameter A0 ¼ 2:5e� 4/(N.m); x0 ¼ 7:2722e� 5/(rad/s);
The observer parameter b1 ¼ 320, b2 ¼ 5:6� 103b3 ¼ 8:6� 104a1 ¼ 0:3,

a2 ¼ 0:01a3 ¼ 0:3
d1¼ 1:0� 10�3.d2¼ 1:0� 10�4d3¼ 1:0� 10�5

The Controller
parameter

A = diag ([4 3.53.8]); B = diag ([0.5 0.4 0.45]);
q = diag (0.3 [0.03 0.03]); s = diag (0.1 4 [5]);
a = 0.85; e = 0.05;

Fig. 1. The four elements (left) and the angular rate (right) response curve in case 1

Fig. 2. The four elements (left) and the angular rate (right) response curve in case 2
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The simulation results show that the time of the spacecraft attitude stabilization is
less than 40 s, and the control accuracy of the spacecraft attitude is better than
5:0� 10�4. The proposed controller effectively suppressed the chattering phenomenon
in the control processing. Especially in the condition of the unknown failure, the
proposed observer-based finite-time stabilization control system can still maintain the
spacecraft’s attitude stability.

6 Conclusions

Considering the spacecraft reaction flywheel failure and the unknown disturbance, an
observer-based finite-time stabilization control system is designed solve the fast sta-
bility problem. The disturbance is real-time estimated by the observers to enhance the
interference rejection capability of the designed controller. The simulation conclusion
showed the good robustness to the designed controller. Especially when the unknown
failure of the actor curs, it has good fault tolerance ability and can meet the high-
precision attitude control requirement, which has good engineering practice value.
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Abstract. Due to the characteristics of the lunar rover working environment, in
order to ensure the safety of the lunar rover during its operation on the lunar
surface, the ground support system is needed to coordinate and assist the lunar
rover to complete the mission target selection and execution strategy planning.
Based on the task execution conditions of Chang’e-4 rover, this paper develops
the overall architecture and system design of the ground support system, and
introduces the implementation method of the system. In this paper, the design of
the ground support system is proved to be correct and effective from two aspects
of the application of the orbit and the completion of the on-orbit support task.

Keywords: Chang’e-4 � Lunar rover � Rover simulator � Ground support
system

Many countries have been developing remote-controlled support systems on the
ground that could support rovers on the moon or Mars. In the 1970s, the Soviet union’s
Lunokhod-1/2 rovers ground system, which only supports the personnel on the ground
to make comprehensive judgment and control based on small-frame images. It is
inefficient and lacks local autonomous security guarantee [1]. In 1997, the USA
“Sojourner” Mars rover adopted the teleoperation and semi-autonomous mode of the
rover, which made long-delayed teleoperation possible [2]. The U.S. Mars exploration
rover (MER) and curiosity rover have high autonomous capability, and the ground
teleoperation system can support scientists and engineers to carry out evaluation,
analysis, planning, simulation and decision-making, so that the rover can complete
more complex scientific exploration tasks [3]. The Rover Operation Control Center
(ROCC) has been set up for the remote operation of the rover in Mars, which is
expected to be launched in 2022. ROCC is still in the construction stage, and it is used
to realize the remote operation of the rover on the basis of the terrain simulation system
of Mars [4, 5].

Chang’e-4 had been launched on December 8th, 2018. It is the first task to the far
side of the moon. Its ground teleoperation control system need to consider the various
aspects of constraint. On unstructured complex task execution environment, the safe and
accurate in time for tour detection goal, operation route and scientific strategy, etc.,
safely and efficiently control patrol scientific detection task. The ground teleoperation
control system needs to be based on the Chang’e-4 rover’s own conditions and envi-
ronment. Select scientific targets to explore, plan travel routes, and ensure appropriate
energy and communications. This paper introduces the design and composition of the
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remote ground support system of the Chang’e-4 lunar rover. The system successfully
supports and completes the remote operation support mission of rover on the lunar
surface.

1 System Function and Overall Design

The Chang ‘e-4 rover and ground support system adopted the design concept of inte-
grated system. As shown in Fig. 1, the rover, relay satellite, deep space station, control
network and ground support system jointly constitute an integrated system to cooperate
with each other to complete the task of lunar surface inspection and exploration.

The design of ground support system is based on the experience of predecessors.
By establishing a digital or physical environment model of the lunar surface, the
control strategy can be developed and verified by digital or physical simulation, so that
the strategy can be confirmed to be safe and feasible. The ground system adopts
modular design and implementation. The system structure is shown in Fig. 2. It
includes interface and information management module (IIMM), digital environment
construction module (DECM), digital planning strategy simulation module (DSM),
task decision and strategy planning module (TD&SPM), visual demonstration module
(VDM) and physical simulation module (PSM).
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Fig. 1. Integrated design of rover - ground system
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Fig. 2. Schematic diagram of the overall system design
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2 Design and Implementation

During the rover’s lunar surface exploration, the IIMM in the ground support system
receives telemetry and image file data from deep space stations, and then distributes the
analysis and processing results to DECM to generate a digital environment model.

Based on the digital environment model, TD&SPM selects and determines the
target of the task to be completed, conducts a complete action control strategy planning,
and submits it to DSM for digital virtual simulation, and determines whether to start the
PSM for physical simulation.

2.1 The Interface and Information Management Module (IIMM)

The IIMM is mainly responsible for processing internal and external data, processing,
distributing, storing and managing internal data, information and files of the ground
support system, and exchanging data and files with the ground control center. Inter-
nally, it is responsible for processing, distributing, storing and managing the internal
data, information and files of the ground support system, and externally, it is respon-
sible for exchanging data and files with the deep space station.

2.2 Digital Environment Construction Module (DECM)

The rover’s binocular camera will loop through the lunar environment. Data is trans-
mitted to the DECM for image decoding, fusion and splicing, 3d terrain reconstruction
and Digital differential correction and filling to form Digital Orthographic Map
(DOM) and Digital Elevation Model (DEM). The DOM and DEM were positioned and
integrated with the base map model, the lunar rover model, the lander model, the relay
satellite model and the sun model to generate a more detailed digital lunar environment
model. Figure 3 is an example of this environment model.

2.3 Task Decision and Strategy Planning Module (TD&SPM)

The TD&SPM are based on the built digital environment model to determine the next
task target and plan the action control strategy required by the rover to complete the

Fig. 3. An example of the digital environment model
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confirmed target. Walking on the surface of the moon, the planning space can be
expressed as follows [6, 7]

x; yð Þ xj j � dx; yj j � dy
�
�

� � ð1Þ

In formula, x; yð Þ represents the position in the coordinate system established with the
current position of the inspector as the origin O, dx and dy are the position constraints in
the X and Y directions respectively. The DEM map is divided into grid units to form a
two-dimensional map matrix MA. The spatial grid point Cði;jÞ is defined as:

Cði;jÞ 2 MA x ¼ i; y ¼ j; ij j �M; jj j �Nð Þj� � ð2Þ

Define the starting point in the grid unit is S 0; 0ð Þ 2 MA. The target point is identified
as G x; yð Þ 2 MA. To ensure safety, The rover are generally required to walk on rela-
tively open and flat terrain on the path, the path should also ensure a safe distance from
rocks, pits and steep slopes. Therefore, it is necessary to evaluate the geographic
information of each unit on the matrix A and convert it into the risk matrix B. The
algorithm of risk cost matrix uses S 0; 0ð Þ as the starting point make p ¼ S 0; 0ð Þ, and
takes the elevation value of its neighborhood Lp to calculate the first and second order
differential of p.

C i;jð Þ � Lp C i;jð Þ 2 MA; C i;jð Þ � Lp
������!�

�
�

�
�
��

ffiffiffi

2
p�

�
�

n o

ð3Þ

Each grid p point vector is represented as i; j;Hp; dHp; d2Hp
� �

. Where dHp and d2Hp is
calculated by formula (4).

dHp ¼
X

H i;jð Þ�Lp

i;j

H i;jð Þ � p
� 	

; d2Hp ¼
X

H i;jð Þ�Lp

i;j

dH i;jð Þ � dHp
� 	 ð4Þ

The position and texture properties of each p grid point are calculated based on the
starting point S. The advantage of this calculation is that it is convenient to understand
the position and attitude relative to the current rover state, and to show the relative
slope rise and fall on the terrain. It classifies each grid point p on the two-dimensional
map matrix MA, identifies the area where the rover cannot be placed or passed, and
expands with the constraint of two units to ensure the safety of walking path planning.
Meanwhile, it assigns a small generation value to the points with insignificant texture
features, and forms the risk and cost matrix MC. Figure 8 is the risk cost matrix MC

after rendering. The green area is the grid point with texture features suitable for the
rover to pass through, the orange area is the grid point with large cost value, and the red
area is the area that cannot be placed or passed through (Fig. 4).

A Ground Support System Design for the Lunar Rover 395



2.4 Digital Simulation of Strategic Planning (DECM)

The DECM, by loading the planning results generated by TD&SPM and the digital
virtual environment, drives the rover digital model to execute the actions required in the
planning results, and outputs the rover status information and risk warning in real time.
The ground support system can perform a virtual digital 3D rendering of the rover’s
path, attitude and rut during the marching process, and assist the operator to decide
whether the marching strategy is reasonable and feasible. The camera sensor’s field of
view on the rover also can be simulated. The simulation are shown Fig. 5.

2.5 Physical Simulation Module (PSM)

When DECM cannot provide enough decision support for ground operators, PSM can
be used for physical simulation. PSM includes simulator power supply and control
module, lunar surface environment building platform, rover simulator, environmental
measurement module, etc. The lunar surface environment construction platform can
simulate the lunar surface terrain, illumination and low gravity lunar surface envi-
ronment. Figure 6 is a schematic diagram of the arrangement of the platform in the
lunar environment and the execution process of physical simulation verification.

A parallel light array used to simulate the illumination of the lunar surface, a
constant tension tracking crane system used to simulate the gravity of the lunar surface,
and a topographic and geomorphic construction platform capable of constructing the
lunar surface topography. The simulated terrain is built on the platform according to the
DEM map of the lunar surface. Then the laser scanner is used to scan the simulated
terrain and adjust it. After that, the rover simulator is placed on the required position,
and the constant tension follow-up crane system is started to simulate the lunar surface
gravity environment. Adjust the illumination Angle and brightness of the parallel light
array to simulate the illumination state of the current lunar surface. Control the rover
simulator to complete the specified actions according to the required simulation

Fig. 4. Path planning results from point S to point G

Fig. 5. Simulation result diagram
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strategy and form a verification report. The physical simulation results are evaluated to
determine whether the planning strategy is applicable to the operation control of lunar
rover. Figure 7 is the effects of simulated terrain construction and the DEM generated
after scanning respectively and shows the physical verification of an uphill movement
strategy being carried out by the rover simulator.

2.6 Visual Presentation Module (VDM)

The VDM make the digital structure model of the rover immersed into the lunar surface
environment models. By receiving telemetry data from lunar surface rovers and using
these data to virtually drive joints, motion mechanisms, equipment modules of model
of the rover. Combination of time, topography, the rover mechanism running state
parameters, Assist ground operations and decision makers to accurately and timely
under-stand the working status of the rover/the rover simulator.

Fig. 6. Lunar environment simulation platform and physical simulation process

Fig. 7. The effects of simulated terrain construction (Left), the DEM generated after scanning
respectively (middle) and physical simulation verification by the perambulator verifier

Fig. 8. Multidimensional rendering example
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Figure 8 shows the appearance of the rover’s moon surface running from point
LE00XXX to point LE00YYY. The starting point number of the rov-er’s movement,
the current target point number, the current rover’s position and attitude and other data
are presented in real time. At the same time, the position of the lander relative to the
rover, the light shadow at the current moment, and the ruts of the rover can also be
effectively displayed.

3 In-Orbit Applications

On January 10th, 2019, after separating the rover from the lander, the rover traveled
through points X and A and reached point A0. The positioning information of the rover
in A0 is shown in Table 1.

At this position, the rover attitude is, −1.165° (rolling Angle), 1.348° (pitching
Angle), −10.723° (yaw Angle). The rover conducts wide-angle imaging at point A0, and
the panoramic mosaic is shown in Fig. 9. The digital environment was constructed, and
the target position relative to the lander coordinate was defined as (1.288, −6.635), and
the rover target yaw requirement was 2° (The north - east - land coordinate system).
Travel planning was carried out, and the strategies were shown in Table 1. Simulation
of the travel plan is shown in Fig. 10, and it is found that the planned path is too close
to the rover and the lander, which is prone to collision risk. After adjusting the planning
results, the digital simulation is carried out again and the simulation is passed. The
walking route of the final patrol is shown in Fig. 10 red line (the simulation route is
shown in Fig. 10 green line), and the patrol reaches the target point B0 safely.

Table 1. A0 Point positioning information and A0 to B0 point plan (Unit: m)

Fig. 9. A0 panoramic imaging

398 S. Jin et al.



4 The Conclusion

This paper studies and designs the ground support system for Chang ‘e-4 lunar rover.
In this paper, the design of each module is introduced and explained. Through a real in-
orbit application, it is verified that the ground support system designed in this paper can
support the lunar surface rover mission execution well. At present, the ground support
system has completed the established in-orbit support mission, and will continue to
monitor the status of the rover. The physical simulation module included in the system
has not been applied and verified in this lunar surface task of Chang ‘e-4 rover, and the
physical simulation module will continue to be maintained and upgraded in the future.
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Abstract. In this paper, a suppression method is proposed from the aspects of
principle design, PCB design and structure design to address the issue of
radiated noise caused by the use of ARINC659 bus in spaceborne electronic
equipments. Through the actual test and analysis, it is concluded that the
effective methods to reduce the periodic radiated noise are to ensure the inde-
pendence of the strong radiated signal and prevent the coupling of the propa-
gation path. Especially for RE102, the effect is very obvious. In order to solve
these problems, it provides an effective method. In the future, if further sup-
pression of the radiated noise is desired, a systematic thinking is needed, starting
with the scheme design stage to clarify the user requirements, and in terms of
component selection, should be appropriately decreased based on the selection
principle of good enough to minimize the radiated source and radiated intensity.

Keywords: Radiated noise suppression � Spaceborne integrated electronics �
ARINC659

1 Introduction

At present, spaceborne electronic equipments mostly adopt modular design, and the
modules are interconnected through a standard bus. The ARINC659 bus, as a time-
triggered high-reliability bus, has a good application prospect. However, the space-
borne electronic equipment using this bus will encounter difficulties in EMC tests [1].
The EMC capability of spaceborne electronic equipments are mainly assessed by EMC
tests. The test items include CS101, CS114, CS115, CS116, CE101, CE102, CE107,
RE102, RE103, etc., and the RE102 (equipment-level radiated emission) is the one
with low pass rate among all test items. The reasons for this phenomenon are as
follows: First, the RE102 test applied to space standards will be subject to stricter
assessment in the receiving/transmitting frequency band of the rocket/satellite
transponder, and the upper limit of field strength shall not exceed 10–20 dBlV/m
[2]. Second, after the ARINC659 bus is adopted, since the bus initiates transmission at
a fixed rate according to the time table and the rate is high, it is a periodic strong
radiated source and is the main factor for RE102 exceeding the limit [3].

This paper takes the typical stand-alone spaceborne electronic equipment, the
System Management Unit, as the object, to analyze the problem of RE102 exceeding
limits caused by the use of the ARINC659 bus, and proposes suppression methods
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from the aspects of principle design, PCB design, and structural design. The effec-
tiveness of suppression measures is verified by tests.

2 Analysis of Radiated Noise

2.1 Equipment Introduction

The System Management Unit is satellite key electronic equipment, which is composed
of standardized modules [4]. The modules are connected through an internal bus. It has
the functions of receiving TC, sending TM [5], and performing bus management, task
management, time management, and health management for the satellite. The system
management unit includes 6 types of functional modules. Among them, CPU module,
storage module, and fault-tolerant module are interconnected through the ARINC659
internal bus. Power management module, Route module, Command module and fault-
tolerant module are interconnected through RS422 internal bus, and the overall
structure is as the following Fig. 1:

The equipment adopts the ARINC659 internal bus. The ARINC659 bus is a linear
multi-point serial communication bus. It uses four serial buses to communicate with
half-duplex transmission and cross-check simultaneously, and includes bus pair A and
B, each having two buses “x” and “y” respectively. Each bus (Ax, Ay, Bx, By) has its
own 1 clock line and 2 data lines [6]. The complete bus consists of 12 lines. The bus
operates strictly in accordance with the preset time slice of the time table, with the
characteristics of time triggering. The clock frequency of the bus is 30 MHz, and 2bit
data is transmitted every clock cycle, so the bus data transmission rate is 60 Mb/s [7].
The structure is shown in the figure below.

2.2 Problem Analysis

The noise source is the electromagnetic emission source, which is the object that
produces radiation. For the spaceborne integrated electronics, oscillators, digital logic
circuits, switching power supplies, relays, transmitters, line drivers, etc. are typical
noise sources. Periodic radiated noise is periodic radiation emitted by a noise source.
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Fig. 1. Composition of system management unit modules
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Crystal oscillators, switching power supplies, and time-triggered buses are typical
sources of periodic radiated noise. This type of noise source has a greater impact on the
passage of RE102 [8].

It can be seen from Fig. 2 that the equipment using ARINC659 bus includes crystal
oscillator and switching power supply. The operating frequency of the switching power
supply is generally less than 1 MHz. Since the energy of the radiated source is gen-
erally concentrated in the 5–25th order harmonics, and the receiving/transmitting fre-
quency band of the rocket/satellite transponder is at least above the 550 MHz
frequency band, the harmonics of the switching power supply will not become the main
factor for the RE102 exceeding limits. The output frequency of the crystal oscillator is
generally 10–40 MHz, and its 15-20th order harmonics are in the
receiving/transmitting frequency band of the rocket/satellite transponder. In the design
of the module-level hardware, the radiated energy can be effectively controlled by
adjusting the layout position, connecting a matching resistor in series at the output end,
establishing an isolation area and other means. Time-triggered buses, such as
ARINC659, have strong radiation, and are the main factor for RE102 exceeding limits.
This is because: First, the operating frequency of this type of bus is in the 30–800 MHz
band, and its harmonics coincide with the receiving/transmitting frequency band of the
rocket/satellite transponder. Second, the power consumption of this type of bus itself is
generally greater than 1 W, which is more than 100 times stronger than crystal
oscillators and switching power supplies. Third, this type of bus is generally used for
module interconnection, the transmission line is long, and it is not easy to isolate from
other signals. Fourth, this type of bus operates strictly according to time slices. Each
time when a time slice arrives, multiple sets of data lines change instantaneously, which
will produce strong radiated noise. At the same time, time synchronization information
needs to be sent regularly to maintain synchronization. This type of information is
similar to the clock and will produce strong radiated noise [9].

The internal bus ARINC659 used in the System Management Unit transmits data at
a rate of 30 Mbps, performs time slice operation at a cycle of 100 ms, has 4 clock lines
(Ax, Ay, Bx, By), and periodically sends synchronization signals. Its node has an

Fig. 2. ARINC659 bus connection diagram
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operating power of more than 1 W, and is a periodic strong radiated source, which
brings great challenges to the EMC design.

In order to have a relatively quantitative understanding of the radiated level, the
near-field scanning of CPU module, fault-tolerant module, and storage module which
use ARINC659 bus inside the System Management Unit is carried out. First, put the
module flat on a plane without strong interference sources around and ensure that the
ARINC659 bus operates normally, then use the near-field probe HZ-15 and amplifier
HZ-16 of Rogge & Schwarz to scan areas of the module. The scanning frequency range
is 500 MHZ–750 MHz (typical rocket transponder receiving/transmitting frequency
band), the near-field probe is 5 mm away from the test body, and the scanning method
is to scan the entire area of the module from left to right and from top to bottom, which
is divided into two parts: front scanning and back scanning. The scanning diagram is as
following (Table 1):

It can be seen from the above table that the three modules have the highest average
value of exceeding limits in the 570 MHz\600 MHz\660 MHz\690 MHz frequency
band. These frequency bands are the 19–23th harmonics of the 30 MHz operating
frequency of the ARINC659 bus, and their average value are 7.4 dBuV higher than the
average value of exceeding limits in 550 MHz\650 MHz frequency band, indicating
that the ARINC659 bus is the largest periodic radiated source of the System Man-
agement Unit.

3 Methods of Suppressing Radiated Noise

It is a comprehensive process to suppress the periodic radiated noise produced by the
operation of ARINC659 bus. It should be carried out according to the systematic
thinking of identifying the radiated source, reducing the energy of the radiated source,
suppressing the propagation path, and shielding the radiated signal, through three
aspects of principle design, PCB design and structure design [10].

3.1 Principle Design Suppressing Method

The core of the principle design is to select a component with lower radiated energy on
the premise of identifying the radiated source. For components that must be selected in

Table 1. Summary of the maximum scanning values of the module’s near-field scanning

550 MHz 570 MHz 600 MHz 650 MHz 660 MHz 690 MHz 720 MHz 750 MHz

CPU +16 +25 +27 +16 +19 +13 +11 +15
Storage +13 +29 +27 +15 +18 +14 +11 +13

Tolerant +11 +28 +22 +14 +21 +18 +13 +11
Average +13.3 +27.3 +25.3 +15 +19.3 +15 +11.6 +13

Note 1: The table data is the maximum scan value at that frequency, and the unit is dbuV.
Note 2: Scan value = test peak − noise floor (10 dbuV)
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engineering [10], such as the ARINC659 bus control chip, on the premise of meeting
the function, the method of reducing the communication frequency can be used to
reduce the energy of the radiated source. For strong interference signals, such as the 12
signal lines of the ARINC659 bus, the method of termination matching resistance can
be adopted to increase the rise time of the signal and reduce the harmonic energy. For
unused chip pins and connector pins, they should be connected to a clean ground
nearby. For radiation suppression at a specific frequency, a suitable ferrite bead can be
selected and connected in series with the strong interference signal line. The ferrite
bead can convert the radiated energy into its own heat, thereby reducing the intensity of
outward radiation.

3.2 PCB Design Suppressing Method

The core of PCB wiring design is to classify the interference signal and reduce its
propagation path. In the specific implementation of projects, first of all, the PCB should
be layered to define the best wiring layer, better wiring layer, and general wiring layer.
The best wiring layer refers to a wiring layer whose adjacent layers are all complete
ground layers. The better wiring layer refers to a wiring layer whose adjacent layers are
power or ground layers. The general wiring layer is a wiring layer other than the best
wiring layer and the better wiring layer. The best wiring layer only allows the design of
strong interference lines (such as the signal line of the ARINC659 bus), and the strong
interference lines must follow the 3 W principle. The better wiring layer only allows
ordinary interference lines (such as crystal oscillator output signal), and the number of
vias shall be minimized. The general wiring layer takes other signal lines. If signal lines
are on the top or bottom layer, the length and quantity of lines shall be reduced as much
as possible, and there shall be no line longer than 1000mil (Fig. 3).
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The core of PCB layout design is to keep the radiated source away from the
external interface as far as possible and keep it isolated from other circuits according to
the 20H principle on the premise of identifying the radiated source. For the specific
components involved in the ARINC659 bus, the filter capacitor needs to be close to the
IC power supply pin as much as possible and try to be on the same layer. The clock
needs to be close to the interface chip of the ARINC659 bus. Metal components
(relays, screws, pins) shall be far away from the ARINC659 bus signal lines, and there
shall be no high-speed signal lines under the body. There shall be no component or
printed wire within 300mils around the crystal oscillator output pin. There must be no
component or printed wire under the body of the switching power supply chip.

3.3 Structural Design Suppressing Method

The key to the structural design is the shielding design, which mainly includes the
connection between the shielded cable and the enclosure, and shielding the strong
radiated source inside the unit. The radiation around the ARINC659 bus management
chip is relatively high to justify a local shielding enclosure to this part of the circuit
with shielding material of tinned stainless steel.

If the cable is poorly shielded, it will act as an antenna to transmit the radiated
signal further. The radiation through the cable is determined by common mode radi-
ation. The source of common mode interference is divided into two parts: one is the
signal converted by differential mode signal of cable, the other is the direct coupling of
common mode interference sources in the equipment. For modules with ARINC659
bus in the System Management Unit, it is necessary to ensure that cables are shielded
and bonded with enclosures well (the bonding impedance is less than 20 mX), so that
the enclosure and the cable shield form a continuous shield. At this time, the inter-
ference only exists on the inner surface of the shield, which will not cause cable
radiation.

4 Analysis of Test Results

According to the radiation suppressing methods in Sect. 3, the module-level near-field
scanning and the equipment-level RE102 test are performed on the modified System
Management Unit, and the results are analyzed and compared to verify the effective-
ness of the methods.

4.1 Module-Level Near-Field Scan Results

The near-field scanning of CPU module, fault-tolerant module, and storage module
which use ARINC659 bus inside the System Management Unit is carried out. The use
method and scanning process are consistent with Sect. 2. The test results are as follows:
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It can be seen from the above table that after the improvement, the scan values of
typical frequency bands have decreased, indicating that the suppression measures are
generally effective. The radiated energy of 570/600 MHz frequency decreases obvi-
ously, and it is also the frequency point with higher scanning value, indicating that the
suppression measures have better effect on the frequency point with stronger radiation.

Compared with the measures taken in Table 2, the newly added suppression
measures are removed one by one. Through the scanning results, the contribution ratio
of each measure is verified as follows (Fig. 4):

It can be seen from the above figure that the measures of “distinguish different
wiring layers” and “good bonding between cable and enclosure” contribute the most to
radiation suppression, that is, to ensure the independence of strong radiated signal and
prevent the coupling of propagation path, are the most effective methods to suppress
radiation.

Table 2. Summary of the maximum scanning values of the module’s near-field scanning

550 MHz 570 MHz 600 MHz 650 MHz 660 MHz 690 MHz 720 MHz 750 MHz

CPU +12 +17 +19 +12 +17 +13 +11 +12
Storage +13 +19 +20 +13 +18 +14 +11 +13

Tolerant +11 +20 +21 +14 +16 +12 +11 +11
Average
reduction

−1.3 −8.7 −5.3 −2 −2.3 −2 −0.6 −1

Note 1: Average reduction = average value before modification − average value after modification
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4.2 Equipment-Level RE102 Test Results

The equipment is placed on the test platform in the EMC chamber. The active rod
antenna, biconical antenna and double ridged horn antenna are set up 1 m away
from the tested equipment respectively. The test results before and after the modifi-
cation are compared as follows. It can be seen from the above figure that after the
improvement, the scan value of the frequency band has decreased significantly. The
570 MHz\600 MHz\660 MHz\690 MHz frequency band decreased by 18 dbuV on
average, with obvious effect (Fig. 5).

5 Conclusions

Unit as the test object, the test data is analyzed, and it is concluded that ensuring the
independence of strong radiated signals and preventing the coupling of propagation
paths are the most effective ways to suppress radiation. In the future, if further sup-
pression of the radiated noise is desired, a systematic thinking is needed, starting with
the scheme design stage to clarify the user requirements, and in terms of component
selection, the parameters closely related to radiation such as frequency and power
consumption, should be appropriately decreased based on the selection principle of
good enough to minimize the radiated source and radiated intensity.
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Abstract. This paper presents a method strategy for autonomous mission
planning testing, demonstrates a simulation verification system used in ground
test and in-orbit application. The task data can be checked for compliance with
regulation in various stages. The system can guarantee safety operation, and the
whole process is displayed dynamically. Based on the design model and test
requirement of the spacecraft autonomous mission planning, the simulation
verification system has a complex characteristic of work mode. Moreover, a test
and verification strategy for mission planning is proposed for realizing the full
process deduction of the complex mission management algorithm of the
spacecraft, the satellite-ground integrated interpretation, autonomous safety
detection and forecast tracking. The ground adopts the autonomous task
scheduling strategy equivalent of the satellite to realize the joint test. The storage
form is completely decoupled to generate a highly scalable and generalized
system. Furthermore, a reverse rule comparison algorithm is proposed to verify
the correctness of the on-board autonomous task development revision. The
system is fully intelligence both within a variety of satellite-ground comparison
strategies and the synchronous verification method, and can track and forecast
task information, and implement functions such as task conflict detection,
revision strategy, and use constraint guarantee.

Keywords: Spacecraft � Mission planning � Simulation verification

1 Introduction

Spacecraft autonomous mission planning is a very complex task, which involves time,
resources, activities, and priority constraints [1, 2]. The autonomous mission planning
function is calculated and dispatched by the core computer of the spacecraft data
management, and the autonomous mission planning function is realized through an
intelligent algorithm [3]. After the core computer of the digital control receives the
mission command which is sent from the ground-tester, the contents of the command
can be analyzed through the intelligent algorithm [4, 5]. The command sequence is
generated, and can be sent to the various subsystem equipment on the spacecraft, such
as attitude control, propulsive, thermal control, spacecraft payload and energy sub-
system, and the spacecraft works on the predetermined requirements [6–8].
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The spacecraft may in an abnormal state or even equipment damage, if there is an error
in command sequence at this point [9, 10]. Therefore, the correctness of the command
sequence is related to the life of the spacecraft.

The spacecraft safety can be monitored and fed autonomously by the full process
simulation analysis and comparison interpretation of the autonomous mission planning
system. It can ensure the safety of the spacecraft in AIT test and on-orbit application,
and the system is synchronized with the sources in real-time manner. The system can
improve test efficiency and greatly improve the effectiveness of spacecraft used, and
can be easily operated. It solves the safety engineering problems with the application of
spacecraft intelligent algorithms.

2 System Design

2.1 Process

Correctness verification of the spacecraft autonomous mission planning is one of the
important functions of the general ground simulation verification system. The main
idea is to receive the mission revision information issued by the satellite, combined
with the mission information and template to simulate the mission conflict revision
process on the ground test, then compare with the expansion result of the mission on
the spacecraft to determine the correctness of the judgement (see Fig. 1).
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When the user sends the task telecommand to the main test processor through the
test control console. The telecommand will be forwarded to the simulation software,
which will call the simulation algorithm to detect conflict and revise. Various task
information packages and task information itself to the simulation verification software.

The simulation verification software extracts the key information from the task
telecommand, obtains the original task template and revises it according to the infor-
mation such as the task time and task type codeword. Then the system compares the
revision result with the expansion information sent by the simulation software one by
one. The comparison results will be fed back to the simulation software and the main
test processor.

The system consists of two parts, one is simulation subsystem. It can verify the
correctness of the telecommand generation model before sending to the spacecraft. It
will send the task information to the satellite, and can also revise the task, detect
conflict and check legality.

The other one is comparison and interpretation subsystem. To ensure the correct-
ness of the result, it will be interpreted and compared. Based on the mission infor-
mation of the unloading, it can monitor the mission in real time. The strategies such as
spacecraft comparison, rules comparison and spacecraft-to-ground comparison are to
make sure that it runs correctly.

2.2 Architecture

The architecture of the autonomous mission planning simulation verification system
includes presentation layer, business logic layer, and data layer (see Fig. 2).

The presentation layer supports mission design and mission query through software
user interface. The mission simulation results, comparison results, and spacecraft
mission status will show to the user.

The business layer is responsible for the process drive and logic control of the entire
system. The simulation subsystem designs use cases of autonomous mission planning,
check mission automatically, and sends the legal results to the spacecraft. The com-
parison and interpretation subsystem compares the execution results from the space-
craft with the ground simulation results, and outputs the comparison results and logs.

The data layer is responsible for storing all kinds of data required by the system,
including satellite model information, revision rules, autonomous mission-related data,
data comparison results and logs.
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3 Key Technologies

3.1 Simulation Verification Strategy

Based on the abstract analysis of the whole process of spacecraft mission planning that
deployed and executed on the spacecraft mission, we propose a general autonomous
mission simulation verification strategy. The mission telecommand and spacecraft
mission deployment are mainly controlled. On the one hand, before the mission is sent,
it uses the autonomous mission scheduling strategy which equivalent of the spacecraft
to check the mission to ensure the legitimacy. On the other hand, it tracks the devel-
opment of the mission on the spacecraft continuously through spacecraft comparison,
rules comparison and spacecraft-to-ground comparison to verify the correctness of the
execution. It improves the comprehensiveness of autonomous mission management test
for spacecraft, and enhances the reliability of spacecraft mission execution process.

Presentation layer

Satellite 
management Design page Inquiry page Results 

display page
State 

management

Business logic layer

Supporting

Task 
scheduling

Data 
processing

Time 
management

MTP data 
transmission RTS service

Scheduling module

Process 
monitoring

Data layer

Log message

State management
Interpretation

Data processing

Task inquiry

Legality check

Task comparison

Task Revision

Information

Rule management

Parameter 
management

Satellite 
information

Revision 
rules Task data Comparison 

results

Data 
processing

Logical 
revision

Log 
generation 
and storage

Result analysis 
and comparison

Task simulation

Task design

Legality check

Revision check

Task send

Comparison 
results

Fig. 2. System architecture

412 T. Zhang et al.



3.2 Scalable Architecture

The simulation verification system adopts a component design approach to architec-
tural design, which is mainly manifested in three aspects. Firstly, based on the char-
acteristics of the autonomous mission simulation verification process, the simulation
verification business logic is divided into business layer, data access layer and data
model layer. To ensure that the system is compatible with autonomous mission testing
of other spacecrafts. Secondly, the system abstracts the various communication pro-
tocols involved in the data exchange with other software during the test process. The
design of general network communication component provides the system with a
network communication tool that can expand and identify the communication protocol
automatically. And it strengthens the support ability of the simulation verification
system for the communication protocol in different spacecrafts. Finally, the system
abstracts the data access service during the test process. The implementation of storage
service component provides the system with unified data access service compatible
with relational databases like MySQL and Oracle, as well as memory databases like
Redis. The simulation system is decoupled completely from the data storage form,
which extends the application scope of the system (see Fig. 3).

3.3 Database Technology

The system uses relational database and memory database technology to speed up the
simulation and verification of autonomous mission planning, and based on the three-
layer structure of the business layer, data access layer and data model layer. We
introduce relational database and memory database at the same time, and adopt Read-
through and Write-through methods to ensure consistency of data between them. The
technology is deeply used in the simulation verification system, which provides rapid
information retrieval and data access support for large amounts of distributed storage
data resources. In particular, it reduces the performance loss caused by a large number
of data reading in the process of simulation and verification of complex mission
planning (see Fig. 4).
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3.4 Verification of Spacecraft-Ground Synchronization

The autonomous mission information transmitted by the spacecraft is verified syn-
chronously on the ground test. The conflict mission group is obtained by extracting the
package information. The conflict mission processing strategy is determined and the
mission is revised. Combines the ground mission deployment revision results to
identify the errors that exist on the spacecraft mission deployment, the system provides
the error information on the expected information about the designer. This method is
applied to the test process of spacecraft autonomous mission management successfully.
And the system realizes the monitoring, diagnosis and identification of autonomous
mission management on the spacecraft. It provides designers with detailed reference to
the causes of error diagnosis and expected results.

4 Application Effect

Traditional tool has complicated step, inefficiency and poor universality. However, the
simulation verification system solves all these problems completely. Compared with
traditional testing tool of autonomous mission planning, simulation verification system
has a significant advantage in computing time. When using traditional tools, the
demand for computing time becomes very large as the number of tasks increases.
However, our new system performs very well in computing time. In front of a large
number of missions, the computing time of simulation verification system is still very
short (see Fig. 5).
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In the integrated test of spacecraft, especially in the mode test, the proportion of
autonomous mission planning is more than 70%. Through this system, the possibility
of sending wrong telecommands manually and the equipment damage are effectively
avoided. For example, if the setting state of the laser altimeter does not match the task
execution instruction, it will cause damage to precision components. The system can
feed back task information to users, the wrong mission will be blocked before sending.
In addition, testers do not need to compare task rules one by one, and the system can
compare and analyze data automatically, which improves the test efficiency by at least
600 times. The system greatly improves the correctness and effectiveness of the test.

When the spacecraft is in orbit, the proportion of autonomous mission planning is
close to 100%. This system can completely solve the problem of sending wrong
telecommands manually, avoid the danger and damage of spacecraft, and bring loss to
users and country.

5 Conclusion

The autonomous mission simulation verification system implements the autonomous
command generation algorithm, as well as innovates the traditional spacecraft opera-
tion and control model. The system transfers risk points to the ground, maintains the
same logical model as the spacecraft, and implements the same autonomous command
generation algorithm as the spacecraft. Based on the comparison results of ground
simulation and satellite software, the system uses the reverse rule comparison algorithm
to simulate the ground to ensure the timeliness and safety of mission generation. It can
avoid damage effectively to spacecraft equipment caused by mission conflicts, thereby
improving the efficiency of spacecraft automated testing and the safety of on-orbit
applications.
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Abstract. When a high-resolution satellite is imaging on orbit, the relative
motion between the sensory optical elements inside the camera may be caused
by micro-vibration, which results in degraded images. In order to study the
effect of micro-vibration on high resolution satellite imaging, a micro-vibration
analysis method of space camera based on target image is proposed in this
paper. Firstly, the different factors of micro-vibration which will affect the image
quality in different degrees are introduced. Then, the method which can realize
the direct measurement of image motion in the image is proposed. The method
can analyze the impact of micro-vibration on the space camera directly and get
the accuracy number of the image motion, which can provide the basis for the
influence analysis of the satellite image quality and the final correction. Finally,
we take a factual space camera for example to calculate and analyze the test data
by using this model on the condition of the satellite. We get the image motion
set by the micro-vibration on focal plane and accomplish the influence analysis
method of micro-vibration on high resolution satellite imaging. It is concluded
that the proposed method is reasonable and practical. The method proposed by
this paper can be referred to for improved design and vibration suppression.

Keywords: High-resolution � Micro-vibration � Target � Image analysis

1 Introduction

With the continuous progress of science and technology, the resolution of optical
remote sensing satellites has been improved to meters and sub-meters. And high-
resolution optical remote sensing satellites have become the main force of the earth
observation satellites. With the continuous development of satellite requirements and
development level, users’ requirements on image quality are also increasing.

During the orbit period of a satellite, the moving parts on the satellite, such as
momentum wheel, gyro rotation, antenna pointing control, solar panel adjustment and
other movement influences, will cause the camera optical axis to shake relative to the
observed target, thus affecting the image quality [1, 2].The component which cannot be
measured and suppressed by the control system in the dither response is called the micro-
vibration response. Satellite micro-vibration is becoming one of the important factors
affecting the image quality of high resolution optical remote sensing satellite. Therefore, it
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is necessary to strengthen the research of satellite micro-vibration measurement and
further improve the image quality of high-resolution remote sensing satellites.

The micro-vibration of optical remote sensing satellite can be evaluated as early as
possible by ground measurement. Of course, due to the influence of gravity, back-
ground noise and test equipment, there are some differences between the measured data
and the actual situation in orbit. However, as an evaluation method with low cost and
easy to implement early, the ground micro-vibration measurement is of great
significance.

At present, foreign countries have developed relatively mature measuring
devices/systems for micro-vibration measuring systems. NASA and ESA have done a
lot of research on micro-vibration [3]. American company Honeywell used satellite
control test bed to test the optical output of high precision telescope measurement
system. JPL built the MPI test bed to verify integrated modeling and analysis tech-
niques for on-board micro-vibration. For the design and analysis of a large number of
high-precision remote sensing satellites in NASA’s origin program, MIT space systems
laboratory developed OT test bed to verify micro-vibration integrated modeling and
analysis technology. Domestic micro-vibration testing started relatively late compared
with foreign countries, but by referring to the relevant technical achievements of for-
eign countries, the testing capacity is not far from that of foreign countries. The
influence of micro-vibration has been studied by Beijing university of aeronautics and
astronautics, Zhejiang university and the fifth institute of astronautics [3, 4].

For the present situation of the micro-vibration measurement device and system on
the satellites, we put forward a kind of based on target image space camera micro-
vibration analysis method. This method is different from the traditional angle or dis-
placement measurement which is measured by accelerometer or other sensors, and
camera image motion is obtained by the simulation analysis method. The new method
realizes the direct measurement of accurate image motion value caused by micro
vibration on image, and the feasibility of this method is verified by study case.

2 Image Shift Analysis Induced by Micro-vibration
on Satellite

When high-resolution satellite works normally along the orbit direction under the
correct attitude, it is required that the image velocity formed by ground objects moving
on the focal plane of the camera is matched with the CCD charge packet transfer
velocity. However, in the actual operation of the satellite, due to the existence of
vibration, the satellite will deviate from its correct attitude, causing abnormal image
shift on the focal plane of the camera, and resulting in blurred image. Especially for
high-resolution satellites using TDICCD, multi-level integral image shift matching is
more sensitive to vibration.

Micro satellite vibration can be decomposed into three dimensional translational
vibrations including along the roll axis (push), pitching axis (linear array direction), the
direction of the yaw axis (optical axis) and rotation vibration around the three direc-
tions. The vibration of different directions causes corresponding translational or rota-
tional displacement, and eventually produce abnormal image motion on camera optical
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plane [5, 6]. In addition to the direction of vibration, the amplitude, frequency,
TDICCD stages and other factors of micro-vibration will also affect the size of image
shift, and thus have different degrees of influence on the image quality [6].

3 Satellite Micro-vibration Analysis Method

3.1 Traditional Methods and Comparison

Traditional satellite micro-vibration measurement mainly includes two methods:
acceleration sensor measurement and laser vibration measurement. Acceleration sensor
can realize multi-point simultaneous testing, which can be placed in the satellite
internal measurement and convenient for space application. Laser vibration measure-
ment is a mature non-contact measurement technology. Its principle is to use Doppler
frequency shift and interference technology for measurement. However, for assembled
satellites, some parts are difficult to measure due to structural occlusion, and the
measurement points should not be a lot. In view of the characteristics of the above two
measurement methods, in the research and application of satellite ground test methods,
acceleration sensor test is the main method, and laser measurement excitation is used as
an auxiliary means to verify the results.

However, none of the above methods can directly reflect the impact of micro-
vibration on the imaging quality of space cameras. To understand the impact of micro-
vibration on images, the most intuitive way is to get the image point offset caused by
satellite micro-vibration, namely image shift. The main problems in the direct analysis of
the image shift deviation in satellite micro-vibration test are: (1) the commonly used
accelerometer method can only get the response of micro-vibration and cannot establish a
mapping relationship with the space camera image affected by micro-vibration; (2) the
transmission characteristic test of satellite micro-vibrationmeasurement can only analyze
the path from micro-vibration source to space camera body, but cannot establish the
micro-vibration impact analysis from micro-vibration source to the focal plane of the
space camera; (3) small amplitude and high frequency of satellite micro-vibration, and
how to accurately measure image shift of space camera in ground test; (4) from the
requirements of satellite reliability and safety, as well as the characteristics of non-
repairable satellite, how to design the measurement method of image shift deviation.

This paper proposes a space camera micro vibration analysis method based on
target images of the imaging system. In the imaging system, the rectangular target
containing specific spatial frequency, the high contrast of black and white alternate is
put on the focal plane of parallel light pipe. The target goes through high uniform
stability of light source light as the goal, then through the parallel light pipe and space
camera, imaging on the camera plane and getting clear target image. The gray mass
center method is used for analysis to get accurate deviation values. This article on the
basic principle of optical measurement combined with image analysis, realizes the
direct measurement of image motion on image, and direct analysis of micro vibration
on the influence of the space camera imaging, It provides the basis for the influence
analysis of satellite imaging quality and the final improvement of satellite imaging
quality [7, 8].
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3.2 Image Shift Measurement Method

Image shift caused by micro-vibration is analyzed by image - based spatial camera.
During the imaging of the scene simulator by space camera, due to the micro-vibration
caused by the disturbance source on the satellite, if the relative angle of the camera to the
scene simulator changes, the image position formed by the target on the focal plane will
shift, as shown in Fig. 1. Using this principle, the change of relative angle be-tween the
camera and the scene simulator can be reflected by calculating the change of the image
position of the scene simulator target on the focal plane during the imaging process. If
the scene simulator itself is considered unchanged (without considering the environ-
mental impact), the camera pointing change during the imaging process can be obtained.

For the method based on image space camera micro-vibration analysis, the first step
is to collect enough target images in micro-vibration test and capture the most clear
black and white target images. Then to find the gray centroid of each row using the
following center formula (1) line by line. And to use formula (2) to eliminate the zero
bias to get the pixels offsets caused by micro-vibration. Finally, we can make pixel
offset mapping graph for later analysis. This is to reflect the impact of micro-vibration
on camera pointing by use of image changes. When the space camera sensor is linear
array CCD, that is, one-dimensional, the pixel offset obtained is only the offset in one
direction. According to the principle of gray scale centroid method, the offset of the
array direction along the line can be obtained, that is, the component of the array
direction along the whole disturbing vibration line. The principle is shown in Fig. 1.

LðiÞ ¼
Pn

j¼1ðDNði; jÞ � LOCði; jÞÞ
Pn

j¼1DNði; jÞ
ð1Þ

1 line DN
2 line DN

gray centroid 
of each row

Analysis 
intercepted pixels

Z is ver cal paper facing 
outward

Y is TDICCD direc on

X is push direc on

Space camera

N   line DN

Fig. 1. Analysis sketch of image centroid method for Space camera
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Where: DNði; jÞ is the pixel gray value of row i and column j; LOCði; jÞ is the pixel
number of row i and column j; LðiÞ is the position of mass center of the pixel.

WarpðiÞ ¼ LðiÞ � 1
N

XN

i¼1

LðiÞ ð2Þ

Where: WarpðiÞ is the pixel offset of each line disturbed; LðiÞ is the gray center
position of each row;N is the number of rows in the intercepted image data, and the
value of N is a positive integer.

3.3 Specific Implementation Methods

Figure 2 shows the schematic diagram of the space camera micro-vibration impact test
system for the target image in this paper, which includes scene simulator, space camera
and fast view equipment, among which the scene simulator includes parallel light tube
and light source.

In order to achieve high precision measurement, the focal length of parallel light
tube should be no less than that of space camera. The uniformity and stability of the
light source are better than 2% and 1%.

Targets shall meet the following requirements:

(a) to ensure the accuracy of the test, the fringe width on the target shall cover more
than 5 pixels of the camera CCD;
(b) the target adjustment device has the function of rotating target and phase
adjustment.

Micro-vibration test method of space camera based on target image includes the
following implementation steps:

(1) The test system was built, and the target was installed on the focal plane of the
parallel optical tube, so that the direction of the target’s cutting line was perpen-
dicular to the optical axis of the parallel optical tube and the direction of the line
array of the space camera detector.

Fig. 2. Schematic diagram of micro-impact test system for space camera of target image
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(2) Adjust the position of the scene simulator so that the camera’s light inlet is
aligned with the scene simulator’s light outlet. Target images at the focal plane of
the spatial phase camera. Adjust the parameters of the spatial camera to get a clear
black and white striped image of the target.
(3) Test preparation: Including noise and various external disturbance control;
including electromagnetic, noise, air flow, personnel and equipment movement.
(4) Set different working conditions of the satellite (corresponding to the working
state of disturbance components);
(5) When the simulator and space camera are started up, the images output by space
camera are collected after the satellite disturbance component enters a stable state,
and the images are repeatedly collected for 3–5 times.
(6) The stored target image is analyzed by using gray scale centroid method to get
the deviation of centroid position WarpðiÞ, namely the offset of pixel.

4 Application and Analysis

According to Sect. 3.3, a target-based micro-vibration analysis and test system for
high-resolution camera was built. Fig. 3 is the target image of a space camera, from
which the clearest bright fringe is selected to analyze the change of center of mass by
centroid method (Eqs. 1–2).

The center of mass method is used to analyze the influence of micro-vibration on
the on-board disturbance components when they are not turned on at all (condition 1)
and on the on-board momentum wheel when it is turned on along the optical axis
(conditions 2).

The centroid method analyzes the target images in the first and second working
conditions, and the gray centroid position change curve is shown in Fig. 4. The
maximum peak-to-peak deviation of the centroid position in the first working condition
is 0.69 pixels. Fig. 4. In the second condition, the maximum peak-to-peak deviation of
the center of mass position is 1.90 pixels. From the position change curve of gray

Fig. 3. Micro-vibration analysis image of high-resolution camera based on target
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center of mass, it can be seen that the influence of micro-vibration in working condition
2 is greater than that in working condition 1.

In working condition 2, the momentum wheel starts up along the optical axis at a
speed of 6000 rpm. Image analysis in frequency domain shows that the momentum
wheel has a significant impact on the image at about 100 Hz, as shown in Fig. 5. In
conditions 1, the frequency domain analysis is very clean and there is no excitation
point with major micro-vibration influence. The frequency domain analysis of working
condition 2 is consistent with the results measured by the acceleration sensor, as shown
in Fig. 6, the micro-vibration has a significant impact at 100 Hz. Table 1 shows the
statistical table of image shift caused by micro-vibration. It can also be seen from the
data in the table that the indicators of working condition 2 are worse.

(a) conditions 1 (b) conditions 2

Fig. 4. Curve of centroid position with imaging time.

(a) conditions 1 (b) conditions 2

Fig.5. Frequency domain analysis of micro-vibration influence
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5 Conclusion

The imaging quality of high resolution optical remote sensing satellite is widely
concerned, but the influence of micro-vibration on image is difficult to quantify and
control accurately. In this paper, the influence of micro-vibration on space camera is
discussed and analyzed from theoretical analysis to practical test. Firstly, different
factors affecting image quality in micro vibration are discussed. Then the image shift
analysis method based on target image using gray scale centroid method is proposed.
Finally, combined with the actual test, it is further explained.

Based on the analysis of experimental data in this paper, it is feasible to use space
camera as sensor to measure the micro-vibration of target image. However, because this
method is a direct measurement of dis-placement, it is more sensitive to low-frequency
vibration, so it is more easily affected by the external environment. In the micro-
vibration measurement with this method, both satellite and scene simulator should
adopt good vibration isolation measures, and the camera should be used as a sensor to
realize high-frequency sampling of micro-vibration, so the imaging parameters of the
camera should be matched with the frequency band of satellite micro-vibration.
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Abstract. The avionics system is an important part of the spacecraft, and its
stable operation is related to the security of the spacecraft. The traditional design
generally focuses on circuit and data, such as watch-dog circuit for the processor
and error detection for storage date. Because there is no standard module, the
unified and systematic management is impossible.
This paper proposes a design method of health management for modular

avionics systems. The failure detection, health report and failure recovery of
heal management for avionics system is based on multilevel functional nodes,
tree topology and timing constraint. The functional nodes are defined to provide
fault detection and recovery services between the different layers. The detection
time is used to constrain the whole topology design.
The health management system is designed and implemented in an avionics

system of remote sensing satellite, and tested by fault injection. The results from
all testing have proved that the design of fault detection and recovery is com-
plete and accurate. The fault-tolerant and self-recovery ability of the avionics
system are improved.

Keywords: Modular avionics system � Hierarchical nodes � Timing constraint

1 Introduction

With the increasing function and complexity of spacecraft avionics system, more
attention has been paid to its health management and fault-tolerant reconfiguration
ability.

Openness and strong adaptability is needed in the architecture of the new gener-
ation spacecraft avionics system. The requirements of integration, modularization and
standardization provide advantages for reconfiguration and fault-tolerant design [1].

Supporting autonomous health management of spacecraft is an important require-
ment of avionics system. Normally, a great deal of original data generated by the
satellite is processed by avionics system, and only a few health state and key param-
eters are transmitted. Fault prediction ability is also important, it can give early
warning. The related telemetry can be collected and sent to the ground in time. In case
of fault, the health report can be quickly generated. Automatic fault diagnosis,
reconfiguration and recovery can greatly reduce the burden of ground operation [2–4].
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For the avionics system itself, health management is also one of the important
requirements to ensure long-term stable operation.

Lack of systematicness is the disadvantage of traditional system. The traditional
design generally focuses on circuit and data, such as watch-dog circuit for the processor
and error detection for storage date. Because there is no standard module, the unified
and systematic management is impossible.

This paper proposes a health design scheme for the modular avionics system. A tree
topology is defined by hierarchical nodes. The fault detection and fault recovery ser-
vices are provided between different levels. It has been implementation in a satellite
avionics system, as a reference for the following design of health management in
intelligent spacecraft avionics system.

2 The Topology of Avionics System

The avionics system is the information center of the satellite, which provides data
processing and storage services. In general, the integrated electronic system takes the
system management unit or onboard computer as the most important roles. Based on
the hierarchical distributed architecture, the information in the satellite can be pro-
cessed and shared uniformly.

In the new generation of intelligent avionics system, the product which meets the
required functions and performance consists of standard modules. The minimum unit
of product production and design is standard module instead of equipment. The number
of modules in the equipment can be increased or decreased, so as to adapt to different
tasks and form a series of products [5, 6].

The system architecture is based on the standard hardware modules, which can be
assembled into equipment and system tomeet the requirements of different spacecraft [7].

The general processor module is the management center of the integrated avionics
system of the intelligent spacecraft, which provides the operating platform for all kinds
of intelligent applications.

The software with a layered architecture runs in the general computer module. Each
layer contains several standard software components. The software components can be
assembled according to needs of different spacecraft.

The standard interface and protocol are used to realize the interconnection between
the modules of the intelligent avionics system, and between the system and the external
equipment [8].

A typical topology is shown in Fig. 1. Processing unit, number of modules and type
of data bus can be selected and configured according to different tasks.
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3 Health Management Service

3.1 Design Principles

The design of health management follows the principles below:

Layered Transmission. Health information which includes fault report, request
message and handling result, is summarized from bottom level to top level. The failure
handling command is transferred from top to bottom to ensure the result is effective.

Credible Criteria. The data used to analysis should be valid to avoid any error.
Reliability and continuity of services should be considered in choosing the criteria.

Effective Recovery Operating. The order of handling command shall be fully con-
firmed to ensure the safety of onboard equipment and avoid new risks. The working
status of onboard system should be recovered after handling.

3.2 Design of Layered Nodes

The core of health management system is to monitor health status independently and
identify failure mode. Through Isolation and recovery, health management system is
used to ensure the robust running of spacecraft.

The logic nodes of health management for modular avionics system can be divided
into three types.

Fig. 1. A typical topology of avionics system.
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Bottom layer. Fault detect and tolerance.

Middle layer. Information collection and transmission.

Top layer. Information processing and failure handling.

In bottom layer, the hardware detects the status automatically. The traditional fault-
tolerant is generally designed at this level, such as watch-dog circuit, error detection
and correction (EDAC) for embedded processor and self-test in chips. The fault
information in signal level will be transmitted to the upper level.

In the middle layer, the software of the Interface Unit detects the status of its
modules. The software also collects the fault information transmitted from the lower
layer, isolate and recover the fault according to its ability. The fault that cannot be
handled reliably will be reported to the intelligent software in top-level.

In the top-layer, the main intelligent software which monitors the status of modules
in this level and the status of the software in lower level. The fault information,
handling results and request from the lower level are collected. All results are inte-
grated to generate advanced health information by the intelligent software in top-layer.
Due to the particularity of the top layer, the running environment of the software needs
to be monitored and recovered automatically, in order to avoid incorrect operation.

The relationship between layers is shown in Fig. 2. As the main intelligent soft-
ware, the top layer can be regarded as an independent node, the root node.

There may be several modules working in parallel or hierarchically in the middle
layer, for example, several computers or modules undertake their own functions. They
form multiple intermediate nodes.

Some simple collection and execution parts, which can be connected with the nodes
in top layer or middle layer, are the leaf nodes in the bottom layer.

There are for types of nodes which form the basic health management topology.

Fig. 2. Hierarchical fault diagnosis and recovery

Design and Implementation of Health Management 429



The Leaf Node. The Leaf node can provides their own status, including power status,
communication status, working status, etc.

The Intermediate Node. The intermediate node has the ability of information col-
lection, data analysis and fault recovery.

The node responds to the request and provides recovery operation services for the
nodes in lower layer, which also provide fault information and submit request to the
upper layer nodes.

The Root Node. The fault information is summarized and processed in the root node.
It also provides recovery operation services for the nodes in lower layer which submit a
request. Importantly, fault tolerance is necessary for root node.

The Data Validation Node. The data validation node is a virtual node which is
specially defined, and does not map to an actual module. It is used to check the validity
of data from lower layer and ensure the accuracy and effectiveness of information
transmission.

3.3 Tree Topology

According to the actual topology, the nodes are abstracted to form a health manage-
ment topological structure. Generally, it can be expressed in the tree structure.

The root node can be connected to multiple intermediate nodes or leaf nodes,
corresponding to the main intelligent software and multiple computer modules of the
avionics system.

3.4 Service Types of Health Management

The health function of each node can be defined by the service type. According to the
engineering design experience, the typical health management services are shown in
Table 1. The services can be expanded and deleted in different design. One module can
select multiple services, corresponding to multiple nodes in the topology.

Table 1. Typical health services definitions.

Services type Description Detection
role

Time
requirement

Operation
role

Operation

Self-test Module fault tolerance,
such as watchdog, etc.

Nodes in
all layers

Less than
business
interruptible
time

Node in
current
layer

Reboot

Power detection Power supply detection Node in
upper
layer

Comply with
time constraints
in layers

Node in
Upper or
top layer

Switch power
supply

Communication
Detection

Communication link
detection

Node in
upper
layer

Comply with
time constraints
in layers

Node in
Upper or
top layer

Reboot or
reconfigure
protocol device

Working Status
Detection

Function detection,
including
communication
Detection

Node in
upper
layer

Comply with
time constraints
in layers

Node in
Upper or
top layer

Reboot
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3.5 Timing Constraints

The time parameters are very important in fault detection and recovery, especially fault
detection time.

The fault detection time of the same father node should be increased step by step.
The detection time should be longer than the detection time plus recovery time of

the lower layer, in order to ensure that self-recovery will be executed at first. Otherwise,
the self-test and recovery cannot be executed as expected.

The data validity detection time should be shorter than the fault detection time of
lower layer, to avoid that the fault is reported incorrectly because of the invalid data.

The detection time should be taken as important parameters, which should be listed
in the tree topology as an attribute of each node.

4 Implementation and Verification

According to the method above, a health management system in designed and
Implemented in a remote sensing satellite avionics system.

Through the characteristics of standardized bus and module in system management
unit and data interface unit.

According to standard modules and bus interface in System Management Unit and
Data Interface Unit, the topology tree and time constraints are shown in Fig. 3, and the
description of the node definition is shown in Table 2.

The verification focuses on data validity and timing constraints. Data invalidity will
be detected first, which will not cause the failure of its subordinate nodes. When
multiple faults in the same tree occur at the same time, the nodes in upper layers are
treated first because of timing constraints.

Fig. 3. Health management topology design of a remote sensing satellite avionics system
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Through the topology design, the status of each module is detected. Compared with
the traditional fault-tolerant, it has better coverage, which improves the fault-tolerant
ability and operation stability of the avionics system.

5 Conclusion

This paper presents a fault-tolerant design method for modular avionics system.
Through the analysis of topology structure, the layered nodes are defined to provide

fault detection and recovery services between the different layers. The detection time is
used to constrain the whole topology design.

The fault detection and recovery design is accurate and full coverage, which
improves the ability of fault-tolerant and stable operation. It can be used as reference
for health management design of intelligent avionics system.

In the future, detailed research can be carried out to realize service standardization
and high reliability.

Table 2. The description of main nodes in a remote sensing satellite avionics system

Layer Services type Description Detection
role/operation
role

Detection
time

Operation

1 Self-test Watchdog Self-test
(Processor Module in
SMU)

SMU
Circuit/SMU
Circuit

8s Processor
Reset

2 Power detection Power Supply (Internal
bus in SMU)

SMU
Software/Null

6s /

2 Communication
Detection

Communication (Internal
bus of Processor Module
in SMU

SMU
Software/SMU
Software

3s Bus
protocol
Reset

2 Data Validity Data validity of DIU SMU
Software/SMU
Software

1s Data
invalid

3 Power detection Power Supply (DIU) SMU
Software/SMU
Software

6s Power
Supply
Switch

3 Communication
Detection

Communication (External
interface of Processor
Module in DIU)

SMU
Software/SMU
Software

60s DIU
Reboot

3 Working Status
Detection

Record and playback
Status (Storage Module in
SMU)

SMU
Software/SMU
Software

35s Storage
Module
Reboot
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Abstract. Aperture synthetic microwave radiometer (ASMR), because they can
obtain high-resolution and wide-width fields of view without scanning, have
become a hot spot in the field of microwave remote sensing. Visibility obtained by
the radiometer needs to obtain the brightness temperature information of the
observation scene through brightness temperature reconstruction. The brightness
temperature reconstruction methods directly determine the observation perfor-
mance of the system. Using the one-dimensional aperture synthetic microwave
radiometer to verify the imaging experiment observation results of the prototype
and analyze the brightness temperature results obtained by different bright tem-
perature reconstructionmethods, it laid the foundation for spaceborne applications.

Keywords: ASMR � Imaging experiment � Brightness temperature
reconstruction

1 Introduction

Compared with the real aperture radiometer, the aperture synthetic microwave
radiometer is a new radiometer. It uses array technology to achieve high-resolution
observation. It does not require mechanical scanning. It can obtain a wide field of view
in one snap-shot, is the future development direction of high-resolution and even ultra-
high-resolution microwave radiometers. The output of the ASMR is the complex
correlation value of all the receiving links, and the brightness temperature of the
observation scene needs to be obtained through the brightness temperature recon-
struction. The brightness temperature reconstruction methods mainly include the
Fourier transform, the G matrix, and the brightness temperature reconstruction method
based on the G matrix is widely used. In this paper, we will compare a variety of typical
brightness temperature reconstruction methods based on the measured data.

2 Brightness Temperature Reconstruction Methods

The data directly measured by the ASMR is the complex correlation value of all the
receiving links, rearranged according to the baseline composed of the antenna pairs.
Consequently, measuring the visibility with different baselines is equivalent to
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measuring the Fourier transform of the brightness temperature as a function of antenna
spacing [1], it is written as:

VijðuÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
XiXj

p
Z

n2 � 1

TðnÞffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

p ~rij � un
f0

� �
FiðnÞF�

j ðnÞe�j2pundn ð1Þ

Where u = (xi − xj)/k0, x is the Cartesian coordinates of each antenna in the antenna
array, and n is the direction cosine vector sinh. Xi are the solid angle of the antenna.
FiðnÞ and FjðnÞ are the normalized antenna patterns, and ~rij tð Þ and are the de-striping
functions. t = −un/f0 is the spatial delay. Finally, k0 is the wavelength at the center
frequency f0.

Therefore, the basic brightness temperature reconstrution method is the Fourier
transform method, but in reality there are systematic errors, such as antenna errors,
channel errors, baseline errors, etc., which will cause errors in the brightness temper-
ature image. According to the sampling theory, the above equation can be expressed as
a discrete vector-product:
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The G matrix obtained by discretization is band-limited [2]. The reconstruction of
the G matrix involves solving the inverse problem, but this inverse problem is ill-posed
and is a morbid mathematical problem. The ill-conditioned linear inverse problem
means that the solution to the problem, usually does not exist, or the error is transmitted
and amplified from the data to the solution, this solution completely deviates from its
physical meaning.

The MP generalized inverse method obtains the brightness temperature by inverting
the G matrix:

T ¼ GTðGGTÞ�1V ð3Þ

The generalized inverse is the least squares solution with the smallest norm. An unique
solution can be obtained, but the stability of the solution cannot be guaranteed. A small
error in the visibility and G matrix will cause a large error in T and the solution will be
unstable.

Truncated singular value decomposition: Small singular values caused by noise will
bring greater oscillation to the solution and cause instability of the solution.
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G ¼
XK
i¼1

uiriv
T
i ð4Þ

Where K is the number of rows of the G matrix, ri is the singular value, ui is the left
singular vector, and vi is the right singular vector. Truncated singular value decom-
position is to decompose the singular value of the G matrix, remove small singular
values, and retain larger singular value.

The principle of Tikhonov regularization is to use the energy of the brightness
temperature as additional information and to be constrained [3]. In other words, the
brightness temperature energy is introduced into the image reconstruction. Construct a
new risk functional and find the solution when it is minimized.

T ¼ ðG�Gþ k2IÞ�1G�R ð5Þ

Where, k is regularization parameters.

3 The Imaging Experiment

The one-dimensional aperture synthetic microwave radiometer prototype works in K1
band, which is composed of parabolic cylindrical reflective surfaces and feed arrays,
16-channels K1 band receivers, 16-channel data collectors, data processors. When the
main beam of the antenna array points to the land or sea surface to be observed, the
antenna array receives the brightness temperature of the scene, which causes the
temperature of the antenna to change. The signal received by the antenna is divided into
two channels of V and H through the orthogonal mode coupler. The signal after the
super-heterodyne reception of the received signal is transmitted to the data collector by
the receiving front. After the acquisition, it is modulated into light, and then the digital
signal is transmitted to the data processor through the optical fiber. After demodulation
to microwave, the signal IQ change is completed and then transmitted to the data
processor for complex correlation calculation. After brightness temperature recon-
struction, one-dimensional imaging results can be obtained. The composition of the
prototype is shown in Fig. 1, and the basic performance is shown in Table 1.

K1 Receiver2

K1 Receiver16

·
·
·

DAU DC

Power

Computer

K1 Receiver1

Fig. 1. The prototype
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4 Results of the Imaging Experiment

Fix the prototype on the turntable, place the noise source on the experimental table, 30
m away from the radiometer antennas (meeting the antenna's far-field conditions),
using adjusting the height of the noise emission system to keep it aligned with the
prototype. The initial angle between the noise emission system and the prototype
antenna is set at h = −30°. The connection between the center of the noise source horn
and the initial position of the radiometer system remains parallel to the Y axis. By
rotating the turntable, the noise source is located in the range of −30–30° of the
prototype. The system response of all field of view points at every 0.5°, showed in
Fig. 2.

Analyzing the interference fringe curve test results of each baseline, the phase
discrimination ability of each baseline is qualitatively analyzed. As shown in Fig. 3, the
sampling results of antennas 1–7 and 1–16 at each sampling point are given. The
amplitude and phase curve of the interference fringes are smooth, moreover there is no
jump, indicating that the system has good phase discrimination ability [4].

The G matrix can be calculated by measuring different directions of the noise
source in the prototype observation field of view. On this basis, natural scenes with
strong discrimination, such as single or multiple tall buildings are selected for system
imaging experiments. Fix the prototype on the turntable for testing. Complete the

Table 1. Specification of demonstrator.

Parameter Prototype

Frequency K1
Width (km) � 1000
Regular resolution (°) � 1.5
Snap-shot sensitivity (K) � 0.5
Calibration accuracy (K) � 0.5

θ
protorype

X

>15m

...

...

Fig. 2. Installation diagram
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observation of multiple scan lines by adjusting the tilt angle (0.5° interval) of the
turntable, and finally process the observation results. Use the brightness temperature
reconstruction algorithm to complete the imaging of each scan line (Figs. 4, 5 and 6).
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Fig. 5. Photo of the observation scene

(a) FFT (b) MP Generalized inverse

(c) Truncated singular value                     (d) Tikhonov regularization (λ=1020)

Fig. 6. Imaging result
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Due to the non-ideal of the system, the MP generalized inverse result is very poor,
the noise is very large, and the observation scene is completely unrecognizable.
Through the Fourier transform, truncated singular value and Tikhonov regularized
based on G matrix to reconstruct the brightness temperature; the imaging results can
correctly reflect the observed scene. The generalized inverse of the G matrix is a
morbid mathematical problem, so it leads to unstable solutions, and even the solutions
have no physical meaning. In order to solve a stable approximate solution, the G matrix
is physically constrained to obtain a good brightness temperature reconstruction result.

5 Summary

Firstly analyzed the measurement results of the interference fringes, it has been verify
the good phase discrimination ability of the prototype system. On this basis, the error-
corrected visibility function is obtained through internal calibration. Based on the
visibility function, the performance of different brightness temperature reconstruction
methods is analyzed. The G matrix can be obtained by calculating the measured
antenna pattern data and the position information of antennas, or by measuring the
single-point noise source at different pixel positions in the field of view. The latter is
used in this experiment. In the actual non-ideal case, due to the inconsistency of the
antenna and the instability of the system during the measurement process, the error of
the measurement result will be transmitted, then amplified during the reconstruction of
the generalized inverse G matrix. The image is poor. The Fourier transform recon-
struction method ignores the inconsistency of the system in different directions of the
directional pattern, which has less impact on scenes with large brightness temperature
gradients and greater impact on uniform scenes, using truncated singular values and
Tikhonov regularization on the G matrix When truncating or constraining, you can get
a better brightness temperature image.
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Abstract. This scheme makes the best use of structure of the cargo ship by
integrating with air-breathing helicon plasma electrical propulsion. The normal
operation of a manned space station requires regular replenishment of oxygen,
fuel, food and instruments. Research on resupply spacecraft to supply oxygen
and fuel to the space station will help reduce the replenishment needs of the
station. A resupply spacecraft with air-breathing electrical propulsion as core
technology will meet the replenishment needs of the space station during on-
orbit operation at a low cost and bring high loading capacity and substantial
economic benefits. The replenishment ship based on this scheme can collect
1000 kg working gas a year on 180 km orbit and reduce the cost of building and
launching cargo ships. This paper carried out studies on mission process,
resource consumption, orbit design and thrust Analysis. The ionization mode of
air-breathing electrical propulsion is helicon discharge and the average power
for orbit maintaining and air collecting is about 775 W.

Keywords: Air-breathing � Electrical propulsion � Helicon plasma

1 Introduction

The normal operation of a manned space station requires regular replenishment of
oxygen, fuel, food and instruments. This replenishment is transported by a cargo ship
launched from the ground into LEO at a high cost per kilogram of LEO payload.
Research on resupply spacecraft to supply oxygen and fuel to the space station will
help reduce the replenishment needs of the station. Atmospheric drag is the main factor
that restricts the lifetime of a low orbit spacecraft. A spacecraft based on air-breathing
electrical propulsion which makes the best use of the low orbit residual atmosphere as
working gas by collecting, ionizing and accelerating to maintain speed can obtain more
long working life with more less propellant.
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2 Research Status at Home and Abroad

Demetriades began to study the concept of PROFAC in 1959 and put forward the idea
of collecting air as propellant for the first time. After that Bussard, Berner and Camac
carried out relevant research and theoretically analyzed this concept. Since the 1990s, a
series of achievements have been made in the research of ion thruster, hall thruster,
helicon plasma thruster and ABIE which is represented by the US, Europe and Japan.
A lot of analysis and improvement have been made in air-breathing mode, ionization
mode, heating mode and propulsion process. ECR, hollow cathode, dielectric barrier
discharge, microwave and RF is also included.

Air-breathing electrical propulsion based on helicon plasma, hall or both (HHT) has
been developed greatly recent years. According to the results of experiments on HHT
by Shabshelowitz et al.: under the condition of HHT (Helicon + Hall), the thrust shows
a downward trend with the increase of input power; thrust efficiency is improved with
various working gas under helicon mode; while the utilization rate of nitrogen is only
about 10% under hall mode. Various ionization and acceleration modes with different
working gas and Isp have been studied in the world recent years [1–4]. Further study is
still needed in the following aspects: air ionization, utilization rate of air as working
gas, working gas compression and liquefaction under some certain discharge mode,
injection of supersonic free particle flow, parametric design and integration analysis.

A spacecraft based on air-breathing helicon plasma electrical propulsion needs to
have an inlet to introduce part of the residual air at orbit into the discharge chamber,
which is then produced into high density plasma through helicon discharge. Electrons
are accelerated parallelly by the energy which is gained in resonance with helicon wave
due to Landau damping in simple magnetic mirror field. Electrons in plasma confined
by the magnetic mirror enter into the loss cone of the magnetic mirror due to the
parallel acceleration and then escape from the port of the mirror. Due to the escape of
electrons, a positive potential is formed in the plasma confined by magnetic mirror
which attracts the escaping electrons back to the plasma on the one hand and it
accelerates the escape of positive ions from the confinement region on the other hand.
In this way, a double layer is formed outside the mirror port, and a directional thrust is
obtained under this acceleration mechanism.

3 Task Flow of Air-Breathing Cargo-Spacecraft

As shown in Fig. 1, when the cargo ship leaves the space station, the cargo will be
separated from the cargo ship to the earth’s surface. Other main parts are still on the
180 km orbit, maintaining operation and collecting residual air which is then com-
pressed into a high-pressure holder. When there is more than 200 kg air, the cargo ship
will lift its orbit to 360 km, dock with the space station and fill it with air. The resource
replenishment ship supplies air five times with a total of about 1000 kg a year. Only
some adaptive modifications are needed, such as an air-breathing helicon plasma
electrical thruster, a 10−4 Pa to 1 atm first pump, a 1 atm to 200 atm air compressor,
and a 3 m diameter inlet.
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Air-breathing helicon plasma electric propulsion does not need working gas.
Directional kinetic energy of ions and electrons in plasma is increased by specific
magnetic field confinement and then turned into thrust. Air-breathing electric propul-
sion is a process during which electric energy is changed into kinetic energy and
atmospheric drag is turned into thrust without losing working gas by using residual
atmosphere. A spacecraft with just enough electric energy can maintain a long time
orbital operation.

According to the task flow of the replenishment ship, the annual collection capacity
can reach 1000 kg by making full use of the cargo ship residual value, saving about
700 million in 10 years. Air-breathing helicon plasma electric propulsion shows great
value in cost control and economic efficiency.

space station cargo ship 

orbit

space station
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a b 

space station orbit

space station
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resource collection orbit
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space station

space station orbit

replenishment 
ship

lift orbit and dock
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Fig. 1. The task flow of the replenishment ship with air-breathing helicon plasma electrical
propulsion. (a. A normal cargo ship; b. The cargo cabin separates from the cargo ship; c. The air-
breathing electrical propulsion replenishment ship gets into resource collection orbit; d. resource
collection on orbit; e. lift orbit to dock and supply; f. escape to resource collection orbit).
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4 Comparison of Resource Consumption

4.1 Consumption of Chemical Propulsion

It is assumed that replenishment ship is launched into a 180 km circular orbit. It will
suffer a velocity reduction due to the 5.48 � 10−10 kgm−3 residual atmospheric density
on average in the ionosphere. It is necessary for the thruster on ship to provide a 4 m/s
velocity increment to maintain a long time operation.

Assuming that the replenishment ship is about Ms = 500 kg, if a chemical thruster
is used for orbit maintenance, the thrust will be 5N, and the specific impulse is 200 s.
The orbit is maintained once a day for a duration Tp. Mass loss rate ( _mc) is:

_mc ¼ F
Isg

¼ 5
200� 9:8

¼ 0:00255 kgs�1 ð1Þ

g = 9.8 m/s2, and time for single orbit maintenance:

Tp ¼ DV
ac

¼ DV
F

Ms ¼ 4� 500
5

¼ 400 s ð2Þ

Working gas consumption per day:

mc ¼ _mcTp ¼ 1:02 kgd�1 ð3Þ

Consumption of working gas for 30 days orbit maintenance is about 30.6 kg and that is
372 kg for one year. The weight of the propellant required for one year low-orbit
operation will be equal to the replenishment ship itself.

If the orbit is a 360 � 180 km elliptical orbit, orbit maintenance needs a 1.2 m/s
velocity increment, consuming 0.306 kg per day. In this way, a two-year orbit main-
tenance needs about 224 kg working gas, which leads to a double launching weight.

4.2 Consumption of Chemical Propulsion

Assuming that the cross-sectional area of the replenishment ship’s inlet is S and 45% of
the introduced air is collected, the mass of air collected in one year will be:

M ¼ gqmSVoT ¼ 0:45 � 5:4 � S � 7:8 � 3:65 � 8:64 � 10�1 ¼ 60 Skgm�2 ¼ 100 kg

ð4Þ

Where S = S180 = 1.67 m2, and the atmospheric drag is:

FR ¼ nqmSV
2
o ¼ 27:5mN ð5Þ
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The electric propulsion mass flow during one year is:

_m ¼ 0:55M
0:45T

¼ 122

3:65 � 8:64 � 106 ¼ 3:87 � 10�6 kgs�1 ð6Þ

The specific impulse is:

Is ¼ FR
_mg

þ 7800
g

¼ 27:5 � 10�3

3:87 � 10�6 � 9:8 þ 796 ¼ 1521 s ð7Þ

Under the condition that electric energy conversion efficiency is 60%, the electric
power needs to reach about:

Wdrag ¼ 0:5
0:6

FRIsg ¼ 0:833 � 27:5 � 10�3 � 1:521 � 103 � 9:8 ¼ 341W ð8Þ

It is feasible to maintain a long time operation by using air-breathing helicon plasma
electric propulsion with 341 W. During this time, the replenishment ship collects
working gas instead of storing any. It is obvious that air-breathing electrical propulsion
has better adaptability.

5 Main Structure of Air-Breathing Electrical Propulsion

The diameter of the air-breathing inlet is 3.8 m and the orbital speed is 7.8 km/s.
Helicon discharge is used to avoid the shock waves [5]. The energy of electronics in
helicon discharge is about 10ev, which is about the same as incoming air molecules for
ions. This is due to that the contact surface area of ions and molecules is much larger
than that of electronics and molecules or ions. The thermalization rate of ions is much
higher than that of electronics and non-equilibrium plasma is produced at the bottle-
neck. Under the condition of Te > > Ti, the ion acoustic wave can propagate along the
magnetic field without being absorbed by electrons due to Landau damping. The
density disturbance will propagate at ion acoustic speed due to that ion acoustic speed
is much higher than that of air and therefore there will not be any shock waves. Even if
the residual atmosphere pressure at the 180 km orbit increases up to three orders of
magnitude and the density increases from 7.2 � 1016 m−3 to 7.2 � 1019 m−3, the
incoming air molecules at the bottleneck still have a 10 cm mean free path. There will
not be any intense shock waves and the incoming neutral air will not block the bot-
tleneck because of that the density disturbance will propagate downstream at ion
acoustic speed of Mach 1.3 due to being ionized.

kf ¼ 1
rcno

¼ 1

1:2 � 10�19 � 7:2 � 1019 ¼ 0:1m ð9Þ

According to the above formula, collection of non-ionized neutral air will cause shock
waves at the bottleneck, which prevents the following air from coming into the throat
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inlet and fails the task of air collection. The Mach 22 inflow exceeds its sound velocity
and this leads to shock waves. Any small disturbance of inflow can cause strong sound
waves and density fluctuation. Molecules in high density area collide with inflow
molecules due to that the propagation speed of density fluctuation is less than the
incoming speed of the inflow. Momentum and speed loss of inflow molecules further
increase the density of molecules in high density area. To solve this problem, helicon
discharge is innovatively used to ionize molecules at the inlet throat. There are also ion
sound waves and density fluctuation in ionized air molecules. Due to ion sound
velocity is much higher than sound velocity, the Mach number of inflow ion sound is
much more than that of sound.

vis ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kðfTe þTeÞ

ma

s
¼ vs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ fTe

Ti
Þ

s
¼ 6091m=s ð10Þ

The ionization rate (f) of helicon discharge is about 80%. Energy of electronics (Te) is
normally 10eV. Energy of ions (Ti) is normally 250k, the same as incoming air. Ion
acoustic speed equals to the 7.8 km/s inflow speed under the condition that
Te/Ti = 400. Mach number of inflow ion acoustic is about 1.3 due to helicon discharge
at the inlet throat and the inflow air will not block the inlet throat. The inflow is also
easy to compress and store due to the increase of density and temperature caused by
helicon discharge at the inlet throat, as shown below (Fig. 2).

The main structure above is the propulsion system of the cargo ship after a sepa-
ration, including the inlet, helicon discharge section, compressing section and
propulsion section. Incoming air is ionized with efficiency by pre helicon discharge.
Plasma produced at the inlet throat propagates along the wave vector direction into the
post part under the constraint of magnetic field. The inflow will not block the inlet
throat due to the ion acoustic speed is much higher than inflow speed and this is good
for air collection. The plasma is compressed in large magnetic field gradient [6–10].
About 45% of the working gas returns to neutral through collisional neutralization and
55% still ionized. This 55% ionization rate position should be determined by using a
probe or a microwave interferometer when it moves due to the variation of air density
caused by orbit changes, to make sure that the neutral gas collecting position is

pump1

pump2

Fig. 2. Main structure of the replenishment ship.
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constant. Ionized molecules move along the magnetic field [11, 12] and finally reach
the helicon plasma propulsion area, where they are further accelerated and form an
electric propulsion plume with 1500s specific impulse. The recombined neutral gas will
flow into neutral gas collection system and be stored in a 200 atm gas tank, where the
temperature is kept between 0 °C–20 °C. The volume of 200 kg air is about 8 m3

under 200 atm and the diameter of the gas tank is 2.5 m.

6 Orbit Design and Thrust Analysis

The sectional diameter is 3.8 m and the cross-sectional area is 11.33 m2 at present. To
collect 1000 kg air in one year with 45% efficiency, the air density needs to be:

Mh ¼ 1000 kg ¼ 0:45qmVoST ¼ 0:45 � 11:33 � 7:8 � 103 � 3:1536 � 107qm ð11Þ

qm ¼ 1000
1:25 � 1012 ¼ 8 � 10�10 kgm�3 ð12Þ

Atmospheric density around 180 km orbit is about 5.4 � 10−10kgm−3. So it is feasible
to collect 1000 kg working gas a year on 180 km orbit.

Residual atmospheric drag during low orbit operation is:

Fr ¼ nqmV
2
oS ¼ 186mN ð13Þ

The thrust is maintained at 186 mN, and the mass of working gas in unit time is
about:

_m ¼ 1222
3:1536� 107

¼ 3:87� 10�5 kgs�1 ð14Þ

Fp ¼ _m Is � 7800
g

� �
g ¼ 186� 10�3N ð15Þ

Is ¼ 186� 10�3

3:87� 10�5 � 9:8
þ 7800

9:8
¼ 1286 s ð16Þ

Assuming that the conversion efficiency is about 60%, the required power is:

W ¼ 0:5
0:6

FpIsg� 0:5 _mV2
o ¼ 0:833� 186� 10�3 � 1286� 9:8� 1177 ¼ 775W

ð17Þ

The replenishment ship based on 775 W electric power can collect 1000 kg
working gas a year at 180 km orbit. The solar arrays of the cargo ship can provide
2 kW electric power and it is enough to meet the power needs of orbit maintaining. The
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surplus power can be used to power the control system and charge the batteries. It can
also increase the thrust when raising orbit.

Under the condition that the efficiency is 60% and the specific impulse is 1500 s, if
the electric power provided by solar arrays reaches 5 kW, the thrust will be:

Fp ¼ 0:6P
Ig

¼ 0:6� 5000
1500� 9:8

¼ 204mN ð18Þ

So the maximum thrust can reach about 200 mN. The thrust can be reduced to 10 mN
when the power is 245 W.

P ¼ FpIg
0:6

¼ 10� 10�3 � 1500� 9:8
0:6

¼ 245W ð19Þ

The power provided by the solar arrays of the replenishment ship is about 2 kW at
present. Assuming that the efficiency is 60% and the specific impulse is 1500 s, the
thrust will be about 80 mN. The cost savings can be used to raise the power of the solar
arrays to 5 kW to make a better performance.

7 Conclusion

This scheme makes the best use of structure of the cargo ship by integrating with air-
breathing helicon plasma electrical propulsion. The replenishment ship based on this
scheme can collect 1000 kg working gas a year on 180 km orbit and reduce the cost of
building and launching cargo ships. This paper carried out studies on mission process,
resource consumption, orbit design and thrust Analysis. The ionization mode of air-
breathing electrical propulsion is helicon discharge and the average power for orbit
maintaining and air collecting is about 775 W. The problem of shock waves in air
collecting is avoided by using helicon discharge. About 700 million yuan can be saved
during 10 years working life.
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Abstract. In recent years, the number of spacecraft launches has showed
explosive growth, the types of satellites have become more and more abundant,
and the execution of moving target in orbit has become more complex, the
traditional telemetry method has not been able to meet the new requirements,
and the visual telemetry has become more demanding. Usually, the execution of
in-orbit moving target is short-term and one-time, which is executed immedi-
ately after entering orbit. The monitoring requirements of the actuator are short
term, with a life span ranging from a few minutes to a few hours. The moni-
toring camera based on CMOS image sensor is small in size, low in weight, low
in power consumption and low in satellite resource consumption, which is just
suitable for the monitoring needs of the moving target in orbit. In this paper, the
in-orbit target monitoring requirements of CMOS monitoring camera are ana-
lyzed, camera parameters are designed, and the application is summarized.

Keywords: CMOS sensor � Satellite � Monitoring and measurement

1 Introduction

With the rapid growth of the number of spacecraft launched, satellite functions become
more abundant, and in-orbit actuators become more diverse and complex. The relia-
bility of in-orbit actuators has become a focus of attention. Traditional working status
monitoring mainly relies on telemetry data, including voltage, current, temperature,
limit switch, explosive device status and other information [1]. It is impossible to
transparently and effectively monitor the expansion and operation process of the
actuator, and it is difficult to locate in-orbit faults. The lightweight and miniaturized
design of surveillance camera based on CMOS sensor just meet this requirement.
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2 Imaging Principle

Single surveillance camera can be understood as a monocular vision measurement
system, the system is based on the principle of small hole imaging, the CMOS camera
obtains images of the moving target according to a certain frame frequency and extracts
and matches the feature points of the image. According to the known size information
of moving target, some parameters of the moving target can be obtained by computing
the feature points of different frames [2].

The actual physical point P of the object is imprinted through the lens, as shown in
Fig. 1. Set up the camera coordinate system OXY, (x, y) is the coordinate of point P,
and the projection point of point P on the image plane is P1(X1, Y1, Z1Þ, Point O is the
light center of the camera, z is the light axis of the camera, and f is the focal length of
the camera.
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The basic process of satellite imaging measurement method based on CMOS image
sensor is as follows: analyzing the monitoring requirements of the spacecraft actuator,
designing various parameters of the monitoring camera, obtaining image data in orbit,
extracting features from the image data, and analyzing the working status of the
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Fig. 1. Camera imaging model
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actuator through the imaging principle. The specific task flow chart is shown in the
following Fig. 2.

3 Demand Analysis

In order to save resources, at present a rocket launched with two or more satellites, and
after the rocket enters orbit, the satellites begin to separate successively. The separation
process can be precisely controlled by instructions, and the separation status can be
monitored through telemetry. The traditional telemetry method cannot monitor the
separation process visually, and it is difficult to determine the fault state if the sepa-
ration is abnormal. By setting up a monitoring camera, the dynamic process can be
monitored and imaged. Combined with traditional telemetry, the launch mission can be
performed more reliably.

For example, two satellites are mounted side by side (see Fig. 3). After the rocket
entered its intended orbit, the two satellites began to separate. In orbit separation
process is a very critical process, the separation of safety concerns the success of the
whole launch mission.

In order to dynamically monitor the dynamic separation process of two satellites,
imaging of the separation process is needed to monitor the state and spacing changes of
the two satellites. Space imaging scene is different from the ground, there is no diffuse
emission of objects and atmosphere. The surface of the satellite is covered with alu-
minized polyimide film, after the sun enters the field of view, the surface of the satellite

Fig. 2. Task flow chart

1 2

Fairing outline

Fig. 3. Two satellites installation diagrams
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will have a sharp reflection. The camera used a certain adaptive automatic exposure
algorithm to obtain the best imaging effect [3].

The satellite separation process is short in time and irreversible, so the image
control of the camera needs to be taken automatically according to the separation
procedure designed in advance. The imaging frame frequency determines the numbers
of images, a higher frame frequency and more images can better restore the moving
track of the target, but the corresponding amount of data will become larger, occupying
a limited data down-transmission channel between the satellite and the ground.
According to the satellite separation process, the camera imaging frame frequency can
be adjusted within a certain range, and the imaging frame frequency can be adjusted in
real time according to the program control command.

4 Camera Parameter Design

CMOS image sensor is widely used in spacecraft. In particular, star sensors are widely
used. Compared with CDD camera, it need simple hardware system, low cost and
meets the design requirements of small, lightweight and low power consumption for
spacecraft [4, 5].

The main parameters of the camera are designed according to the characteristics of
the target and the analysis of the imaging scene. The camera optical system adopts a
typical structure of refracting ultra-wide Angle lens, which consists of 7 lenses with a
focal length of 4.605 mm (see Fig. 4). The camera optical system adopts a planar array
CMOS chip. The pixel size is 6.7 � 6.7 um, the effective pixel number is
1280 � 1024, the exposure mode is the global electronic shutter, and the power
consumption is 175 mW. Detailed design parameters are shown in Table 1.

On the premise of satisfying the function and performance, the lightweight and low
power consumption design of the monitoring camera is the focus of users attention. In
terms of structure design, the main structure shell of the monitoring camera is made of
aluminum alloy. In terms of hardware design, the traditional 15538 protocol is realized
through the B61580 chip, which has a large volume and needs to be equipped with
peripheral single circuit. In order to reduce the circuit volume and weight, the 1553B

Table 1. Camera technical index

Index Key parameters

Wavelength range 450 nm–750 nm
Imaging distance 0.5 m–∞

Effective pixel number 1280 � 1024
Field angle � 80° � 96°
Maximum signal-to-noise ration � 40 dB
MTF � 0.20
Data compression ratio 8:1
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protocol module is realized through FPGA in this system, and the B61580 chip is not
used. Using FPGA to realize 1553B protocol can improve the degree of system inte-
gration and reduce the volume, weight and power consumption of the system.

In the face of the harsh requirements of space radiation environment and temper-
ature, reliability design must be considered. Radiation resistant design and thermal
control design will increase the volume, weight or power consumption, so it is nec-
essary to choose an appropriate balance point to meet the requirements and control the
use of resources [6]. The total radiation measurement of CMOS sensor position is no
less than 10 krad (Si), which is the minimum of all component indexes. According to
the calculation of structural data, the camera structure is made of aluminum alloy, and
its thickness is greater than 2 mm, which meets the requirements.

5 In-Orbit Results

The surveillance camera is mounted on satellite 2, and images satellite 1 during orbital
separation. Through imaging monitoring, it was observed that the two satellites sep-
arated safely, the satellite 2 gradually moved away, the size became smaller, the
distance between the two satellites gradually increased, and the separation was
successful.

Through feature extraction and calculation of imaging, the separation velocity can
also be calculated. According to the imaging principle described in the previous sec-
tion, the distance at different moments after the separation of the two satellites can be
calculated by using formula (2).

Distance of frame 38: d ¼ 2:4� ð4:605� 10�3Þ
ð6:7� 10�6Þ � 230

¼ 7:17 m:

Distance of frame 49: d ¼ 2:4� ð4:605� 10�3Þ
ð6:7� 10�6Þ � 91

¼ 18:13 m:

Fig. 4. Camera optical system and lens
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Distance of frame 60: d ¼ 2:4� ð4:605� 10�3Þ
ð6:7� 10�6Þ � 58

¼ 28:44 m:

The separation velocity of the two satellites is v, the imaging time is t, and the
distance between the two satellites is r according to the imaging calculation at different
times. The least square method is used to fit the calculation, as shown in Eq. (4).

v ¼
Pn

i¼1 ðti � t
*Þðri � r

*Þ
Pn

i¼1 ðti � t
*Þ2

ð4Þ

As shown in Fig. 5, the separation speed of the two satellites obtained through
fitting is about 0.26 m/s, which is consistent with the design value. The analysis shows
that the separation process meets the design requirements.

6 Conclusion

In this paper, a monitoring camera based on CMOS sensor is designed according to the
monitoring requirements of in-orbit moving targets, which has been successfully
applied to the in-orbit separation of satellites. Firstly, the requirements of moving target
monitoring are analyzed, and various parameters of the camera are designed according
to the requirements. According to the pictures taken in orbit, the separation was judged
to be safe and reliable in combination with telemetry, and the separation distance
between two satellites at different imaging moments was calculated by feature
extraction, based on the principle of pinhole imaging, and the separation speed of two
satellites was calculated by least square fitting. At present, CMOS sensor camera is
widely used in rocket, deep space exploration, remote sensing and other fields [7].

Fig. 5. Fitting curve of separation velocity of two satellites.
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The surveillance camera has achieved the intended target and laid a foundation for the
popularization and application of the surveillance of the in-orbit actuator of other
spacecraft [8].
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Abstract. Model-based testing is an important direction of test automation
research, the autonomous thermal control function of spacecraft is relatively
solidified, the principle is relatively simple, and the test method of autonomous
thermal control is universal. In this paper, the autonomous thermal control
function of the thermal control subsystem of a deep space probe is selected as
the research object. Firstly, the modeling process is introduced. Secondly, the
two important links in the modeling process, strategy classification and model
definition are described in detail. Finally, an example and the verification results
of modeling correctness are given. The result of this model design will greatly
shorten the time of test preparation and test implementation, and reduce the test
cost. The results of research have great support and reference significance for the
common generation selection test in deep space field and the design and
implementation of model-based test in other fields.

Keywords: Model � Spacecraft � Thermal control system � Test design and
verification

1 Introduction

Spacecraft development is a large-scale system engineering, which is a combination of
multi-disciplinary and multi-disciplinary [1]. It has the characteristics of high technical
difficulty, high quality and reliability requirements, and high development risk.
Spacecraft testing is an important means to ensure its quality. At the same time of
ensuring the quality of spacecraft, it is an inevitable trend to improve test efficiency,
reduce test cost and test automation [2].

Model-based testing is an important research direction of test automation. This
method can generate test sequence from formal specification describing system
requirements, and then check whether the operation of the System Under Test [3] to be
tested strictly complies with its formal specification. The generation of test sequence,
test execution and analysis of test results can be realized automatically to a certain
extent, so the test cost is reduced and the test efficiency is effectively improved [4].

With the popularization of model-based system engineering and the improvement
of test method generalization, model-based test design has become possible. Taking the
thermal control subsystem as an example, the autonomous thermal control function of
spacecraft is relatively solidified, and the principle is relatively simple, and it is easy to
establish the model, so the test method for autonomous thermal control is universal.
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This paper chooses the thermal control subsystem independent thermal control function
and test method of a certain lunar exploration as the modeling object, models it and
uses automatic means to automatically generate test cases, and then completes the test
verification of this function.

2 Model Based Test Verification

Model based system engineering is a system engineering method that can cover the
requirements, design, analysis, verification and validation of the system at the early
stage of conceptual design by means of formal modeling, and continues throughout the
whole development process and subsequent life cycle stages.

Model based test verification is an important part of MBSE method and an
application of model-based design. It is usually used in the design of software test or
system test, and sometimes it is also used as execution tool. The model can be used to
represent the expected behavior of the system under test, or to represent the test strategy
and test environment.

Test design is an important link in the test process. A good test case should not only
provide some input for the tested system, but also verify whether the system works as
expected. In recent years, model-based testing has become one of the key technologies
in the field of automated testing. The model captures the possible use cases and test
expectations of SUT, and then traverses the model and test cases. These test cases are
mechanically derived from traversal based standards, such as transition coverage, test
length, etc.

MBT tool is to generate test cases from user's specified test model, and test model
determines whether the tool can generate good test cases. Therefore, with MBT
technology, the task has changed from test design to test model design [5].

3 Model Design

In this chapter, firstly, the modeling process is introduced, then two important links in
the modeling process, strategy classification and model definition, are described in
detail, finally, an example and the verification results of modeling correctness are
given.

3.1 Modeling Process

There are many control loops in spacecraft thermal control system, and the control
strategy is novel, diverse and complex. The process of model-based verification is as
follows: Firstly, feature extraction is carried out from user requirements to extract the
elements for the classification of independent temperature control strategy; Secondly,
according to the method and principle of strategy classification, the temperature control
strategy is combined and summarized, which is the strategy group to be modeled;
Thirdly, each strategy is modeled using the state migration graph proposed in this
paper; Finally, a set of test cases with independent thermal control function is formed
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by state transition diagram and test case generation principle, which is used for test
implementation. That is to say, the correctness and effectiveness of the self-control
temperature strategy are judged by comparing the measured results with the predicted
output. As shown in Fig. 1.

3.2 Strategies Classification

According to the requirements of the user, sorting out the types of temperature control
loop and extracting the characteristic elements. All characteristic elements are defined
as a kind of temperature control strategy.

Take a model of lunar exploration as an example, there are 11 types of temperature
control loops. For each type of loop, extract the elements as shown in Table and
complete the classification of independent temperature control strategies, 6 types in
total. See Fig. 2 for details.

• Table: Temperature control strategy element extraction table

Software user requirements

Strategies
classification

State migration 
diagram

Test case 
generation

The measured results 
are consistent with 
the predicted output

Element extraction

Parameter

Concretization

Implement EndYes

Feedback

Feedback

NO

Feedback

Fig. 1. Schematic diagram of modeling process
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3.3 Model Definition

State Migration Diagram
This paper presents a modeling method based on state transition graph. The state
migration diagram includes horizontal and vertical coordinates, feature state, feature
state migration and other elements. The specific method is to establish a coordinate axis
with time as the abscissa and temperature as the ordinate. The abscissa starting point
only represents the starting point of the function test of the current circuit, list tem-
perature thresholds in coordinates. The input is thermistor temperature, the output is
circuit on-off. The characteristic state of temperature is selected, and its migration is
accompanied by obvious circuit on-off changes, so as to verify whether the temperature
control strategy is consistent with the design.

The initial and final states are the same: the temperature signal is higher than the
corresponding threshold and it is an effective state to ensure that the loop does not work
under the automatic control state.

Identification description in state migration diagram:

1) “ !” indicates the migration direction in feature states;
2) “√, �” indicates the on and off state of the temperature control circuit in turn;
3) “TR�U , TR�L, TT�U , TT�L and TP” the upper and lower limits of reasonable tem-

perature, the upper and lower limits of threshold value and protection temperature.
4) “Tt and Tc” represent temperature judgment signal and temperature control signal

respectively, and the numbers 1 and 2 in “Tt and Tc” indicate the primary and
backup of thermistor respectively;

5) “S”, the abscissa is time, just follow the sequence.

Model Establishment
A temperature control strategy has two modes: normal mode and fault mode. In normal
mode, the thermistor is in effective state; in fault mode, the thermistor partially or
completely fails. If the strategy contains temperature judgment signal, its failure mode
can be divided into two modes: temperature judgment thermal fault and temperature

Policy classification

TemPerature control
 signal:Main/back

1 Mul ple thermistor 
2 Temperature control 
signal:Minimum value

1 Main/back thermistor
2 Protec on temperature
3 Temperature determina on 
Thermistor:Stand alone

1 Main/back thermistor
2 Protec on temperature
3 Temperature determina on 

Thermistor:Not independent

1 Main/back thermistor
2 Temperature control 

signal:D-value

Class I

1 Mul ple thermistor 
2 TemPerature control
 signal:Minimum value
3 Protec on temperature
4 Temperature determina on

Thermistor:Not independent

Class VII

Class II

Class III

Class XI

Class IX

Class VIII

Class VI

Class V

Class X

Class IV

one two three four five six

Fig. 2. Classification of control temperature strategy for a detector
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control thermal fault. Therefore, the complete verification process of the temperature
control strategy with temperature judgment signal requires three models: normal,
temperature judgment fault and temperature control fault. Other strategies only have
two models: normal and fault.

Examples
In this paper, the fourth type of temperature control strategy is taken as an example to
introduce the modeling process, which has three models. In this paper, the normal and
temperature fault models are taken as examples, and the automatic control strategy is
shown in Fig. 3 and Fig. 4.

Normal Operation Mode
See Fig. 5 for the state transition diagram of normal operation mode verification
process.

1) S1 ! S2, S3 ! S4: verify the control strategy of the loop when Tt < TP and Tc are
between TT�U and TT�L;

2) S2 ! S3: verify the control strategy of the loop when Tt < TP and < TcTT�L;
3) S4 ! S5: verify the control strategy of the loop when Tt < TP and > TcTT�U ;
4) S5 ! S6, S6 ! S8: verify the control strategy of the loop when Tt < TP and Tt >

TP respectively.

T(t)<T(P)

Temperature reading

Temperature control 
circuit stops heating

T(c) >T(T-U)

Start heating of temperature 
control circuit

T(c) <T(T-U)

Temperature control circuit 
remains in the previous state

Fig. 3. Normal operation mode strategy

Main component 
thermistor failure

Temperature reading

Work

NO

Backup component 
thermistor failure

Temperature control circuit 
stops heating

NO

YES

YES

Fig. 4. Failure mode strategy
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Fault Mode of Temperature Sensitive Resistor
See Fig. 6 for the state transition diagram of the verification process of the fault mode
of the thermistor.

1) S1 ! S4: verifies the strategy of eliminating the failure data and replacing the
main and standby thermistors when Tt1 > TR�U fails;
2) S4 ! S5: verify the control strategy of the loop when Tt1 > TR�U

and > Tt2TR�U ;
3) S6 ! S7: When Tt1 and Tt2 are restored to the effective state, the priority
strategy of the system is verified;
4) S7 ! S11: verify the kick out strategy of the system after Tt1 and Tt2 are
successively lower than TR�L failure and the priority strategy after the system
recovers the effective state at the same time.

Verification Results
According to the model to generate use cases, complete the test implementation,
compare the measured curve with the model’s feature state, the output is the same, then
the model is effective and the strategy is correct, otherwise the validity of the model and
the correctness of the strategy need to be checked.

As shown in Fig. 6, the measured curve of the temperature fault model is shown in
Fig. 7. After comparison with the model, three inconsistencies are found (see 1, 2 and 3
marks in Fig. 7). After detailed investigation, it is found that the strategy design in user
requirements is inconsistent with the software implementation on the probe. The test
results show that the model can not only reflect the real state of the design on the probe,
but also discover the loopholes and defects in the implementation of the probe in time,
which effectively proves the correctness and effectiveness of the modeling method.

Graphic Indicates the state migra�on direc�on of 
Indicates the state migra�on direc�on of 

Fig. 5. Normal mode
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4 Model Implementation

The model refers to the abstract expression of the tested system and its behavior, which
is precise, shareable and reusable. Using model-based testing tools, test cases can be
generated and executed automatically [5].

First, after receiving the test case generation request, the Configure class loads the
CFile configuration file, then calls the get Step List method of the Test Case Entity
class to get the template step sequence and generates the Test Case Step test step object.

Fig. 7. Verification process of fault mode of thermistor

I
I

IGraphic

Fig. 6. Tt fault mode
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Finally, the Test Case Step object is filled into the step list sequence of Test Case Entity
to generate the test case object.

Based on TSN and CFile, the class design of automatic test case generation is
shown in Fig. 8, and the automatic generation process of temperature control loop
strategy verification sequence is shown in Fig. 9.

5 Conclusion

Through the test practice, it is proved that the model-based test design of the thermal
control subsystem can systematically, effectively and comprehensively verify the
correctness and rationality of the independent temperature control strategy, and can
clearly and intuitively find the loopholes and defects in the strategy. Subsequently, the
establishment of formal model base and the realization of automatic test case generation
technology will introduce a set of system and perfect verification methods for complex
and diverse temperature control strategies, and make them solidified and inherited,
effectively avoiding repeated design. At the same time, based on model base and
software, automatic test case generation will be realized, and the work efficiency and
accuracy will be greatly improved.
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Abstract. In space environment, the charge will be collected on the surface of
the spacecraft by the combination of the surrounding space plasma and photo-
electric effect, forming a suspension potential different from the background
plasma environment, that is, the surface charging phenomenon. The integrated
monitoring system of plasma environment and surface charging includes 4 parts:
omnidirectional electron spectrometer, omnidirectional ion spectrometer, surface
potential probe and magnetometer. The main function is to detect the space
plasma environment and the surface potential on the satellite, and to process,
store and transmit the received signals. Ground testing and calibration have been
done for all the four detectors, and the results agree well with the designed
value.

Keywords: Plasma � Surface charging � Spectrometer � Magnetometer

1 Introduction

Under the combined action of the surrounding space plasma and photoelectric effect,
the charge will be collected on the surface of the spacecraft, forming a suspension
potential different from the background plasma environment, that is, the phenomenon
of surface charging. Because of the very small capacitance of spacecraft, and the much
faster electron velocity than the ion velocity, the charged level of spacecraft mainly
depends on the electron temperature of environmental plasma. NOAA research shows
that in the earth space environment, spacecraft surface charging is a common phe-
nomenon, and it is the strongest in the 4-7Re (earth radius) region. For example,
according to the latest observation data of FY-4 satellite in synchronous orbit, it can
reach up to tens of thousands of volts [1].

The surface charging of spacecraft has many hazards. For example, if the spacecraft
surface is charged to a high potential, electrostatic discharge (ESD) can be triggered,
which can damage the performance of the surface materials and components. The
instantaneous electromagnetic signal generated by the discharge will be coupled to the
electronic equipment of the spacecraft, which can lead to damage from the logic switch
to the failure of the whole system. When more than one discharge occurs, it will cause
the spacecraft to twist and swing, and in serious cases, it can lead to the failure of
spacecraft operation [2–5]. Secondly, the float potential will interact with the sur-
rounding plasma, which will interfere with the measurement accuracy and range of the
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measurement on the spacecraft, finally affecting the accuracy and reliability of scientific
measurement. For an instance, if the spacecraft has a 100 V potential relative to the
background plasma environment, electrons with energy lower than 100 eV cannot
reach the satellite, thus they cannot be detected by the detector on the satellite. On the
other hand, positive ions with energy lower than 100 eV will be accelerated by the
potential of the satellite and observed by the detector, resulting in the final errors
between the observed data of electron and ion and the real situation of space plasma
environment.

Recently, a statistical analysis on 123 failures of synchronous orbit satellite during
2007−2013 has been studied [6], which found that 47.7% of them are related to space
weather (here denotes magnetic storm and substorm). The main physical reason is the
serious surface charge and discharge effect of night side substorm plasma injection on
satellite, which is also consistent with the latest observation results of FY-4 satellite.

The goal of the development of the integrated monitoring system is to obtain the
in situ plasma data, investigate the physical mechanism of the change of the plasma
environment, as well as the correlation with the surface charging of the spacecraft,
extract the key environmental indicators causing the surface charging, finally build an
environmental standard for the risk warning of surface charging, which can improve
the risk model of satellite surface charge effect. The paper details the basic design of the
integrated monitoring system in Sect. 2 and the testing and calibration exercise of 4
different parts in Sect. 3, and finally a short discussion and conclusion in Sect. 4.

2 Integrated Monitoring System

Compared with the scientific satellite mission, little electromagnetic process is done on
the application satellites itself, so its electromagnetic background will affect the results
of the instrument. Unfortunately, the plasma environment and surface charging inte-
grated monitoring system is carried by an application satellite. In the MEO orbit, for
example, satellites often are negative charged, so they have repulsion force for elec-
trons and acceleration force for positive ions. Therefore, the observation results of the
electron and ion energy fluxes in the low energy segment have errors with the real
space environment at that time. In order to eliminate this error, it is necessary to
combine the data of electron and ion detector, and the data of potential measurement
for comprehensive analysis. Through the reduction of electron energy flux and the
increase of ion energy flux, the charged condition of satellite is calculated and
retrieved, and compared with the measured potential. In order to achieve the mission
goal, the integrated monitoring system of plasma environment and surface charging
includes four parts: omnidirectional electronic spectrometer, omnidirectional ion
spectrometer, surface potential probe and magnetometer. The omnidirectional
electron/ion spectrometer is used to detect plasma distribution parameters; the surface
potential prob is responsible for the detection of charged potential on the surface of the
satellite, while the magnetometer observes changes in the magnetic field environment
on the surface of the satellite.
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2.1 Omnidirectional Electron/Ion Spectrometer

The omnidirectional electron/ion spectrometer mainly consist of hemispherical elec-
trostatic analyzer and electrostatic deflection system. The internal section structure of
the equipment is shown in the figures below [7, 8]. The omnidirectional electron/ion
spectrometer consists of three parts: electrostatic deflection system (deflection plate),
energy analysis system (electrostatic analyzer) and counting system (microchannel
plate, MCP). From the view of flight path, the elevation angle of electron (ion) is
measured by electrostatic deflection system, the energy charge ratio is measured by
energy analysis system, and finally the azimuth angle and flux are measured by
counting system. Therefore, the energy, direction, flux and other information of elec-
tron (ion) can be obtained (Figs. 1 and 2).

Fig. 1. The structure of omnidirectional electron/ion spectromter

Fig. 2. The simulation results of physical design.
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2.2 Magnetometer

A magnetoresistance type magnetometer is designed, and the working principle of
magnetoresistance sensor probe is anisotropic magnetoresistance effect. This kind of
ferromagnetic material with AMR effect, its resistance value is related to the angle
between magnetization direction and current direction, while the external magnetic
field will change the synthetic magnetization direction, resulting in the angle change. It
can be used to directly measure magnetic field or change of magnetic field. Other
physical parameters can also be measured by magnetic field changes. The magne-
toresistance sensor uses silicon as the substrate, on which four identical Fe-Ni alloy thin
films are deposited to form the Wheatstone bridge, and the magnetic field is applied to
form the easy magnetization axis direction. Use Wheatstone bridge to simplify its
working mechanism, as shown in Fig. 3.

The magnetoresistance magnetometer has advantages of small volume, low cost,
high sensitivity, high reliability, high resolution and accuracy, and wide measurement
range.

2.3 Surface Potential Probe

The surface potential probe is based on differential capacitance method. This method is
simple, linear and easy to restore data. Its disadvantage is a small amount of charge loss
caused by contact method. By using a high impedance measuring circuit (1e15 X) to
reduce the conduction current, which is far lower than the surface charging current
produced by the plasma environment, the charge loss and measurement error can be
reduced to the greatest extent.

The probe consists of a sensor and a voltage dividing network. The surface potential
output by the sensor passes through the voltage dividing network and transmits the
voltage signal to the signal acquisition and processing system, as shown in Fig. 4.

Fig. 3. Mechanism of magnetoresistance sensor.
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3 Ground Testing Results

The ground test of omnidirectional electron/ion spectrometer usually uses the energy of
fixed electron or ion source to test for a certain azimuth or polar angle. Figure 5 and
Fig. 6 show the results of the ion spectrometer. The energy of the ion source is fixed at
4.1 keV, with a constant azimuth angle, and the scanning test is carried out by grad-
ually turning the polar angle direction. In Fig. 5, the X-axis is the voltage of ESA, the
Y-axis is the polar angle, and the color index represents the count. Figure 6 shows the
results of electrostatic analysis constant and energy resolution. It can be seen that the
electrostatic analysis constant is 10.5, which is close to the design value (10.6), and the
energy resolution of 10.6%, better than the designed value of 15%.

Fig. 4. Schematic diagram of surface potential probe.

Fig. 5. Measured energy-angle response of the spectrometer.
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The calibration of magnetometer is to put the detector into the standard coil and
generate the standard magnetic field in the space where the detector is located. The
magnetic field size is from one end of the measuring range to the other end and
gradually changes. The results are shown in Fig. 7. It can be seen that the detection
range of X, Y and Z axes of the magnetometer unit is greater than −65000 NT*
+65000 NT, and the linearity is 0.063%, 0.072% and 0.072%, respectively. The res-
olution was 19.82 NT/MV, 19.85 NT/MV and 20.05 NT/MV, respectively.

Fig. 6. Measured analyzer constant and Energy resolution, ion source is 4100 eV.
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Fig. 7. Fitting curve of X axis of magnetometer.
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The calibration of the surface potential probe needs to be carried out in the ground
environment with electron irradiation. At the same time, the performance test of the
surface potential probe is realized through the comparative measurement of the stan-
dard surface potential measuring instrument trek341. The test results of the surface
potential probe are recorded in Fig. 8. It can be seen from the figure that the surface
charging effect of the detector is caused by the electron irradiation, and a certain
amount of potential is charged. The potential should have a good linearity (r2 > 0.97)
with the results measured by the trek probe.

4 Discussion and Conclusion

The integrated monitoring system of plasma environment and surface charging
includes: omnidirectional electron spectrometer, omnidirectional ion spectrometer,
surface potential probe and magnetometer. The omnidirectional electron/ion spec-
trometer is designed for the detection of plasma distribution parameters; the surface
potential detector obtains the detection of charged potential on the surface of the
satellite, while the magnetometer monitor changes in the magnetic field environment on
the surface of the satellite. Ground calibration tests have been done for all the four
detectors, and the results agree well with the designed value.

The goal of the integrated system of plasma environment and surface charging is to
observe the plasma environment data of in situ combined with the surface potential
data, and then to obtain the correlation between the plasma environment and typical
surface potential, extract the key environmental indicators causing the surface charging,
finally build an environmental standard for the risk warning of surface charging, which
can improve the risk model of satellite surface charge effect. Through the ground
calibration test, the performance of each single machine of the system can meet the
needs of the whole task.

Fig. 8. Linear relationship between the measured value and the value of trek.
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Abstract. Currently, manufacturing companies are actively transitioning to
digital models. In view of the many problems caused by the relatively lagging of
the spacecraft assembly process technology, this paper analyzes the needs of
augmented reality technology applied to the spacecraft assembly process on the
basis of the practical analysis of the digital application in the existing spacecraft
assembly. This article describes the key technologies of augmented reality
technology in spacecraft assembly applications. Finally, two application
examples are constructed to verify the application process and advantages of
augmented reality technology in specific assembly operations.

Keywords: Spacecraft assembly � Digitization � Augmented reality

1 Introduction

Spacecraft assembly is a key part of spacecraft manufacturing work, mainly including
the assembly operations of equipment, cables, pipelines, thermal control components
and other products [1]. The technical level of the overall assembly directly affects the
product development cycle and development costs, and determines the final quality and
reliability. Compared with the previous satellites, the new-generation spacecraft
products represented by space stations have undergone major changes in configuration
and development status, showing the characteristics of complex product structure,
numerous parts and large-scale products [2]. Carrying out process simulation and
verification through physical prototype assembly, relying on the work experience of the
process personnel to plan the process flow and adopting the two-dimensional drawing
or fixed display board to transfer the assembly process data has been far from meeting
the needs of modern satellite manufacturing. After decades of development, traditional
spacecraft assembly technology has accumulated rich experience and is also facing
many problems [3].

As manufacturing companies have moved towards the direction of high informa-
tionization, integration, and digitization, the emergence of digital manufacturing
technology has made information transfer and collaboration in the system a reality.
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2 The Application and Demand Analysis of Digital
Technology in Spacecraft Assembly

2.1 Application Analysis of Digital Technology in Spacecraft Assembly

Digital assembly technology is a comprehensive application of various advanced
technologies such as product digital definition, digital process design, digital analog
simulation, intelligent process equipment, and digital assembly measurement.

The overall business process for the development of spacecraft model products in
the digital manufacturing mode is shown in Fig. 1, including the processes of “product
digital design ! digital process planning ! use and management of 3D design data
and process data ! digital production and inspection”.

Computer Aided Process Planning (CAPP) and other systems and Model Based
Definition (MBD) process mode have broken the traditional process data transfer
method, ensuring the integrity and reliability of process data transfer. However, the
operator has not yet been freed from the heavy process understanding and memory. In
actual assembly applications, he still can’t get rid of a lot of human interaction and
experience dependence. The interactivity, readability and guidance of process infor-
mation need to be improved [4].

As product data management methods rely on the technical framework of model-
based systems engineering to gradually develop into a digital twin system, the inte-
gration and innovation of a series of enabling tools such as ERP, MES, and augmented
reality are more required.

2.2 Analysis of Application Requirements of Augmented Reality
Technology

Using 3D modeling, real-time tracking and registration, intelligent interaction and other
technologies to realize the visualization technology of spacecraft assembly process

Fig. 1. Aerospace digital assembly system framework.
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based on augmented reality. The virtual model/information is matched and fused with
the real working conditions scene, and the scene view of the virtual and real fusion
helps the operator understand the assembly relationship of the product target in real
time, and realize the visual and controllable assembly of the spacecraft product.

Installation of Cables, Pipe and Other Parts. The layout of current spacecraft
products such as cables and pipelines is intricate, and various types of data required for
assembly process generation are scattered in various models of CAD models, bills of
materials (BOM), and technical requirements. Rationalized expression depends on
manual sorting, with poor data transfer efficiency and poor quality. At the same time,
the current process documents are based on two-dimensional atlases and process
descriptions, and a large amount of “implicit” non-geometric information (assembly
relationships, constraint relationships, etc.) cannot be fully described. Difficult delivery
of process data leads to “information islands”, on the one hand, it affects the
improvement of design efficiency, on the other hand, it also increases the probability of
errors, which brings great harm to production [5].

Spatial Interference Analysis of Component Installation. As the digital assembly
simulation technology gradually replaces the “moulded assembly” technology, the
assembly and disassembly simulation is carried out in accordance with the digital
process, the assembly relationship between the components is analyzed, and the design
defects can be discovered as soon as possible, and the manufacturability and disas-
sembly can be analyzed. The process simulation technology in the augmented reality
assembly environment can integrate the product implementation state and tooling
tooling, plan the dynamic assembly process of the product, and check whether there are
errors in the assembly sequence and whether the parts and tooling interfere with each
other.

3 The Key Technology of Augmented Reality Technology
in Spacecraft Assembly

Based on the augmented reality technology, the spacecraft assembly process guidance
system is built. The basic system architecture is shown in Fig. 2. It is mainly composed
of three parts: virtual and real tracking registration module, interactive and visual
platform and visual process information design module.

Tracking and Registration Technology. The tracking registration method based on
marker recognition can achieve certain positioning accuracy and real-time requirements
for the indoor small-scale environment of the AIT lobby, but it is susceptible to the
limitation of the need for marker pasting. Marker recognition algorithms based on
image features use operators such as Difference of Gaussian (DOG) to achieve extreme
point detection, as shown in (1).

D x; y; rð Þ ¼ G x; y; krð Þ � G x; y; rð Þð Þ � I x; yð Þ
¼ L x; y; krð Þ � L x; y; rð Þ ð1Þ
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The tracking registration algorithm based on active scene reconstruction (such as visual
SLAM) infers the camera movement and the surrounding environment through sensor
data, which has application advantages for the tracking and positioning of the large
space working scene of the spacecraft assembly [6]. This technique generally uses the
Iterative Closest Point (ICP) algorithm and the SVD algorithm to calculate the camera’s
three-dimensional space rigid body motion (i.e., translation and rotation matrix)
between adjacent frame images. The error function of feature points between images is:

minR;t J ¼ 1
2

Xn

i¼1
pi � p� R p0i � p0

� ��� ��2 þ p� Rp0 � tk k2
� �

ð2Þ

Solve the rotation matrix R according to the following objective function:

R� ¼ argmin
R

1
2

Xn

i¼1

qi� Rq0i
�� ��2 ð3Þ

Make the second term of the error function equal to 0 and calculate the translation
vector t:

t� ¼ p� Rp0 ð4Þ

Through multi-source data fusion, the advantages of different technologies are com-
plemented, and high-precision and large-scale tracking registration can be achieved. As
shown in Fig. 3, the result data of recognition based on preset marker includes the
initial registration pose of the virtual model and the scale in space. Through the rigid
coordinate conversion relationship as follows, the virtual model pose is transferred to
the SLAM coordinate system.
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Fig. 2. Architecture of spacecraft assembly guidance system based on augmented reality.
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The visual SLAM system uses the camera to scan the working environment to
reconstruct the three-dimensional model of the scene. By matching the feature points of
the current frame image with the global feature point cloud to track the camera posture
in real time, the posture relationship between the three-dimensional model and the real
scene space is established in real time.

Virtual and Real Fusion Interaction and Visualization Technology. The interactive
design requirements for augmented reality applications in spacecraft assembly sce-
narios are:

1) Good rendering performance. Relying on mobile hardware, the display of complex
model graphics can still maintain a higher frame rate and faster response time, and
there is no imaging geometric error such as distortion of the virtual model;

2) Multi-channel natural human-computer interaction. Use the gain effect and com-
plementarity between different interaction channels such as gesture interaction and
voice recognition to improve the interaction experience and efficiency;

3) Real-time spatial modeling of virtual and real fusion. Including the conversion
between three-dimensional registered coordinate systems to achieve accurate fusion
of virtual objects and real assembly scenes to ensure the accuracy of tracking system
parameters; at the same time, the occlusion relationship of virtual and real objects
needs to be processed to meet the real-time virtual and real interaction status results.

Site-oriented 3D interaction and visual design need to fully consider the functional
requirements of the task process. The composition of the three-dimensional interface
needs to consider both good visualization effects and visual display of the process
content.

Fig. 3. Technology fusion method based on marker and visual SLAM.
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3D Process Guidance Design. In order to realize the automatic generation and release
of augmented reality data packages, to meet the reusability of the augmented reality
program framework, and to improve the ability to respond quickly to demands, the
process data integration release process for augmented reality applications is designed
as shown in Fig. 4 [7].

4 Application Examples of Augmented Reality Technology
in Spacecraft Assembly

4.1 Guidance of Virtual and Real Fusion Process of Spacecraft Cable
Assembly

For the specific technological process in the spacecraft cable assembly process, based
on the key technical methods of augmented reality, a set of real-time assembly guid-
ance system for cable assembly applications is constructed to assist and guide the
manual operation process of the spacecraft cable assembly [8]. The application process
of real-time interactive guidance for design cable manual assembly operations is shown
in Fig. 5.

1) In the application preparation stage, the system automatically builds a dense SLAM
map for tracking. The user scans the marker according to the system registration
process. The system recognizes the features and positions the initialized virtual
model in the space scene.

2) The operator performs the corresponding assembly work according to the guidance
information. First, select a cable to be assembled and retrieve the target object

Fig. 4. Integration and release process of data.
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through any query method in the augmented reality system. The operator performs
manual cable assembly operations based on information such as the cable assembly
path, branch direction, location of the point to be bound, and redundant length at the
end of the branch included in the virtual-real fusion visual view.

The guide view of the AR-based cable installation process is shown in the Fig. 6,
which has the following advantages:

1) Improve the convenience of cable network information query in complex spacecraft
assembly scenarios.

2) Reduce the occurrence of cable laying errors.
3) Improve the efficiency of cable assembly.

4.2 AR-Based Fairing Assembly Simulation

The assembly of the launch vehicle fairing is a typical cross-enterprise multi-
department collaborative assembly process. The current risk prevention and control of
the large component docking process relies heavily on on-site labor, and there is no
effective identification and monitoring method for the bumpy parts on the star.

The simulation of fairing docking operation is realized through the process simu-
lation technology based on augmented reality, and the feasibility of the assembly
process, the accessibility of the assembly operation and the openness of the assembly
environment are visually analyzed before the operation is carried out.

Fig. 5. Application process of cable assembly based on AR.

Fig. 6. Cable assembly guidance based on augmented reality.
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As shown in Fig. 7, a virtual scene model is first constructed based on the structural
dimensions of the launch vehicle fairing and launch tower structure, and then the
geometric spatial relationship between the virtual scene and the real spacecraft cabin is
defined by tracking registration technology. On this basis, design the installation ani-
mation of the fairing, and define the positions of the protruding objects of the star table
as the key points prone to bumps. As shown in Fig. 8, the augmented reality process
simulation technology for fairing installation mainly achieves the following goals:

1) The alignment of the virtual fairing model and the actual stars in the three-
dimensional space is realized by the two-dimensional code target, and the regis-
tration error of the virtual and real is up to the centimeter level.

2) Real-time animation simulation of the docking of the fairing and the three-stage
carrier, which enhances the realism of the simulation and the immersion of the
experience.

3) Realize the superposition of different combined models such as fairing or launch
platform on the space of the spacecraft assembly site through three-dimensional
interaction, and predict the feasibility of the implementation of the assembly
operation on the platform.

Fig. 7. Definition of fairing assembly simulation program.

Fig. 8. Simulation process of fairing assembly based on AR.
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4) Real-time dynamic measurement of the envelope distance between the protrusions
of the star table and the virtual fairing in the fairing process of the fairing, and real-
time attention and data visualization of easy bump points in the virtual-real fusion
environment.

5 Conclusion

Applying augmented reality technology to the spacecraft assembly scene can assist in
assembly operations in visual retrieval and behavior guidance. Therefore, it effectively
solves the problems of heavy process understanding and execution burden and many
operation errors in the traditional manual operation process, thus improving the
accuracy, quality and efficiency of manual assembly operations.

The current assembly digital methods are mostly single-point technology applica-
tions. The augmented reality process visualization program needs to be logically
designed according to the characteristics of each product. The data of each stage of
process design is still not well shared and integrated, and the ability to respond to
model needs is poor. The efficiency, management and intelligent level of process
design need to be further improved.
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Abstract. The sinusoidal scanning test is one of the common vibration test
methods. The purpose is to test the ability of satellites and their components to
withstand low-frequency vibration environment by simulating low-frequency
transient environment on the ground. However, the sinusoidal vibration test
condition is derived from the equivalent calculation of low-frequency transient
environment, and there is no such dynamic environment as “sinusoidal vibra-
tion” in actual flight. Therefore, it is necessary to study the equivalence of
sinusoidal scanning vibration test method and its difference and influence on
spacecraft test. In this paper, the equivalence of sine vibration test conditions is
analyzed, and the response of a satellite is calculated by using the original
transient excitation, the shock response spectrum (SRS) excitation and its
envelopment excitation as input. Then, the reasons for the response results are
analyzed, and possible improvements and suggestions are given.

Keywords: Sine test � Transient environment � Shock response spectrum �
Equivalence

1 Introduction

In general, the sine vibration test specification of a satellite is based on the statistical
analysis of results of satellite-rocket coupled load analysis (CLA) and the flight
telemetry data, enveloped with appropriate margin. In the sinusoidal vibration test of
satellites, the sinusoidal test specification can be notched properly, but not lower than
the equivalent sinusoidal test magnitude in the results of CLA. The sine test specifi-
cation of the components on satellites are usually obtained according to the dynamic
response of the component in the whole satellite finite element analysis, The sine test
specification of the components on satellites is usually obtained according to the
dynamic response to the component in the whole satellite finite element analysis and
are constantly modified and improved on the basis of the results of sine vibration test of
satellites [1–3].
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This paper briefly analyzed the theoretical basis and rationality of the equivalence
of sine vibration test specification, with the measured results in flight environment,
respectively took the excitation by time and frequency as the input, calculated the
response of a satellite, and analyzed the reasons for the difference in detail, and gave
possible improvement and suggestions.

2 Theoretical Analysis of Design Method of Sine Vibration
Test Specification of a Spacecraft

CLA is an environmental prediction method, and flight telemetry data is an environ-
mental measurement result, which are both important basis for the design of satellite
vibration test specifications. The sine vibration test specifications of space-crafts are
obtained by taking the envelopment of both by statistical analysis, as Fig. 1.

2.1 Transient Environments

In order to study the damage mechanism of launch vehicle’s transient environment to
products and to simulate and verify accurately in laboratory environment, the transient
environment must be quantitatively described. Generally, there are two methods to
describe transient environment: one is the time-domain method, which describes the
parameters of transient excitation, such as the time history of transient excitation. The
other is frequency domain method, which describes the response characteristic
parameters of the system to transient excitation. The actual measurement data shows
that the transient environment is very complex and reveals strong randomness, so the
time domain waveform cannot be used to describe its basic characteristics like the
semi-sinusoidal pulse. In 1963, the concept of shock response spectrum was proposed
by Blot to study the impact of shock environment on structure. Subsequently, it is
widely used in transient and shock environment test of satellite and its hardware [3].

Fig. 1. Current designing methods of sine vibration test specification of satellites
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2.2 Shock Response Spectrum

At present, a variety of analysis methods can be used to evaluate the response of
transient shock to structures. The time-history analysis of response includes the change
of response magnitude with time, which can accurately reflect the movement of the
structure at the measured position, and can be used as an important basis for response
recurrence. But for the transient environment, the response time history repeatability is
poor, and the multi-sample analysis is difficult. Therefore, shock response spectrum
analysis is often used to evaluate the structural response caused by transient shock [4, 5].

Shock response spectrum is a description of the maximum response (displacement,
velocity or acceleration) of a series of single-degree-of-freedom systems subjected to
mechanical shock as a function of the natural frequency of each system. In other words,
the shock response spectrum describes the relationship between the maximum value of
the shock response and the natural frequency of the system under the action of the
shock excitation function. Therefore, the shock response spectrum does not contain the
phase information of the excitation. Then the shock response spectrum transform is
irreversible.

2.3 The Characteristics of SRS

It is generally believed that the stress peak under the action of transient environment is
the main reason for the structural and performance damage and failure of products.
Therefore, the damage equivalence criterion of transient environment simulation is to
make the damage generated under the transient environment simulated in the laboratory
equal to the damage generated under the real transient environment, that is, the stress
peaks of the product under the two conditions are equal [2]. This is one of the most
important preconditions and characteristics for the equivalence of shock response
spectrum.

The basic characteristics of impact response spectrum are:

1) Avoiding calculating transient response and reducing cost;
2) Designers only need to determine the worst working case, ignoring the time history

and simplifying the design process;
3) Idealized environment model (force function) and structure model;
4) At the initial stage, when the spacecraft analyst does not know the initial force

function of the vehicle, it gives the force function in a simple form.
5) The shock response spectrum transform is irreversible. Because of “many-to-one”,

that is, multiple time domain waveforms can be transformed to the same shock
response spectrum, but a specific time domain waveform cannot be obtained from a
shock response spectrum.

Study on the Equivalence of Design Method 485



3 FEM Simulation and Analysis

In order to compare the difference between sinusoidal test specification and real
transient vibration environment, excitation of transient vibration and sinusoidal scan-
ning vibration is respectively loaded on a FEM (Finite element model) of a simple
plate, and then on a satellite.

3.1 Cases of Excitation

The cases are as follows: the measured transient excitation under a satellite flight
environment, the frequency domain excitation after the shock response spectrum
transform, and its envelopment (Figs. 2, Fig. 3).

3.2 The Result of Simulation and Comparison for the Plate

The result is given as follows. The transient response by time domain, of course, needs
to be converted to frequency domain by FFT (The fast Fourier transform) in contrast
with other results (Figs. 4, 5, 6 and 7).

Fig. 2. Measured transient excitation in
flight environment (Left)

Fig. 3. Equivalent test specification by
shock response spectrum transform and its
envelopment (Right)

Fig. 4. FEM model of the plate
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The figures above showed the conservatism of SRS because the peak of response is
getting larger and larger by transient, SRS and envelopment excitation.

3.3 The Result of Simulation and Comparison for a Satellite

Similarly, the plate above is replaced with a satellite, and the other conditions remain
unchanged. The simulation results are as follows. Of course, the measurement points
are on the satellite body, not the solar array panels (Figs. 8, 9, 10 and 11).

Fig. 5. Transient response and its FFT of the plate

Fig. 6. The frequency response to equiv-
alent test specification by shock response
spectrum transform of the plate (Left)

Fig. 7. The frequency response to envel-
opment of equivalent test specification by
shock response spectrum transform of the
plate (Right)
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The comparison of response peaks under the three excitations above is shown in
Table 1.

Table 1 shows that response 1 > response 3 > response 2. Where, the physical
significance of excitation 1 and excitation 2 is clear, and the response 1 is much larger
than 2, indicating that the test conditions can completely cover the flight state response.

Node 198783 

Node 199248

Node 
203007

Node  203977

Fig. 8. FEM model of a satellite Fig. 9 Transient response of the satellite

Fig. 10. The frequency response to equiva-
lent test specification by shock response
spectrum transform of the satellite (Left)

Fig. 11. The frequency response to equiv-
alent test specification by shock response
spectrum transform of the satellite (Right)

Table 1. Response to different excitations

Number Excitations Response (peak)

1 Sine test (envelopment) 15g@20 Hz
2 SRS 2.1g@20 Hz
3 Transient excitation 6g@4.2 s
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The reason of response 1 > response 2 is that the sine vibration specification is the
envelope of the shock response spectrum curve, and the excitation in most frequency
bands is much larger than the shock response spectrum curve, which inevitably leads to
the response under the test condition being larger than the shock response spectrum.

From the perspective of theoretical analysis, the value of shock response spectrum
is the maximum value of response under each natural frequency, which is relatively
conservative. The response under that excitation should be larger than the transient
response under time-domain signal excitation before time-frequency conversion, which
is caused by the conservatism of shock response spectrum itself. However, it showed
that response 3 > response 2.

This is caused by excitation 3 > excitation 2, because during the low-frequency
transient excitation process, the stress wave formed is still conducting, retracing and
superimposing inside the model after the force stops acting, resulting in the vibration
measured by the sensor far greater than the response directly caused by the impact.
Therefore, it is necessary to properly process the time-domain data measured by the
sensor under excitation 3 to minimize the influence caused by stress wave conduction,
retracing and superposition.

4 Conclusions

In this paper, the transient excitation, shock response spectrum excitation and its
envelope (test condition excitation) are simulated. According to the results, there is
often obvious “over-test” phenomenon in the sine test of spacecraft, because there is a
large margin in the design of specification.

In fact, there are some limitations in equivalent transform of shock response
spectrum. In this equivalence, there are several preconditions or assumptions, and the
equivalent calculation is valid only if all of these preconditions or assumptions are true.
In view of the “over test” of spacecraft, other time-frequency conversion methods can
be referred to, such as short-time Fourier transform, wavelet analysis and Hilbert-
Huang transform, to reduce the design margin and improve the design of sine test
conditions of spacecraft [4–6].
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Abstract. Nowadays, information resources have become the most important
part of resources in the Internet era, and the problems of information security
have become the research hotspot. Channel coding information hiding tech-
nology is a new type of information hiding technology, which has been widely
studied in the field of communication, but there is little research on the appli-
cation of spacecraft. Based on this, this paper studies a channel coding infor-
mation hiding technology based on spacecraft application. In the research, this
paper mainly uses the good randomness and security performance of chaotic
sequences, applies them to the random coding of encrypted information, and
realizes the hiding of encrypted information. In the simulation analysis, it can be
found that the channel coding information hiding technology proposed in this
paper has good encryption performance, and when the channel bit error rate is
set to 5 � 10−3, the recovered information error rate is 0, and the encrypted
information can be recovered without error.

Keywords: Information security � Spacecraft applications � Channel coding �
Information hiding technology

1 Introduction

With the advent of the information age, information technology [1–3] has achieved
unprecedented high-speed development. However, information technology is a double-
edged sword, it brings great convenience to people, but also brings a series of infor-
mation security problems. Illegal elements can steal, tamper with and forge important
information by using information processing technology [4], and incidents endangering
information security are common. Therefore, information security has become the
focus of people’s attention, and is a major issue related to national security, economic
development and social stability. Especially in the application of spacecraft, the rele-
vant information is related to state secrets. Once leaked, it will bring about an ines-
timable impact on national security. In order to ensure the information security in
spacecraft application, it is urgent to study a new information hiding technology for
spacecraft application [5, 6]. Therefore, this paper studies the information hiding
technology based on channel coding.

Information hiding technology uses carrier information to hide secret information
[7, 8]. On the surface, it is still meaningful carrier information, so it is difficult for
attackers to judge whether the secret information exists. The hidden information is not
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perceived, but the carrier information still has the original use value. It can be seen that
the biggest difference between information hiding and encryption technology is that it
not only hides the content of information, but also the existence of information, so it
shows better characteristics in the field of data security. Information hiding can also
introduce encryption technology to improve its security. After a few years of devel-
opment, information hiding has become an important research topic in the field of
information security. It has a wide range of application prospects in military, legal,
medical, Internet and other fields of information security.

Based on the above background, in order to study a channel coding information
hiding technology in the field of spacecraft application, this paper studies an infor-
mation hiding technology based on chaotic sequence coding based on its good ran-
domness and sensitivity to the initial point. The information hiding technology studied
in this paper mainly uses the channel coding code word of the original information data
as the embedding carrier, and uses the chaotic sequence to randomly scramble the
secret information, and then determines the embedding position of the secret infor-
mation. Simulation results show that the results and characteristics of the original
information after decryption will not change, and the encrypted information has good
security and undetectable performance.

2 Channel Coding Information Hiding Technology Based
on Chaotic Sequences

2.1 Generation of Chaotic Sequences

In this paper, we use the logistic chaotic map of the simplest chaotic dynamic system
model, which is also known as the wormhole map. Logistic mapping is a simple
mathematical model of insect changes. Let xn be the number of individuals in the n year
of a certain insect. This number is related to the year. n only takes integer value, and the
number of nþ 1 year is xnþ 1. The relationship between them can be described by
difference equation xnþ 1 ¼ f ðxnÞ; fn ¼ 1; 2; � � �g.

The simplest logistic equation is expressed as follows:

xnþ 1 ¼ lxnð1� xnÞ ð1Þ

Among them, xn is no longer the number of insect population, but the ratio between
the number of insect population and the largest number of insect population that can be
supported in this area. By further analyzing some characteristics of the insect mouth
problem expressed by logistic equation, we get the situation that the value of the
variable x changes with l. It is said that the process that the value of variable x changes
from period to chaos due to the change of parameter value is a period-doubling
bifurcation leading to chaos.
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2.2 Realization of Information Hiding Technology

The implementation of channel coding information hiding algorithm based on chaotic
sequence is as follows:

1) Set the initial value x01 and parameter l1, and generate the Logistic chaotic
sequence S1 ¼ ðs11; s12; � � � ; s1nÞ according to formula (1). The original secret
information and the chaotic sequence are randomly scrambled (modulo-2 addition),
and then error correction coding is carried out. The type of error correction code
selected should be determined according to the reliability requirements and channel
capacity. When the error correction code with strong error correction ability is
selected, the reliability of secret information is relatively high, but the hiding
amount is relatively small. On the other hand, the reliability of secret information is
relatively low, but the amount of hidden information is relatively large. This paper
uses Hamming code to correct single error. The code word sequence of secret
information after error correction coding is recorded as follows:

m ¼ ðm1;m2; � � � ;mnÞ ð2Þ

2) The channel coding type of source data is determined according to the channel
characteristics and the amount of secret information. In this paper, we use BCH
code which can correct 9 errors. Each 2n � 1 bit of the source data sequence after
error correction coding is divided into a group

c ¼ ðc1; c2; � � � ; cnÞ ð3Þ

Where ci is a set of data of length 2n � 1.

3) Set the initial value x02 and parameter l2, and generate another set of Logistic
chaotic sequence S2 ¼ ðs21; s22; � � � ; s2nÞ according to (1). This chaotic sequence is
used to select the embedding position of the secret information, and the random
number s2i indicates that the secret information is embedded in the s2i bit of the i
group data of the codeword carrier. The embedding method adopts substitution
method, that is to replace s2i bit of i group code word carrier data with i bit of secret
information data. Finally, the codeword carrier carrying secret information is sent
into the channel for transmission.

In the receiver, only the opposite operation is needed to decrypt the secret data.

3 Experimental Background and Parameter Setting

At present, most of the researches on information hiding are focused on text, image,
audio and video. However, the key problems of information hiding in transmission
channel, especially in coded transmission channel, are still less studied. The coded
transmission channel here refers to the channel that realizes reliable transmission by
using channel coding technology. The channel coding technologies used include RS
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coding, BCH coding, convolutional coding and LDPC coding. In a small number of
channel coding information hiding technology research, it is not applied to spacecraft
field. In order to ensure the information security in spacecraft application field, based
on the good characteristics of chaotic sequence, this paper applies it to the research of
channel coding information hiding technology applied in spacecraft. In the second part,
we have introduced the related parts of chaotic sequence and channel coding and hiding
technology. In the experiment, we set the parameters as shown in Table 1.

4 Discussion

4.1 Comparative Analysis of Bit Error Rate

RS coding and BCH coding are common channel coding techniques. It is quite
common to use these two coding techniques to achieve information hiding. In order to
compare the performance of the channel coding information hiding algorithm designed
in this paper, the algorithm designed in this paper is compared with the two common
channel coding technologies. In the analysis, the channel bit error rate is set to be
5 � 10−3 and 5 � 10−4 respectively. Under this setting, the secret information is
hidden in the carrier information by using three channel coding technologies, and then
recovered. The BER of the recovered secret information is obtained. The comparison is
shown in Fig. 1. It can be seen from the figure that: (1) when the channel error rate is
5 � 10−4, the secret information can be recovered without error by the three channel
coding information hiding technologies; (2) when the channel error rate is set to
5 � 10−3, there will be a few bit errors in the recovered secret information after
processing the secret information based on RS and BCH channel coding information
hiding technology. Among them, the BER of the secret information recovered by RS
coding method is higher, and the method in this paper can still recover the secret
information without error.

Table 1. Parameter setting

Parameter name Numerical value

Experimental tools MATLAB
Modulation mode BPSK
Initial value x01 0.43
l1 3
Initial value x02 0.34
l2 3
Hamming code (15, 11)
BCH code (127, 71)
Carrier data size 736 KB
Secret information data size 17 KB
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4.2 Comparative Analysis of Similarity

Usually, the similarity degree can be used to describe the difference between the
original secret information and the extracted secret information. The higher the simi-
larity degree is, the better the correctness of the extracted secret information is, that is to

Fig. 1. Bit error rate of recovered secret information processed by three methods
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say, the better the performance of the system. Therefore, this paper compares RS
coding, BCH coding and the method in this paper, and the results are shown in Fig. 2.
As can be seen from Fig. 2, the similarity of the method designed in this paper is
obviously better than that of RS coding and BCH coding. Especially when the channel
condition is not ideal, this advantage is more obvious. But when the channel condition
is good, the similarity of the three methods is not different.

4.3 Principle of Channel Coding Information Hiding

Channel coding is a technology to improve the reliability of data transmission. It is to
add a certain number of constraint symbols in the information code, so that the code
word has a certain anti-interference ability, so that the receiver can detect or correct the
wrong symbol, so there is redundancy in the channel coding. Due to the existence of
noise interference, there are random components in the received channel coding,
namely random error. The emergence and types of random errors have certain com-
plexity and randomness, so it is not easy to get a complete statistical model for channel
errors, so it has a certain degree of anti-attack for statistical detection. We can use the
phenomenon of redundancy and noise in channel coding to embed secret information
within the error correction capability of channel coding. As long as the overall effect of
error code and channel noise error code caused by embedded data does not exceed the
error correction capability of channel code, the information obtained by the interceptor
after decoding the received code word through corresponding channel is completely
consistent with the original source information, so the interceptor will not suspect that
the code carrier contains secret information.

In the sender, the secret information is added to the pseudo-random sequence to
improve the security of the secret information, and then the error correction coding is
carried out to improve the reliability of the secret information. Channel coding is used
to encode the source data, and the encoded data is used as the embedding carrier of
secret information. The coding method here should choose error correction codes with
strong error correction ability, such as BCH code, RS code and convolutional code with
low code rate. According to the embedding algorithm, the encoded secret information
is embedded into the encoded source data, and finally sent to the channel for trans-
mission. At the receiver, the information is extracted from the data without channel
decoding according to the extraction algorithm. The secret data can be obtained by
error-correcting and decoding the extracted data and the pseudo-random sequence
modular binary addition. At the same time, the source data can be obtained by decoding
the received data directly. When the total effect of embedded information and channel
noise does not exceed the error correction capability of channel coding, the received
codeword can be recovered without error after channel decoding.

4.4 Significance of Information Hiding by Channel Coding

Information hiding technology based on channel coding solves the problem of testa-
bility of hidden information. We know that channel coding is a technology to improve
the reliability of data transmission. When transmitting data on noisy channels, the
received data will inevitably contain errors. However, we can use the phenomenon of
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channel noise to embed the information to be hidden in the range of error correction
ability of channel coding, so as to realize information hiding in noisy channels. Using
channel coding as carrier can effectively overcome the problems brought by other
media. First of all, embedding the information to be hidden in the channel coding will
not affect the structure and statistical characteristics of the original information data,
and certainly will not make the decoded data change in vision or hearing. This is
because as long as the total effect of the embedded data (the information to be hidden,
i.e. artificial noise) and channel noise does not exceed the error correction range of
channel coding, the original information can be recovered correctly after channel
decoding. Secondly, the robustness of the data can be enhanced by error correction
coding of the hidden information. On the other hand, channel coding technology is
more and more widely used in modern communication. Both satellite communication
and short-wave communication have widely used channel coding technology, which
makes it possible to carry out information hiding with channel coding as the carrier.

The research of information hiding technology based on channel coding is a great
change in the academic field of information hiding, which provides a more efficient and
secure method for covert communication. Its significance lies in the following aspects:

1) The information to be concealed is embedded in the channel coding, which makes
the information to be concealed and the carrier information integrated into one,
which plays the role of confusing the true with the false and protecting the true with
the false, which makes the widely used information system more secure and brings
more convenience to people.

2) The final research results can be directly applied to military communication and
high-level information hiding communication, providing new and more reliable
means and technologies for information hiding. Now we are in the era of high-speed
information exchange. In the war, who can get the fastest and most accurate
information can control the whole situation. Therefore, it is of great practical sig-
nificance to improve the security and reliability of secret information transmission.

3) In technical reconnaissance, channel coding analysis is an important means to
obtain intelligence. There are two ways to obtain information from channel coded
data stream. One is to delete the check bit for system code to get the required
information directly; the other is to recover the required information by error cor-
rection decoding in the case of non-system code. However, these two methods often
ignore the possibility of hiding information in “noise”. Therefore, the subject of
channel information hiding technology is the advanced research of technical
reconnaissance in the field of information hiding. Through the research of channel
information hiding technology, this paper explores the performance, characteristics
and statistical characteristics of hidden information channel data, and then finds out
the attack methods for channel information hiding, which makes meaningful
exploration for the development of technical investigation.
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5 Conclusion

At present, network information security has become an urgent problem, especially in
spacecraft applications, how to ensure the security of information transmission is very
important. Based on this, this paper adopts the new channel coding information hiding
technology to ensure the information security of spacecraft applications. In this paper,
the good performance of chaotic sequence is used to scramble the secret information
randomly to realize the information hiding. Through the simulation analysis, it is found
that the information hiding technology based on chaotic sequence channel coding has
better performance than the traditional RS code and BCH code, which makes the
recovered information have lower bit error rate, and the extracted secret information is
closer to the original secret information, which shows that the method designed in this
paper has good security in spacecraft application.
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Abstract. With the progress of human civilization and the development of
society, aerospace technology is more and more widely used in people’s daily
life, but the channel coding based on spacecraft has not been widely used.
Channel coding recognition technology is to identify the parameters of the
received coding sequence in the case of unknown or known partial prior
knowledge, which has a very broad application prospect. It can improve the
spectrum efficiency of cooperative communication based on spacecraft and meet
the needs of communication reconnaissance. It is necessary to analyze the
coding type and parameters of received data, so that the receiver can make
effective response. This paper briefly introduces the model, architecture and core
functions of channel coding based on spacecraft application, analyzes the
structure and function of spacecraft channel coding, introduces the design
principle of channel coding system, and explains the necessity of using channel
coding identification method for spacecraft. The analysis shows that the channel
coding recognition method based on spacecraft has a great development pro-
spect in this field. The recognition algorithm based on Viterbi decoding pro-
posed in this paper has a correct rate of over 97% in 1/3 error resistant codes.

Keywords: Spacecraft applications � Channel coding � Communication
detection � Identification technology

1 Introduction

At present, most spacecraft [1, 2]. are controlled by ground telemetry and remote
control. With the development of aerospace technology, especially considering the
needs of users, the development trend of spacecraft operation is: long-term autonomous
and stable operation is the main, supplemented by ground remote control. This requires
the spacecraft to have long-term autonomous operation capability, which is mainly
reflected in the fact that communication cannot be interrupted in commercial missions;
in case of failure, the system should have the ability of autonomous judgment and
autonomous switching to maintain the normal operation of spacecraft; for military
tasks, whether it is the main task with “space support operations” as the goal, or the
high-level task with “control space” as the goal, Efforts should be made to improve
spacecraft autonomous [3–5] capability and reduce dependence on ground stations.
Even if the ground station is destroyed, it can still operate on its own.
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Channel coding technology [6–8] has developed rapidly in theory and practice. At
present, most digital communication systems adopt channel coding technology to
improve communication reliability. There are many kinds of channel coding, including
linear block code and convolutional code. In addition, there are coding and modulation,
coding and interleaving, coding and coding concatenation to improve the performance
of communication systems. Different communication systems have different require-
ments for the selection of channel coding scheme. Channel coding scheme mainly
includes data, channel and user requirements: data is mainly reflected in data structure,
information characteristics, bit error rate requirements, data rate and real-time pro-
cessing requirements; channel requirements are mainly reflected in power and band-
width constraints and channel performance characteristics, while user requirements are
mainly reflected in the cost of system implementation.

With the development of society and the improvement of people’s living standards,
aerospace technology has been more and more widely used in people’s daily life.
Therefore, in order to make the spacecraft based channel coding get a large number of
applications and meet the needs of channel coding, this paper studies the channel
coding method based on spacecraft, and finally proves that this technology has a great
development prospect.

2 Design of Channel Coding Model

2.1 Recognition Model

The main problem of channel coding sequence recognition is to identify the coding
generation system and the received coding parameters according to the code word
generation sequence received from the original information, and then the computer
grouping and decoding the received code word generation sequence to recover the
original information sequence. The main technical problem of channel linear block
code sequence recognition is to estimate the sequence and generation matrix of original
generated information only according to the data of code word generation sequence
received by original information:

cðDÞ ¼ mðDÞG ð1Þ

Among them, cðDÞ represents an output information sequence of the original received
information after coding, mðDÞ represents the sequence of the original received
information, G the element of the matrix should be a finite field block code element
corresponding to the received block code element; cðDÞ the matrix can also be iden-
tified by demodulating the signal sequence received or intercepted by the matrix.
Therefore, the problem of matrix recognition is how to estimate the matrix generated by
the received code correctly under the condition of only obtaining the signal G, how to
recover the sequence of received information mðDÞ.
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The recognition of convolutional codes is to generate a polynomial matrix by
estimating the sequence of received codes:

vðDÞ ¼ uðDÞGðDÞ ð2Þ

Among them, vðDÞ ¼ v1ðDÞ; v2ðDÞ; � � � ; vnðDÞf g for coded output, uðDÞ ¼
u1ðDÞ; u2ðDÞ; � � � ; unðDÞf g is the original information sequence, GðDÞ to generate

polynomial matrix. In this case, the problem of recognition is that only the VðDÞ how
to estimate the generating polynomial under the condition of GðDÞ, so as to recover the
information sequence uðDÞ.

For Turbo codes, it is necessary to consider how to estimate the system convolu-
tional code parameters of its sub coders while recognizing the random interleaving
process.

2.2 Interleaved Coding

In many communication channels, the error code of wireless communication receiver is
neither random error code nor random burst error code, but random mixed burst error
code. In view of this complex situation, engineers designed a pseudo-random code that
can correct both random burst errors and multiple random burst errors at the same time,
that is, the traditional interleaved coding. Because the essential meaning of interleaved
code is to replace the symbol of data transmission on pseudo-random channel, the
coding of this kind of cross error code does not need to have any error detection and
data error correction capability, but the ingenious combination of interleaved code and
pseudo-random error correction hybrid code can make it have the reverse permutation
ability of data error correction. The reverse permutation process of interleaving
decoding is completely opposite to that of traditional interleaving coding, that is, the
transmitted data is reversed permutation, that is, the data is restored to the original input
order. Matrix interleaver, convolutional matrix interleaver and pseudo-random inter-
leaver are commonly used in permutation of matrix interleaver.

3 Experimental Background and Design

3.1 Experimental Background

This recognition algorithm is based on Viterbi decoding. This recognition algorithm is
used for convolutional coding method and a small number of auxiliary identification
parameter settings that may be used by the sender. The Viterbi decoding method is
used to match the parameters and quickly obtain the specific coding method and
original data. This algorithm has the advantages of simple operation, low computa-
tional complexity, good anti error performance and high efficiency, and has certain
application value in reality. Because Viterbi decoding has a strong error correction
performance, the algorithm can be used to solve the convolutional code recognition
under the condition of bit error. Theoretically, 1/3 code has strong anti-error capability,
while 3/4 code has weak anti error capability. In a certain range, with the largest
number of error codes, the algorithm’s ability to correctly recognize code words will
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not have a big gap, while the 4/5 code has the weakest anti error ability. The algorithm
can achieve good recognition effect when the error code is few, but the correct
recognition rate will be greatly reduced if the error code is a little more.

3.2 Experimental Design

We take a 650 bit random 0–1 code as the original information, encode it into the
above-mentioned 1/3 codes, 3/4 code and 4/5 code respectively, add the error code
artificially, and then use the above algorithm to identify the code words with different
numbers of discrete errors. The results are shown in Table 1.

4 Discussion

4.1 Simulation Verification of Channel Coding Recognition Based
on Spacecraft Application

In the case of recognition algorithm based on Viterbi decoding, convolutional code,
linear block code and turbo code are used for automatic recognition, and the simulation
results shown in Fig. 1 are obtained through repeated experiments. Figure 1 shows the
curve of the relationship between the correct detection probability and the number of
parity check equations under 2 dB signal-to-noise ratio. The simulation results of
convolutional code, linear block code and turbo code are the real line, dotted line and
dotted line respectively.

Table 1. The results of the average correct rate and decoding error rate when the algorithm
identifies the code word with error code

Number of
experiments

Number of
error codes

1/3 code 3/4 code 4/5 code
Accuracy Error

rate
Accuracy Error

rate
Accuracy Error

rate

60 0 100% 0.00065 100% 0 100% 0
60 1 100% 0.00035 100% 0 100% 0
60 2 100% 0.00029 100% 0.00011 97% 0.00069
60 3 100% 0.00036 100% 0.00015 91% 0.00075
60 4 100% 0.00045 100% 0.00019 85% 24.6%
60 5 97% 0.00048 100% 0.00016 81% 31.8%
60 6 97% 0.00089 100% 0.00045 75% 69.9%
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It can be seen from the simulation results in Fig. 1 that the correct detection
probabilities of convolutional codes, linear block codes and turbo codes increase with
the number of parity check equations in the case of recognition algorithm based on
Viterbi decoding. When the number of parity check equations is the same, the detection
probability of Turbo code is the lowest, and the detection performance of convolutional
code and linear block code are very close. They can achieve higher detection proba-
bility in a shorter detection length.

Through the simulation on win7 operating system and matlab 2012a platform,
when the number of check relation equations is equal to 210, the average calculation
time of recognition characteristic quantity of convolutional code, linear block code and
turbo code is shown in Fig. 2.

From the simulation results in Fig. 2, it can be seen that the average calculation
time of the required characteristic quantity of convolutional code is about 2.6 times of
that of linear block code and 1.9 times of that of Turbo code. This shows that the
complexity of convolutional codes is significantly higher than that of linear block codes
and turbo codes.

Fig. 1. Relationship between correct detection probability and calibration
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4.2 Further Research Direction of Channel Coding Recognition Based
on Spacecraft Application

Channel coding is designed to ensure the reliability of information transmission and
improve the transmission quality. In essence, it is to add a certain number of super-
vision and inspection code elements in the information code to form a relationship with
meeting certain speed constraint rules. If the elements and constraints in some codes
change substantially in the process of digital transmission, the reliability and constraint
relationship between the receiver and the creator may be destroyed by error correcting
codes. The receiver finds the error by checking the relationship between reliability and
constraint of the error correcting code, and corrects the error within the scope of
satisfying all the capabilities of the error correcting code, so as to effectively ensure the
speed and reliability of digital transmission and communication. But in the traditional
digital communication, reliability and communication speed are often a pair of con-
tradictions in essence. How to effectively solve the contradiction between communi-
cation reliability and communication speed is a very important technical problem. This
kind of error correcting code is produced and developed in the process of digital
transmission which can effectively solve these contradictions.

Fig. 2. Three kinds of time coded channel recognition graphs
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In the transmitter digital communication transmission system, one of the main tasks
of the transmitter is to convert the redundant information generated by the source
encoder into an information form that can effectively resist the noise and signal dis-
tortion of the transmission channel, and is conducive to the transmission on the medium
of the transmitter. Its encoder includes the encoder of the source and the encoder
between the sources. Signal source usually contains redundant information, which is
mainly due to the information correlation between adjacent redundant symbols in each
signal source, and the error probability of each redundant symbol is the same. In order
to effectively improve the data space utilization rate of transmitter transmission medium
bandwidth and reduce the transmission efficiency of redundant information, the
redundancy of information can be eliminated by using the source encoder before the
transmission of information, and the minimum redundancy symbol is used to represent
all the information to be transmitted. The digital sequence encoded by the source
encoder and output from the source is called information sequence.

Channel coding plays an important role in communication system. In order to improve
the fault-tolerant performance of information transmission process, the communication
systemusually needs to use channel coding technology, so that the receiver can correct the
error in the transmission process, so as to improve the communication quality. Channel
coding technology includes pseudo-random scrambling, error correcting coding, inter-
leaving coding, and concatenated coding and so on. In thefield of information detection, if
the intercepted information contains more transmission errors, it will bring great diffi-
culties to high-level information interpretation, and even cannot recover the original
information. However, in the context of non-cooperative communication, the channel
coding method adopted by the other party cannot be directly obtained, and must be
deciphered by technical means. This is the research content of this subject - Identification
and analysis of channel coding. At the same time, by studying the security vulnerabilities
of channel coding, it is helpful to design amore secure andmore difficult to decipher error
correction coding structure, so as to improve the security of network communication. In
addition, the related research results can also be applied to adaptive modulation and
coding technology in the field of civil intelligent communication.

The existing channel coding recognition technology has many limitations and
deficiencies, which need to be further, studied and improved. In the aspect of object
recognition, the existing research mainly focuses on convolutional code. The related
research data of other channel coding systems, such as BCH code, RS code, turbo code
and LDPC, have many common shortcomings as the current convolutional code
recognition methods. The common one is that the recognition method of deleting
convolutional code is only effective for 1/3 coding rate, and cannot adapt to the
situation of using higher code rate. Some recognition methods without convolutional
code cannot recognize convolutional code quickly and stably, the recognition starting
point and position of code word are still unknown, and the recognition range is limited.
With the continuous development of the theory of channel coding recognition tech-
nology and the expansion of its application field, the technology of channel coding
recognition will be widely used and become more and more important. As there are still
many channel coding technologies to be improved and made breakthroughs, it is of
great theoretical significance and wide application value to further study the new
technologies in this field.
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5 Conclusion

In this paper, the channel coding recognition method based on spacecraft application is
studied. Under the background of the development of the times, aerospace technology
has been applied more and more widely in our daily life, but the channel coding
recognition method based on spacecraft application has not been widely used in
aerospace technology. Therefore, based on this problem, this paper studies the current
situation of channel coding recognition method based on spacecraft application. In
order to improve the spectrum utilization of cooperative communication based on
spacecraft and meet the needs of communication reconnaissance, it is necessary to
analyze the coding type and parameters of received data so as to facilitate the receiver
to make effective response, which uses channel coding identification technology. It is
found that the channel coding based on spacecraft application has a great market
demand in the aerospace field, which proves that the technology has a broad prospect
and needs to be developed vigorously.
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Abstract. For monitoring MEO (Medium Earth Orbit) space environment on
orbit, for acquiring the time and space distribution of plasma parameters and the
correlation between space plasma environment and typical surface potential to
provide environment detection data for early warning of the surface of charged
risk caused by the space plasma environment, for extracting key environment
indicators causing surface charging, for building surface charged risk early
warning environment standards, two programs were designed that the space
plasma detectors working on MEO and GEO orbit, forming high and low col-
location. This program starts from MEO and develops on GEO space plasma
detection. Therefore, in order to adapt to the changing external environment
from MEO to GEO, it is necessary to carry out adaptive improvement and
comparative analysis for design (especially for structural design). In this paper,
two structural design schemes are compared and their rationality is verified by
dynamic simulation from data of modal analysis and frequency response for sine
sweeping vibration and mechanical test. The final results and analysis point to a
conclusion that the improvement of structure design scheme adapted to the large
change from MEO to GEO satellite platform, which gave great support to the
space plasma detector.

Keywords: Plasma detection � Structural design comparison � Improvement

1 Introduction

The space plasma probe could monitor space environment, for gaining the distribution
of time and space of plasma parameters, including the energy, flux and direction of
electron and ion of plasma, for acquiring the correlation between space plasma envi-
ronment and typical surface potential to provide environment detection data for early
warning of the surface of charged risk caused by the space plasma environment, for
extracting key environment indicators causing surface charging, for building surface
charged risk early warning environment standards, at the same time, establishing the
risk model of satellite surface charging effect in combination with other plasma
environment detection resources at home and abroad.
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The MEO satellites suffer from surface charge and discharge. Satellites in GEO
orbit, far from the radiation belt, are almost unaffected.

Therefore, there are following requirements for the plasma detector technical
indicators: (1) it shall carry both electron and ion detector; (2) The energy range is more
than 10 keV; (3) the resolution of the detector along the direction of magnetic field line
(i.e., the direction of earth’s spin axis) in the high latitude region shall be appropriately
improved. Therefore, two electron/ion detectors were finally selected, which were
successively combined in two kinds of orbits. In the MEO orbit, the energy range was
10 eV–20 keV, and the GEO energy range was 5 eV–25 keV. The internal design was
electrostatic analyzer [1–3].

In this paper, two kinds of satellite carrying schemes on orbit are analyzed and
tested, and their rationality is verified by dynamic simulation and mechanical test.

2 Comparative Analysis of Design Requirements
and Constraints

2.1 Physical Constraint

According to Sect. 1, the detector could process, store and transmit space plasma data.
The structure of the sensor of the detector is rather complicated. Parts of the structure
are required to work with electrostatic high voltage of several kilovolts or even tens of
thousands of volts.

2.2 Electrical Performance Design Constraints

As shown in Fig. 1, all the parts of the sensor potential was uneven. MEO internal
potential difference of plasma sensor of the detector ranged from 0 to several kilovolts,
and GEO reached tens of thousands of volts, with corresponding lap resistance from 0
to 1000 MX.

Fig. 1. The structure of the sensor
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2.3 Mechanical Interface Design Constraints

For better dynamic performance, the number of installation points was changed from 4
in MEO to 6 in GEO.

2.4 Mechanical Performance Design Constraints

The fundamental frequency is over 100 Hz; The strength margin of the structure is at
least greater than 1 when it is subjected to quasi-static overload and sinusoidal
vibration.

Margin of Safety is defined as MS. = Sa/Se-1, where MS is safety margin; Sa is the
allowable load; Se is the identification load.

3 The Design and Improvement of the Product

On the one hand, due to the change of satellite orbit, the shell thickness of the
equipment originally used to shield space irradiation can be appropriately thinned, and
new design needs to be added to adapt to the expanded energy detection range. On the
other hand, due to the requirements of the satellite platform, the equipment interior
must be rearranged, which leads to the change of the transmission path of the force.

In order to adapt to the expanded energy detection range, GEO sensor added a grid
mesh in the entrance to shield the extra enhanced electric field, which is referred to
SWIA (Solar Wind Ion Analyzer) in MAVEN (Mars Atmosphere and Volatile Evo-
lution) mission (Fig. 2).

The space plasma detector is divided into two parts: the sensor and circuit boards.
Due to the requirements of the satellite platform, the interior of the equipment has to be
rearranged, especially the sensor has been moved from the bottom to the top, which
leads to the change of the transmission path of the force as the comparative analysis of
Fig. 3.

Fig. 2. The grid mesh(left) compared with SWIA in MAVEN mission(right)
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4 Simulation and Analysis

4.1 Setting up the Model

The models in software (MSC. Patran) are shown in Fig. 3.

4.2 Simulation Assumption

Table 1 gives the simulation assumption of sinusoidal scan vibration.

4.3 Analysis and Simulation

Table 3 showed the main frequency of the detector.

Fig. 3. The FEM model (left-MEO; right-GEO)

Table 1. The test assumption of sinusoidal scan vibration

Direction of X, Y, Z

Frequency (Hz) Level (o-p)
5–18 15.86 mm
18–100 20 g

Table 2. The natural frequency of the detector on MEO

Order Frequency

1 260
2 263
3 388
4 390
5 554
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Figure 4 (a) showed the first mode diagram. (b) represents the stress in X direction,
and the maximum stress value is 2.86 MPa.

Figure 4 (a) showed the first mode diagram. (b) represents the stress in X direction,
and the maximum stress value is 8.5 MPa.

Fig. 4. The detector on MEO

Table 3. The natural frequency of the detector on GEO

Order Frequency

1 192
2 195
3 350
4 348
5 503

Fig. 5. The first order mode and frequency response stress nephogram of the detector on GEO
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The structural margin of safety MS is:
MS = Sa/Se-1
The strength of aluminium is r = 275 MPa and the maximum structural stress is

rx. For sinusoidal vibration, the safety margin MS is much larger than 1.

4.4 Conclusion

From the data above, it is clear that the structure not only adapted to the change from
MEO to GEO satellite platform, but also achieved improvement, because the first
frequency is decreased from 260 Hz to 192 Hz. That meant more excellent stiffness of
structure.

5 Vibration Test

As shown in Fig. 6, it was tested with the sinusoidal identification on the electric servo
vibration table in Table 1. According to the visual and electrical test before and after
the test, no abnormality was found in all the components including the grid mesh,
which indicated that the structural design was reasonable proved by the mechanical
test.

6 Conclusion

For adapting to the external environment that changed greatly under the two detecting
schemes from MEO to GEO, the space plasma detector needed to be improved and
compared for the design (especially for the structural design). This paper compares and
analyzes two kinds of structural design schemes.

In the end, the rationality was proved by dynamic simulation and mechanical test
respectively [4–7]. The space plasma detector will extract key environmental indicators
that cause surface electrification, construct environmental standards for warning of
surface electrification risk, and finally establish the risk model of satellite surface

Fig. 6. Test of Sine Sweeping (left-MEO; right-GEO:)
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electrification effect by combining with other plasma environmental detection resources
at home and abroad.
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Abstract. IQ imbalance is one of the main factors leading to the amplitude and
phase consistency of millimeter wave radar channels, which will bring about the
interferometric phase error of millimeter wave interferometric synthetic aperture
radar (InSAR). In this paper, the problem of IQ imbalance of InSAR receiving
channel is modeled and analyzed, the mathematical expressions of IQ imbalance
error parameters and interference phase error are derived, the influence of IQ
imbalance on interference phase error and elevation error is analyzed quanti-
tatively, The analysis results are very useful the design of spaceborne millimeter
wave InSAR system.

Keywords: IQ imbalance � The consistency of amplitude and phase � InSAR �
Interference phase error � Elevation error

1 Introduction

Interferometric Synthetic Aperture Radar (InSAR), retrieves target elevation informa-
tion by extracting the interferometric phase values of two SAR images, has a prominent
advantage of all-weather, all-weather and wide mapping range. The amplitude and
phase error of radar system channel is one of the main factors affecting the height
measurement accuracy [1], and the influence of radar transceiver channel on InSAR
height measurement accuracy has been studied in several literatures. For example,in
literature 2, the amplitude and phase error extraction and correction schemes of in-
channel and inter-channel are studied to solve the channel error problem of vehicle-
mounted fully polarized InSAR system. In literature [3–5], the influence of phase,
frequency and time synchronization errors on measurement accuracy of distributed
spaceborne SAR are analyzed.

Compared with spaceborne SAR system in bands L, C and X, the shorter wave-
length makes the millimeter wave SAR not only have higher resolution, but also have
higher height measurement accuracy under the same baseline length. Therefore, in
recent years, the millimeter wave InSAR has been proposed, and several spaceborne
millimeter wave InSAR systems are in the development stage6. Some literatures have
analyzed the channel phase stability, amplitude phase consistency and inter-channel
leakage of millimeter-wave InSAR [7–9].
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Orthogonal demodulation is a commonly architecture for radar receiving channels.
Due to the influence of the consistency of I and Q devices, I/Q amplitude and phase
imbalance is a common phenomenon in SAR receiving channels10. The influence of
I/Q amplitude and phase unbalance not only make the side lobe peak’s rate reduced 11,
but even Introduce some false targets in the range profile of SAR 12. Therefore, the
SNR of SAR image gets worse 14. Compared with lower frequency SAR, millimeter
wave SAR has a short wavelength, and its amplitude and phase errors are more
obviously affected by the channel. Therefore, its I/Q amplitude and phase unbalance
will be more prominent, which must be paid attention to.

In addition to affecting amplitude and SNR, the IQ unbalance inevitably affects the
phase of radar 15. Although the impact of IQ unbalance on SAR has been thoroughly
analyzed, the studies on the impact of InSAR are comparatively rare. This article
focuses on next generation millimeter wave InSAR in China, and specifically analyzes
the influence of IQ imbalance on the height measurement accuracy of millimeter wave
InSAR.

2 The Echo Model

In the process of SAR imaging, the radar continuously transmits wideband chirp sig-
nals to the ground along the direction perpendicular to the flight track. SAR obtains
high range resolution capability by pulse compression of large-bandwidth signals, and
obtains high azimuth resolution capability by using the Doppler frequency formed by
the relative motion between the radar and the target.

The radar transmitting signal is chirp signal

sT t; tmð Þ ¼ rect
t
TP

� �
e½j2pfctþ jpKrt2� ð1Þ

Where, Tp denotes the transmitting pulse width, fc denotes the carrier frequency, Kr

denotes the range-direction frequency modulation slope, t and tm represents the fast
time and slow time respectively. The definition of rectð�Þ is

rect
t
Tp

� �
¼ 1 � Tp

2 � t� Tp
2

0 others

�
ð2Þ

For the point target, the echo signal received by the radar is

sR t; tmð Þ ¼ A � rect t � sm
Tp

� �
e j2pfc t�smð Þ�jpKrðt�smÞ½ � ð3Þ
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Where, A is the scattering system of the target, for the convenience of subsequent
discussion, the value is assumed to be 1, sm ¼ 2R tmð Þ=c is the radar echo delay, R tmð Þ
denotes the distance between radar and target at time:

R tmð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ x2

p
� rþ x2

2r
ð4Þ

Where x ¼ vtm, r denotes the vertical oblique distance between radar and target.
IQ receiving channel is shown in following Fig. 1 The echo signal passes through

the divider, and enters the RF end of the mixer. The fc local oscillator is divided into
two ways, one is the local oscillator of channel I, and the other is the channel Q local
oscillator after 90° phase shift, as the channel Q local oscillator.

Under the ideal IQ channel, the if complex signal obtained is

sIF t; tmð Þ ¼ rect
t � sm
Tp

� �
eju t;tmð Þ ð5Þ

Where

u t; tmð Þ ¼ �2pfcsm þ pKr t � smð Þ2 ð6Þ

Due to the non-ideal RF power-divider, LO power-divider, phase shifter and mixer,
the amplitude and phase inconsistency of IQ will be caused. In order to facilitate the
analysis, channel I is used as the reference of amplitude and phase, and the amplitude
gain and phase deviation are placed in channel Q.

After derivation, the signals of IQ are

sIðt; tmÞ ¼ rect
t � sm
Tp

� �
cos �2pfcsm þ pKr t � smð Þ2

h i
ð7Þ

sIðt; tmÞ ¼ 1þ eð Þrect t � sm
Tp

� �
� sin �2pfcsm þ pKr t � smð Þ2 �ue

h i
ð8Þ

The composite complex IF signal is

sIF t; tmð Þ ¼ sIðt; tmÞþ j � sIðt; tmÞ
¼ 1

2
rect

t � sm
Tp

� �
feju t;tmð Þ 1þ 1þ eð Þe�jue

� �þ e�juðt;tmÞ 1� 1þ eð Þe�jue
� �g

¼ rect
t � sm
Tp

� �
eju t;tmð Þ þ se t; tmð Þ

n o

ð9Þ

516 Z. Liu



With the IQ unbalanced amplitude and phase, the error signal between the real
complex IF signal and the ideal complex IF signal is

se t; tmð Þ ¼ 1
2

eju t;tmð Þ 1þ eð Þe�jue � 1½ �
þ e�ju t;tmð Þ 1� 1þ eð Þe�jue½ �

� �
ð10Þ

3 Imaging Processing

For the ideal radar channel, the ideal receiving signal is expressed in Eq. (7) and the
ideal imaging result is obtained after range compression, range migration correction
and azimuth compression as follows

simg ideal s; tmð Þ ¼ sin c pBw s� 2r
c

	 
� �
sin c pBdtmð Þe�j4prk ð11Þ

It can be seen, from Eqs. (9) and (10), that after non-ideal orthogonal demodula-
tion, the complex IF signal is divided into three parts. The first part is the ideal target
echo IF signal. The second part is the additional IF signal according to the IQ
unbalance amplitude and phase error. The third part is the mirror image component of
the ideal echo IF signal e�ju t;tmð Þ. Due to the serious mismatch between the mirror signal
and the matched filter used in pulse compression, the energy of the third part of the IF
signal will spread in the overall receiving bandwidth, so it can be regarded as a kind of
noise or interference.

Fig. 1. Schematic diagram of orthogonal demodulation
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The target matched filter eju t;tmð Þ is used to implement range compression on the IF
signal of the point target expressed in formula (10), and the range compression result is
achieved as follows

srange s; tmð Þ ¼ 1
2
sinc pBw s� 2R tmð Þ

c

	 
� �
e�j4pR tmð Þ

k þ 1
2

1þ eð Þe�jue

� sinc pBw s� 2R tmð Þ
c

	 
� �
e�j4pR tmð Þ

k þ n s; tmð Þ ð12Þ

Where, Bw ¼ KrTp represents the transmitted signal bandwidth, r s; tmð Þ represents the
noise formed by the mirror component in the receiving bandwidth. The peak value of
the range compressed signal is sm¼2R tmð Þ=c.

Through range migration correction, the range of the same target at different slow
time tm is corrected to the same resolution cell, and azimuth compression is completed
by using azimuth matching filter, and the imaging result is

simg s; tmð Þ ¼ 1
2
sin c pBw s� 2r

c

	 
� �
sin c pBdtmð Þe�j4prk þ 1

2
1þ eð Þe�jue

� sin c pBw s� 2r
c

	 
� �
sin c pBdtmð Þe�j4prk þ n0 s; tmð Þ ð13Þ

Where, r is the closest slant range from the point target to the radar, Bd represents the
Doppler bandwidth, r0 s; tmð Þ represents the noise of image caused by IQ imbalance.

It can be seen that IQ imbalance affects not only the signal to interference ratio
(SNR) of SAR images, but also the amplitude and phase of SAR images. The IQ
imbalance will seriously interfere with InSAR measurement accuracy, which will be
analyzed in the next section.

4 The Influence of IQ Imbalance on InSAR

InSAR satellite generally adopts the method of binary satellite companion to observe
the earth, and inverts the elevation according to the phase difference of two complex
images of two satellites. S1 and S2 respectively two satellites antenna position, the
space distance between the two antennas with baseline B, the angle between the
baseline and the horizontal direction is a, H represents the height of the platform, the
closest slant range between the ground point P and the two antennas S1 and S2 is r1 and
r2, h is the line of sight angle of antenna S1, and the elevation of ground target at point
P is represented by h. The inversion formula of elevation can be derived by using the
geometric relation in Fig. 2

h ¼ H � r1 cos arcsin
B
2r1

� k/
4pB

1þ k/
8pr1

� �	 

þ a

� �
ð14Þ
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Where, / represents the interference phase of the same pixel in two images, and the
ideal interference phase is

/ ¼ 4p
k
Dr ð15Þ

Where Dr ¼ r2 � r1, represents the slant range difference between S1 and S2 to the
point target. When IQ imbalance exists, the interference signal can be expressed as
Eq. (15), and the meanings of each symbol in the formula are as follows (Table 1).

Then the error relative to the ideal interferometric phase can be expressed as

/e ¼ /� /0 = arg 1þ 1þ e1ð Þe�jue1
� �

1þ 1þ e2ð Þe�jue2
� ��� � ð16Þ

In order to investigate the relationship between the accuracy of elevation mea-
surement and the interference phase error, the partial derivative with respect to the
interference phase is derived for Eq. (17), and the relationship between elevation

S2

S1

H

r1
r2

h

α

θ

B

Fig. 2. InSAR geometric diagram

Table 1. Meanings of interference signal symbol

Symbolic meaning Satellite 1 Satellite 2

Dot target complex image simg1 simg2
IQ amplitude error e1 e2
IQ phase error ue1 ue2
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measurement accuracy and IQ amplitude and phase unbalance error is expressed in
Eq. (18).

/0 ¼ arg simg1 � s�img2
n o

= arg 1þ 1þ e1ð Þe�jue1
 �

e�j
4pr1
k

h i
1þ 1þ e2ð Þe�jue2
 �

e�j
4pr2
k

h i�n o

¼ 4pDr
k

+ arg 1þ 1þ e1ð Þe�jue1
� �

1þ 1þ e2ð Þe�jue2
� ��� �

ð17Þ

rh ¼ kr1 sin h
2pB cosðh� aÞ/e¼

kr1 sin h
2pB cosðh� aÞ arg 1þ 1þ e1ð Þe�jue1

� �
1þ 1þ e2ð Þe�jue2
� ��� �

ð18Þ

5 Simulated Analysis

There are four variables for the simulation. To simplify the analysis, suppose that the
IQ amplitude imbalance error of the two satellite receiving channels is the same, which
means e1 ¼ e2. Then, for different IQ imbalanced phase error values with amplitude
error is 0 dB, 1 dB, 3 dB, the simulation results of the interference phase error /e as
shown in Fig. 3, Fg. 4 and Fig. 5. It is obvious that some conclusions can be drawn as
follows (Table 2).

(1) The interference phase error will be zero, if the IQ imbalanced phase errors of two
satellites are equal.

(2) The interference phase error changes linearly with the sum of the IQ imbalanced
phase errors of two satellites, if the IQ imbalanced amplitude error is 0 dB. The
interference phase error changes more complicatedly with respect to the IQ
imbalanced phase errors, if the IQ imbalanced amplitude error is not 0 dB.

(3) The IQ imbalanced amplitude error will further enlarge the influence of IQ
imbalanced phase error on interference phase error. This enlargement effect will
become more obvious with the increase of IQ imbalanced amplitude error.

According to Eq. (18), the elevation error is proportional to the interference phase
error, so the variation of the elevation error with the IQ imbalanced error is very similar
to that of the interference phase error.

Table 2. Simulation parameters table

Index Numerical

Carrier frequency 35 GHz
Squint angle h 45°
Orbit altitude 500 km
Baseline length B 100 m
Baseline horizontal angle a 0°

520 Z. Liu



6 Conclusion

This paper deduced the IQ amplitude-phase imbalance of received echo and the
mathematic expression of the interferometric phase images. Then the relationship
between the millimeter wave receiving channel IQ imbalance error and the InSAR

Fig. 3. Interference phase error vs IQ imbalance phase errors with amplitude error = 0 dB

Fig. 4. Interference phase error vs IQ imbalance phase errors with amplitude error = 1 dB

Fig. 5. Interference phase error vs IQ imbalance phase errors with amplitude error = 3 dB
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interferometric phase error is established, and the quantitative influence analysis of IQ
imbalance on interferometric phase error is simulated. Some conclusions have been
drawn for guiding the design of spaceborne millimeter wave InSAR system.
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Abstract. To address the issue of actuator failure that may occur in the process
of rigid spacecraft docking, a linear sliding mode surface is selected, the cor-
responding attitude and orbit controllers are designed, and the asymptotically
stable fault-tolerant control of attitude and orbit is realized. In the fault-tolerant
controller, the health matrix is used to describe the failure of the actuator, and
the corresponding substitution value is designed based on the characteristics of
partial failure to realize the fault-tolerant treatment of the actuator fault. By using
the indirect control method, the nonlinear parts, time-varying terms and the
influence of external disturbances of the spacecraft control system under dif-
ferent external conditions are ignored, which improves the stability performance
of the spacecraft system. Meanwhile, asymptotic stability of the system con-
forms to the requirements of spacecraft rendezvous and docking control time.
Finally, the effectiveness and stability of the designed control system are verified
by simulation experiments and the simulation results are analyzed.

Keywords: Rendezvous and docking � Fault-tolerant control � Progressive
stability control � Linear sliding mode � Indirect control

1 Introduction

Spacecraft operating in a very harsh environment, extreme temperature, high radiation
is a common case. The actuator part of the spacecraft is the most frequently mal-
functioning part, which has a great negative impact on the whole spacecraft rendezvous
and docking process [1]. The concept of fault-tolerant control has been proposed to
solve the problems of spacecraft in orbit. By designing fault-tolerant controller,
improved the control scheme of spacecraft, increased stability [2]. Therefore, in the
process of spacecraft rendezvous and docking control research, the fault-tolerant
control for malfunction of the spacecraft actuator has always been the focus of scholars
[3]. According to existing technology, the fault handling methods of the control system
mainly include the following two ways: active and passive fault-tolerant control
methods [4].
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The difference between passive fault-tolerant control and active fault-tolerant control
is very clear [5]. At the time of controller design, the facing failure is taken into account as
much as possible. After that, the controller is regarded as an uncertain term and no longer
changes the designed controller, which is more suitable for practical engineering appli-
cation [6]. The control method for different types of faults in spacecraft rendezvous and
docking is also a key issues in the control scheme design process. At [7], an attitude
tracking control method without measuring angular velocity is proposed, which solves
the problem caused by the failure of the angular velocity measuring device of spacecraft.

In this paper, the dynamics model of two spacecrafts connection and the mal-
function of tracer’s executive agencies are established based on spacecraft orbital
dynamics. Fault-tolerant control is adopted to solve the issues of actuator failure during
rendezvous and docking. At the same time, a method of indirect control (non-
regression) is used to reduce the computation amount of the onboard computer and
enhance the robustness of the whole system. Finally, system simulation of connecting
process are analyzed by the simulation software to checkout the availability and sta-
bility of the designed controller.

2 Dynamics Model and Malfunction Formulation

2.1 Relative Pose Dynamic Model

The transformation matrix of the unit quaternion ~Q between the quaternion of the pose
definition of the tracker Qp and the quaternion of the pose definition of the target Qt, is
defined as follows:

~Q ¼ ~r; ~qT
� �T¼ Q�1

t � Qp
� � ð1Þ

Where the symbol � represents the product of two quaternions. According to the
relative pose dynamics model established in literature [9], the following dynamics
equations are established:

_~q ¼ 1
2

~q� þ ~rI3ð Þ~x ð2Þ

_~r ¼ � 1
2
~qT ~x ð3Þ

Where ~x ¼ xp � ~Rxt, represents the relative angular velocity ~xwhich is between of the
target-oriented system Ft and the tracker-oriented system Fp; xp and xt are the angular
velocity of tracker and target in theirs ontology coordinate systems Fp andFt; I3 is a 3� 3
matrix. The rotation matrix ~R can be converted into the expression of attitude ~q:

~R,R ~Q
� � ¼ ~r2 � ~qT~q

� �
I3 þ 2~q~qT � 2~r~q� ð4Þ
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Newton Euler formula is used to obtain the attitude dynamics equation:

Jt _xt þx�
t Jtxt ¼ 0 ð5Þ

J _xp þx�
p Jxp ¼ sþ sd ð6Þ

Where Jt 2 R3�3, J 2 R3�3 are rotational inertia parameter matrices of target and
tracker respectively; s 2 R3 is defined as the input control moment in the triaxial
direction; sd 2 R3 is the external interference torque of the spacecraft. The derivative
with respect to ~x is defined as follows:

_~x ¼ _xp � _~Rxt � ~R _xt ð7Þ

_~R ¼ ~Rx� is used to simplify (6), (7) to get:

J _~x ¼ �Cr ~x� nr þ sþ sd ð8Þ

Coefficient Cr ¼ J ~Rxt
� �� þ ~Rxt

� ��
J � J ~xþ ~Rxt

� �� ��
, nr ¼ ~Rxt

� ��
J~Rxt þ

J~R _xt

2.2 Relative Orbital Dynamic Model

The tracking spacecraft position and velocity can meet the following requirements in
the tracking spacecraft body coordinate system Fp

rp ¼ ~rþ ~R rt þ dtð Þ ð9Þ

vp ¼ ~vþ ~R vt þx�
t dt

� � ð10Þ

rt and vt respectively signify the location and velocity of the target in Ft; ~r and ~v
represent the location and speed of Fp relative to Ft; dt 2 R3 is the preset rendezvous
and docking position of the two spacecraft in Ft.

The orbital dynamics equation is obtained by using the theory in [10]

_~r ¼ ~v� Ct~r ð11Þ

Where Ct ¼ ~xþ ~Rxt
� ��

. Combined literature [8], the following position dynamics
equation can be obtained:

mt _vt þmtx
�
t vt ¼ 0 ð12Þ

m _vp þmx�
p vp ¼ f þ fd ð13Þ
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Where mt and parameter m is the weight of the waiters spacecraft and tracking
spacecraft respectively; f 2 R3 and fd 2 R3 respectively represent the control force and
external interference of the tracking spacecraft in Fp.

Combined the derivative of (11) and (17), reduction to get

m _~v ¼ �mCt~v� mnt þ f þ fd ð14Þ

Where nt ¼ ~Rxt
� ��~Rvt þ ~R _vt þ ~x�~Rd�t xt � ~Rd�t _xt.

2.3 Actuator Failure Formulation

According to literature [9], the dynamic model of the spacecraft with actuator failure is
treated as follows:

s ¼ !rnr þ/r; f ¼ !tnt þ/t ð15Þ

Where nr and nt are the spacecraft attitude and orbit control signal respectively; !r and
!t are the diagonal matrix representing the fault coefficient; /r and /t are external
disturbances. Where fault tolerance matrix !i as follows, i ¼ r; tf g

!i ¼ diag di1; di2; di3ð Þ ð16Þ

The diagonal elements dij; j ¼ 1; 2; 3 are the health coefficient of the corresponding
actuator, which is obtained by the health indicator installed on the space plane. dij ¼ 1
signifies that actuator is perfectly healthy, 0\dij\1 means partially failed, and dij ¼ 0
means completely failed. It mainly considers the partial failure, the fault-tolerant matrix
!i is positive definite, so must be an unknown constant vmin �min di1; di2; di3f g.
Equation (20) is used to convert the relative dynamics equation of spacecraft consid-
ering actuator failure into:

J _~x ¼ �Cr ~x� nr þ!rnr þ dr ð17Þ

m _~v ¼ �mCt~v� mnt þ!tnt þ dt ð18Þ

Where dr ¼ /r þ sd; dt ¼ /t þ fd .

3 Controller Design

3.1 Attitude Controller Design

For the system model designed above, selected linear sliding mode surface as follows:

s1 ¼ _~qþE1~q ð19Þ
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Where E1 is an unknown normal number. Take the derivative of Eq. (19) and substitute
in (2), get

J _s1 ¼ 1
2
J _~q� þ _~q0I3
� �

~xþ 1
2

~q� þ ~q0I3ð Þ �Cr ~x� nr þ!rnr þ drð ÞþE1J _~q

¼ 1
2

~q� þ ~q0I3ð Þ !rnr þ drð Þþ L1

ð20Þ

Where L1 is the estimated parameter of indirect control (non-regression)

L1 ¼ 1
2
J _~q� þ _~q0I3
� �

~xþ 1
2

~q� þ ~q0I3ð Þ �Cr ~x� nrð ÞþE1J _~q ð21Þ

For L1, according to [10], although L1 will contain nonlinear parts, uncertain
parameters and time-varying terms, there must be unknown constant a0; a1; a2; b1 � 0
to make L1 bounded

L1k k� a0 þ a1 ~xk kþ a2 ~xk k2 � b1U1 ð22Þ

U1 ¼ 1þ ~xk kþ ~xk k2 ð23Þ

Then, designed asymptotically stable attitude fault-tolerant controller as follows:

nr ¼ �2 ~q� þ ~q0I3ð Þ�1 k1sign s1ð Þþ k2s1 þ D̂rs1
s1k k þ U1b̂1s1

s1k k

" #

ð24Þ

Where _̂b1 ¼ a1 s1k k, _̂Dr ¼ a2 s1k k. To prove the stability of the designed controller in
the system, selected Lyapunov function:

V1 ¼ 1
2
sT1 Js1 þ

1
2a1

~b21 þ
1
2a2

~D2
r ð25Þ

The derivation of V1:

_V1 ¼sT1 J _s1 þ
1
a1

~b1
_~b1 þ 1

a2
~Dr

_~Dr

¼sT1
1
2

~q� þ ~q0I3ð Þdr þ L1 � k1!rsgn s1ð Þ � k2!rs1 � !r
U1b̂1s1

s1k k � !r
D̂rs1
s1k k

" #

� 1
a1

~b1
_̂b1 � 1

a2
~Dr

_̂Dr

ð26Þ
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Since vmin �min di1; di2; di3f g, then

_V1 �Dr
s1k k
2 þ L1 s1k k � k1vmin s1k k � k2vmin s1k k2�vminU1b1 s1k k

�vminD̂r s1k k � 1
a1
~b1

_̂b1 � 1
a2
~Dr

_̂Dr

ð27Þ

Use shrinkage treatment, have

_V1 �Dr
s1k k
2 þU1b1 s1k k � k1vmin s1k k � k2vmin s1k k2�vminU1b̂1 s1k k

� vminD̂r s1k k � 1
a1
~b1

_̂b1 � 1
a2
~Dr

_̂Dr � � k1vmin s1k k � k2vmin s1k k2 � 0
ð28Þ

Therefore, the sliding surface s1, adaptive parameters ~Dr and indirect control
estimation parameters ~b1 are finally uniformly bounded, so the attitude control law nr
can make the system asymptotically stable.

3.2 Orbital Controller Design

The designed linear sliding surface is as follows:

s2 ¼ _~rþE2~r ð29Þ

Where E2 is unknown positive constant. So we take the derivative and combined (15)

m_s2 ¼m€~rþE2 _~r ¼ �mCt~v� mnt þ!tnt þ dt � mCt _~r � m _Ct~rþmE2 _~r

¼!tnt þ dt þ L2
ð30Þ

Where L2 as follows

L2 ¼ �mCt~v� mnt � mCt _~r � m _Ct~rþmE2 _~r ð31Þ

Similarly with L1, we know that there must be some unknown constant
ai � 0 i ¼ 3� 8ð Þ;B1 � 0, so that L2 satisfies

L2k k� a3 þ a4 ~rk kþ a5 ~vk kþ a6 ~xk kþ a7 ~rk k ~xk kþ a8 ~vk k ~xk k�B1U2 ð32Þ

U2 ¼ 1þ ~rk kþ ~vk kþ ~xk kþ ~rk k ~xk kþ ~vk k ~xk k ð33Þ

Based on this, the design of the asymptotically stable orbit fault tolerant controller as:

nt ¼ �k3sign s2ð Þ � k4s2 � D̂ts2
s2k k �

U2B̂1s2
s2k k ð34Þ
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Where _̂B1 ¼ A1 s2k k, _̂Dt ¼ A2 s2k k. To prove the stability of the designed controller in
the system, selected Lyapunov function:

V2 ¼ 1
2
sT2ms2 þ

1
2A1

~B2
1 þ

U2

2A2

~D2
t ð35Þ

Derivate V2

_V2 ¼sT2m_s2 � 1
A1

~B1
_̂B1 � 1

A2

~Dt
_̂Dt

¼ sT2 dt þ L2 � k3!tsign s2ð Þ � k4!ts2 � !t
U2B̂1s2

s2k k � !t
D̂ts2
s2k k

� �

� 1
A1

~B1
_̂B1 � 1

A2

~Dt
_̂Dt

ð36Þ

Since vmin �min di1; di2; di3f g, then

_V2 �Dt s2k kþ L2 s2k k � k3kmin s2k k � k4kmin s2k k2�kmin s2k kD̂t

� kminU2 s2k kB̂1 � 1
A1
~B1

_̂B1 � 1
A2

~Dt
_̂Dt

� � k3kmin s2k k � k4kmin s2k k2 � 0

ð37Þ

Therefore, sliding mode surface s2, adaptive parameter ~Dt, and indirect control
estimation parameters ~B1 are finally uniformly bounded, so the attitude control law nt
can make the system asymptotically stable. So far, the entire attitude orbit system in the
rendezvous and docking process of the progressive stability.

4 Simulation

The parameter design of the fault-tolerant controller for attitude and orbit are as follows:
k1 ¼ 5� 10�2, k2 ¼ 30, k3 ¼ 5� 10�2, k4 ¼ 45, E1 ¼ 2, E2 ¼ 50, a1 ¼ a2 ¼ 10�3,
A1 ¼ A2 ¼ 10�3, At the beginning, the attitude and the fault coefficient matrix in the
orbital dynamics system are preset as� r ¼ � t ¼ diag 1; 1; 1½ 	T , It is assumed that the fault
occurs when the system reaches 100 s, and the fault coefficient matrix of the attitude and
orbit control system becomes � r ¼ � t ¼ diag 0:11; 0:1; 0:11½ 	T .

Software simulation diagram such as Fig. 1, 2, 3, 4, 5, 6, 7 and 8. Figure 2 and 3
are relative position and velocity of spacecraft. Figure 4 and 5 are the relative angular
speed and Euler angle error. The above can show that the attitude and orbit control time
are within 20 s. Figure 6, 7, 8 and 9 plotted the curve of control torques f , s and
preliminary designed parameters b, Dr, B, Dt, respectively. According to the simulation
results above, it can be found that the designed controller can complete the rendezvous
and docking of spacecrafts in a short time. At the same time, in the case of failure, the
control system of attitude and orbit system also recovers stability in about 35S, meeting
the expected gradual time stability requirements.
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Fig. 1. Relative position of spacecraft Fig. 2. Relative velocity of spacecraft

Fig. 3. The relative angular velocity Fig. 4. Euler angle error

Fig. 5. Orbit control output torque f Fig. 6. Attitude control output torque s

Fig. 7. Attitude control indirect control b
and adaptive parameters Dr

Fig. 8. Orbit control indirect control B
and adaptive parameters Dt
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5 Conclusion

The relative dynamic model of spacecrafts rendezvous and docking process is estab-
lished using the dynamic model of designed, and fault-tolerant equation is established
according to the partial failure of actuator. A robust fault-tolerant controller is designed
by utilizing sliding mode technology. Moreover, the method of indirect control is used
in the control, which reduces the calculation of onboard computer. The performance is
verified by formula derivation and software simulation respectively.
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Abstract. The phase of the modulation data symbol inversion is irrelevant to
the pseudorandom noise code, which could seriously destroy the periodic
characteristic of the pseudorandom noise code and decrease the acquisition
performance of conventional receiver. In view of this, square operation is pro-
posed to add in a commonly used acquisition algorithm. Compared with delay
multiplication operation, the probability density function of amplitude is studied.
Finally, the constraints and optimal value of the critical parameter are evaluated
based on the high dynamic characteristics and the acquisition performance of
non-coherent direct sequence spread spectrum system. According to the ran-
domness of the modulation data symbol inversion, the detection probability and
SNRout is estimated adopting statistical method on the conditions of different
SNRin and information rates. The simulation results show that the acquisition
sensitivity of the square operation is 5 dB higher than that of delay multipli-
cation operation on the same detection probability.

Keywords: Optimal parameter � High dynamic � Non-coherent DSSS

1 Introduction

Direct sequence spread spectrum (DSSS) signal system is widely used in the field of
measurement, control and communication because of its anti-jamming ability and high
ranging accuracy, and is divided into non-coherent DSSS and coherent DSSS. The
phase between the modulation data symbol inversion and the pseudorandom noise
(PN) code is fixed in coherent DSSS system, while the phase obeys random distribution
in non-coherent DSSS. According to the above characteristics, the non-coherent DSSS
system can flexibly achieve various modulation data rate without changing the PN code
rate and the bandwidth. However, the non-coherent modulation mode could seriously
destroy the periodic characteristics of the PN code, and decrease the acquisition per-
formance of conventional receiver, which would not track signal properly.

Existing strategies for the acquisition of non-coherent DSSS system signal had
present. In [1], the complex signal was construct, which would eliminate the impact of
modulation data symbol inversion on FFT (Fast Fourier Transform) performance. In
[2], the region of the modulation data symbol inversion is estimated, then FFT and
incoherent accumulation are adopted in the valid data sections of each estimation
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branch to acquire accumulated detection value of each frequency point. However, this
algorithm has low acquisition sensitivity. Delay conjugate multiplication is presented in
[3] and FFT is used to estimate the PN code phase and Doppler frequency shift. In
conclusion, delay multiplication operation is commonly used in engineering design to
eliminate the impact of modulation data symbol inversion. However, there has no
optimization analysis of critical parameter such as correlation integration time on the
condition of high dynamic and different modulation date rate.

In this paper, square operation is proposed to add in common acquisition algorithm.
Compared with delay multiplication operation, the probability density function
(PDF) of amplitude is studied. The constraints and optimal value of the critical
parameter are evaluated based on the high dynamic characteristics and the acquisition
performance. According to the randomness of the modulation data symbol inversion,
the detection probability is estimated using statistical method under different SNRin.
Simulation results presented later will verify the optimal value.

The treatise is organized as follows: Sect. 2 depicts the acquisition algorithm
principle, including the square operation and delay multiplication operation. In Sect. 3,
constraints and optimal value of the critical parameter are evaluated. Section 4 presents
some numerical simulation results with discussion the paper is summarized in Sect. 5.

2 Acquisition Algorithm Principle

The block diagram of the conventional acquisition algorithm is shown in the solid line
in Fig. 1. In order to eliminate the impact of modulation data symbol inversion on
conventional acquisition algorithm, the proposed Square operation (M1) and delay
multiplication operation (M2) are added, as shown in the dotted lines in Fig. 1 [4].

Fig. 1. Block diagram of acquisition algorithm
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Step 1: Assume that there are Nch parallel channels for code phase search, and the
search interval of each channel is half code chip. The correlation results of baseband
signal multiplying by the locally generated PN code can be expressed as:

y2 nð Þ ¼ I2 nð Þþ i � Q2 nð Þ ð1Þ

where I2 nð Þ ¼ AD nð ÞRðsp nð ÞÞcosð2pfetþ heÞþ n0i nð Þ, Q2 nð Þ ¼ AD nð ÞRðsp nð ÞÞ
sinð2pfetþ heÞþ n0q nð Þ. Rðsp nð ÞÞ represents the correlation value of the PN code;
sp nð Þ represents the phase difference between the local PN code and the received PN
code; n0i ¼ ni � Clocal nð Þ; n0q ¼ nq � Clocal nð Þ. If sp nð Þ� 1=fcode or no signal input,
Rðsp nð ÞÞ is approximately 0. n0i and n

0
q equivalent to zero mean Gaussian white noise,

y2 nð Þ� ð0;r2Þ. If sp nð Þ\1=fcode; y2 nð Þ�NðAD nð ÞRðsp nð ÞÞe2pfetþ he; r2Þ.
Step 2: To simplify the analysis, he would not be taken into account temporarily.
Integral result in integration time Tcoh can be simplified as:

corr01 m; nð Þ ¼ fsumðy2 kð ÞÞ j k ¼ t0 þm � Tcoh � t0 þðmþ 1Þ � Tcohg ð2Þ

where, n ¼ 0; . . .;Nch; m ¼ 0; . . .;M � 1. The total coherent integration time is
ttol�coh ¼ Tcoh �M. If sp nð Þ� 1=fcode or no signal input, corr01 m; nð Þ� ð0;N2

cohr
2Þ.

If sp nð Þ\1=fcode; corr01 m; nð Þ� ðAs1 a;m; nð Þ;N2
cohr

2Þ, Ncoh ¼ Tcoh=fs. a is the
relative position of data inversion in integration time Tcoh; 0� a� 1.

The modulation data can be regarded as a random variable after being encoded and
encrypted. Due to the data inversion and its randomness, the amplitude of the cor-
relation accumulation values exists in three cases >0, =0, <0. If the correlation
accumulation values are directly analyzed in the frequency domain, the low-frequency
component will be introduced into the magnitude frequency characteristics, which
will affect the identification of acquisition results.
Step 3: Square operation (M1) or delay multiplication (M2) of correlation value is
used to eliminate the influence of data inversion.

M1: Square Operation
Square of Eq. (2) is given by:

corr2ðm; nÞ ¼ ðcorr01ðm; nÞÞ2 ð3Þ

It can be seen from Eq. (3) that after the square operation, the amplitude of cor-
relation data is greater than or equal to 0, and the data inversion has been eliminated. In
case of spðnÞ� 1=fcode and no signal input, corr2(m, n) is in the form of central chi-
square distribution, corr2 m; nð Þ� v2 k; b; kð Þ. Where, k represents the degrees of free-
dom (DOF), it value relate to number of independent Gaussian variables, and here
k = 1. b denotes the coefficient of proportionality, it accounts for the common variance
of the Gaussian variables, and here b ¼ N2

cohr
2, Ncoh ¼ Tcoh � fs: k stands for the no-

centrality parameter, and here k = 0. If spðnÞ\1=fcode, corr2(m, n) is non-central chi-
square distribution, corr2 m; nð Þ� v2ð1;N2

cohr
2;As1 a;m; nð ÞÞ [7].
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M2: Delay Multiplication

(1) Delay multiplication is defined by:

y3 nð Þ ¼ y2 nð Þ � y2ðnþ nsÞ � DðnÞDðnþ nsÞRðsp nð ÞÞ2e2pfetþ he þ n0 nð Þ ð4Þ

where, ns is the delay time, ns � 1=fcode. It can be seen that the value of DðnÞ �
Dðnþ nsÞ is equal to 1 except in several sampling period the value is −1. When
spðnÞ� 1=fcode and no signal input, y3(n) follows central chi-square distribution,
y3 nð Þ� v2ð1;r2; 0Þ.

(2): The coherent integration result Integral result in integration time Tcoh is given
by:

corr3 m; nð Þ ¼ fsumðy3 kð ÞÞ j k ¼ t0 þm � Tcoh � t0 þðmþ 1Þ � Tcohg ð5Þ

when spðnÞ� 1=fcode and no signal input, corr3(m, n) follows central chi square,
corr3 m; nð Þ� v2ðNcoh;r2; 0Þ. When spðnÞ\1=fcode, corr3(m, n) follows non-central
chi-square distribution, corr3 m; nð Þ� v2ðNcoh;r2;As2ða;m; nÞÞ. It is obviously from
Eq. (4)–(5) that after delay multiplication and integration, the effect of data inversion
has been eliminated.

Step 4: The output of K point FFT using the accumulated value obtained in step 4
padding 0 can be expressed as:

X k; nð Þ ¼ fft x m; nð Þð Þ ð6Þ

X k; nð Þj j is the amplitude of X k; nð Þ. If the amplitude exceeding the threshold value
Vt, the process of acquisition will be end, otherwise jump to step 2.

For M1, if spðnÞ� 1=fcode; x m; nð Þ� v2ð1;N2
cohr

2; 0Þ, the PDF of X k; nð Þj j can be
obtained by statistical method, and suppose E jX k; nð Þj½ 	 ¼ r2

m1 [8]. If spðnÞ\1=fcode;
x m; nð Þ� v2ð1;N2

cohr
2; As1 a;m; nð ÞÞ, according to the property of chi-square distribu-

tion, when N is large enough, the PDF of X k; nð Þj j approximately follows normal dis-
tribution, X k; nð Þj j �NðmX12 k; nð Þ;r2

m1Þ [9, 10]. For M2, if spðnÞ� 1=fcode;
x m; nð Þ� v2ðNcoh;r2; 0Þ, the PDF of X k; nð Þj j can be obtained by statistical method,
where E jX k; nð Þj½ 	 ¼ r2

m2. If spðnÞ\1=fcode; x m; nð Þ� v2ðNcoh;r2;As2ða;m; nÞÞ, when
N is large enough, the PDF of X k; nð Þj j approximately follows normal distribution,
X k; nð Þj j �NðmX22 k; nð Þ;r2

m2Þ.

3 Optimal Parameter Estimation

3.1 Correlation Loss Analysis

Suppose the Doppler frequency shift is 120 kHz, the change curve of correlation loss
with integration time of square operation and delay multiplication operation is shown in
Fig. 2. When the correlation integration time Tcoh is 0.004 ms, the change curve of the
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correlation loss with the Doppler frequency shift of square operation and delay mul-
tiplication operation is shown in Fig. 3. As is shown that the shorter the coherence
integration time is, the smaller the correlation loss is, and the correlation loss of square
operation is lower than that of delay multiplication operation. When the Doppler
frequency shift is 120 kHz and Tcoh = 0.004 ms, compared with conventional acqui-
sition algorithm, the correlation loss of square operation increases 3 dB, the correlation
loss of delay multiplication is more high.

3.2 Optimal Parameter Estimation

The capture time Tacq of N chips is less than M * Tcoh * N * Nnc/Nch, where Nch is the
number of parallel search channels. The capture time has reached ms level, and is
related to engineering design. Therefore, the capture time is not considered as the
constraint of optimal design in this paper. On the contrary, due to the high dynamic
characteristics of the carrier and the signal characteristics of the non-coherent DSSS,
the acquisition sensitivity of the receiver is constrained, which refers to the minimum
signal power that the receiver can detect.

The purpose of optimal parameter design in this paper is to improve the acquisition
sensitivity of the receiver. The critical parameters of the design are coherent integration
time Tcoh and non-coherent integration number Nnc. The non-coherent integrals number
Nnc affects the acquisition time, and this parameter is designed under the condition that
one noncoherent integral can achieve the sensitivity according to the acquisition sen-
sitivity requirements. Therefore, the mathematic description about the optimization
problem is to estimate the optimal parameter Tcoh subject to the condition Nnc = 1, so
as to obtain the maximum acquisition sensitivity SNRin [11, 12]. As follows:

maxSNRin; s.t. ffe � Tcoh � 0:443 and fe � fdopp requst and Nnc ¼ 1g ð7Þ

Fig. 2. Correlation loss @ fe = 120 kHz Fig. 3. Correlation loss @ Tcoh = 0.004 ms
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4 Simulation

The dynamic characteristics and waveform parameters are list in Table 1, and the
modulation data is set to 1 and 0 alternately. The Doppler shift is between −120 kHz
and 120 kHz, the information rate is 4 Kbps, the PN code rate and cycle is n
3.069 Mbps and 1023.

4.1 The Relationship Between a and Detection Probability

a is the relative position of data inversion in integration time Tcoh. The PN code rate
parameter n = 3. By statistical method, Table 1 shows the detection probability of M1
and M2 operation under different SNRin conditions. On SNRin = −22, the PDF of M2
algorithm is shown in Fig. 4. On SNRin = −26, the PDF of M1 algorithm is shown in
Fig. 5. It can be seen from the results that under the condition that the acquisition
detection probability Pd is greater than 90%, the acquisition SNRin of M1 is higher than
that of M2 method by 5 dB.

Table 1. Detection probability under different SNR

SNRin Pd SNRin Pd

M1 M2 M1 M2

−19 100% 99.75% −24 100% 28.78%
−20 100% 97.02% −25 99.01% 11.66%
−21 100% 89.83% −26 97.27% 3.23%
−22 100% 82.38% −27 79.16% 0.50%
−23 100% 65.01% −28 61.29% 0.00%

Fig. 4. PDF@ SNRin = −22&M2 Fig. 5. PDF@ SNRin = −26&M1
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4.2 Detection Probability Under Different Modulation Data Rates

On the same dynamic characteristics, the carrier characteristics determine the corre-
lation integration time, which is independent of the modulation information rate.
Analyze the acquisition detection probability under different information rates such as
3 Kbps, 5 Kbps, 6 Kbps and 7 Kbps on SNRin = −20 and SNRin = −25. The simula-
tion results are shown are shown in Table 2. It can be seen from the simulation results
that the acquisition detection probability Pd of M1 is still greater than 90% on the
condition of SNRin = −25.

4.3 Acquisition Performance in Coherent DSSS System

On the same dynamic characteristics, the coherent DSSS system is compared with the
acquisition SNRout without M1/M2 operation and with M1 or M2 operation. The
simulation results under different SNRin are shown in Fig. 6 and 7. It can be seen from
the simulation results that the acquisition performance of M1 is the same as the
algorithm without M1/M2 on SNRin = −20, and the acquisition performance of the
algorithm without M1/M2 has a higher SNRout on SNRin = −25.

Table 2. Acquisition probability under different PN code rate

fcode Pd fcode Pd

SNRin = −20 SNRin = −25
M1 M2 M1 M2

3 Kbps 100% 99.75% 3 Kbps 100% 16.38%
5 Kbps 100% 98.01% 5 Kbps 99.01% 8.19%
6 Kbps 100% 97.52% 6 Kbps 97.52% 13.15%
7 Kbps 100% 96.28% 7 Kbps 99.5% 8.44%

Fig. 6. Acquisition SNRout @ SNRin = −20 Fig. 7. Acquisition SNRout @ SNRin = −25
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5 Conclusion

The acquisition algorithm presented in this paper adopts the square operation to con-
struct the data, and effectively solves the impact of data jump on acquisition, while
completing the code phase search, completes the Doppler frequency shift search.
Through the optimization estimation of coherent integration time parameters in the
acquisition process, on the one hand, it improves the acquisition sensitivity under the
condition of non-coherent integrals number Nnc = 1 and high dynamic, on the other
hand, it can be applied to the acquisition of non-coherent and coherent DSSS under the
condition of various data rates, which enhances the universality of the algorithm, and
has good theoretical research value and broad engineering application prospects.
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Abstract. Because of the serious electromagnetic interference environments
where the displacement sensors work, the wavelet transform method is used to
reduce influences the electromagnetic interference. And in this paper, the
wavelet fuzzy threshold method is proposed to de-noising, which can overcome
the disadvantages of using the hard threshold method or soft threshold solely.
Besides, in order to make the estimation accuracy of uncertainty interference
higher, the variance estimation method is used to improve the denoising per-
formances. By simulating and analyzing, the sensor signal with serious noise
produced by the electromagnetic interference was reconstructed well by disas-
sembled to 6 levels used the sym8 wavelet function. On the basis of this, the
noise was reduced by the wavelet fuzzy threshold method. Compared with soft
threshold de-noising and hard threshold de-noising, fuzzy threshold de-noising
way can restrain EMI better. Finally, the variance estimation method is proved
to be able to identify the type of interference signals.

Keywords: Electromagnetic interference � Fuzzy threshold denoising � Noise
variance estimation

1 Introduction

Following the development of modern electronic technologies, more and more elec-
tronic equipment with high power, wide spectrum and high sensibility are used widely.
So the environment where the electronic equipments work becomes worse. It is more
and more important to ensure the electromagnetic compatibility (EMC) of the elec-
tronic equipments. The output signal’s signal to noise ratio (SNR) may be very low.
However, the accuracy requirements of the sensor signals are strict. So the output
signal of the displacement sensor must be de-noised. The traditional FFT method can
reduce estimated accuracy, when processing the signals with low SNR [1]. Reference
[2] and [3] used the maximum likelihood estimate method and empirical mode
decomposition method separately. These methods require to much calculation. Ref-
erence [4] used the Hilbert-Huang transform to de-noise. This method is also difficult
because it needs to judge the different main action levels.
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The wavelet transform is suitable for the signals analyzing and filtering, because it
has the eximious character of time-frequency and multi-distinguishability [5]. And as
the developments of the wavelet theories, the wavelet function has more advantage on
signal de-noising of low SNR [6–8]. The most important aspect of wavelet de-noising
is to choose threshold. Both the hard threshold and soft threshold ways have disad-
vantages which can’t perform the characters of signals. This is due to the discontinuity
of wavelet coefficients estimated at threshold points. Besides, they can produce false-
alarm probability. Furthermore, the more accurate the noise variance estimation, the
more accurate the signal analysis and reconstruction while using the wavelet transform.
This requires improving the traditional estimation method.

The wavelet transform method is used to process the displacement sensor’s output
signal which works in the environment with serious electromagnetic inference. By
simulating and analyzing, the symlet wavelet is used to reconstruct the signal. And the
fuzzy threshold is used to reduce the EMI. The simulation result shows that the EMI
can be reduced well after wavelet de-noising. The errors are much less than the errors
of using hard threshold or soft threshold de-noising way. Finally, an example is given
to prove that the variance estimation processing technique can identify interference
signals’ types.

2 Theory of Wavelet Fuzzy Threshold Denoising

The wavelet transform is defined as the inner product of a basic wavelet transform w tð Þ
which is shifted s and the signal x tð Þ which is ready to be analyzed on different scales a:

WTx a; sð Þ ¼ 1ffiffiffi
a

p
Z þ1

�1
x tð ÞW� t � s

a

� �
dt a[ 0 ð1Þ

The distinguishability of the wavelet transform is variable. The frequency width is
narrower at the lower frequencies. And at the higher frequencies, the time range is
shorter.

If the signal with noise is defined as:

s kð Þ ¼ f kð Þþ e kð Þ k ¼ 0; 1; � � � ; n� 1 ð2Þ

Where, s kð Þ denotes the actual signal with interference. f kð Þ denotes the ideal signal.
e kð Þ denotes the interference.

The coefficients of the wavelet transform contain two parts. The first part is the
coefficient Wf a;bð Þ corresponding to f kð Þ. The second part is the coefficient We a;bð Þ
corresponding to e kð Þ.

The wavelet analysis is to analyze the signal with noise to two parts by two
complementary filters: the approximate part and the detail part. The high and low scales
are denoted in the approximate part and detail part separately, as well as the low and
high frequencies [9]. As shown in Fig. 1, the approximate part can be analyzed until to
the level N.
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S ¼ aLN þ a
XN
i¼1

Hi ð3Þ

After analyzing, the noises are contained at low frequencies or high frequencies.
The wavelet coefficients can be dealt with to reduce the frequencies of noises. So the
EMI can be reduced. Generally, the wavelet threshold de-noising contains two ways:
hard threshold way and soft threshold way. But hard threshold way has bigger errors
because of the uncontinuity. And the soft threshold method has bigger biases because
the coefficients which are larger than threshold are contracted. So, the fuzzy threshold
is used to reduce the noise. The membership grade function of the fuzzy threshold is
defined as [10]:

lf dm;l
� � ¼ max l dm;l

� �� �� l dm;l
� �

max l dm;l
� �� � ð4Þ

Where: l dm;l
� � ¼ b

bþ e
a dm;lð Þ4
� �

þ e
�a dm;lð Þ4
� �

Where: dm;l is the l-th wavelet coefficient at the m-level.
a and b can be used to define the form of the membership grade function. Reference

[11, 12] gives the definition of a and b.

tfixedm ¼ r̂
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln Nð Þp

tsurem ¼ argmin0� t� tfixedm
r̂2N � 2r̂2# dm;l

		 		� t

 �þ PN

l¼1
max dm;l

		 		; t� �� �2� 
am tsurem

� � ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bm þ 2ð ÞD1=4

p
am tfixedm

� � ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bm þ 2ð Þ=D1=4

p
bm ¼ 4 tsurem

� �8ln2 Dh i.
tfixedm

� �8
D

h i

8>>>>>>>><
>>>>>>>>:

ð5Þ

Where # �ð Þ is the counts of the elements.

1Hα1Lα

2Lα 2Hα

NLα NHα

Fig. 1. The wavelet analysis of signal.
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In general, r̂ is defined as:

r̂ ¼ median dm;l
		 		

0:6745
ð6Þ

For different interference signals, this method is not always applicable. In order to
reduce noise with high precision, the following method is used for noise variance
estimation:

r̂m ¼ median d1;lj j
0:6745 m ¼ 1

r̂j ¼ r̂m�1 lp0k k � lp1k k � � � lpk�2k k � hpj�1

�� ��� �1=2
m[ 1

(
ð7Þ

Where, �k k denotes the l2 norm, lp represents the low-frequency responses, and hp
represents the high-frequency responses.

Then, the wavelet de-noises method contains three steps:

a. Choose the levels of analyzing some wavelet;
b. Under different analytical scales, the threshold is selected to measure the coefficients

of high frequencies,. and estimate the wavelet threshold;
c. Using the coefficients both of low and high frequencies to reconstruct processed

signal, which are respective at the bottom of the level and every level.

3 EMI Denoising of Displacement Sensor Using Fuzzy
Threshold de-noising Method

3.1 The Sensor Signal

The displacement sensor researched is a style of the LVDT differential transformer. The
measurement range is 0–400 mm. The displacement sensor is used with the dis-
placement transducer. And the output is the current signal of 4–20 mA. The signals of
the displacement sensor sampled by the scope TDS2012 are shown in Fig. 2. The
signal is seriously interfered, which can’t be distinguished from the noise properly. So
the noise must be suppressed.

Fig. 2. Signals with noise of the sensor.
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3.2 Choose the Wavelet Function

The symlet wavelet function which is constructed by the world famous wavelet
analysis academician Ingrid Daubechines is chosen in this paper. The symlet wavelet
function can be abbreviated to symN. And N is the order of the wavelet function. The
symN is the improvement of the dbN. The dbN wavelet function has no definite
expression except N = 1. But the scaling function can be calculated:

W kð Þ ¼
X
k

gk/ 2t � kð Þ ð8Þ

Where, / tð Þ is the scale function. gk is the weight. gk is different along with different N.
The symN wavelet function is added the approximate symmetrical characteristic on

the basis of dbN wavelet function. The scaling function and wavelet function of sym8
wavelet function are shown in Fig. 3 and Fig. 4.

3.3 Signal Denosing Using Fuzzy Threshold

Using the method above, the signal with noise shown in Fig. 2 is denoised by the fuzzy
threshold. The sym8 wavelet is used. The signal is decomposed into 6 levels. The result
is shown in Fig. 5. It is obvious that the interference is effectively filtered out. The
DSP2812 is used to accomplish the fuzzy threshold de-noising way. The development
environment is the Code Composer Studio (CCS). The processed signal is shown in
Fig. 5. The signal is sampled by the scope of TDS2012 (Fig. 6).

The errors comparisons are shown in Fig. 7. Compared with the three figures, it is
obvious that the fuzzy threshold de-noising processing way reduced the interference
better. The errors of using fuzzy threshold are less than the errors of using hard
threshold de-noising way or soft threshold de-noising way solely.
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Fig. 3. Scaling function of sym8.
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Fig. 4. Wavelet function of sym8.
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4 EMI Signal Identification Based on Wavelet Analysis

When the displacement sensor was test on a system, the output signal is abnormal.
After fault location, there are interferences on the power line. Figure 8 shows a part of
signal on the power line after being isolated.

Fig. 5. Simulation result after de-noising. Fig. 6. Test result after de-noising.

Fig. 7. Errors of using different denoising method.
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To analyze the interference signal source, the technique described above is used for
wavelet analysis, especially the noise variance estimation method. By the reconstruc-
tion the coefficients both of low and high frequencies, the analysis result is shown in
Fig. 9. The interference signals can be decomposed in the sixth and fifth level.
Figure 10 shows the enlarged interference.

Fig. 8. The interference signal on the power line.

Fig. 9. The interference signal analysis.
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It can be concluded that the inference signal includes a kind of damped sinusoidal
signal and a kind of periodic high frequency interference signal. Through system level
analysis or test, these signal sources can be located, so as to support the solution of the
problem.

5 Conclusion

The wavelet threshold technique is used to reduce EMI influencing the output signal of
the displacement sensor in this paper. To avoid deficiencies of using soft and hard
threshold method separately, the fuzzy threshold way is used to reduce the EMI. By
simulating, the sym8 wavelet function is used to analyze the signal with serious
interference. After analyzing 6 levels, the signal is approaching to actual. On the basis
of this, the fuzzy threshold denoising method is used to restrain EMI. The results
illustrate that the technique can cancel EMI more effective than hard threshold method
and soft threshold method. At last, an experiment is done to verify the noise variance
estimation is useful in the interference recognition.

The technology developments of modern electronic technologies challenge the
regular service of the electronic equipments. On this background, the output signals of
sensors must be accurate. The wavelet denoising method referred in this paper can be
used in reducing EMI in serious EMI environment.
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Abstract. Based on the analysis of control system software automatic test
language requirements, this paper proposes a Python-based automatic test lan-
guage for control system software, which abstractly models the test behavior
logic to form a general test script model library and a dedicated test script model
library. Testers can write test case scripts by calling the existing test script
model, or they can supplement the existing test behavior logic according to the
actual test requirements to form a more convenient test script model. The test
language can accurately, efficiently and flexibly describe the software testing
behavior of the control system, and has the characteristics of easy to master, low
test cost, and flexible application. Through the application in the automatic test
of spacecraft control software in different fields, the results show that using this
test language can execute test cases completely and accurately, which improves
the test efficiency and realizes the universalization of the test language.

Keywords: Control system � Automatic test � Test language � Software

1 Introduction

Software automatic testing refers to the use of software tools to replace a series of
manual testing actions. The application can achieve the effect of saving resources,
ensuring software quality, and shortening the test cycle while verifying whether the
software meets the requirements of user. Software automatic testing mainly uses the
test language to complete the test for the target application and many test languages
emerged during its development [1]. For example, the ATLAS language (Abbreviated
Test Language for Avionics Systems) was originally designed to meet the test
requirements of the aviation field, but with the active participation of testers in many
other fields, including the U.S. military, the language has gradually evolved into a
standard language for multiple testing domains [2]. The ATLAS language which is
based on English is highly readable and has great flexibility in practical applications.
Users can build frameworks according to their needs and construct new language units
or structures [3]. GOAL (Ground Operations Aerospace Language) is a language based
on ATLAS and absorbing some advanced language features. The language provides
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the necessary operators in terms that are easily understandable by testers, and its
language standard includes syntax diagrams to make statements better implemented.
The GOAL language is used for pre-lift test and ground control test of the aircraft
system [2, 3].

With the continuous growth of test requirements, there are also some shortcomings
in the actual application of test languages:

1. The cost of test work is relatively high, and the resource saving effect is not ideal.
For example, the development tools of ATLAS language are very expensive.
Additional training fees and longer learning cycles are obstacles for the tester.

2. The program control statements provided in the test language are not complete. The
jump statement in ATLAS language points to the number of steps, which brings
great inconvenience to modifying the program, especially adding code.

3. There is often a contradiction between flexibility and universal of test language. For
example, the GOAL language has a good application evaluation in some specific
test areas, but it does not have the ability to be applied to other areas through simple
modifications [3, 4].

With the development of technology capabilities, software functions become more
and more complicated, especially the control system software [7]. In order to improve
the control effect, complicated condition judgment, parameter settings, and a variety of
command processing often appear in the control system software.

Based on the purpose of solving the above problems, on the basis of analyzing the test
requirements of the control system software, this paper designs an automatic test lan-
guage for control system software, which has the characteristics of easy tomaster, low test
cost and flexible application. By using this language in the automatic test of spacecraft
control software in different fields, the universalization of the test language is realized.

2 Requirements Analysis

Test requirement analysis is the most important part of automatic test system [8]. For
control system software, the requirements for automatic test language are as follows:

1. The language should be independent of the type of automated test system and
should be highly portable and versatile. The automatic test system of control
software usually has a physical simulation platform and a fully digital simulation
platform. Regardless of the platform, test case scripts which are written in the
automated test language should be executed correctly. For the same or similar
control system software, even if different test environments are used, the test cases
can be used on another one without modification.

2. The definition and description of test behavior logic should be precise and brief. For
control system software, the test language needs to complete a large number of
parameter settings, condition judgments, and injection command processing. In
addition, the drawing curve is also an indispensable function. Therefore, in the test
case script, different test behavior logics should be constructed to form a dedicated
test behavior logic model library, and there should be no functional coupling
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between different test behavior logics. At the same time, when the target code is
modified, the definition of test behavior logic must meet the goal that program
changes have the least impact on test case scripts.

3. Test behavior logic can be expanded according to different use environments. In
order to adapt to different types of software testing, the automatic test language
needs to be extensible. It also builds test behavior logic suitable for its own char-
acteristics, and further forms a dedicated test behavior logic model library. In some
cases, a dedicated test behavior logic model can also be transformed into a general
test behavior logic model.

4. The automatic test language must have flexible monitoring capabilities for the
working process. When testing the control system software, a large number of result
data should be monitored in real time. Compared with manual processing, using the
test language can monitor more data details and perform more complex inferences.
At the same time, in a specific software running sequence, such as a control cycle,
the language must complete all judgments of specific data to prevent negligence.

5. The syntax of the test language should be intuitive, simple, and understandable. The
easy-to-learn feature can shorten the personnel training cycle, not only make the test
work smoothly, but also reduce the time and labor costs. Testers can focus more on
the design of test cases and the monitoring of data instead of spending a lot of time
learning how to write scripts.

3 Modeling Specification

In order to meet the above requirements, this paper designs a Python-based control
system software automatic test language to abstractly model the test behavior logic to
form a general test script model library and a dedicated test script model library [5].
Testers can write test case scripts by calling the script models of relevant operation
logic. In a certain field, some dedicated test behavior logic models can also be trans-
formed into general test behavior logic models for testers to use in testing. Figure 1
shows the relationship between the two test script model libraries.

Dedicated test
behavioral logic model

Dedicated test behavioral logic 
model in a certain field

Dedicated test 
behavioral logic model

Test script library

General test behavioral 
logic model

General test
script model library

Dedicated test
script model library

Dedicated test script model 
library in a certain field

Fig. 1. Test script model library diagram
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3.1 General Test Behavior Logic Model

For the control system software, especially the embedded software, it is necessary to set
the initialization state, read various analog and digital telemetry parameters, send
remote and program control commands, judge parameter values, and also have the
functions of drawing curves, forming test reports, operating databases, etc. Therefore,
this paper summarizes the automatic test behavior logic [6], and constructs six general
test behavior logic models, which are parameter setting, data sending, data interpre-
tation, time operation, curve generating and file operation.

Parameter setting class behavior is the behavior of setting one or more parameters
in the software, including one-time parameter setting model SetOnce(x, val) and
parameter setting model Set(x, val). SetOnce(x, val) means setting the value of a
variable (x). The set value (Val) only takes effect once. After sending data, it is restored
to the original value (a). The specific model is shown in Fig. 2(a). Set(x, val) directly
uses Python syntax to assign values to this parameter variable, and its specific model is
shown in Fig. 2(b).

The data sending class behavior is to send data to a specified port. In model Send(x,
desc), data (x) is sent through the default port. The delay time after sending data is desc,
the unit is second. When this formal parameter is not written, there is no delay by
default. The specific model is shown in Fig. 3.

The behavior of data interpretation is to judge certain parameter variables under
certain conditions. When the relevant telemetry data (TM) is updated, model Check
(exp, TM) will judge the interpretation condition (exp). The telemetry data which meets
exp is trusted. In the entire data interpretation process, if the amount of data is large, it
may cause that all data cannot be completely interpreted within a specific software
running sequence (one control cycle). To solve this problem, timing control logic was
added to the model. When Check(exp, TM) is used, the target code is stopped running
with the update of telemetry data. Until all the data to be read, the target code can
continue running. This method ensures the synchronization between the execution of
the test script and the target code. The time sequence is shown in Fig. 4(a). The specific
design of model Check(exp, TM) is shown in Fig. 4(b).

Assign a valur to x
(x = val)

variable x x = val
Send  x

x = a Assign a valur to x
(x = val)

x = val
Send  x

x = val

(a)                                                                      (b)

Fig. 2. (a) Building model of SetOnce, (b) Building model of Set

Send x to default port If to delay? Delay dsec secondsYdata x

N

Fig. 3. Building model of Send
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Time operation behavior refers to the operation logic related to time. Model Delay
(x) is a commonly used delay operation in automatic testing, where x is the delay time.
When Delay(x) is used, the current test script is paused and a delay waiting thread is
entered. When the delay time is satisfied, the test script continues to run. This paper
uses Python syntax to create a delayed thread. Figure 5 shows its specific model.

Curve generating behavior is the behavior of converting specific data of telemetry
information into visual, intuitive curve graphics. In this paper, model Draw(xaxis,
yaxis, title, start, end, db) shown in Fig. 6 can store and graph related raw data by
extracting the customized X-axis telemetry(xaxis), Y-axis telemetry(yaxis), curve title
(title), drawing start condition(start), drawing end condition(end), and specifying data
storage path(db).

The file operation class behavior, as the name implies, is related to the operation of
different types of files. In control software, common file types are plain text files and
binary files, which are used to send commands and programs to the system. The models
SendTxt(port, path) and SendBin(port, path) are roughly the same, both indicating that
the relevant file path(path) is read and sent to the specified port(port). Therefore, the
two models can be constructed uniformly, as shown in Fig. 7.

Fig. 4. (a) Sequence diagram of test script execution and target code, (b) Building model of
Check

Fig. 5. Building model of Delay

Fig. 6. Building model of Draw
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3.2 Dedicated Test Behavior Logic Model

In order to implement automatic testing of control software with different functions and to
adapt to different test environments, it is necessary to expand the existing general test
behavior logic model to form a dedicated test script model library. The dedicated test
behavior logic model can be a supplement to the existing behavior logic, encapsulated as
a more convenient model, or it can be a newly defined behavior logic to implement a new
test behavior. At present, according to the characteristics of the control software, the
specific description and comparison of dedicated test script models are shown in Table 1.

4 Experimental Results

In order to verify the above-mentioned automatic test language, aircraft control soft-
ware is selected in different fields such as manned spaceflight, deep space exploration,
navigation, communication, remote sensing, and small satellites for automatic mea-
surement. Experiments are performed on the language’s portability, versatility, moni-
toring capabilities, and test costs.

4.1 Portability and Versatility

Take the onboard software in the field of manned aerospace as an example, it uses a
combination of semi-physical simulation test platform and an all-digital simulation test
platform for testing. The tester writes the test script on the all-digital simulation plat-
form. After debugging, the script is directly transplanted to the semi-physical

Fig. 7. Building model of SendTxt (SendBin)

Table 1. Description of the dedicated test script models

Model name Description

MemSet(Name,
Length, val)

Set the parameter array(Name) of length(Length) to the same value
(val)

Arrset(Name, val) Set the values of parameter array(Name) to val0, val1,… vali−1, where
i is the length of the array

LoopSend(x, cycle) Send data(x) through the default port, and cycle is the period
StopLoopSend(x) Stop sending data(x) cyclically
LoopCheck(i, exp,
TM)

When the telemetry data(TM) of the serial number i is updated, the
conditions(exp) are cyclically interpreted

StopLoopCheck(i) Stop loop judgment for telemetry number i
StopAllLoopCheck() Stop loop judgment of all telemetry
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simulation test platform. The interface operation part of the test environment is mod-
ified to run the test case script directly. Therefore, the independence of the test language
and the type of the test system is verified. The language has a strong portability and
versatility, which improves the efficiency of writing test cases. It is also used in soft-
ware testing in other fields. The test case script method and steps are exactly the same,
which reflects its universality.

4.2 Monitoring Capabilities

The monitoring ability of the test language is reflected in the interpretation of a large
amount of telemetry data, so the real-time characteristics of the behavioral logic of the
interpretation test can reflect the strength of the ability. The experiment counts the
running time of conditional judgment statements in Check(exp, TM) model. When the
amount of data reaches 5000 floating-point numbers, the experimental results show that
the execution efficiency of the judgment statement is in the nanosecond level, which is
almost negligible. However, during the manual test, the tester found that the telemetry
data was updated and the time to view the relevant telemetry data was calculated in
seconds. Therefore, this automatic measurement language has great advantages in data
interpretation efficiency. It can perform more complex data analysis in a fixed time and
monitor more data details.

4.3 Test Costs

Test costs usually include test language learning costs and use case design (including
execution) costs. The designed test language is used in software testing in different
fields, and testers are also different.

In the six fields mentioned above, the time spent by different testers on learning the
test language is counted. Statistical results show that the average time to learn the
automatic test language is 16.8 h, which is about 2.1 days based on the 8-h working
day. Through learning, testers can independently write test case scripts using existing
general test behavior logic models and dedicated test behavior logic models in a certain
field.

In addition, in the test case design process of the control software for a remote
sensing field project, we separately counted the relevant time of manual and script-
based testing. The control software code size is 20,000 lines, and the number of test
cases planned to be designed is 300 (no inherited cases). It can be seen from Table 2
that the total time of manual testing is longer than that of script testing. The average
time of each test case using manual testing is 31.8 min, while the average time using
test scripts is only 18.6 min, which shortens the test time by approximately 41.5%.

The above experimental data show that the test language is simple and easy to
learn, shortens the personnel training cycle, and at the same time greatly reduces the
test case design and execution time, saving test costs.
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5 Conclusion

In this paper, a control system software automatic test language based on Python is
designed to abstractly model test behavior logic to form a general test script model
library and a dedicated test script model library. The test language has the character-
istics of easy to master, low test cost, and flexible application. It can be applied in the
testing of spacecraft control software in different fields. The results show that the test
language can be used to accurately and effectively complete automatic testing. With the
continuous enrichment of the test script model library, the workload of manually
writing test scripts is large. How to apply the relevant theories, methods, and tech-
nologies of artificial intelligence to establish the relationship between requirements and
test scripts, and automatically generate test cases is the main direction of subsequent
research.
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Abstract. By simulating the study process in the classroom effectively, a new
Improved Teaching-Learning-based Optimization (ITLBO) is proposed to solve
multi-parameter optimization. Seeking to improve the converge speed and
search quality, two new modifications including the adaptive teaching step size
and the self-taught phase are incorporated into the original TLBO algorithm.
Firstly, teacher presents nearly the same contents to every student in the teacher
phase. Therefore an adaptive teaching step size is adopted to dynamically
change the learning step size in accordance with the aptitude of every student,
which can speed up the convergence. Secondly, through their interaction with
teacher and other students, every students can actively adjust their own
knowledge after class. Therefore a new self-taught phase are designed to sim-
ulate the knowledge improvement process of students’ autonomous learning,
which can enrich the population diversity of learners. Experiments were tested
with 8 standard functions. All results indicated that the precision and conver-
gence of ITLBO is enhanced compared to other variant TLBO methods.

Keywords: TLBO � Adaptive teaching step size � Self-taught phase

1 Introduction

Many nature-inspired population-based methods are developed to search the global
optimal parameters in the non-linear multi-dimensional engineering problems, such as
HS [1], ACO [2], ABC [3], GSO [4] and CS [5] algorithms etc. However these
algorithms often fail in the high-dimension optimization problems. To elimi-
nate this drawback, Rao [6] proposed the original TLBO algorithm for global opti-
mization, which performed effectively on the complex real-world optimization
problems, for instance, the plate-fin heat sink design [7], the fault image detection [8]
and the mobile robot navigation [9]. Many researchers including Baykasoglu [10],
Satapathy [11] and Zou [12], have proven that TLBO algorithm is more powerful than
other evolutionary algorithms mentioned above.

Several modifications of the original TLBO algorithm have been proposed by
researchers. Junchang et al. [13] introduced a MTLBO algorithm with two mutual
students in the learner phase. Mahmoodabadi and Ostadzadeh [14] proposed a CTLBO
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algorithm, where a convergence operator is designed in the teacher phase. Junmei [15]
proposed to teach students in accordance with their aptitude and a multi-learning
process in the ETLBO-AM algorithm to strengthen the convergence performance.

Seeking to enhance its search capacities of TLBO, a novel ITLBO algorithm with
the adaptive teaching step size and the self-taught phase is proposed in this work.
Experiment on eight standard benchmark functions which are typical Multi-
dimensional parameter optimization problems, were tested to investigate its search
capacities.

The remaining parts are structured briefly below. Section 2 describes the basic
process of TLBO shortly. Section 3 indicates the improvement of ITLBO. Section 4
shows the experimental results on eight benchmark functions. Section 5 presents the
final conclusion.

2 TLBO

TLBO is on basis of the teaching interaction during the classroom study process. The
original TLBO consists of two parts. Teacher phase describes the interaction between
students and teacher. Learner phase indicates the information exchange between two
students.

2.1 Teacher Phase

Teacher attempts to improve the average class knowledge level close to the best
student. Each student acquires new knowledge by learning from their teacher as below:

Assume that M is the average class knowledge. Xbest is the best student in the
classroom. Each student i can get improved by learning the advanced knowledge of
their teacher:

Xnew
i ¼ Xold

i þ r Xbest � TFMð Þ ð1Þ

Teaching factor TF ¼ randi ½1; 2�ð Þ is either 1 or 2 randomly. It decides the study
direction of the mean result to be changed. r is a random number between 0 and 1.

2.2 Learner Phase

Through their own interaction between two students, each student can get some
improvement. All student is randomly selected to interact with other student as below:

During the study process of student j, a random student k is chosen as his/her
learning model, such that Xj 6¼ Xk.

Xnew
j ¼

Xold
j þ r Xold

j � Xold
k

� �
; f Xold

j

� �
\ f Xold

k

� �
Xold
j þ r Xold

k � Xold
j

� �
; otherwise

8<
: ð2Þ
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3 ITLBO

3.1 Adaptive Teaching Step Size

In teacher phase, teacher presents nearly the same contents to each student, which
ignore the diversity of students’ learning strategies and characteristics. However, it’s
possible to improve every student’s knowledge more quickly by considering the
individual differences. A novel adaptive teaching step size is designed to effectively
reflect the knowledge gap between each student and their teacher and implemented in
the teacher phase:

At the iteration, each student i get improved by considering his/her knowledge gap
with the average class level.

Xnew
i ¼ Xold

i þ r Xbest � TF
MþXold

i

2

� �
ð3Þ

Teacher can adjust its teaching step size adaptively according to the mean
knowledge and individual difference of students in his or her class.

3.2 Self-taught Phase

To enrich the diversity of all students, the self-taught phase are adopted to simulate the
students’ self-learning process after class. After interacted with their teacher and
communicated with other students, all students has achieved certain knowledge
improvement. On this basis, students can actively adjust their own knowledge with
regards to the knowledge of the teacher.

The Gaussian perturbed scheme is used to describe the self-taught process of the
current student i as bellow:

Xnew
i ¼ Xold

i þ normalrand 0; std Xbest � Xold
i

�� ��� � ð4Þ

The normalrand is the Gaussian distribution operation, std is the knowledge
standard deviation between the current student and the teacher.

3.3 Procedure of ITLBO

The flow diagram is designed and the procedure of ITLBO is introduced (Fig. 1).
Firstly, all students’ knowledge in a class is generates randomly. Secondly, the

knowledge of students are improved during the teacher phase with the proposed
adaptive teaching step sizes. Thirdly, the original learner phase is performed. Finally,
the new self-taught phase is implemented. So the total function evaluations number of
ITLBO algorithm is 3� students� iterations. During the comparative experiments in
this work, the total function evaluation numbers of ITLBO is calculated in this formula
when compared with other algorithms.
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3.4 Time Complexity Analysis

As for the original TLBO algorithms with N learners, D subjects and G iterations, its
time complexity is O½N � D� G�. Although the teaching step sizes are adaptive
adjusted in the teaching procedure and the self-taught phase is proposed in the
procedure of ITLBO algorithm, its final time complexity is still O½N � D� G�.
Obviously, time complexity of ITLBO is equal to other variant TLBO algorithms.

4 Experimental Results and Discussions

For validating the effectiveness of ITLBO algorithm, eight standard benchmark func-
tions were selected. In the Table 1, Sphere, Zakharov and Rosenbrock are unimodal,
whereas others are multimodal. ‘Variables range’ is designed symmetrically. Optimal
result of each function is presented as ‘fmin’. ITLBO algorithm was compared with
other three recent algorithms including MTLBO, ETLBO-AM and CTLBO. All
algorithms were simulated in MATLAB R2018a on the i5-3230M CPU.

Self-taught 
phase

Start

Initialize knowledge of all students 

Calculate the mean knowledge and 
identify the teacher (best student)

Update new students using Equation (3)

Update new students using Equation (2)

Update new students using Equation (4)

If termination criteria 
satisfied

Yes

No

If new students are better
oNseY

Accept Reject

Yes No
If new students are betterAccept Reject

Yes No
If new students are betterAccept Reject

Teacher 
phase

Learner 
phase

Output the best student

End   

Fig. 1. Flowchart of ITLBO
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To decrease the statistical errors, all function were run for 30 times independently.
The best function value of all students was defined as the optimization results of every
algorithm. All functions were simulated in 100-dimensional space. All algorithm have
the same population size as 30. Because the evaluations number in one iteration of
ITLBO algorithm is different from that of other three algorithms, the total function
evaluations number was set to 3000 as the common termination condition.

Table 2 showed the statistic results of the MTLBO, ETLBO-AM, CTLBO and
ITLBO algorithms. The best (B), worst (W), mean (M) fitness values and their standard
deviation (SD) are compared. The boldface value indicates the best values among four
algorithms.

Table 2 indicates that the ITLBO algorithm significantly improves the results for
the Sphere, Zakharov, Rastrigin, Griewank, Ackley and Schwefel 2.22 functions. As
for Rosenbrock and Schwefel function, although the ITLBO algorithm doesn’t acquire
the smallest standard deviation, it has the smallest fitness value of the best, worst and
mean solutions among four algorithms. It proves the ITLBO algorithm still gives the
best solutions in every test but the difference of its final solutions are slightly bigger
than that of the MTLBO, ETLBO-AM and CTLBO algorithms.

The convergence performance of the MTLBO, ETLBO-AM, CTLBO and ITLBO
algorithms in a single simulation was shown in Fig. 2. The mean function values of the
population for four typical benchmark functions in every iteration were compared.

Table 1. 8 functions selected.

Function Expression Variable
range

fmin

Sphere
f1ðxÞ ¼

PN
i¼1

x2i
[−100, 100] 0

Zakharov
f2ðxÞ ¼

PN
i¼1

x2i þ
PN
i¼1

0:5ixi

� �2

þ PN
i¼1

0:5ixi

� �4 [−10, 10] 0

Rosenbrock
f3ðxÞ ¼

PN�1

i¼1
100 xiþ 1 � x2i

� �2 þ xi � 1ð Þ2
h i [−2.048,

2.048]
0

Rastrigin
f4ðxÞ ¼

PN
i¼1

x2i � 10 cos 2pxið Þþ 10
� � [−5.12,

5.12]
0

Griewank
f5ðxÞ ¼

PN
i¼1

x2i
4000 �

QN
i¼1

cos xiffi
i

p
� �

þ 1
[−600, 600] 0

Ackley

f6ðxÞ ¼ eþ 20� 20 exp �0:2

ffiffiffiffiffiffiffiffiffiPN
i¼1

x2i

N

s0
BB@

1
CCA� exp

PN
i¼1

cos 2pxið Þ
N

0
B@

1
CA

[−32.768,
32.768]

0

Schwefel
2.22 f8ðxÞ ¼ �PN

i¼1
xi sinð

ffiffiffiffiffiffi
xij jp Þþ 418:9829� N

[−10, 10] 0

Schwefel
f7ðxÞ ¼

QN
i¼1

xij j þ PN
i¼1

xij j [−50, 10] 0
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Obviously, the iterative curve of the ITLBO algorithm has better convergence
speed than the MTLBO, ETLBO-AM, CTLBO algorithms

All the experiments confirmed that ITLBO has the smallest optimization results
and the fastest convergence speed compared with MTLBO, ETLBO-AM and CTLBO
algorithms. It improved the adaptive teaching step size and proposed a new self-taught
phase, which will keep the population diversity and get rid of local minimization with
faster convergence speed and higher accuracy.

Table 2. Comparison results of four algorithms after 30 independent runs

Function Result MTLBO ETLBO-AM CTLBO ITLBO

f1 B 0.0948 1.4902E−13 1.5028E−13 5.9606E−43
W 3.6782 1.8375E−11 2.8591E−09 6.9371E−32
M 0.9893 4.9951E−12 4.8385E−10 2.7431E−33
SD 0.8237 5.1368E−12 7.5592E−10 1.2640E−32

f2 B 1.3042E−02 5.1425E−14 1.7537E−12 6.3777E−43
W 8.8959E−02 2.1074E−11 8.0735E−09 2.0665E−33
M 2.5944E−02 3.1307E−12 1.3243E−09 1.1340E−34
SD 2.1535E−02 4.4579E−12 2.1378E−09 3.9106E−34

f3 B 93.6407 94.7551 93.5891 93.5005
W 98.6025 98.3314 98.6964 97.3634
M 97.3035 96.7037 96.6788 96.0364
SD 1.0823 0.9049 1.1195 0.9469

f4 B 0.3147 1.4779E−12 1.9895E−11 0
W 815.5366 1.2579E−07 9.6606E−07 0
M 145.4695 4.3305E−09 3.8698E−08 0
SD 267.1611 2.2942E−08 1.7566E−07 0

f5 Best 6.1455E−02 1.4133E−13 4.0834E−13 0
W 0.9053 3.7596E−11 8.2109E−08 0
M 0.4245 5.2352E−12 3.8443E−09 0
SD 0.2364 7.5357E−12 1.5097E−08 0

f6 B 5.5495E−02 6.1259E−08 1.9644E−07 8.8817E−16
W 0.4054 6.5061E−07 5.9963E−06 8.8818E−16
M 0.1599 2.9721E−07 2.2304E−06 8.8817E−16
SD 9.4409E−02 1.6181E−07 1.4347E−06 0

f7 B 3.0725E+04 2.8808E+04 3.1696E+04 2.6822E+04
W 3.5565E+04 3.3371E+04 3.5830E+04 3.2659E+04
M 3.3517E+04 3.0753E+04 3.4161E+04 2.9959E+04
SD 1.1518E+03 1.1199E+03 9.4965E+02 1.3102E+03

f8 B 0.2690 4.0169E−07 2.0988E−06 1.1010E−20
W 1.5516 2.3279E−06 4.7555E−05 2.2256E−17
M 0.7343 1.1470E−06 1.7550E−05 2.6513E−18
SD 0.3395 5.1478E−07 1.1897E−05 4.2887E−18
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5 Conclusions

A novel ITLBO algorithm is proposed in this article, which can perform well on the
multi-dimension parameter optimization problems with the help of two modifications
to enhance its search capability. In the teacher phase, the individual difference is
concerned in the adaptive teaching step size, which can speed up the convergence. The
new self-taught phase is incorporated to avoid trapped in the local optima by enrich-
ing the population diversity. All results on eight standard functions demonstrate that
ITLBO is more effective than MTLBO, ETLBO-AM and CTLBO. It has good search
quality and fast convergence speed, which is useful to resolve practical problems.
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Abstract. As the Chinese Rover of the extraterrestrial surface, the lunar rover
is called Jade rabbit. Jade rabbit 1 and 2 separately carry out patrol and
exploration on the nearside and farside of the lunar surface. Jade rabbit is
obviously different from the traditional spacecraft in the working procedure,
which has the characteristics of non-structural lunar environment, un-predictable
targets of exploration, no-limitation time sequence and etc. This paper analyzes
the working characteristics of the lunar rover and the mission of the exploration.
And according to the modular design idea, the working procedure is designed
into nine working modes, such as perception mode, locomotion mode, explo-
ration mode, charging mode, sleep mode, eclipse mode and etc. The rover’s
patrol and exploration on the lunar surface have been realized through the
combination of these nine working modes. In the first two months, Jade rabbit 1
and Jade rabbit 2 had traversed 118.9 m and 120 m separately.

Keywords: Working procedure � Lunar rover �Modulization �Working modes

1 Introduction

As the first Chinese lander and rover of the extraterrestrial surface, Chang’e-3 has soft-
landed on the Sinus Iridium, and the lunar rover is called Jade rabbit 1, which carries
out patrol exploration on the nearside of the moon [1]. As the first lander and rover on
the farside of the lunar surface in the world, Chang’e-4 has soft-landed on the South-
Pole Aitken Basin, and the lunar rover is called Jade rabbit 2, which carries out patrol
exploration on the farside of the moon [2].

There are frequently interactions between the rover and the ground station during
the rover patrols and explores. It is obviously different from the traditional spacecraft in
the working mode. It has the characteristics of non-structural lunar environment, un-
predictable objects of exploration, no-limitation time sequence and etc. [4].

This paper analyzes the working characteristics of the lunar rover, and according to
the modular design idea, the working procedure is decomposed into nine working
modes. The lunar rover has completed the patrol and exploration on the lunar surface
through the combination of these nine working modes.
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2 Mission Analysis

2.1 Mission Overview

Chang’e-4 probe is the backup probe of Chang’e-3 probe, and they are similar mostly
[2]. So Chang’e-3 probe has been analyzed as the main object in this paper.

The Chang’e-3 probe is composed of lander and rover. The rover includes 8
subsystems including locomotion, structure and mechanism, guidance navigation and
control (GNC), integrated electronics, power supply, thermal control, telemeter,
tracking and command (TT&C) and payload. The payload subsystem is equipped with
panoramic cameras, lunar penetrating radar, infrared imaging spectrometer, and particle
excitation X-ray spectrometer [1, 3].

Chang’e-3 probe will fly through the Earth-Moon transfer phase, circumlunar phase
and powered descent phase, then perform a soft landing on the predetermined area on
the lunar surface, followed by the Lander to conduct in-situ exploration and the Rover
to conduct roving exploration; all the exploration data will be sent back to the ground
station. The flight profile of Chang’e-3 mission is shown in Fig. 1 [1]. During this flight
process, only some equipment of the rover was powered on, and other equipment was
powered off.

After the probe has soft-landed, the lander and the rover entere the separation process.
Firstly, the lander charges the rover and makes the rover power on to complete the state
establishment; after the state has established, the rover cameras image the surrounding
environment and the images are transmitted to the ground station; then the ground station
controlles the rover to move to the lunar surface from the top of lander [3].

After the rover and the lander have separated, the rover begins the working process
on the lunar surface. During the lunar-day, the rover patrols and explores, and during
the lunar-night, the rover sleeps.

Fig. 1. Flight profile of Chang’e-3 mission
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2.2 Analysis of Mission Characteristics

The traditional spacecraft firstly completes the orbit design according to the mission
requirements. After the orbit is determined, the flight process of the spacecraft is
ascertained. And so, the flight events and time are defined. The rover does not require
the orbit design, and the working events and time during the working on the moon are
uncertain and a little flexible. Compared with traditional spacecraft, the working
characteristics of the rover are as follows:

1) The working environment, which is unstructured and complex, is basically
unknown. Since the landing point is the Sinus Iridium, which is relatively large; at
the same time, the resolution ratio of the lunar image of this area is insufficient to
support the rover to patrol. Therefore, before the rover begins to patrol, it is nec-
essary to perceive the surrounding unknown environment.

2) The exploration target cannot be made in advance, the rover works in an unstruc-
tured environment, and the surrounding environment is basically unknown in
advance. Aforementioned the characteristics make the rover task lack of fixedness
and regularity compared with the flight control of the traditional satellite.

3) There are no strict time limits and sequence requirements for work events. While,
the flight events of traditional spacecraft, especially the orbital events, have strict
time limits and sequence requirements. But the rover's working procedures have
some flexibility.

In summary, the surrounding environment is basically unknown, unstructured and
complex. The exploration target cannot be determined before the task is executed.
There is no strict time limit and sequence requirement for the work event, which makes
it difficult to design the rover working procedure. It is necessary to analyze and
decompose the working procedure from the top-level tasks and formulate the principles
of work program to solve this difficulty.

2.3 Mission Decomposition

The mission requires the rover to realize long-distance patrol in the unstructured and
complex unknown environment of the lunar surface, safely reach to the designated
position, realize exploration, and at the same time protect its own safety and stable
work.

Since the unstructured environment of the lunar surface is completely unknown, the
panoramic cameras are required to perceive the surrounding macro environment,
generate a digital topographic map (the coarse graininess), and determine the scientific
exploration target (i.e., the exploration point) according to the terrain characteristics.
The rover needs to move many times to reach this point, so the exploration point is
decomposed into many target points of short distances, and the target point is defined
as the navigation point.

After the navigation point is determined, it is necessary to obtain the clear and
accurate surrounding environment for each movement. So, we utilize the navigation
cameras to sense the clear appearance of the surrounding micro-environment, generate
a digital topographic map (the fine graininess), identify the safe area of the patrol
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according to the terrain, and designate a safe traverse route of the rover. The rover
moves to the next navigation point according to the designated safe traverse route, and
determines whether the navigation point is the exploration point. If not, the surrounding
environment of the next navigation point is perceived, and so the above actions have
been done. If the navigation point is the exploration point, scientific exploration is
performed, including the perception of the macro environment around the rover.

All above-mentioned actions are the process of the entire patrol exploration mis-
sion, combined with the rover using the combination of ground teleoperation control
and autonomy control [1, 3, 4], the patrol exploration mission can be decomposed into
the ground-execute task and the rover-execute task. As described above, the perception
of the macro-environment around the exploration point and detection are defined as the
exploration mode, the perception of the micro-environment around the navigation point
is defined as the perception mode, and the movement of the rover according to the
traverse route is defined as the locomotion mode. And the exploration mode, the
perception mode and the locomotion mode are the rover-execute tasks. After the
macro-environment around the exploration point is determined, the generated digital
topographic map (the coarse graininess), the determined exploration point, and which
the exploration point is decomposed into multiple navigation points, are defined as the
overall planning or detection cycle planning. The perception of the micro-environment
around the navigation point, the generated digital topographic map (the fine graininess),
the identification of the security area, and the generated traverse route, are defined as

Perceive the
surrounding macro

environment

Digital topographic map
Exploration point
Navigation point

Perceive
surrounding micro

environment

Digital topographic map
Traverse route

Control command

Exploration mode

Perception mode

Locomotion mode

The overall
planning\detection
cycle planning

Navigation unit
planning

The mission of the
patrol and
exploration

Ground mission On board mission

Charging mode

Lunar-day to
lunar-night mode

Sleep mode

Luanr-night to
lunar-day mode

Security mode

Eclipse mode

Fig. 2. Flowchart of the mission of the patrol and exploration
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the navigation unit planning. The overall planning or detection cycle planning and
navigation unit planning are ground-execute tasks, which are called teleoperation tasks.
In addition, taking into account the energy, safety, eclipse demand, sleep and wake-up,
etc., charging mode, security mode, eclipse mode, lunar-day to lunar-night mode, sleep
mode, and lunar-night to lunar-day mode, which are rover-execute tasks, are defined.

The relationship between the ground-execute tasks and rover-execute tasks is
shown in Fig. 2.

3 Design of the Working Procedure on the Lunar Surface

3.1 Working Mode Design

Based on the working characteristics and mission decomposition, the nine working
modes are designed. The nine working modes are defined as follows:

1) Perception mode

The rover navigation cameras and hazard cameras are powered on. The navigation
cameras take the photograph of the surrounding environment and the hazard cameras
take the photograph of the front environment of the rover. And the photograph
information is transmitted to the ground station.

2) Locomotion mode

The locomotion state of the rover is performed: the navigation sensors power-on, the
lunar penetrating radar power-on and the moving wheel setting. After the state is
completed, the rover locomotes to the navigation point under the ground station con-
trol. During the locomotion the lunar penetrating radar is powered on and begins to
detect. In particular cases the rover can move to the navigation point autonomously,
and it can avoid the obstacle by use of the hazard cameras.

3) Exploration mode

The panoramic cameras of the rover perform imaging the far surrounding environment
to obtain the lunar surface topography. The infrared imaging spectrometer and the
particle-excited X-ray spectrometer are separately powered on for scientific detection.
And then the scientific detection data is passed down to the ground station.

4) Charging mode

The rover adjusts the + Y side solar array to point to the sun according to the planning.
At this time, the -Y side solar array is deployed in position, the rover remains sta-
tionary, and the battery pack begins to be charged.

5) Security mode

In this mode only integrated electronics subsystem, power supply subsystem and
TT&C subsystem of the rover are working to maintain its own safety and to keep the
communication with the ground station. In and out of this mode are under control of the
ground station.

572 J. Zhang et al.



6) Lunar-day to lunar-night mode

When the rover reaches the lunar-night sleeping point, the sleeping state is set by the
ground command. The navigation sensors and the payload are powered off. The two-
phase fluid loop is turned on and RHU (radioisotope heater unit) begins to working.
The mast is closed, and then the + Y solar array is closed. The rover enters the sleep
mode under the control of the ground station.

7) Sleep mode

Except for the two-phase fluid loop and RHU, the other devices of the rover are
completely powered off.

8) Lunar-night to lunar-day mode

When the sun rises and the altitude angle of the sun gradually increases to the wake-up
request, the power supply subsystem wakes up to make the integrated electronic unit
power on. And then the rover begins to receive the ground command to establish lunar-
day working state.

9) Eclipse mode

Based on the security mode, the two-phase fluid loop is turned on and RHU (ra-
dioisotope heater unit) begins to working. And then the rover is made to keep warm to
pull through the eclipse.

The conversion relationship of the above modes is shown in Fig. 3.

3.2 Lunar Working Procedure Design

The rover begins to patrol and explore on the lunar surface. The lunar working pro-
cedure is shown in the Fig. 4. First, the ground station controls the rover to enter the
perception mode. In this mode the surrounding environment is perceived, and the
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mode

Sleep mode

Lunar-day to lunar-night
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Patrol and exploration
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Fig. 3. Flowchart of the working mode conversion
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perception data is transmitted to the ground station. After receiving the data, the
teleoperation system performs processing, completes the path planning, designates the
traverse route and generates corresponding control commands. The ground station
sends control commands to the rover, and so the rover enters the locomotion mode
from the perception mode. The rover locomotes to the navigation point along the
designated traverse route. The process of the perception mode and the locomotion
mode are defined as the navigation unit. Through many navigation units the rover
enters the exploration mode. In this mode the surround macro environment is perceived
by the panoramic cameras. The infrared imaging spectrometer and the particle-excited
X-ray spectrometer begin to detect and obtain the scientific data, and so the data is
passed down to the ground station. The above steps are repeated thereafter. When the
battery discharge of the rover exceeds the set threshold or before the rover is out of the
TT&C arc segment, the ground station controls the rover enters the charging mode.

When the solar elevation angle according to the solar array decreases to an angle
corresponding to the sleep, the rover seeks a dormant location through a plurality of
navigation units. When the rover reaches the sleep position, it enters the charging
mode. After the charging is completed, the rover enters the lunar-day to lunar-night
mode, and then goes into the sleep mode after the setting is completed.

The lunar-night turns to the lunar-day, and the solar elevation angle according to
the solar array increases to the sunlight wake angle, which the rover can get enough
energy to make itself power on, and so the rover wakes up automatically. The rover
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Fig. 4. Flowchart of the lunar working on the moon surface
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enters the lunar-night to lunar-day mode, and establishes the working state on the lunar-
day. Thereafter, the rover begins the new lunar work through the combination of
working modes.

During the follow-up work, the rover will experience a lunar eclipse. In the TT&C
arc segment before the eclipse, the ground station controls the rover to find a place
suitable for the eclipse. After reaching the position, the rover is set under the control of
the ground station according to the eclipse mode to safely pass the eclipse.

4 Conclusion

On December 14, 2013, Chang'e-3 probe successfully soft-landed on the Sinus Iridium,
and on December 8, 2018, Chang'e-4 probe successfully soft-landed on the South-Pole
Aitken Basin. Through the combination the nine modes Jade rabbit 1 and 2 had
completed the patrol and exploration on the lunar surface. In the first two months, Jade
rabbit 1 had traversed 118.9 m, and Jade rabbit 2 had traversed 120 m. The routes are
shown in Fig. 5 [3, 5].

According to the modular design idea of the process, the lunar surface working
process of the rover is decomposed into nine working modes, and so the patrol and
exploration is realized through the combination of nine working modes. It provides a
basis for the design of the patrol and exploration mission of the external celestial
surface spacecraft, such as lunar and mars.

Fig. 5. Diagram of the traverse route of the Jade rabbit 1 on the lunar surface. The left is Jade
rabbit 1, and the right is Jade rabbit 2.
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Abstract. To improve the accuracy of ballistic target tracking, a multi-sensor
data fusion algorithm based on Cubature Kalman filter is introduced in this
paper. Firstly, the dynamic model of a midcourse ballistic target is established
via force analysis of the flight in the Earth Centered Inertial (ECI) frame. The
model is then transformed to the local East-North-Up (ENU) frame via coor-
dinate transformation. Secondly, one certain sensor is selected as the informa-
tion fusion center, and a centralized measurement model is constructed through
multi-sensor measurement augment in the ENU frame. Finally, based on the
state-space equation and observation equation established previously, a Cuba-
ture Kalman filter algorithm is designed to obtain the real-time state estimation
of the target, and the tracking effects as well as the algorithm performance are
evaluated through Monte Carlo simulations. The results of simulation show that
the proposed algorithm can achieve high precision and stable tracking perfor-
mance of the target.

Keywords: State estimation � Cubature Kalman filter � Information fusion �
Target tracking

1 Introduction

Ballistic target has the advantage of long range, large speed and high accuracy. For the
tracking system, the rapid positioning and tracking of the target is a matter of mission
success or failure. Therefore, after obtaining the early warning information of the
incoming target, how to utilize the sensor networks deployed at different locations to
conduct real-time positioning and tracking fusion of the target appears to be particu-
larly critical. The tracking performance directly affects the subsequent tasks, such as
characteristic identification, impact point prediction, threat assessment, anti-target
interception. Consequently, ballistic target tracking has always been an essential
engineering problem in the field of national defense, and it is also a research focus in
theoretical and technical areas at home and abroad [1, 2].

Generally, according to mechanical characteristic analysis, the total trajectory of a
ballistic target can be separated into three stages: boost, midcourse and reentry [3]. The
boost phase is inside the earth’s atmosphere, and generally lasts for a short duration.
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For the target defense system, its primary task is to ensure the detection of the attacking
target by space early warning satellites and then transmit the information to the
command center timely. The midcourse phase lasts from the end of the boost to the
beginning of the reentry. During this phase, the target flies freely outside the atmo-
sphere for a long time (nearly 80% of the trajectory), depending on the energy obtained
by the powered boost phase. The aerodynamic force can be ignored because it is far
smaller than other forces, such as gravity and rotation inertial force. The reentry phase
follows the end of the midcourse phase and continues until the impact. This phase is
highly dynamic and strongly maneuverable. To summarize, due to the characteristics of
simple mechanics and long-time duration, midcourse provides a favorable tracking
condition for the target defense system. Consequently, this paper focus on the problem
of midcourse target tracking.

To improve tracking performance, accurate modeling of the target and appropriate
selection of the tracking algorithm are required [4]. In the existing literature, object
motion model is conventionally used for maneuvering target modeling, such as
constant-velocity model (CV), singer model and jerk model [5]. This modeling method
has good generality. However, the actual force condition of the target is not taken into
account, thus causing some limitations of its application [6]. Instead, dynamic mod-
eling method is applied in this paper. First, it is assumed that there is no thrust, and
gravity becomes the unique force, then the state equation of target motion can be
acquired in Earth Centered Inertial (ECI) frame. Second, one certain sensor is selected
as the measurement fusion center, and the dynamic model previously established in
ECI frame is transformed to the center’s local East-North-Up (ENU) frame via coor-
dinate transformation. As a result, Coriolis force and centrifugal force are introduced in
consideration of the earth’s rotation. Finally, the measurements of multiple sensors are
expanded into a unified measurement vector in the center’s ENU frame, thus forming
the measurement equation.

Among tracking algorithm, Kalman filter (KF) is an effective method for state
estimation of linear system. Based on the establishment of state equation and mea-
surement equation, KF merges the current measurement with the state prediction,
which greatly improves the accuracy of state estimation [7]. For maneuvering target
tracking, due to the nonlinear characteristics of the models, a nonlinear filter algorithm
is preferred. The most classical nonlinear filter is extended Kalman filter (EKF), which
is simple in implementation. However, approximation error will be introduced in the
first-order linearization process, which makes EKF inapplicable for strong nonlinear
problems. After EKF, the unscented Kalman filter (UKF) proposed by Julier makes use
of UT transform to approximate the nonlinear probability density, and it is proved that
the approximate accuracy of any nonlinear system can achieve above second order.
However, when applying UKF to deal with high-dimension system, it is required to
adjust parameters reasonably to achieve high accuracy. Cubature Kalman filter (CKF)
is developed by Arasaratnam [8]. It uses discrete points which have equal weights to
solve the integration problem. The relevant research shows that, in comparison with
UKF and EKF, CKF has better accuracy and stability. In this paper, CKF is utilized as
the target tracking algorithm.
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2 Dynamic Models

2.1 State Equation

In the ECI frame, suppose no thrust is applied and no aerodynamic force is experi-
enced, then the target is only affected by gravity. Then, the velocity and position are
represented by ve ¼ ð _xe; _ye; _zeÞT and pe ¼ ðxe; ye; zeÞT respectively. Xe ¼ ðpTe ; vTe ÞT is
selected as the state vector. Applying Newton’s second law, the nonlinear state
equation of the ballistic target flying in midcourse phase can be expressed as

_Xe ¼ _pe
_ve

� �
¼ ve

aGðpeÞ
� �

ð1Þ

where aGðpeÞ is the gravitational acceleration.
It is assumed that the Earth is represented by the standard sphere model, and the

acceleration is governed by inverse-square gravitational model, then the corresponding
gravitational acceleration of the midcourse ballistic target is [3]

aGðpeÞ¼
€xe
€ye
€ze

2
4

3
5 ¼ � l

p3

xe
ye
ze

2
4

3
5 ð2Þ

where p ¼ pek k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2e þ y2e þ z2e

p
is the geocentric distance, and l is the gravitational

coefficient.
It is relatively simple to establish the dynamic model of the midcourse ballistic

target in the ECI frame, but for maneuvering target tracking, the measurement is always
relative to the local sensor’s frame. Therefore, it is more preferable and necessary to
introduce the ENU frame.

Assume that the target velocity, position and acceleration in the local ENU frame
are denoted by v ¼ ð _x; _y; _zÞTr ¼ ðx; y; zÞT, and a ¼ €x;€y;€z½ � respectively. Meanwhile,
considering that the ENU frame has a rotation angular velocity relative to the ECI
frame, the total acceleration in the ENU frame needs to involve Coriolis, centrifugal
terms and the gravitational acceleration. The target position and velocity are similarly
selected as the state vector in the ENU frame, that is X ¼ ðrT; vTÞT. Through coordinate
transformation and mathematical derivation, the acceleration of the midcourse
maneuvering target can be represented by

a ¼ �ðl
r30
Iþx2

eU 2Þ
x
y

zþReh

2
4

3
5� 2xeU 1

_x
_y
_z

2
4

3
5 ð3Þ
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where r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þðzþRehÞ2

q
is the geocentric distance of the target,

Reh ¼ Re þH, Re is the Earth radius, H is the sensor’s altitude,

U 1 ¼
0 � sinBL cosBL

sinBL 0 0
� cosBL 0 0

2
4

3
5, U2 ¼

�1 0 0
0 � sin2 BL cosBL sinBL

0 cosBL sinBL � cos2 BL

2
4

3
5,

BL is the geocentric latitude, xe is the earth rotational angular speed.
Finally, the target state-space model in the ENU frame is expressed by

_X ¼ f Xð Þ ¼ _r
_v

� �
¼ v

a

� �
ð4Þ

where the expression of the total acceleration a is shown in formula (3).

2.2 Measurement Equation

Suppose that there exist multiple sensors located in different sites to track the target
simultaneously. Then centralized fusion architecture is applied. Namely, a particular
sensor (defined as sensor 1) in the system acts as the fusion center to process and fuse
the measurement data obtained by all sensors. This has the potential to improve track
quality considerably since it allows for processing of all measurements to update the
tracks.

In addition, each sensor performs target measurement in its local ENU frame. In
order to realize information fusion, it is necessary to transform different measurements
to the center’s coordinate system through coordinate transformation [9]. For example,
the conversion steps for sensor 2’s ENU frame (ENU-2) to sensor 1’s ENU frame
(ENU-1) are as follows: ① transfer the measurements of the target in ENU-2 to the
geocentric fixed coordinate system (ECEF) through translation and rotation operations;
② following step 1, transfer the coordinates of the target in the ECEF to the ENU-1
through translation and rotation operations. Through the above two steps, the mea-
surement of sensor 2 can be converted to sensor 1’s coordinate system.

Suppose that the measurement vector of each sensor is Z ¼ ðR;A;EÞT, where R is
the range, A is the azimuth angle, and E is the elevation angle. In the ENU frame, for
time k, the measurement equation is

Zk ¼ hðXkÞþ vk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2k þ y2k þ z2k

p
a tanðyk=xkÞ
a tanðzk=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2k þ y2k

p Þ

2
4

3
5þ vk ð5Þ

where vk denotes the measurement noise vector at time k.
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The measurement information of all sensors is centralized in the fusion center [10].
Then the measurement vector is augmented, that is,

Ze;k ¼ he Xkð Þþ ve;k ð6Þ

where Ze;k ¼ Z 1ð Þ
k ;Z 2ð Þ

k ; . . .;Z nð Þ
k

� �T
, ve;k ¼ v 1ð Þ

k ; v 2ð Þ
k ; . . .; v nð Þ

k

� �T
are the augmented

measurement and noise vectors respectively, he is the augmented nonlinear measure-
ment function, n is the number of sensors involved in the fusion.

3 Cubature Kalman Filter

Based on the state equation and observation equation established above in Sect. 2.1 and
2.2, cubature Kalman filter algorithm can be performed.

For simplicity, we can rewrite formula (4) and formula (6) as the following
discrete-time dynamic models

xk ¼ f ðxk�1Þþmk�1

zk ¼ hðxkÞþ nk

�
ð7Þ

where xk 2 Rnx is the state and zk is the measurement.
Suppose that the process noise and the measurement noise are all additive white

Gaussian noises, and mk�1, nk are mutually independent.
Under third-degree spherical-radial criterion, the discrete integration points and

weights are

nj ¼
ffiffiffiffiffiffiffiffiffi
m=2

p
½1�j; xj ¼ 1=m; j ¼ 1; � � �m ð8Þ

where m is the number of integration points. A total of 2n points are employed when the
state dimension is n. The unit vector is denoted as ½1; 0; � � � 0�T. ½1�j represents the j-th
point in the set of full symmetric points [1]. When nx ¼ 2, it has the following form

½1� ¼ 1
0

� �
;

0
1

� �
;

�1
0

� �
;

0
�1

� �� �
ð9Þ

Then, the main procedures of this algorithm are as follows:
Step 1: Initialization: x̂k�1;Pk�1

Step 2: Time update:

Sk�1 ¼ cholfPk�1g; Xj;k�1 ¼ Sk�1nj þ x̂k�1; X
�
j;k ¼ f ðXj;k�1Þ ð10Þ

�xk ¼
Xm
j¼1

xjX
�
j;k; �Pk ¼

Xm
j¼1

xjX
�
j;kX

�T
j;k � �xk�x

T
k þQk�1 ð11Þ
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Step 3: Measurement update:

�Sk ¼ cholð�PkÞ; Xj;k ¼ �Skxj þ�xk; Zj;k ¼ hðXj;kÞ; �zk ¼
Xm
j¼1

xjZj;k ð12Þ

Pzz;k ¼
Xm
j¼1

xjZj;kZT
j;k � �zk�zTk þRk; Pxz;k ¼

Xm
j¼1

xjXj;kZT
j;k � �xk�zTk ð13Þ

Step 4: Filter gain:

Wk ¼ Pxz;kP�1
zz;k ð14Þ

Step 5: State estimation:

x̂k ¼ �xk þWkðzk � �zkÞ; Pk ¼ �Pk �WkPzz;kWT
k ð15Þ

4 Simulation Analyses

Suppose that the initial states of the target are as follows (Table 1):

There are two radar sensors (radar 1 and radar 2) to track the target, which are
placed at (7.5°, 9.5°, 0 km), (5.5°, 4.5°, 0 km), respectively. The ranging error variance
is 25, the angle measurement variance is 0.0225, and the sampling interval is 0.05 s.

The flying trajectory of the target in the ENU-1 measurement frame is displayed in
Fig. 1. The performance of tracking result is shown in Fig. 2.

From Fig. 1, the entire trajectory of the midcourse target is regular, which brings
convenience for radar tracking. From Fig. 2, the proposed method can perform stable
tracking for the target. With the recursive operation of the algorithm, the tracking errors
of all three directions converge to a small scale.

Table 1. Initial states of the target

Parameter Initial value Unit

Altitude 80 km
Longitude 0 deg
Latitude 9.5 deg
Velocity 3000 m/s
Flight path angle 45 deg
Heading angle 45 deg
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In order to make further evaluation on the performance of the proposed algorithm,
Monte Carlo tests are conducted, and root mean square error (RMSE ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

PN
i¼1

ðXi � X̂iÞ2
s

) is used as the evaluation index. 1000 Monte Carlo simulations

indicate that the positioning accuracy of the algorithm is 20.715 m.

5 Conclusions

Aiming at the problem of ballistic target tracking, this paper presents a CKF based
multi-sensor fusion algorithm. Dynamic model of the ballistic target is established, and
then the CKF is utilized as the tracking algorithm to perform state estimation based on
centralized fusion architecture. Besides, extensive simulations are carried out to verify
the presented method. The results show that the method is stable and the tracking
accuracy approaches 20 m. The presented method in this paper is feasible and effective,
which has certain practical value of project.
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Abstract. With the rapid development of China’s economy and technology,
spatial infrastructure has been highly valued, and the impact of spatial infras-
tructure information application is growing. In order to reasonably design spatial
infrastructure and make full use of spatial infrastructure information resources,
the contribution research of spatial infrastructure information application system
should be carried out. Based on the analysis of the basic concept of system
contribution degree and the system contribution degree evaluation model,
aiming at the contribution degree evaluation of spatial infrastructure information
application system, this paper presents the multi task evaluation process and
steps, constructs the evaluation index system and designs the system contribu-
tion evaluation model. Finally, the implementation process of the contribution
evaluation of spatial infrastructure information application system is described
in detail through an example analysis. This method can provide technical ref-
erence for the study of the system contribution of spatial infrastructure infor-
mation application system and other systems.

Keywords: Spatial infrastructure � Information application � Evaluation index �
System contribution

1 Introduction

Space infrastructure refers to the integration of heaven and earth engineering facilities
that use space resources to provide remote sensing, communication and broadcasting,
navigation and positioning for users, which is composed of functional supporting,
space system, ground system and its associated system. Space infrastructure is an
important support for China’s economic and social development, people’s livelihood
improvement, ecological civilization, national security and scientific and technological
progress. Nowadays, the construction of space infrastructure and the improvement of
the construction of space infrastructure system are an important part of the economic
and social development and national security strategy of various countries [1]. In order
to design and use space infrastructure reasonably, it is necessary to study the evaluation
method of system contribution of space infrastructure.
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System contribution refers to the contribution of a system to the overall capability
of the system when the whole system completes the specified tasks. It is the embod-
iment of the system’s position in the system. The greater the contribution of the system,
the more important the system is in the system [2]. The existing literature focuses on
the basic meaning, principles and methods of system contribution [3–5]. There is little
comprehensive introduction and in-depth research on system contribution, and no
mature measurement standards and related theoretical methods [6]. In the aspect of
research on the system contribution of space infrastructure, literature [2] has carried out
the research on the evaluation method based on remote sensing satellite application
system contribution, analyzed the evaluation process of system contribution, and
established the evaluation index system for ship detection efficiency. In reference [7], a
space-based information application model is constructed, and the evaluation method
of system contribution is defined. This paper focuses on the system contribution of
spatial infrastructure information acquisition part, that is, the system contribution of
spatial infrastructure information application. From the perspective of completing
multiple tasks, this paper studies the evaluation method of the contribution of spatial
infrastructure information application system.

2 Connotation of System Contribution Degree

Contribution degree is mostly used in the economic field [3]. Generally speaking,
contribution degree is a measure of the contribution degree of one thing A (called
contributor) to another thing B (called beneficiary) [4, 8]. Literature [9] gives a defi-
nition of system contribution degree.

Definition: System contribution degree is a measure of the effect and influence of
system and its combination on the overall capability of the whole system. It reflects the
relationship between system or combination and the whole system when facing specific
tasks.

The contribution degree of the system can be measured from four aspects: whether
to increase the capability type, whether to improve the short board of combat tech-
nology, whether to improve the operation efficiency and whether to reduce the overall
cost [8]. The analysis of system contribution can be transformed into efficiency anal-
ysis. Based on the relevant literature, the following models are mostly used for the
evaluation of system contribution at present:

Contribution degree of system A ¼ System effectivenesswithA � System effectivenesswithoutA
System effectivenesswithoutA

ð1Þ
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3 Research on Evaluation Method of System Contribution
Degree for Multi Task System

3.1 Assessment Process and Steps

As a comprehensive system with the characteristics of high integration of heaven and
earth, the contribution evaluation of spatial infrastructure information application
system not only follows the general process and method of evaluation, but also has its
unique connotation and particularity. Referring to the existing literature [4], the con-
tribution evaluation steps of spatial infrastructure information application system are
designed as shown in Fig. 1.

(1) Target analysis: Different task objectives have great influence on the design of
system contribution evaluation method. At the beginning of system contribution
evaluation, the purpose of evaluation should be analyzed and the object of evaluation
should be defined. In this paper, the contribution evaluation of multi task oriented
spatial infrastructure information application system is studied.

(2) Evaluation method design of system contribution degree: The method of system
contribution evaluation is the premise of system contribution evaluation and the core of
system contribution research. The design of the contribution evaluation method of
spatial infrastructure information application system consists of two parts: the con-
struction of efficiency evaluation index system and calculation model, and the design
system contribution evaluation model. The efficiency evaluation index system
describes the system efficiency of spatial infrastructure in information application, and
the calculation model gives the way to obtain the evaluation index; the system con-
tribution evaluation model provides a quantitative description for the evaluation of the
contribution degree of spatial infrastructure information application system.

Determine assessment 
objectives

Construction of efficiency 
evaluation index system and 

calculation model

Model design of system 
contribution evaluation

Evaluation data 
acquisition and index 

calculation

Target 
analysis

Evaluation 
method design 

of system 
contribution 

degree

Implementation 
of system 

contribution 
evaluationSystem contribution 

evaluation

Fig. 1. Basic steps of contribution evaluation of spatial infrastructure information application
system
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(3) Implementation of system contribution evaluation: The implementation of the
contribution assessment of spatial infrastructure information application system
includes two parts: the acquisition of assessment data, the calculation of indicators and
the assessment of system contribution. After obtaining the evaluation data by means of
actual measurement data or simulation, firstly, use the calculation model to solve the
index, secondly, use the index system evaluation method to calculate the efficiency of
spatial infrastructure information application system, finally, carry out the system
contribution research based on the designed system contribution evaluation model.

3.2 Construction of Efficiency Evaluation Index System

Without considering the factors such as cost and guarantee, the evaluation of system
contribution can be transformed into the problem of effectiveness analysis. To carry out
the research of system effectiveness, it is necessary to establish the effectiveness
evaluation index system first. The components of spatial infrastructure are complex and
diverse, and its efficiency evaluation indexes usually include many contents, such as
component performance indexes, system efficiency indexes and application efficiency
indexes. In this paper, we consider the establishment of spatial infrastructure infor-
mation application efficiency evaluation index. According to different task require-
ments, we construct the corresponding information application efficiency evaluation
index system. The efficiency of spatial infrastructure information application system is
obtained by weighting the application efficiency of each task.

From the perspective of index classification, whether it is application efficiency
index, system efficiency index or component performance index, it can be qualitatively
described from four aspects of timeliness, continuity, reliability and accuracy, as shown
in Fig. 2.

Principle of 
effectiveness analysis

A
ccuracy

R
eliability

C
ontinuity

Tim
eliness

Fig. 2. Performance index attribute Division
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In Fig. 2, the timeliness index reflects the timeliness of information generation or
transmission, the continuity index reflects the frequency of information generation, the
time interval between information and information generation, the reliability index
reflects the stability of the system, the amount of error information generated, and the
accuracy is related to the geometric positioning accuracy of the generated image.

Based on the above analysis, the performance evaluation index system as shown in
Fig. 3 can be constructed for the effectiveness evaluation of multi task spatial infras-
tructure information application.

3.3 Design of System Contribution Evaluation Model

The contribution degree of spatial infrastructure information application system mea-
sures its role in information acquisition. For the same system, it plays different roles in
different tasks. Therefore, when studying the system contribution for multi tasks, we
should select a group of typical task sets, and get the final result of the system con-
tribution to the system by integrating the system contribution to all tasks.

Section 2 gives a commonly used system contribution evaluation model, but this
evaluation method is only for the system contribution evaluation results after an
effectiveness analysis, which is not suitable for the system contribution evaluation
under multi task. In this paper, on the basis of literature [9], we design the evaluation
model of contribution degree of multi task oriented spatial infrastructure information
application system, as shown in Table 1.

TimelinessContinuity

Task 1 Task n

Accuracy

Task 2

Reliability

Effectiveness of space infrastructure information 
application system 

Fig. 3. Evaluation index system of spatial infrastructure information application efficiency

Table 1. Multi task oriented system contribution evaluation model

NO. System Task 1 …… Task n Comprehensive evaluation

1 Baseline A11 …… A1n A1

2 Baseline + a A21 …… A2n A2

system
contribution
degree

S1 …… Sn S
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In Table 1, baseline is the spatial infrastructure information application system
without system a, Baseline + a is the information application system with system a, Aij

(i = 1, 2, j = 1…,n) is the application effectiveness of information application system
under different tasks. Ai (i = 1,2) is a comprehensive evaluation of the system con-
tribution of the space infrastructure information application system to accomplish
multiple tasks. The solutions of system contribution degree Si (i = 1… n) and S are as
follows:

Si ¼ ðA2i � A1iÞ=A1i; S ¼ ðA2 � A1Þ=A1; i = 1,. . .,n ð2Þ

where, the values of the application effectiveness Aij and the comprehensive evaluation
Ai can be obtained by constructing the effectiveness evaluation index system (as shown
in Fig. 3) and adopting the effectiveness evaluation method.

4 The Sample

Taking the simulation example given in reference [2] as the research background, it is
assumed that the space infrastructure information application system consists of two
satellites and ground system, and the specific simulation parameters can refer to ref-
erence [2].

(1) Construction of evaluation index system and solution of evaluation index

Based on the effectiveness evaluation index system established in reference [2],
considering the multi task oriented situation, the information application effectiveness
evaluation index system is constructed, as shown in Fig. 4.

The performance evaluation index value can be obtained through data collection
and simulation. In addition, in order to achieve the evaluation of different indicators in
the same scale, each indicator should be normalized. Reference [2] gives the perfor-
mance evaluation index value after the normalization function processing, as shown in
Table 2.

Target positioning 
accuracy

Information update 
time

Task 1 Task 3 Task 4

Observation duration

Task 2

Demand response 
time

Target recognition 
probability

Task 5

Comprehensive evaluation of system effectiveness

Fig. 4. Example of performance evaluation index system
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(2) System contribution evaluation

Taking the contribution evaluation of satellite 1 system as an example, aiming at
the evaluation index system in Fig. 4, the AHP [2, 10] is used to solve the index
weight. The judgment matrices constructed in this paper are as follows:

A ¼

1 1=3 1=5 1=5 1=3
3 1 1=3 1=3 1
5 3 1 1 2
5 3 1 1 2
3 1 1=2 1=2 1

2

6
6
6
6
4

3

7
7
7
7
5

A1 ¼

1 2 2 3 5
1=2 1 1 2 4
1=2 1 1 2 3
1=3 1=2 1=2 1 2
1=5 1=4 1=3 1=2 1

2

6
6
6
6
4

3

7
7
7
7
5

A2 ¼

1 2 1 5 1=2
1=2 1 1=3 3 1=4
1 3 1 3 1=3

1=5 1=3 1=3 1 1=3
2 4 3 3 1

2

6
6
6
6
4

3

7
7
7
7
5

A3 ¼

1 3 1=2 5 1
1=3 1 1=2 2 1=3
2 2 1 5 1

1=5 1=2 1=5 1 1=3
1 3 1 3 1

2

6
6
6
6
4

3

7
7
7
7
5

A4 ¼

1 1=3 1 1=2 1=2
3 1 2 2 1
1 1=2 1 1=3 1=2
2 1=2 3 1 1
2 1 2 1 1

2

6
6
6
6
4

3

7
7
7
7
5

A5 ¼

1 2 1=2 1=3 1=3
1=2 1 1=3 1=5 1=5
2 3 1 1 1=2
3 5 1 1 1
3 5 2 1 1

2

6
6
6
6
4

3

7
7
7
7
5

The normalized maximum eigenvector and the consistency CR are:

wT ¼ 0:0561 0:133 0:3272 0:3272 0:1565½ �; kmax ¼ 5:0436; CR ¼ 0:0097

wT
1 ¼ 0:3834 0:223 0:2106 0:1181 0:0649½ �; kmax ¼ 5:0248; CR ¼ 0:0055

wT
2 ¼ 0:2295 0:1097 0:2072 0:0624 0:3912½ �; kmax ¼ 5:2907; CR ¼ 0:0649

wT
3 ¼ 0:2545 0:1096 0:3096 0:0624 0:2639½ �; kmax ¼ 5:1384; CR ¼ 0:0309

wT
4 ¼ 0:1121 0:303 0:1121 0:2296 0:2432½ �; kmax ¼ 5:0981; CR ¼ 0:0219

wT
5 ¼ 0:1083 0:0617 0:2094 0:2889 0:3318½ �; kmax ¼ 5:0471; CR ¼ 0:0105

Using the normalized maximum eigenvector and the normalized efficiency index
shown in Table 2, we can get the system contribution evaluation and comprehensive
evaluation for the satellite 1 under multi tasks, as shown in Table 3.

Table 2. Normalized performance indicators

NO. Normalized index Satellite 1 Satellite 2 Constellation

1 Information update time 0.0141 0.2692 0.3978
2 Demand response time 0.9933 0.9840 0.9886
3 Observation duration 0.8874 1 1
4 Target recognition probability 0.7 0.012 0.3560
5 Target positioning accuracy 0.3787 0.2395 0.3012
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5 Conclusion

In this paper, a multi task oriented evaluation method of contribution degree of spatial
infrastructure information application system is proposed. Firstly, the paper studies the
basic concept of system contribution degree and the evaluation model of system
contribution degree. Secondly, according to the characteristics of spatial infrastructure
information application, an evaluation procedure is given. On this basis, a multi task
oriented evaluation index system of spatial infrastructure information application is
constructed, and a multi task oriented evaluation model of system contribution is
designed. Finally, through the analysis of examples, the implementation process of the
contribution evaluation of spatial infrastructure information application system is
described in detail. The research results of this paper can provide reference for the
follow-up research on the contribution of spatial infrastructure information application
system and other systems.
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Abstract. Three-dimensional embedded devices are very good in application,
but there are many failure cases. In this paper, we develop a set of DPA methods
and procedures through failure cases in recent years.

Keywords: Three-dimensional embedded devices � DPA � Screening

1 Introduction

Three-dimensional embedded device break through the traditional concept of flat
packaging to reach an assembly efficiency of over 200%, and it has realized the
stacking of multiple chips in a single package and doubled enlargement of storage
capacity [1]. The stacking of multiple chips makes the electronic components of the
same size enjoy a higher level of integration [2]. It is the unparalleled technical
advantages of 3D resin encapsulated device, coupled with the demand for wireless
communication equipment, that provide the packaging technology a broad space for
development.

2 Structural Characteristics

Three-dimensional embedded device has made a breakthrough in the packaging
structure from plane to three-dimensional structure. Stacking chips can increase the
storage capacity and reduce the plane size while saving plane space, which makes the
device more widely used [3]. At the same time, this structure is widely recognized by
users.

The surface of the package is connected with the outer lead of the internal substrate
through electro less nickel plating and gold plating. Laser adjustment is applied to the
gold layer to form conduction bands for electrical connections between different pins.
See Fig. 1.
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3 Analysis of Failure Cases

As Three-dimensional embedded device has an increasingly wider application scope,
its failure problems arise gradually [4]. Through the analysis and research on the failure
cases of different types of Three-dimensional embedded device in recent years, it is
found that the main failure problems in Three-dimensional embedded device are as
shown in the following Table 1.

3.1 Inherent Quality Problems of the Device

The gold-plated layer on the surface of the three-dimensional embedded device acts as
a conduction band. Poor bonding force of the plating layer or plating layer contami-
nated by external factors will cause short circuits or internal open circuits due to the
fracture of the gold conduction band on the surface. The three-dimensional embedded
device usually adopts gold wires for interconnection. The main material adopted in the
internal bonding area is aluminum, and the gold-aluminum medium will produce inter
metallic compounds, causing Kirkendall voids. Along with external environmental
stress, virtual connection will occur on the bonding wires and causes failure of elec-
trical performance of the device.

Fig. 1. Image of Three-dimensional embedded devices

Table 1. Failure reason and failure mode of 3D stacked device

No. Failure Failure reason and failure mode

1 Inherent quality
problems of the device

Poor bonding force of surface plating layer and the
fracture of gold-plated layer cause electrical performance
failure
Kirkendall voids caused by gold-aluminum inter metallic
compounds lead to virtual connection of bonding wires

2 Problems in user
operation

Popcorn effect caused by insufficient dehumidification and
excessively high temperature
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3.2 Problems in User Operation

The three-dimensional embedded device is a plastic package device, which has strong
moisture absorption feature. Under the stress caused by soldering, moisture in the
device (if any) will be vaporized by heat, with its volume increasing sharply. In such
case, cracks will occur inside and on the surface of the molding compound, and
popcorn effect will occur, resulting in function failure of the device.

4 Analysis of Failure Reason

According to above-mentioned several failure cases of three-dimensional embedded
device, it is found that such device generally suffers insufficient bonding force of the
plating layer, popcorn effect and Kirkendall effect, etc.

4.1 Problem of Plating Layer Bonding Strength

Plastic package devices adopt gold conduction bands on the surface to achieve elec-
trical connection of the pins. In the electronic assembly and the test process, due to the
influence of external stresses, the device may be slightly deformed, and the fracture of
the gold-plated conduction band and open-circuit of the device pin may occur. The
fracture of the gold-plated conduction band is actually due to the delamination caused
by the poor bonding force of the plating layer. Delamination of the plating layer can be
divided into cohesive delamination that occurs in the body material and interface
delamination between different materials, as well as the condition under which both
exist.

The bonding strength of the plating layer is related to the force of the bonding
interfaces. For example, the adhesive used is immersed into the substrate near the
interface during application and forms an interface area with special properties or
performance different from that of the body material. The main factor that determines
the bonding strength of the plating layer is the bonding force of the weak-boundary
layer, and the weakening of the interface area is often caused by the destruction of the
body material of the weak-boundary layer. The weak-boundary layer may be caused by
the joint influence of various combinations of the three factors of external adhesive,
substrate, and environment. For example, the bonding strength of plating layers on
interfaces with impurities, oxides, small molecules, and short-chain polymers and
weak-boundary layers with air and moisture can be improved by surface processing to
remove the impurities, oxides, small molecules, and short-chain polymers or
strengthening of the weak-boundary layer.

The theory of weak-boundary layer deems that, in the bonding system of the plating
layer, the difference in the properties of the surface and interior part of the material, as
well as environmental factors, have led to the formation of the weak-boundary layer. It
can be formed by diffusion, adsorption or aggregation of low-molecular substances and
impurities on the interface, or be formed by impurities, contamination, residual air, and
moisture infiltration on the interface. Under the impact of external forces, these sub-
stances will cause the destruction of the weak-boundary layer or the decrease of the
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bonding strength of the plating layer, then leading to the decline of the bonding force of
the plating layer and device failure.

4.2 Popcorn Effect

The popcorn effect means that hygrothermal stress is generated inside the embedded
device due to high temperature during the reflow soldering process. Hygrothermal
stress exists in the micropores on the interface or in the material, and it may cause
device failure beyond a certain limit. Moisture absorption can change the original
properties of the material, cause changes in the distribution of the hygrothermal stress
on the entire device, reduce the adhesion between the packaging materials and lead to
the delamination between adjacent materials. After the material absorbs moisture, it is
prone to electric corrosion and electro-migration, and short-circuit and open-circuit
may also occur, causing the failure of the entire device eventually.

There are generally 4 stages in the generation process of internal hygrothermal
stress caused by moisture absorption:

The first stage is the very slow pretreatment stage of moisture absorption. Moisture
surrounding the molding compound slowly enters into the interior part of the material,
the space between interfaces and micropores.

In the second stage, the packaging material is soldered on the motherboard through
reflow soldering. The lead reflow soldering needs to be conducted at a high temperature
of 220°C, and lead-free reflow soldering needs to be conducted under the temperature
of 30-40°C higher. Under such condition, the moisture absorbed will be vaporized, the
hygrothermal stress caused by water vapor will become increasingly higher, the vis-
cosity of the adhesive existing between two different materials will decrease constantly.
In such case, delamination may occur between the internal interfaces of the packaging
material.

In the third stage, the hygrothermal stress continues to act on the interfaces where
delamination has occurred, which may cause outward expansion of the material.

In the fourth stage, cracks form and extend outwards. When the cracks spread
toward the edges, the internal hygrothermal stress due to water evaporation will be
released instantly, with a common “popcorn” sound heard. This is what we call
“popcorn” effect.

The device is mainly affected by the moisture in two aspects: the impact on the
electron flow and the material. The permittivity of moisture is much lower than that of
air. When electron flows pass through the device, internal structure breakdown due to
high voltage will occur when there is micro-short circuit on local circuit, which will
further cause damage. In addition, the internal temperature of the device will change
during application, and the performance of the electronic material itself will change
along with the temperature change, which is the main factor that affects the service life
of the device. As there is some moisture in the air, and the plastic package device is not
fully sealed, a small amount of moisture in the air will enter into the device. The greater
the surrounding moisture concentration, the more moisture will enter into the device.
When the temperature in the device changes during operation, the internal humidity
temperature will change, which will affect the service life and reliability of the device,
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so the requirement of this type of device on storage and dehumidification during
application is extremely demanding.

4.3 Kirkendall Effect

The Kirkendall effect means that defects will occur during the diffusion process of two
metals with different diffusion rates. As the ultrasonic hot-press welding process needs
to be adopted during the welding of aluminum discs with gold wire, gold (Au) and
aluminum (Al) will be mixed together due to diffusion under high temperature con-
ditions. Because the diffusion rate of two metals is different (the diffusion rate of Au is
larger than that of Al), there will be regional interatomic gaps at the metal interface,
which will become voids when enlarged to a certain degree. Such voids will lead to a
significant reduction in bonding strength and an increase in resistance and then result in
device failure.

The Kirkendall effect can cause virtual connection at the bonding points, and the
debonding from the bonding area will result in the failure of the electrical performance
of the device. Figure 2 shows the debonding morphology of the device when the
internal bonding wire tension value is 0.

5 DPA Process Improvement

Based on the features of three-dimensional embedding technology and the analysis of
common failure problems, it is deemed that there are certain inspection vulnerabilities
in the application of the DPA method for traditional plastic package devices to three-
dimensional embedded devices. Since there is no systematic DPA inspection method
for the application of three-dimensional embedded devices in high-reliability fields,
DPA test process and method of three-dimensional embedded devices is studied and
improved based on traditional DPA method in accordance with the pre-existing failure
modes of this packaging form and their causes. See Fig. 3.

The traditional DPA method is mainly for single-layer plastic package devices,
while the three-dimensional embedded device is a new three-dimensional plastic

Fig. 2. Debonding image of bonding wire
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package structure. Combining the common problems of bonding force of plating
layers, popcorn effect and Kirkendall voids, attention shall be paid to the following
matters in the DPA test: 1) The gold-plated layer on the outer surface plays the role of
electrical connection. If the gold-plated layer breaks or warps, the problem of excessive
parameter or function failure will occur; 2) Due to its special structure and material, the
device is extremely sensitive to moisture prevention, moisture removal and temperature
during application, and is prone to popcorn effect; 3) Kirkendall effect can easily occur
as the device adopts gold and aluminum bonding inside; 4) Due to the special PoP
packaging, acoustic scanning inspection cannot judge the delamination of laminated
molding compound in an effective way.

In view of the above-mentioned problems, it is believes through analysis that the
firmness inspection of the plating layer can effectively eliminate the devices with
warping or bulging on external gold plating. The continuity of the plating layer of the
device can be inspected and its thickness can be measured through section preparation
and inspection, to avoid the hidden reliability problems caused by defects on the plating
layer. And the layer-by-layer bonding tensile test for three-dimensional embedded
devices can effectively detect the lamination of the molding compound caused by the
popcorn effect and the virtual connection of the bonding wires caused by the Kirkendall
effect, to determine the quality of the entire batch of devices.

Fig. 3. Test procedure and method
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6 Conclusion

Through the above analysis of common failure modes and failure causes of three-
dimensional embedded devices, and combining the features of three-dimensional
embedded devices, the method is improved based on the traditional DPA process of
plastic package devices. Through the analysis and research on the traditional DPA
process, the firmness inspection of the plating layer, plating layer section inspection
and internal layer-by-layer inspection are added, based on the implementation process
of DPA method for the three-dimensional embedded devices. Applying the above DPA
method to practical cases can effectively inspect the problems of gold-plated layer
warping, popcorn effect and Kirkendall voids. The introduction of such DPA method
into the quality assurance process of three-dimensional embedded devices is of great
significance to the judgment of the batch quality and reliability risks of the device.
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Abstract. A novel blind digital beamforming (DBF) method based on
complex-valued ICA is presented in this paper. The main idea of this method is
to get the accurate estimation of array manifold using complex-valued ICA
algorithms (such as CFastICA and JADE algorithms), and then beams are
formed with DBF algorithm LCMV. Due to the inherent complex amplitude
uncertainty of complex ICA algorithm, it is difficult to obtain an accurate array
manifold directly. To overcome this disadvantage, an accurate array manifold
can be got by our new method. The array manifold can be estimated accurately
and the performance of the blind beamformers is also very well by proposed
method in our simulation results with low SNR.

Keywords: Blind DBF � Independent component analysis � LCMV � ICA

1 Introduction

1.1 A Subsection Sample

Digital beamforming (DBF) is so useful that it can change the directional pattern of an
array antenna using the digital technology. In various applications, the DBF aims to
raise the signal gain from the desired direction and restrain noise and interference
signals gain from other directions [1].

Blind beamforming has always been a significant research topic in signal pro-
cessing. The blind method is desirable because it attempts to form a beam in desired
direction of the signal by relying solely on the received signal waveform without
knowing the array manifold. They are robust to array distortion and wavefront dis-
tortion [2]. Therefore, the array requires neither calibration nor physical modeling. One
kind of blind beamforming algorithm is based on DOA or direction vector, such as the
LCMV (Linear Constrained Minimum Variance) method, which first needs to estimate
the DOA of the input signal. But, however, DOA estimation will be wrong due to noise
and array and channel errors in practice [3].

In fact, in order to form a beam, one only needs to estimate the array manifold
rather than the DOA explicitly. A blind beamforming algorithm using complex-valued
ICA (Independent Component Analysis) [4] is proposed in literature [5], which is
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suitable for cases without prior knowledge of signal and array antenna. However, the
uncertainty of complex-valued amplitude inherent in ICA is not discussed in this paper.

In this paper, the complex value JADE [6] and complex value FastICA (CFastICA)
[7] algorithms are used to estimate array manifold, and then the influence of complex
amplitude uncertainty inherent in complex ICA on array manifolds is discussed. In
order to overcome this uncertainty, we propose a method to obtain precise array
manifolds. Finally, based on the precise array manifold, LCMV algorithm is used for
beamforming.

2 Signal Model

We suppose n-dimension statically independent signals s ¼ s1; s2; � � � ; sn½ �T impinging
on a uniform linear array (ULA) which has m sensors (see Fig. 1).

AðhÞ is the array manifold or mixing matrix, which is full rank with complex values
and it can be denoted as below.

AðhÞ ¼ aðh1Þ; aðh2Þ; � � � ; aðhnÞ½ � ð1Þ

Where hiði ¼ 1� nÞ the steering vector aðhiÞði ¼ 1� nÞ is:

aðhiÞ ¼ 1; expðj 2p
k
d sin hiÞ; � � � ; expðj 2pk dðm� 1Þ sin hiÞ

� �T
ð2Þ

Where hiði ¼ 1� nÞ is the i-th signal direction, d is the distance of the adjacent
array element k is the wavelength.

Fig. 1. The model of uniform linear array.
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x ¼ x1; x2; � � � ; xm½ �T is an m-dimensional observation vector by sensors and it can
be denoted as below.

x ¼ As ð3Þ

3 Complex-Valued ICA Algorithm

Since the elements of A are complex, the complex ICA algorithm is needed to estimate
the hybrid matrix or array manifold. The JADE algorithm proposed by Cardoso [6] and
the CFastICA algorithm proposed by Bingham have been most widely used in the
complex range [7].Therefore, this paper uses the two algorithms to estimate array
manifold. The details of these two algorithms can be got from [6, 7], so we will not
discuss them in detail in this paper.

The main idea of independent component analysis is to search the separation matrix
W in the case of unknown A and s, so that the output signal vector y is independent of
each other.

y ¼ Wx ¼ WAs ¼ Ps ð4Þ

P ¼ WA ð5Þ

Where generalized permutation matrix P just has a non-zero element in each row
and column of the matrix. The results show that the output signal has order uncertainty
and complex amplitude uncertainty, but the waveform does not change.

4 Array Manifold Estimation

From JADE or CFastICA algorithms, we can obtain the Separating matrix W and the

estimation of array manifold bA is:

bA¼Wy ð6Þ

Where W’s pseudo inverse is Wy. Using (5), then Wy is

Wy ¼AP�1 ð7Þ

From the formula (6) and (7), we deduce bA and A relationship is:

bA ¼ Wy ¼ AP�1 ¼ AQ ð8Þ

Because P is a generalized permutation matrix and Q ¼ P�1, Q is also a general-
ized permutation matrix which has complex-valued elements.
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We can see that bA as the estimation of the array manifold is different from A which
is the real array manifold from the formula (8). We can not obtain direction vector frombA, because the elements of Q are complex value and they can change the phase of A. In
order to study the bA relationship with A, we make,

xi ¼ expðj 2p
k
d sin hiÞ i ¼ 1� n ð9Þ

Then, A can be denoted as below

A ¼

1 1 � � � 1
x1 x2 � � � xn

x2
1 x2

2 � � � x2
n

..

. ..
. . .

. ..
.

xm�1
1 xm�1

2 � � � xm�1
n

2
666664

3
777775 ð10Þ

Q is a generalized permutation matrix, so it can be assumed as a diagonal matrix.
The assumption is reasonable and does not influence the following conclusion.

Q ¼
q1

q2
. .
.

qn

2
6664

3
7775 ð11Þ

Where qk is the element of Q and it is complex value. Then formula (8) is

bA ¼ AQ ¼

q1a11ðh1Þ q2a12ðh2Þ � � � qna1nðhnÞ
q1a21ðh1Þ q2a22ðh2Þ � � � qna2nðhnÞ

..

. ..
. . .

. ..
.

q1am1ðh1Þ q2am2ðh2Þ � � � qnamnðhnÞ

2
66664

3
77775

¼ q1aðh1Þ; q2aðh2Þ; � � � ; qnaðhnÞ½ �

ð12Þ

Formula (12) shows that every column of bA is the product of every column of A
and a complex value. And we can see the non-zero elements of Q is the first row of bA.

We can see that the product of a complex value and each column of A is each

column of bA from formula (12). And the first line of bA is the diagonal elements of Q.

Q ¼ diagðbAð1; :ÞÞ ð13Þ

Where diagðÞ show that a vector is changed into a diagonal matrix which makes the

vector as the diagonal elements and bAð1; :Þ is the first line of bA. From formula (13) and
(8), the accurate array manifold estimation ~A can be obtained as
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eA¼bAQ�1 ð14Þ

Where bAQ�1 denotes column transformation of bA, i.e. using first line of bA to

normalize each column of bA.
We can summarize the whole process of obtaining the accurate array manifold

estimation using ICA as below.

1. Take advantage of complex-valued ICA algorithm to process the received signal x,
and the separation matrix W is obtained.

2. Get bA¼ Wy as an estimation of array manifold using Eq. (6);
3. Estimate generalized permutation matrix Q using Eq. (13);
4. Obtain accurate array manifold estimation using Eq. (14).

On the basis of the precise array manifold obtained above, it can be used in the
optimal weight formula of LCMV algorithm to form the desired antenna pattern.

It should be pointed out that the above method is effective because of the special
linear array manifold structure, which is that all the elements in the first row are ones.
Therefore, the uncertainty matrix can be estimated by the method proposed above, and
the accurate array manifold estimation can be obtained too. Although the above is
derived by taking uniform linear array as an example, it can be known from the
derivation process that for all array manifolds with the elements of ones in the first row,
then the above method can be used to eliminate the inherent uncertainty of ICA and
obtain accurate array manifold estimation. For example, when the array is a planar or
non-uniform linear array, and the first matrix is taken as the origin of coordinates, all
the first elements in the array manifold are ones, so the above correction method can
also be used. However, the above method of eliminating ICA uncertainty is not
applicable to other arrays such as uniform circular arrays, and the specific method still
needs to be further studied, which should be paid special attention in practical use.

5 Simulation

In our simulation, the antenna array has 7 elements and spacing is half wavelength.
There are three signal sources and each signal average value is zero and the variance is
one signal source sk has the real part rk (k = 1*3) and the Hilbert Transform of rk is
the imaginary part, so sk is as below.

sk ¼ rk þi � hilbertðrkÞ ð15Þ

Where rk are:

• r1 ¼ sin(2p � 800t + 5cos(2p � 800tÞÞ ;
• r2 ¼ sin(2p � 1000tÞ ;
• r3 ¼ sin(2p � 500tÞ � cos(2p � 80tÞ.

10000 Hz is sampling frequency and 2000 are sampling points. The three signals
from 10º, 35º and 50º direction are imposing on the array antenna. An expectation
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signal is assumed as from the direction of 10º and interferences are the other two
signals. additive Gaussian Noise is complex value.

Performance index [8] is used to measure the performance of the ICA algorithm
and it is defined as below.

PI ¼ 1
2nðn� 1Þ

Xn
i¼1

Xn
k¼1

Pikj j
max

j
Pij

�� ��� 1

2
4

3
5

8<
: þ

Xn
k¼1

Pkij j
max

j
Pji

�� ��� 1

2
4

3
5
9=
; ð16Þ

Where n� n matrix P (see formula (5)) has the ith row and the kth column element
Pik. P is a permutation matrix when the signals are completely separated. Obviously,
for the ideal permutation matrix, the performance index (16) reaches its minimum value
of 0.

Figure 2 shows the performance of CFastICA and JADE algorithms in 100 dif-
ferent SNR simulations. The results show that the performance of JADE algorithm is
better than that of CFastICA algorithm, and both algorithms perform well when the
SNR is greater than 0 dB.

Fig. 2. The performance index of CFastICA and JADE.

606 Z. Zhou et al.



Root Mean Square (RMS) is used to measure the estimation accuracy of array
manifold and it is defined as below.

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
mn

Xm
i¼1

Xn
j¼1

eAi; jÞ � Aði; jÞ
��� ���2

vuut ð17Þ

Figure 3 shows the estimation RMS of the array manifold under different SNR. The
results show that the estimation error of array manifold of JADE is smaller than that of
CFastICA. When the SNR is greater than 0 dB, the estimation error of both algorithms
is small.

Figure 4 shows the blind beam formed by our method and the best beam formed by
replacing the estimated direction vector with the real direction vector. The signal-to-
noise ratio is 0 dB.The results show that in the desired direction (10°) the blind beam is
the largest and in the interference direction (35°, 50°) the beam is the smallest. Because
of the low SNR, the of the blind beam’s notch is not as obvious as that of the optimum
beam. However, as shown in Fig. 5, blind beamformers perform well, especially at low
SNR.

Fig. 3. The estimation RMS of array manifold
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6 Conclusion

This paper presents a blind digital beamforming algorithm using complex-valued ICA.
The most important problem is to find an exact array manifold estimation using
independent component analysis. But the uncertainty of complex amplitude inherent in
independent component analysis makes it difficult to estimate array manifolds accu-
rately. We proposed a solution to the problem. Based on the accurate estimation of
array manifold, LCMV algorithm is used for beamforming.

Simulation results show that the JADE algorithm has good performance in signal
separation and array manifold estimation. The estimation error of array manifold is
small and the method is correct to solve the indeterminacy problem of ICA. The beam
from the blind beamformer is pretty good.
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Abstract. Image quality evaluation method (IQEM) plays an important role in
image processing and recognition. In this paper, the structural similarity algo-
rithm of objective digital image quality evaluation method (SSIM) is studied in
depth, and evaluate the performance of single and multi-scale SSIM algorithm
were compared. Compared to the single-scale method SSIM, the multi-scale
SSIM image quality prediction score is more accurate, and is more consistent
with the subjective score. The method based on structural similarity for the
distorted image is more in line with the characteristics of HVS. The SSIM
algorithm combines with the features of HVS, and the edge-based improved
algorithm (ESSIM) is analyzed and simulated. The experimental results show
that the ESSIM algorithm is more in line with the objective quality evaluation
model of HVS characteristics, which provides ideas and directions for the
improvement of structural similarity algorithm in future.

Keywords: Image quality evaluation � Structural information � Human visual
characteristics � Multi-scale evaluation

1 Introduction

Improving the image quality evaluation method is particularly important. In fact, IQEM
includes evaluation methods based on perception and evaluation methods based on
structural information [1]. Objective quality assessment method is to calculate the
model design, and which can automatically predict perceived image quality [2].

As a kind of objective quality evaluation, traditional methods are usually based on
simpler mathematical methods such as mean square error (MSE), of which the eval-
uation results are often unsatisfactory because of the separation from the human visual
system (HVS) [3].

According to the current research status, The perception-based evaluation method is
based on HVS features and it considers that only the distortion of the reference image
affects most people’s subjective evaluation in the evaluation [4]. The evaluation
method based on structural information (SSIM) is on the basis of that when image
distorts, its structural information also deteriorates. However, image quality evaluation
research is to obtain objective and quantitative methods in conjunction with the above
two criteria, more in line with consistent subjective quality assessment.
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2 Traditional SSIM

2.1 Research Perspective

In the spatial domain, the image brightness is the product of illuminance and reflec-
tance, however, the structure is independent in the scene illuminance. The SSIM index
is a function of two images named x and y, which decomposes the image similarity
measurement method into the correlation between three factors: brightness, contrast,
and structure.

2.2 SSIM

X is assumed that the reference image, y is distorted image, the definition of brightness,
contrast, and the structure is as follows.

Firstly, the local brightness of each signal is estimated from the average brightness:

lx ¼ �x ¼ 1
N

XN

i¼1

xi ð1Þ

The brightness contrast function wðx; yÞ is as follows:

wðx; yÞ ¼ wðlx; lyÞ ð2Þ

Secondly, we use the standard deviation as the estimated contrast value of the
signal:

rx ¼ ð 1
N � 1

XN

i¼1

ðxi � lxÞ2Þ1=2 ð3Þ

The contrast function tðx; yÞ is as follows:

tðx; yÞ ¼ tðrx; ryÞ ð4Þ

Thirdly, the structure similarity comparison function constructed on the obtained
standardized signal is [5]:

uðx; yÞ ¼ uðx� lx
rx

;
y� ly
ry

Þ ð5Þ

Fourthly, integrating the above three parts into a comprehensive similarity evalu-
ation method:

Mðx; yÞ ¼ f ½wðx; yÞ; tðx; yÞ; uðx; yÞ� ð6Þ
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SSIM meets the following reasonable characteristics:

(1) Symmetry: Mðx; yÞ ¼ Mðy; xÞ. When the signals is quantified, the order in which
the input signals are exchanged will not affect the measurement results.

(2) Boundedness: Mðx; yÞ ¼ 1. It shows that the two signals are close to ideal
consistency.

(3) Maximum uniqueness: If Mðx; yÞ ¼ 1.

This paper defines the three angles as:

wðx; yÞ ¼ 2uxuy þ c1
u2x þ u2y þ c1

tðx; yÞ ¼ 2rxry þ c2
r2x þ r2y þ c2

uðx; yÞ ¼ rxy þ c3
rxrx þ c3

ð7Þ

The SSIM of x and y is:

SSIM ¼ ½wðx; yÞ�a½tðx; yÞ�b½uðx; yÞ�c ð8Þ

We adjust the relative importance of the three parts by adjusting abc.
Assuming that:

a ¼ b ¼ c ¼ 1;C3 ¼ C2=2; C1 ¼ ðK1LÞ2;C2 ¼ ðK2LÞ2; L ¼ 255;

And K1 ¼ 0:01;K2 ¼ 0:03,
then the above formula can be simplified as:

Mðx; yÞ ¼ ð2lxy þC1Þð2rxy þC2Þ
ðl2x þ l2y þC1Þðr2x þ r2y þC2Þ ð9Þ

2.3 Single-Scale and Multi-scale SSIM

When we apply SSIM to image quality evaluation, we generally use local applications
instead of global applications. The reason is that:

First, statistical image features often show significant spatial instability;
Second, the image distortion of local image statistics may also have spatial

invariance;
Third, it is only possible to perceive local areas with high resolution at a given

moment in human visual perception;
Fourth, the local image quality assessment conveys more information on image

quality grading.
We use an Gaussian weighted window with 1.5 pixels to move pixel by pixel and

calculate the SSIM of the two images in the local window to obtain the SSIM
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map. Finally, the SSIM index map is integrated into a single measurement index of the
total image quality:

Mðx; yÞ ¼

PN

j¼1
Wjðxj; yjÞ �Mðxj; yjÞ
PN

j¼1
Wjðxj; yjÞ

ð10Þ

For single-scale SSIM, we let Wðxj; yjÞ ¼ 1, and calculate the average value after
local SSIM calculating.

For multi-scale SSIM, we get the final result through M-1 times’ iterations, in
which each iteration is obtained by low-pass filtering and sampling of the last result. At
the mean time, the weights of different scales are different. By combining multiple
scales, we obtain the MS-SSIM as:

MS� SSIMðx; yÞ ¼ ½wðx; yÞ� �
YM

j¼1

½½tjðx; yÞ � ujðx; yÞ��wi ð11Þ

3 SSIM Algorithm Simulation

3.1 Experimental Simulation

According to the idea of SSIM algorithm, we conducted the MATLAB experiment and
got the following objective quality prediction scores of SSIM and MS-SSIM for var-
ious types of distortion images (Figs. 2, 3, 4, 5, 6, 7 and 8):

Fig. 1. SSIM-jp2k Fig. 2. MS-SSIM-jp2k
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Fig. 3. SSIM-jpeg Fig. 4. MS-SSIM-jpeg

Fig. 5. SSIM-whitenoise Fig. 6. MS-SSIM-whitenoise

Fig. 7. SSIM-gaussian blur Fig. 8. MS-SSIM-gaussian blur
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According to the three evaluation indexes of PLCC, SROCC and KROCC, each
distortion type SSIM algorithm is calculated, and in the table there are the results
(Tables 1, 2 and 3):

3.2 Results Analysis

When analyzing Fig. 1 to Fig. 8, we find that IQEM based on SSIM has a good linear
correlation with the subjective evaluation. Compared with the single-scale SSIM
method, the multi-scale SSIM image quality prediction score is more accurate, and is
more consistent with the subjective score. The SSIM of the distorted image more in line
with the characteristic line of the HVS. However, when SSIM evaluates severely
blurred and distorted images, it will produce serious inconsistencies with human vision.
Further more, for multi-scale SSIM, the values of SROCC and KROCC are higher than
those of single-scale SSIM, which means that MS-SSIM make the evaluation results
better than before by giving different weights to textures, edges, and smooth areas.

4 Improved SSIM Algorithm Based on HVS Features

4.1 SSIM Improvement Ideas

Since Zhou Wang et al. proposed the SSIM algorithm, it has been promoted and
applied due to its low complexity, strong applicability and great agreement between the
evaluation results with the subjective quality evaluation. However, its evaluation
accuracy for blur distortion type is really poor, so scholars have conducted research on
SSIM and made different improvements.

Table 1. SSIM SROCC values

SROCC Jp2k Jpeg wn Gblur Fastfading Average

SSIM 0.97135 0.95817 0.97844 0.9385 0.96573 0.925
ms_SSIM 0.98017 0.96227 0.98681 0.97378 0.96534 0.9514

Table 2. SSIM KROCC values

KROCC Jp2k Jpeg wn Gblur Fastfading Average

SSIM 0.85999 0.82897 0.88324 0.79583 0.84418 0.77327
ms_SSIM 0.88424 0.84947 0.90973 0.86535 0.85934 0.81878

Table 3. SSIM PLCC values

PLCC Jp2k Jpeg wn Gblur Fastfading Average

SSIM 0.8876 0.8698 0.94306 0.86698 0.86275 0.77039
ms_SSIM 0.79338 0.73044 0.82088 0.7397 0.72546 0.62745
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First, to filter and Sobel operator for edge extraction. Each pixel of the edge vector,
pi, j in the image can be defined as: D = {dxi, j, dyi, j}, in which dxi, j represents the
filtered horizontal direction vector and dyi, j represents the filtered vertical direction
vector. The magnitude of the edge vector and the angle of the edge direction of the
pixel can be defined as:

Ampi, j = jdxi; jj + jdyi; jj ð12Þ

Angi; j¼
180�

p
� arctan ðdyi; j

dxi; j
Þ ð13Þ

We get the histogram from the edge vectors of all the pixels in an image, which is
significant for comparing the edge information of two images. Then, the direction is
divided into 8 discrete directions [6] (Fig. 9).

The side histogram of each image block is calculated as follows:

(1) Get all pixels’ edge magnitude and direction gradien;
(2) Quantify the direction of each pixel into one of 8 discrete directions;
(3) Add the edge amplitudes of all pixels in a unified direction in a macroblock.

Let Dx and Dy denote the block edge direction vectors of the two images, and
obtain the edge contrast function by calculating their correlation coefficients:

e ðx; yÞ ¼ ðrxy'þC3Þ=ðrx'ry'ÞþC3Þ ð14Þ

The edge-based structural similarity and the image global structural similarity are
expressed as:

ESSIMðx; yÞ ¼ w(x; yÞ � tðx; yÞ � eðx; yÞ ð15Þ

MESSIMðx; yÞ ¼ 1
M

XM

j¼1

ESSIMðxj; yjÞ ð16Þ

Fig. 9. 8 discrete directions
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4.2 Results and Analysis

The performance test data of the three models discussed in this paper all use the
Live IQA database. Based on the objective model evaluation criteria proposed by
VQEG. We compared the improved algorithm ESSIM in this paper with PSNR and
SSIM. The model’s performance on the Gaussian blur distortion type is shown in
Table 4. We also tested and compared all the images of Live release 2 (except the
original reference image), as shown in Table 5. It can be found from Table 4 that the
improved ESSIM model is more accurate than PSNR and SSIM when evaluating
fuzzy-distortion type images due to the consideration of HVS features.

5 Conclusion

In this context, the traditional SSIM algorithm based on the analysis and simulation of
basic research SSIM algorithm, and the improved SSIM model based on visual features
is compared. It is found that the introduction of visual features into the SSIM evalu-
ation model improves the performance of specific distortion types; combining the
information theory with the SSIM merge process, the monotonic performance of the
model is more stable. Therefore, in future research, we will combine the HVS feature
for local quality measurement with information content-based merging method to
obtain an objective quality evaluation model that is more consistent with HVS feature.
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Abstract. Many filtering arithmetic have been exploited to abstracting the
ground points from the point cloud datasets lately, and the progressive TIN
densification filtering algorithm is the most popular algorithm. But this algo-
rithm is preferably applied in flat terrain. In the rolling area which the terrain ups
and downs, it is very hard for the traditional filtering algorithms to distinguish
the ground points from point cloud dataset.
Based on the classical progressive triangulation filter algorithm, this paper

focuses on the seed point re-screening algorithm based on the average height of
neighborhood. First, the point cloud data for noise removal, outlier removal,
pumping dilute sampling and meshing and other pre-processing operations;
Then seed points are obtained and seed points are screened; Finally, we use the
filtered seed point to analyze the iterative judgment of the treated point cloud.
In this paper, the revised algorithm is used to deal with the test standard data

provided by ISPRS. The results show that more terrain features are preserved
using the improved algorithm, and lead to the more accuracy than the original
algorithm.

Keywords: Point cloud filter � Progressive TIN � Re-screening of seed points

1 Introduction

In the process of filtering, features abstracting and rarefying, processing the massive
point clouds often requires human interaction, particularly for the rolling area [1].
Many filtering arithmetic have been exploited for semi-automatically/automatically
extracting the ground points (GPs) from point clouds derived by laser scanning [1, 2].
Separating GPs from point clouds datasets is first step of processing LiDAR datasets,
particularly for generating DEMs [3, 4].

Numerous explorations have explored the filtration of airborne LiDAR datasets, but
most of filtering methods focus on the applications in the flatlands which have simple
vegetation and low slope [2, 5]. For the dramatic mountain terrain, traditional algo-
rithms face tough challenge to distinguish between the GPs and the non-ground points
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(NGPs) [3]. As a universal filter arithmetic, the filtering algorithm based on the TIN
was fit on most terrains, but its application in the rolling area was to be improved [6].

In the present paper, a improved filtering algorithm is exploited to deal with those
standard data issued by ISPRS. The accuracy of the improved filtering algorithm will
be enhanced by raising the seed point accuracy. In the filtering algorithm, the lowest
elevation point was selected as the seed points of the terrain grids, then those seed
points were further filtered according to the diversity in the partial area. The results
show that more terrain features are preserved using the improved algorithm, and shows
the more accuracy than the original filtering algorithm by TIN.

2 The Seed Point Re-Filtering Algorithm

2.1 Ground Points Features

The filtering algorithm abstract GPs from the point cloud datasets according to the
features of the GPs [7]. And so, understanding the features of the GPs is the key to the
filtering algorithm. The features of the GPs are shown as below.

(1) The lowest elevation. In the neighborhood area, the lowest elevation points
usually are identified as the GPs. This is the base of all kinds of filtering algorithm.

(2) The lower slope gradient. The slope gradients of neighborhood GPs is lower than
those for the NGPs. The points which have greatest slope gradient can be iden-
tified as the NGPs. but in the practical filtering the different slope threshold should
be defined to suit for different terrain.

(3) The lower elevation variation. The elevation variation is low for most of bare-
land, and the elevation difference between GPs and neighborhood GPs are lower
than those between GPs and neighborhood NGPs. Then the NGPs could be
identified by setting the threshold of elevation.

(4) Continuous smooth. In some area, the GPs can be identified by curvature of point
cloud after surface fitting.

2.2 The Classic Progressive TIN Densification Filtering Algorithm

The progressive TIN densification filtering (PTDF) algorithm is a classical filtering
algorithm, an iterative process can create a sparse TIN in the algorithm [6, 7]. The TIN
accommodates to the cloud points and is controlled in its curvature by those data
derived parameters. The flow of the filtering algorithm includes five steps.

(1) Retrieving point clouds data set.
(2) Gridding the point clouds data set and building the Delaunay triangulation.

Firstly, the total point clouds data set are divided into many grids according to the
size of building. Secondly, the original seed points which its elevation is lowest in
the grids are used to build the original Delaunay triangulation.

(3) Selecting the GPs. Firstly, the vertical distance between the selected points and its
corresponding triangle, and the max value of angle among the selected points and
the three vertices of the triangle are calculated. The calculating process are shown
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in the Fig. 1, point P is the selected points, point A, B and C are the three vertices
of the corresponding triangles. And if the vertical distance h and the max value
among the a, b and c are smaller than those corresponding threshold values, and
then the point p is the GPs.

(4) Densifying the triangulations using the GPs which added from the step (3).
(5) Repeating step (3) and step (4) until there are no new added points [8].

2.3 Re-Filtering of Seed Points Algorithm

The classic PTDF algorithm selects the points which its elevation is lowest as the seed
points from the terrain grid [8]. It is suitable for the flatten area and simple terrain area.
For those area which have dense vegetation cove and complicated landforms, it is very
hard to set the size of the grid because there is no restriction of huge manual building
[9]. Greater gird or smaller grid will result in the decreasing of real GPs or increasing of
NGPs, respectively [7]. And so, the re-filtering of seed points is necessary for the
accuracy of filtering algorithm.

In the improved PTDF algorithm, the re-filtering of seed points algorithm has been
added into the classic filtering algorithm [7]. Firstly, the terrain will be separated by
1 m * 1 m grid, and the elevation of every point will be revised to positive value
through plus the same value. Secondly, the points which its elevation is lowest for
every grid will be selected as the alternate seed points. Thirdly, the difference among
the elevations of alternate seed points and the average elevations of neighborhood
points will be calculated. If the difference exceeds the threshold, the alternate seed
points will be identified as the seed points, in contrast, the alternate seed points will
delete from seed points dataset.

2.4 Improved PTDF Algorithm

Many NGPs will be added into the seed points dataset when the classic PTDF algo-
rithm is used to deal with rolling area [10]. The filtering algorithm propose in this paper
improved the disadvantage of seed point selecting via the seed points re-filtering. Its
flow is shown as Fig. 2.

Fig. 1. Computing TIN

Improved Progressive TIN Densification Filtering Algorithm 621



3 Result and Discussion

3.1 Experimental Data

To determine the performance of filtering algorithms ISPRS issued eight groups filtered
data. Those filtered data designed to ascertain the general performance of filters, the
impact of point resolution on filtering and prospective research guidance [1]. In order to
analysis the quantitative and qualitative of the proposed filtering algorithm, the sample
51 and sample 52 filtered data are used to test the algorithm. There are many steep area,
dense and short shrub in the sample 51 and sample 52 (Fig. 3).

Fig. 2. Workflow of the proposed method
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3.2 Quantitative Assessment Method

The accuracy of filtering algorithm is important for the application of filtering algo-
rithm. Here the evaluation system issued by ISPRS on 2003 are used to assess the
accuracy of the improved PTDF algorithm [7, 11]. Table 1 shows that the quantitative
assessment of filtering algorithm, b/e is the type I error ratio and c/f represent the type II
error, and (b + c)/n is the total error. The threshold of elevation difference and angle for
the two algorithms are 1 m and 4°, respectively [11].

3.3 Quantitative Analysis

3.3.1 The Results Derived by the Two Algorithms for Sample 51
Table 2 shows the results using sample 51. For the filtering as GPs, the number of real
GPs for the classic algorithm and the improved algorithm are 11319 and 11374,
respectively. The result shows that the proposed algorithm preserved more real GPs
than the classic algorithm. The number of NGPs for the classic PTDF algorithm and the
improved PTDF algorithm are 688 and 531, respectively. The results show that the
proposed PTDF algorithm has good efficiency for filtering NGPs than the classic
algorithm.

Fig. 3. Raw data of a) Sample 51 and b) Sample 52

Table 1. Cross table sample

Reference data Result Total
GPs NGPs

GPs a b e = a + b
NGPs c d f = c + d
Total g = a + c h = b + d n = e + f
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3.3.2 The Results Derived by the Two Algorithms for Sample 52
The results for the results by the two algorithms using sample 52 are shown as Table 3.
For the filtering as GPs, the number of real GPs for the classic algorithm and the
improved algorithm are 14434 and 14425, respectively. The result shows that the two
algorithms preserved similar real GPs. The number of NGPs for the classic algorithm
and the improved algorithm are 577 and 405, respectively. The results by sample 51 is
similar to those by sample 52. The proposed algorithm has good efficiency for filtering
NGPs than the classic algorithm.

3.3.3 The Error Ratio for Type I, Type II and Total Error
The error ratio for type I, type II and total error are shows as Table 4. For the type II
error, the error ratio for the improved algorithms is much smaller than those for classic
algorithms. This indicates that the greater precision of seed points can reduce the error
ratio of type II, especially for the steep terrain.

Table 2. Comparison of two algorithms for sample 52

Raw data After filtering

Classic
algorithm

Improved
algorithm

Total

GPs NGPs GPs NGPs

GPs 11319 2631 11374 2576 13950
NGPs 688 3207 531 3364 3895
Total 12007 5838 11905 5940 17845

Table 3. Error statistics

Error type Filtering

Sample 51 Sample 52
Classic algorithm Improved algorithm Classic algorithm Improved algorithm

Type I 18.86% 18.46% 28.23% 28.27%
Type II 17.66% 13.63% 24.43% 17.15%
Total 18.60% 17.41% 27.83% 27.11%
Error ratio 5.73% 4.46% 3.84% 2.73%

Table 4. Comparison of two algorithms for sample 52

Raw data After filtering

Classic
algorithm

Improved
algorithm

Total

GPs NGPs GPs NGPs

GPs 14434 5678 14425 5687 20112
NGPs 577 1785 405 1957 2362
Total 15011 7463 14830 7644 22474
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For the type I error, the two algorithms have similar results. This may be derived
from selection of the threshold. Good filtering algorithms should choose the dynamic
threshold. For the proposed algorithm, the threshold is empirical and this could results
in unsuitable for the complex terrain.

4 Conclusion

In the proposed filtering algorithm, the seed point re-screening algorithm based on the
average height of neighborhood was used to refine the accuracy of seed points selec-
tion. The result shows that the improved filtering algorithm have better accuracy than
the classic PTDF algorithm. The lower error ratio of type II, the much less wrong NGPs
shows that the proposed filtering algorithm possess more effective filtering ability,
especially for those complex terrain.
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Abstract. As we know, it’s valuable to take reliability validation on the
spaceflight products under the condition of zero-failure data. Nevertheless, there
have relatively fewer demonstrations based on Weibull distribution. An opti-
mization design method of reliability validation test is researched based on
Weibull distribution for improving the reliability of the products. The method
can be summarized as follows: The working life and reliability index are pri-
marily assumed. Then the minimum cost is taken as the optimal target, the
totality of samples and the proportional coefficients of the test time are defined
as variables. Subsequently, the optimal function can be solved according to least
squares method, with the numerical values chose reasonably in the scales of the
variables. Finally, the optimal scheme can be obtained, in which the calculation
result of the reliability index is meeting the given constraint. Example for
optimal calculation of zero crossing test of a reaction wheel is presented and the
credibility of the suggested method is confirmed. The propounded method can
offer some instructions for the design of similar test programming.

Keywords: Reaction wheel � Reliability validation � Optimization design

1 Introduction

Recently, the requirements for the quality and reliability of the spaceflight products are
increasing along with the rapid development of spaceflight enterprise. It’s well known
that the adequate reliability validation test is the uppermost and effective means to
validating the quality and reliability of the design and the fabrication of the spaceflight
products, with the potential limitations uncovered and the primitive invalidation of the
products decreased. The spatial inertia actuators such as flywheel, control moment gyro
and so on are the routine assemblies for attitude control of the spacecraft. Their reli-
ability validation test is differed from the commonly weapon equipment in virtue of
their characteristics such as small-scale sample, long life, high reliability, unre-
pairability and so on. Thus, it’s significant to research on such aspect.
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For the restrictions of development cost and test period, it’s impossible to carry out
the reliability validation of the products, flywheel for example, by traditional methods
[1]. However, the invalidation data of such products can’t be obtained in short time for
the reason of the long life characteristic. Therefore, it’s valuable to take reliability
validation on the spaceflight products under the condition of zero-failure data. Nev-
ertheless, there have relatively fewer demonstrations based on Weibull distribution [2].
In terms of current issues that the theory which guides the design and plan of reliability
test type is fewer, a reliability test design planning model based on potential defect
exposure gain is proposed [3]. For solving the small sample reliability problems of
mechanisms in practical applications, a sample size extension method combining multi-
order moments aiming at making the extended samples more objective was proposed
[4]. In that there hasn’t analytical solution for point and interval estimation of
parameters for Weibull distribution which is Doubly-Truncated, a theory founded on
likelihood ratio test was proffered [5]. For solving the parameter estimate problem
under the circumstance of fewer failure data, the current distribution figure method
using Weibull distribution and invalidation date of the bearing was improved [6].
A new prediction method was proposed on account of Weibull distribution and least
squares support vector machine to analyse the degradation trend of rolling bearings [7].

For the purpose of saving the cost, the period and enhancing the reliability of the
products, an optimization method to design the reliability validation test is researched
based on Weibull distribution. Example for optimal calculation of zero crossing test of
a reaction wheel is given and the validity of the proposed method is confirmed.

2 Mathematical Model Based on Weibull Distribution Under
the Condition of Zero-Failure Data

Two parametersWeibull distribution is generally used in many engineering applications.
Such parameters are the form parameter m and the measure parameter η. The measure
parameter is the characteristic life and it reflects the design and technics level of the
products. The form parameter reflects the consistency of the disperse degree of the life
and the manufacturing quality of the products. Generally, the form parameter is getting
bigger along with the steadiness of the manufacturing and technics quality. Its probability
density function and cumulative distribution function are shown as follows [8]:

f tð Þ ¼ m
g

t
g

� �m�1

e�
t
gð Þm ; t[ 0 ð1Þ

F tð Þ ¼ 1� e�
t
gð Þm ; t[ 0 ð2Þ

where t is working time.
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Under the condition that the data is zero-failure, the samples totality is assumed as
n, and it can be divided to k sets [9]. Subsequently, the sample quantities of such sets
are n1; n2; � � � ; nk , and n1 þ n2 þ � � � þ nk ¼ n. Assigning each set to execute the fixed
time truncated test, the truncated time in the case of zero-failure can be defined as
t1; t2; � � � ; tk, with t1\t2\ � � �\tk .

The above datum can be denoted as ti; nið Þ; i ¼ 1; 2; � � � ; k or ti; sið Þ; i ¼ 1; 2; � � � ; k,
where si are the totality of the never failed samples before ti.

3 Design Concept of the Reliability Test

The relevant contents of the design of the reliability test can be defined as the problem
that how to get the sample quantity, the total time of the zero-failure test and the test
time allocation of each sample when the reliability index is assumed for known life
distribution.

Assuming that the required working life is t0 and the time increment
Dti ¼ wit0; i ¼ 1; 2; � � � ; k, where wi; i ¼ 1; 2; � � � ; k are proportional coefficients. Fur-
thermore, 0�w1\w2\ � � �\wk is prescribed. Then it can be obtained that
ti ¼ t0 þDti; i ¼ 1; 2; � � � ; k.

If the totality of the samples n is given, the possible grouping types can be obtained.
At the moment, the order statistics si; i ¼ 1; 2; � � � ; k is constant. Then the Weibull
distribution curve can be fitted using least squares method [10]. The detail of the
process is given as follows:

Firstly, the failure probability pi ¼ P T\tið Þ; i ¼ 1; 2; � � � ; k may be estimated as:

p_ ¼ 0:5= si þ 1ð Þ; i ¼ 1; 2; � � � ; k ð3Þ

Subsequently, let l ¼ lng; r ¼ 1=m and ignore the tittle error of substituting pi by p_i,
an equation is obtained:

yi ¼ lþ rxi ð4Þ

where xi ¼ ln ln 1
.

1� p_i

� �� �� �
; yi ¼ ln ti.

According to the method of least squares, l and r are expressed as:

br ¼ C � AB
n

D� A2

n

; bl ¼ B� brA
n

ð5Þ
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where

A ¼
Xk

i¼1
xi; B ¼

Xk

i¼1
yi; C ¼

Xk

i¼1
xiyi; D ¼

Xk

i¼1
x2i ; ð6Þ

Finally, the estimation values of g and m can be obtained:

bg ¼ ebl ;m ¼ br�1 ð7Þ

And the reliability index can be estimated as:

bR tð Þ ¼ e
� tbg
� �bm

ð8Þ

It can be concluded that n shouldn’t be less than 2 and the quantity of the sets shouldn’t
be less than 2.

Taking the optimal target of the reliability test for the minimum cost, then

u ¼ q1nþ q2
Xk

j¼1
njtj ð9Þ

where q1 is the single sample cost, q2 is the everyday test cost.
Then the general process of the proposed design method of the reliability test can

be summarized as: Firstly, the working life t0 and reliability index R t0ð Þ should be
presented. Subsequently, the minimum cost u is taken as the optimal target and the
totality of samples n and the proportional coefficients of the test time wi are defined as
variables. Then the optimal function can be solved according to least squares method,
with the numerical values chose reasonably in the scales of the variables. Finally, the
optimal scheme can be obtained, in which the calculation result of the reliability index
is meeting the given constraint. If it can’t satisfied with the reliability index in case of n,
the totality of the samples can be increased and the above process can be repeated until
the optimal scheme is obtained. The detailed frame of the process is defined as follows
(Fig. 1):
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where h ¼ bR t0ð Þ�R t0ð Þ
R t0ð Þ .

4 Example for Optimization Design of the Reliability Test

As we know, the reaction wheel is always in zero crossing condition, in which it’s
between the positive and negative direction with relatively low speed in orbit. So it will
be worn off to a certain degree because it’s unable to form upstanding elastohydro-
dynamic lubrication film. Thus, the reason of causing the zero crossing failure of the
reaction wheel can be confirmed as wear. Then the zero crossing test of the reaction
wheel is studied in case of zero-failure data for its degradation failure characteristic.
According to engineering experience, it’s attributed to degradation failure when m[ 1.
And m isn’t greater than 10 generally.

Assuming the zero crossing time t0 is 50,000 and the reliability index R t0ð Þ is 0.99.
It’s well known that it’s difficult to take many samples to test for the particularities

of the spaceflight products. So the condition of few samples is taken, and the initial

Calculate

Calculate u and
take the

minimum value

Define the
teams by n

Assume

Define

without u

Fig. 1. The detailed frame of the process of the proposed design method.

Research on Optimization Design Method of Reliability Validation Test 631



totality of the samples n is defined as 4. Then the grouping types of such samples can
be defined as Table 1.

Assuming the single sample cost is 300,000 yuan and the test cost is 2,000 yuan
everyday (zero crossing time is 500 everyday). Then u can be calculated according to
Eq. (9).

Taking the minimum cost u as the optimal target and defining the range of pro-
portional coefficients wi is [0, 2], the test cost can be obtained according to the design
process of the test as shown in follows:

From Fig. 2 it can be concluded that set 7 is the optimal scheme. The test cost of set
7 is 2,252,000 yuan and the reliability index is 0.9904. The proportional coefficients wi

are 0.28 and 0.42, respectively. And the total time of zero crossing test is 263,000.
The cumulative distribution curve is shown in Fig. 3. It’s shown that the failure rate

is very small when g ¼ 80755 and m ¼ 9:6773.

Table 1. The grouping types of the samples (n = 4).

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7

n1 1 1 1 1 2 2 3
n2 1 1 2 3 1 2 1
n3 1 2 1 1
n4 1
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Fig. 2. The test costs of sample sets.
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5 Reliability Validation Test

According to the above optimal scheme, a reliability validation test is performed using
a kind of reaction wheel.

The photograph of the test course is displayed in Fig. 4.

6 Conclusions

An optimization method to design the reliability validation test is researched based on
Weibull distribution under the condition of zero-failure data to save cost and enhance
reliability of the products. The conclusions can be concluded as follows:

The proposed design method of the reliability test can be summarized as: The
working life and reliability index are firstly assumed. Then the minimum cost is taken as
the optimal target, the totality of samples and the proportional coefficients of the test time
are defined as variables. Subsequently, the optimal function can be solved according to

Fig. 3. The cumulative distribution curve of set 7(g = 80755, m = 9.6773)

Fig. 4. Test photograph of a kind of reaction wheel
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least squares method, with the numerical values chose reasonably in the scales of the
variables. Finally, the optimal scheme can be obtained, in which the calculation result of
the reliability index is meeting the given constraint. If it can’t satisfied with the reliability
index in the case of the initial totality of the samples, we can increase the totality and
repeat the above process until the optimal scheme is obtained.

An example for optimal calculation of zero crossing test of a kind of reaction wheel
is presented. The totality of the test samples, the total test time under the condition of
zero-failure data and the test time distribution of the samples are obtained. The cost of
the optimal scheme is minimum. So the credibility of the suggested method is
confirmed.

The proposed method can provide some instructions for the design of similar test
programming.
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Abstract. The redundancy networks are widely used in the design of com-
munication satellite payloads. Currently, the design of the redundancy switch
matrix mainly relies on rebuilding existing matrix based on experience. As the
scale of the redundancy network continues to increase, it is difficult for the
existing design methods to meet the requirements and ensure the optimal design,
which requires both minimum number of switches and compliance of the
redundant switching functions. In this paper, the mathematical model of the
redundancy network is abstracted based on the graph theory, and the key ele-
ments in the model including vertices, edges and connectivity are introduced.
A new method of designing the switch matrix is proposed through the Harary
graph theorem in conjunction with the method of graphic construction.

Keywords: Redundancy network � Graph theory � Communication satellite

1 Introduction

In the design of communication satellite repeaters, in order to improve the system
reliability, redundancy design is always applied on the active units. The redundancy
design is to use more units with the same function and performances than required, and
use the redundant units to replace the primary ones through RF switch matrix. In the
design of transponders, the uninterrupted principle and the complete backup principle
are the main requirements for redundancy in mainstream commercial communication
satellites. Normally in the transponder, the number of high power amplifiers (HPAs) is
higher, and larger redundancy network design is used for HPAs. Therefore, this paper
mainly takes the redundancy network design of the HPAs as an example. For different
units, the design of the redundant switch matrix is similar.

The HPA adopts M:N redundant design, M is the number of all amplifiers, and N is
the number of HPAs currently selected as the primary units, that is, the number of
HPAs required under normal working conditions. Usually M�N and the number of
the spare units is M � N.

The principle of complete backup: when some units in N fail, as long as the number
of failed units �M � N, the redundant ring can still ensure the normal operation of
N effective units through switching.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. Wang et al. (Eds.): Signal and Information Processing, Networking
and Computers, LNEE 677, pp. 635–642, 2021.
https://doi.org/10.1007/978-981-33-4102-9_77

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_77&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_77&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_77&amp;domain=pdf
https://doi.org/10.1007/978-981-33-4102-9_77


Figure 1 shows an HPA redundancy network, which consists of M HPAs,
K switches and the connection between them. The number of channels required for
normal operation is N. Obviously, using enough switches can achieve the switching
function, but due to the limitations of space and weight etc., the design of the
redundancy network requires the least number of switches. There are different of
switches used in switch matrix, in this paper the T type switch is used.

Many works on satellite repeater redundancy switch matrix connectivity validation
has been done based on a known network. Yet, the research on how to build a
redundancy network is less. Jean-Claude Bermond et al. [1], Sunliang Liang et al. [2],
Apostolos Stathakis et al. [3], S. Gulgonul et al. [4] proposed various ways to build a
redundancy network, however, they either fails in full redundancy ability or exhausts
computation dramatically as the network increases.

2 Mathematical Modeling

This paper uses connectivity of graph to establish a graph representing the redundancy
network. The full redundancy of the network in a graph model is that under condition
of vertex fails or edge fails, the graph G is still connected. As for HPA redundancy
network, vertex connectivity is used.

The redundancy network can be divided into 3 parts:

1. The input ports of the network: HPA in our previous example, the number of input
ports is M; each port is marked as inm;m ¼ 1; 2; � � � ;M;

2. The inter connection joints of the network: switches in our previous example, the
number of inter connection joints is K, each joint is marked as Jk; k ¼ 1; 2; � � � ;K;

3. The output ports of the network: output channels in our previous example, the
number of output ports is N, each port is marked as outn; n ¼ 1; 2; � � � ;N.
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Fig. 1. HPA redundant network and switch status
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A graph G ¼ V ;Eð Þ can be established based on M:N redundancy network. The
vertices of graph G is marked as V, which includes all input ports, output ports and inter
connection joints. The vertices then can be written in the form of

V Gð Þ 2 inm; outn; Jkjm ¼ 1; 2; � � �M; n ¼ 1; 2; � � �N; k ¼ 1; 2; � � �Kf g

The edges of graph G is marked as E, which is representing all lines connecting
input ports, output ports and inter connection joints.

For a M:N redundancy network, the corresponding graph G will have a total
number of vertices shown in Eq. (1).

V Gð Þ ¼ MþNþK ð1Þ

Since all ports connection is defined, so the degree of each vertex in graph is clear. For
all input ports and output ports, the degree is 1. For all interconnection joints, con-
sidering that 4-port switches are used to make the connection in actual application, the
degree for inter connection joints is 4.

d inmð Þ ¼ d outnð Þ ¼ 1 ð2Þ

d Jkð Þ ¼ 4 ð3Þ

The target is to minimize the scale of redundancy network in application. In the
mathematical model, it is to achieve the minimum number of vertices min:V Gð Þ.
Furthermore, according to Eq. (1), the number M and N are all known factors, it is
obvious that the minimum target will be narrowed down to get min:V Jkð Þ 2 Jkjk ¼f
1; 2; � � �Kg.

Because the degree of all vertices is settled, the minimum edge of graph G is also
achieved. In graph, the friendship theorem [5] indicates that the number of edge of
graph is equal to

E Gð Þ ¼ d V Gð Þð Þ
2

¼ 1
2

XK
i¼1

d V Gð Þ 2 Jkjk ¼ 1; 2; � � �Kf gð Þ

þ 1
2

XM;N

m;n

d V Gð Þ 2 inm; outnjm ¼ 1; 2; � � �M; n ¼ 1; 2; � � �Nf gð Þ
ð4Þ

In Eq. (4), the minimum E Gð Þ is equivalent to minimum of
PK
i¼1

d VG 2 Jkjk ¼ 1;fð
2; � � �KgÞ with second term of Eq. (4) is settled. Also, in Eq. (3) that

XK
i¼1

d V Gð Þ 2 Jkjk ¼ 1; 2; � � �Kf gð Þ ¼ K � d Jkð Þ ¼ 4K ð5Þ
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In Eq. (5) the minimum scale of redundancy network is further simplified as to achieve
the minimum number of inter connection K which is also known as the number of
switches in the redundancy network.

3 Construction of the Graph

In this paper, a three-step method is proposed to establish the minimum scale of graph
G that representing M:N redundancy network with 4-port switches.

During the process, several intermediate graphs will be used. The graph G can be
divided into subgraph of one G0

0 and several independent vertices JR. The subgraph G0
0

is a graph that derived from Harary graph G0.
The graph connectivity is the key issue to be discussed here. Graph connectivity

research is a widely researched issue. Esfahanian, A.H. et al. [5], Gaoxing Sun et al. [6]
and Litao Guo et al. [7], Ming Wang, et al. [8], Qinghai Liu et al. [9], have done
researches on conditional edge connectivity of graph, which is similar situation that we
solve in this paper. Shahram Latifi et al. [10] has investigated a specific type of graph
star graph with restricted connectivity.

3.1 Step I: To Establish a Harary Graph G0

A p vertices q-connectivity Harary graph can represent the redundancy network that
any q failure in the network can be switch to another vertex [10]. The q-connectivity
means that there are q vertex cuts for graph.

The vertex number of Harary graph G0 is p, and connectivity is q, where
p ¼ 2N �M, q ¼ M � N. The Harary graph G0 can be marked as Hq;p. f q; pð Þ is the
edge number of graph, and f q; pð Þ ¼ 1

2

P
v2VðG0Þ

d vð Þ� pq
2 . If G0 is a Hq;p then the min-

imum edge of the graph is achieved.

f q; pð Þ ¼ 1
2

X
v2VðG0Þ

d vð Þ ¼ pq
2

ð6Þ

Equation (6) is valid on condition p[ q� 2. For M:N redundancy network, this
condition is N\M\ 3N

2 .
In Harary graph, each vertex in graph G0 will subject to d V G0ð Þð Þ ¼ q. So if a

switch is placed on the vertex, considering there are 2 edges shall be used to connect
input ports inm and output ports outn, the rest two edges are available to make other
connections in graph G0. The degree required for vertices in G0 shall be

d Jk 2 V G0ð Þð Þ � 2 ¼ q ð7Þ

This result is valid when using a 4-port switch as vertex when q ¼ 2. However, in more
general circumstances when q[ 2, Eq. (7) cannot be satisfied by using 4-port
switches. So the following step to insert extra vertices in graph G0 is needed.
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3.2 Step II: Constructing G0
0 by Inserting Vertices in G0

In order to make the switch Jk put in G0 has sufficient degree to achieve the connec-
tivity, we add extra switch J 0t as shadow vertex of Jk and construct G0

0.

Lemma 1: connectivity of group Jk _ J 0t is d Jk _ J 0t
� � ¼ d Jkð Þþ d J 0t

� �� 2.

Proof: this can be proved by friendship theorem. The d Jkð Þ ¼ 4, and shadow vertex
d J 0t
� � ¼ 4, there are only one edge allowed for inter connection between Jk and J 0t , so this

one edge is corresponding to two vertices degree of 2. The connectivity for such a group
consisting Jk and J 0t will have a connectivity of 6. The graph of Jk _ J 0t is shown in Fig. 2.

In Harary graph G0 there is also a character that the graph is regular, which means
all the vertices have same connectivity. If the vertices made by switches Jk don’t have
sufficient connectivity then several inserted shadow vertices are needed. Each shadow
vertex is a 4-port switch which will have 4 edges available for connecting Jk in G0.

d J k=4d e _ J 0t
� � ¼ d J k=4d eþ 1 _ J 0t

� � ¼ d J k=4d eþ 2 _ J 0t
� � ¼ d J k=4d eþ 3 _ J 0t

� � ¼ 6 ð8Þ

Where k ¼ 1; 2; � � � ; p, consequently t ¼ 1; 2; � � � ; p=4d e, and p=4d e is the roundup
of p=4.

With inserting J 0t into graph G0 a graph G0
0 is formed. In graph G0

0 all the vertices are
4-port switches and the group of Jk _ J 0t has same connectivity of that Jk in graph G0.

3.3 Step III: Constructing G by Connecting G0
0 and JR

The graph G ¼ G0
0 _ JRjR ¼ 1; 2; � � � ;M � Nf g is the final graph which fulfills the

redundancy network requirement.
Independent vertex JR is 4-port switch that connects input ports, output port and G0

0.
The degree of each JR is d JRð Þ ¼ 4. Because M[N, so in the redundancy network,
there will be 2 M � Nð Þ input ports cannot be connected to any Jk in G0

0, which includes
M � N redundant input ports and equal amount of primary input ports. The number of
JR is then define as M � N. On each of the JR, there are one edge connecting input port,
one for redundant input port and one for output. The remaining one edge of JR is left to
be connected with graph G0

0.

e1
Jk

Jt'

in-m
out-n

e2

e3

e4

Jk in-m

e2

e3

e6
0 'tJ

1 'tJe4

e5

out-n

Fig. 2. Illustration of Jk _ J 0t connectivity

The Minimum Scale of 4-Port Switch Redundancy Network 639



Connecting G0
0 with JR requires extra connectivity from vertices in graph G0

0.
However, all the degrees in G0

0 is properly confined and no edge left for extra con-
nection. It is feasible to cut the edge in graph G0

0 and make connection with JR.

Lemma 2: cut the e Jx; Jy
� ���x; y 2 k

� � � E G0
0

� �
and connect with JR, will not change

the connectivity of Jk .

Proof: the connectivity for Jk in graph G0
0 is 4, but the number of useful edge that

contributes in graph G0
0 is 2. The lemma1 indicates that Jk _ J 0t will have a connectivity

of 6. But the connection between Jk and J 0t is 1. The edge e Jk; J 0t
� �

is an edge cut of the
graph G0

0. As long as e Jk; J 0t
� �

is remained the connectivity of G0
0 will remain.

Because e Jx; Jy
� ���x; y 2 k

� �\ e Jk; J 0t
� �� � ¼ ;, the statement is proved.

Apply the above steps to design a 24:20 redundancy network expressed as graph G.
Then the M ¼ 24 , N ¼ 20. The condition of N\M\ 3

2N is satisfied. So the above
method is valid.

First as shown in Fig. 3(a) a graph with p ¼ 2N �M ¼ 16 , q ¼ M � N ¼ 4 is
constructed using the construction method of H4;16.

Remove the in and out vertices and their connections to the Jk vertices to get the
graph G0 shown in the Fig. 3 (b).

According to the graph structure, it is known that d Jkð Þ ¼ 4, and the degree can be
used to connected to other Jk vertices is d Jkð Þ � 2 ¼ 2\q.

The newly added vertex with degree of 4, which can be written as d J 0t
� � ¼ 4, where

t ¼ p
4

� � ¼ 4.Then add J 0t evenly on the basis of the graph G0 to get the graph G0
0 shown

in Fig. 3(c).
4 (M � N) vertices JR is added to get where R ¼ 1; 2; � � � ;M � N are added to

make graph G shown in Fig. 4 (a).
Graph G is the final network generated for 24:20 redundancy. The number of 4-port

switches used in this network is pþ tþR ¼ 24.
The graph G can be converted to the 24:20 redundancy network topology diagram

which is shown in Fig. 4 (b).
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4 Minimum Scale of the Redundancy Network

According to the construction process of graph G, we can see that graph G comprises
subgraph of G0

0 and several vertices of JR. The vertices number of graph G is

V Gð Þ ¼ V G0
0

� �þV JRð Þ ¼ pþ p
4

l m
þRþ MþNð Þ ð9Þ

Also based on Eq. (4) the edge number of graph G is E Gð Þ ¼ 1
2

P
dV Gð Þ.

Combine Eq. (1), (4) and (9),

2pþ 3R ¼ MþN ð10Þ

K ¼ pþ p
4

l m
þR ð11Þ

Using Eq. (10) to substitute p in Eq. (11),

K ¼ MþN � 3R
2

þ MþN � 3R
8

	 

þR ð12Þ

In order to achieve the minimum K, R shall be maximized.
For the redundancy network, there is a restriction that for one switch if it connects

an output port then at least one input port shall be connected to it. For a M:N redun-
dancy network, the output ports number is N, which means the minimum switch N shall
be connected to the output ports and input ports. The degree of one switch is 4, in order
to ensure the connectivity of the graph G which at least shall be 1, the number of input
ports for one JR switch is 2 and output ports is 1.

J1 J3

J5

J7

J9J11

J13

J15

J2

J4

J6

J8

J10

J12

J14

J16

J1'

J2'

J3'

J4'

R4

R3

R2

R1

in-18
in-17

in-19

in-20

out-17

out-18

out-19

out-20 out-20in-20
R4

out-8

in-8out-16in-16

out-7in-7

R3

in-15

out-15

in-19

out-19
out-6in-6

out-14

in-14

out-5

in-5

R2

out-12in-12

out-18in-18

out-13in-13

out-1

in-1

out-10

in-10
out-9in-9out-2in-2

out-4

in-4
out-3in-3

R1

in-11

out-11

in-17

out-17

J2

J3

J5

J6

J7

J8

J9

J10

J13

J14
J11

J12

J15

J16

J1'

J2'

J3'

J4'
JR4

JR3

JR2

JR1

JR4

JR1

JR2

JR3

(a) Graph G (b) Topology Diagram

J4

J1

Fig. 4. Graph G and topology diagram for 24:20 redundancy network

The Minimum Scale of 4-Port Switch Redundancy Network 641



d JRð Þ ¼ e JR; inmð Þþ e JR; outnð Þþ e JR; inRð Þþ e JR;G
0
0

� � ¼ 4 ð13Þ

For a M:N redundancy network, the maximum number of V JRð Þ ¼ R ¼ M � N. This
result complies with the number restriction of graph construction.

5 Conclusions

In this paper we construct a switch redundant network M:N using the Harary graph.
When the conditions of N\M\ 3

2N and M � N� 4 are satisfied, a redundancy net-
work meeting the uninterrupted and complete backup requirements can be generated,
and it is proved that the number of vertices is the minimum, which means the minimum
number of switches needed.
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Abstract. The large amount of telemetry data generated during the operation of
satellites in orbit cannot be transmitted to the ground in real time due to the
limitation of space link. In order to analyze the massive telemetry data in orbit to
support intelligent tasks such as autonomous health management., it is necessary
to extract the interested telemetry data from the mass memory recorder. Because
of the limited processing capacity of the onboard computer, it is hard to read and
retrieve data directly from the recorder. In this paper, a telemetry data retrieval
accelerator is designed in the mass memory recorder, which is used as the
coprocessor unit of the computer module. The data in the memory is filtered by
the accelerator at a high speed, and the acquired effective data of interest is
submitted to the processor for further analysis and processing. Thus, the pro-
cessing load of on-board computer is greatly reduced and the high-speed pro-
cessing ability of mass telemetry data in orbit is achieved, which provides
support for the autonomous operation of intelligent satellite.

Keywords: Satellite � Onboard computer � CCSDS � Mass telemetry data �
Heterogeneous processing � Autonomous health management

1 Introduction

Due to the limitation of space link availability and capability, the large amount of
telemetry data cannot be transmitted to the ground in real time during the operation of
satellites in orbit. Therefore, the data are usually stored in the mass memory recorder on
board, and then sequentially transmitted to the ground when the space link is available.
This mode has low timeliness and flexibility. It can’t detect the abnormal situation in
the satellite system in time and make quick response, also can’t support specific type of
data to be transmitted down to improve the efficiency of in orbit management. The
progress of intelligent satellite puts forward the requirements of on orbit autonomous
health management, which needs to realize the processing, statistics and analysis of
specified types of telemetry data in the onboard recorder, or to quickly select the
specified types of telemetry data and transmit it to the ground for further analysis. This
requires the support of onboard computer for efficient retrieval and processing of large
quantities of telemetry data stored on the satellite.
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Nowadays, satellite telemetry data management is mainly based on the standards
issued by the consultative committee for space data systems (CCSDS). Each equipment
on board encapsulates the continuously generated working data according to CCSDS
space packet format, and then transmits it to the on-board computer through the
platform data bus. Then it is assembled into virtual channel transfer frames by the
computer and sent to the mass memory recorder for storage [1]. When running the tasks
of autonomous health management, the onboard computer reads the required historical
telemetry data from the mass memory recorder, analyzes the parameters change trend
and performs health assessment and system maintenance. Since the processing capacity
of onboard computers is far behind commercial computers, it is dilatory for the
computer to directly read big data from the mass memory and perform filtering, which
will also seriously affect other software applications [2]. In addition, transmitting many
frames from the mass recorder to the processor also consumes a lot of extra bandwidth
and power, because the frames contain a lot of invalid packets. In this paper a novel
accelerator is designed in the mass memory recorder, by setting the parameters, it can
filter the large capacity telemetry data directly in the storage end, and then transmit the
valid data required by the software to the processor for further analysis, which can
effectively improve the system efficiency and response speed of autonomous man-
agement tasks.

2 Onboard Data Management

The satellite data management system takes the on-board computer as the central unit,
which includes processor module and mass memory module. The typical architecture is
shown in Fig. 1. The instruments on the satellite generate continuous telemetry data,
which is encapsulated according to CCSDS space packet protocol, and then sent to the
processor module through data bus. The computer software is responsible for further
assembling the space packets into transfer frames according to CCSDS advanced
orbiting systems (AOS) protocol, and then sending them to mass memory module
through backplane bus for storage [3]. The mass memory module can also be included
in different computers, and the AOS transfer frame generated by central computer can
be received remotely from the spacewire network. Accordingly, when the processor
module needs to analyze the telemetry data, it sends read requests to the mass memory
modules to obtain the required AOS transfer frames.

Fig. 1. Illustration of satellite onboard computer architecture.
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The encapsulation process of satellite telemetry data is shown in Fig. 2. The length
of AOS transfer frame is fixed in a specific satellite project. A complete multiplexing
protocol data unit (M_PDU) is loaded in the data field of AOS transfer frame. Various
space packets with different lengths can be filled in the packet zone of M_PDU con-
tinuously. When the end of the M_PDU cannot be aligned with the end of the last space
packet, the tail part of the space packet is filled in the beginning part of the packet zone
in the next M_PDU. The aim of data formatting is to facilitate data storage and
transmission, but the application process of data is based on each type of space packet.
The format of the CCSDS space packet header is shown in Fig. 3. The application
process identifier (APID) is used to distinguish different application processes in the
satellite data system, so it can be used as the clue for retrieving the space packets
related to a certain application [4, 5]. Due to the variable length of space packets, the
content of a space packet may be distributed in multiple AOS transfer frames, and any
position inside the space packets can appear at the end position of transfer frames,
which results in high complexity in searching and extracting space packets from AOS
transfer frames.

Fig. 2. Onboard data encapsulation based on CCSDS protocols.

Fig. 3. CCSDS Space packet header format.
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Encapsulating various telemetry data on the satellite according to AOS protocols
brings great convenience for data storage. NAND flash is widely used as the storage
medium for onboard mass recorder and the data read/write operations are carried out in
pages, the size of which is generally 4kbytes or 8kbytes [6]. Therefore, the AOS
transfer frame length is designed as 1kbytes, 2kbytes or 4kbytes, which can make full
use of the read/write bandwidth and storage space of NAND flash. In this paper, the
AOS transfer frame length is designed as * 1kbytes. After the transfer frame is
generated, it is written to the telemetry data file in the mass memory module in
chronological order. The telemetry data file is physically composed of a series of
continuous NAND flash erasable blocks, each erasable block contains several pages,
and each page of data is recorded with a time tag to support fine data retrieval. The size
of the file is limited by the storage capacity. When the file fills up, the method of
replacing the oldest data is used to write the new data from the beginning of the file
again, and overwrite the old data. The rewriting period of telemetry file is usually
several weeks. Because of the characteristics of file circular writing, more cases need to
be handled in data retrieval.

3 Mass Telemetry Data Retrieval

3.1 System Architecture

For the retrieval task of mass telemetry data packets in large capacity memory, a novel
accelerator is designed in the host FPGA of the mass memory module, which is shown
in Fig. 4. The onboard computer software sends commands to the host FPGA of
memory module through the backplane bus or spacewire interface, and sets the retrieval
mode and parameters of the telemetry packet, including the data time range, APIDs of
the target space packets, the transfer frame insertion zone length, the M_PDU length,
etc. The main control block is responsible for controlling the whole data retrieval
process. The flash control block is responsible for reading the AOS transfer frames
from the telemetry data file in NAND flash and sending them to the main control block
for checking or to the retrieval unit for processing. The space packet retrieval unit
receives the AOS transfer frames from the input buffer in a data-driven way, and filters
the telemetry packets according to the target APID parameters. The selected telemetry
packets are reorganized into M_PDUs and written into the M_PDU output buffer. The
main control block sends the M_PDUs to the computer software through the bus
interface for further analysis and processing. In order to avoid the tight coupling of the
two complex processes of packet retrieval and M_PDU framing, the target packet
buffer is used as a transition block, so that the two processes can be carried out
independently.
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3.2 Determine Retrieval Interval

The task of telemetry data processing generally requires obtaining certain types of
telemetry data packets within a specified time interval. Because of the large capacity of
telemetry data files, the host FPGA, after receiving the parameters of the specified time
interval, first determines whether the time range exists according to the earliest and
latest time labels of the recorded data in NAND flash. If the start time is within the data
range of the current file, find the physical address of the transfer frame corresponding to
the start time in flash as the starting position of data retrieval. After starting retrieval,
check the time tag synchronously when reading the transfer frame from flash. If the end
time is reached, stop processing. Otherwise, stop processing until the end of the file.
There are two ways to explore the start position:

(1) Prediction method

For the case that the transfer frame of satellite telemetry data is generated at a stable
rate, the number of frames stored per second is basically the same, which is equivalent
to the number of pages (NP) recorded per second in flash. Therefore, there is an
approximate linear relationship between the storage address in flash and its corre-
sponding time tag, as shown in Fig. 5(a). Therefore, the retrieval starts address (Sr) can
be predicted by the current record address (Sc), the current record time (Tc) and the
retrieval start time (Tr), expressed as:

Sr ¼ Sc � Np Tc � Trð Þ � d1 � d2 � � � � ð1Þ

Where d1; d2; � � � are used for fine adjustment of predicted address. During oper-
ation, the data may be interrupted due to processor reset and other events. Therefore,
after obtaining the address prediction value, firstly determine whether the time tag read
out by the address is within the deviation range of the specified time. If so, read and
process the transfer frame directly from the predicted address, otherwise adjust the
predicted address according to a fixed step size. After each adjustment, read out the
corresponding time tag and check until the deviation from the specified time is less than

Fig. 4. Block diagram of the packet retrieval accelerator in mass memory module.
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the expected value, and then start to read the transfer frame from telemetry file for
processing. When the data rate is relatively stable, the adjustment process only needs a
few times.

(2) Search method

The prediction method can directly locate the starting position near the real starting
address. After simple micro adjustment, it can meet the error requirements of the
starting time, and the response speed is fast. But the disadvantage is that the data
generation rate is required to have certain regularity, which is often difficult to guar-
antee in the practical system. Therefore, it is more effective to search based on the
actual data in the file. Dichotomy is the one of the most used search algorithms. As
shown in Fig. 5(b), according to the current address and the earliest address (origin
address) of the recorded data in telemetry data file, binary iterative search is carried out.
Each step of search reduces the range by half, and finally the address can be
approximated to the error range of the real starting position, and then the transfer frame
is read and processed. Because the telemetry file has the characteristic of cyclic storage,
it is necessary to consider the situation that the first and last addresses are connected, in
addition, it is also necessary to deal with the situation of time discontinuities and
exceptional time tag values.

3.3 Packet Retrieval

The key task of telemetry data retrieval is to extract target space packets from AOS
transfer frames. In order to determine whether a packet belongs to the target packets, it
is necessary to distinguish the APID in the packet header. In a retrieval task, it is
usually necessary to extract multiple types of target space packets. The computer
software writes the APID values of the target space packets to the host FPGA of mass
memory module as the retrieval parameter. In order to achieve parallel processing to
improve retrieval speed, APID parameters are grouped. Each APID is 11 bits long, thus
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Fig. 5. Two ways to explore the processing start position in large telemetry data file:
(a) prediction method, (b) search method.
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eight APIDs are combined into one group. The more groups obtain the higher parallel
search efficiency. After reading a packet header from the AOS transfer frame, syn-
chronously compare with each group of APID parameters from the beginning to the
end to determine whether there is a matching result, so the maximum comparison delay
is 8 cycles.

To speed up the comparison process, we rank the APID parameters in ascending
order, and then divide them into (n + 1) groups. Taking Group K as an example, 8
APID values in the group are identified as APID(k, 0), APID(k, 1), …, APID(k, 7). If
the APID parameters are not enough to fill all groups, the empty parameter positions
are uniformly filled with the maximum value, e.g. setting all 11 bits to 1. The structure
of the designed accelerator comparison unit is shown in Fig. 6. In the first comparison
step, load the first APID values in each of the (n + 1) parameter groups to port B of
(n + 1) comparators. Load the APID parameter Pkt_APID in the current packet header
to port A of each comparator. If one of the comparators outputs equality, packet hit
result can be obtained directly according to the signal Pkt_Hit. If no comparator outputs
equality in the first step, then the signals G0-Gn are checked. If Gk is 1, it indicates that
the Pkt_APID is in the range covered by group K. Then, the eight APID values of
group K are loaded into the B port of the first eight comparators, and the Pkt_Hit signal
is updated. Then, Pkt_ Hit = 1 indicates packet hit and Pkt_ Hit = 0 indicates packet
miss. With this scheme, the maximum comparison delay is reduced to 2 cycles, and the
comparator resource is reused, which is beneficial to reduce hardware complexity.

4 Design and Verification Results

The heterogeneous processing scheme of telemetry data is implemented and verified on
hardware platform. The host FPGA of mass memory module adopts XC2V3000 and
XC4VSX55 respectively, with clock frequency of 50 MHz, and the computer

Fig. 6. The high-speed parallel APID comparison circuit
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processor adopts SPARC V8 single core processor, with clock frequency of 100 MHz.
One telemetry data packets retrieval accelerator is implemented in the host FPGA. The
logic and buffer resource usage are shown in Table 1. Since a single accelerator
consumes very little resources, more than ten accelerators can be integrated in a
XC2V3000 FPGA and twenty-five in a XC4VSX55 FPGA, which can work in parallel.
The accelerator is designed as an IP core with standard memory interfaces, and pro-
vides configuration registers for format parameters of input and output data frames.
Thus, it can flexibly adapt to different satellite projects.

The accelerator is tested with two kind of telemetry data files. The first file con-
tinuously inputs transfer frames with length of 892 bytes to the accelerator, for which
the accelerator retrieves 930-bytes length telemetry packet. The processing time for
3000 transfer frames is about 60 ms. The second file continuously input transfer frames
with length of 1024 bytes to the accelerator, for which the accelerator retrieves two
types of telemetry packets with length of 10 bytes and 233 bytes respectively. The
processing time of 2623 transfer frames is 60 ms, including the process of reassem-
bling M_PDU frames. In the traditional scheme of retrieval processing with computer
software, it takes 25 ms to transmit and process a transfer frame. Therefore, the FPGA
based accelerator improves the retrieval speed of telemetry data packets by more than
1000 times. In the case of parallel operation of multi-channel accelerators, the pro-
cessing speed can be increased by multiple times. The approximate parallel processing
speed of a single XC2V3000 FPGA or a single XC4VSX55 FPGA at 50 MHz for the
above two typical packet retrieval tasks is shown in Table 1.

5 Conclusions

Based on heterogeneous processing architecture, we design and implement a telemetry
packet retrieval accelerator in the host FPGA of the on-board mass memory module,
and perform the massive telemetry data packets extraction task in the memory module
end, which greatly improves the real-time processing. The accelerator IP core is
designed with standard interface and provides configuration function. It can be quickly
integrated into onboard computer hardware as a coprocessor, providing retrieval
acceleration ability for onboard computer software. The results show that the FPGA
based accelerator can improve the retrieval ability of mass telemetry data by more than

Table 1. .

Logic utilization and
test conditions

XC2V3000 XC4VSX55
Used Utilization Used Utilization

Number of slices 1033 7% 1040 4%
Number of slice flip flops 1015 3% 1017 2%
Number of 4 input LUTs 1910 6% 1929 3%
Number of BRAMs 5 5% 5 1%
1 type packet retrieval task 446.0 MBytes/s 1.115 GBytes/s
2 types packet retrieval task 447.7 Mbytes/s 1.119 GBytes/s
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a thousand times, which provides strong support for the autonomous health manage-
ment task of satellite. The heterogeneous processing architecture is highly universal
and extensible. By modifying and enhancing the accelerator function, it can cooperate
with the computer to complete more onboard data processing tasks.
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Abstract. Due to the nonlinear effect of high-power amplifier (HPA), the
constant envelope navigation signal is distorted, which leads to the degradation
of navigation signal quality and ranging performance. To solve this problem, the
influence of the nonlinear characteristics of the amplifier on the navigation signal
quality is studied, and the effectiveness of the predistortion method is verified.
After that, the article proposes the signal quality index which is most related to
nonlinear distortion. We come up with the corresponding pre-distortion algo-
rithm for memoryless HPA model and memory HPA model. The non-ideal
characteristics of HPA will be compensated by pre-distortion technology.
In the MATLAB simulation environment, the change of HPA non-ideal char-
acteristics and AltBOC signal index are analyzed before and after pre-distortion.
This technology has good results to nonlinear distortion of navigation signal and
has great significance of developing navigation satellite signal quality.

Keywords: AltBOC � Nonlinear distortion � Pre-distortion � Signal quality

1 Introduction

Due to the core components’ non-ideal characteristics in the navigation payload, actual
satellite signals are subject to both linear and nonlinear distortion, which leads to the
degradation of signal quality. Therefore, even if the system adopts advanced navigation
signal system, its actual ranging accuracy cannot be guaranteed. The linear distortion of
navigation signal includes amplitude distortion, phase distortion and group delay
fluctuation, which is mainly caused by filter, output multiplexer and antenna. The
nonlinear distortion is introduced by HPA [1].

The nonlinear effect of HPA has a great impact on the tracking accuracy and ranging
performance of carrier and pseudo-code [2], which is the most important source of the
non-ideal characteristics of navigation load RF channel. Therefore, the characteristics of
HPA need to be compensated. Considering the limited resources of satellite, the dis-
tortion introduced by HPA can be compensated by means of digital pre-distortion.

AltBOC signal is a new signal constant envelope modulation method evolved from
BOC modulation technology, which is used for the open service in Galileo system at
E5 band [3]. In this paper, the influence of HPA on signal quality was analyzed by
establishing the HPA model, and the pre-distortion algorithm of digital baseband was
designed to compensate the non-ideal characteristics of HPA.
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2 Impact Analysis of AltBOC Signal Caused by HPA

2.1 AltBOC Signal System

AlBOC signal is different from the traditional BOC signal. Because AlBOC signal can
modulate two orthogonal signals in the lower and upper sideband respectively, so it can
transmit four signals independently. The constant envelope baseband expression of
AlBOC (15, 10) signal is as follows [4]:
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Among them:

f1I is E5aI signal;
f2I is E5bI signal;
f1Q is E5aQ signal;
f2Q is E5bQ signal.

Figure 1 shows the constellation of ideal AltBOC signal. The red points in the
diagram correspond to the AltBOC signal on the complex plane. The signal is constant
envelope, it can be equal to 8-PSK signal.
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Fig. 1. Constellation of ideal AltBOC signal.
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Figure 2 shows AltBOC signal power spectrum. Two main lobes are located
in ± 15 * 1.023 MHz, main lobe width is 20 * 1.023 MHz. The total band width
equals to 70 * 1.023 MHz if considering two side lobes.

2.2 Signal Quality Evaluation Index

The navigation signal will produce waveform distortion which is caused by nonlinear
characteristics of HPA. It makes cross-correlation peaks reduce and cross-correlation
function shape deteriorate. We choose zero deviation of discrimination curve and
correlation loss which are most closely related to correlation peak to be signal quality
evaluation index.

SCB Curve. SCB curve reflects the symmetric feature of the correlation peak. So it is a
critical index to evaluate signal quality. Ideal signal is distorted by the effect of
downlink transmission channel, which leads to the attenuation of amplitude and the
aberration of correlation function. For receivers, the target of pseudo-code tracking is
the main correlation peak. Signal delay is adjusted according to lead and lag output [5].
When there is no distortion or the correlation function is still symmetric to Y-axis, the
lock point of code tracking loop coincides with the peak point of the correlation
function, which will not lead to code tracking deviation. However, when the correlation
function is not symmetric due to signal distortion, the lock point of code tracking loop
will deviate from the peak point of the correlation function, which results in code
tracking deviation. Code tracking deviation can lead to ranging error and reduce
location accuracy.

Discrimination curves differ in different code discriminator. Based on the typical
EMLP discriminator, assuming that the lead-lag range is d, the discrimination curve
formula is as follows [5]:

D e; dð Þ ¼ CF eþ d=2ð Þj j2� CF e� d=2ð Þj j2 ð2Þ
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Fig. 2. Power spectrum of ideal AltBOC signal.
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CF(e) reflects the correlation peak of the received signal and the reference signal. e
is the relative delay between the ideal signal and the signal which is received by the
receiver.

Correlation Loss. The difference between actual signal power and the ideal signal
power is called correlation loss. Correlation loss reflects not only the navigation signal
transmitting distortion, but also the effectiveness of signal power, which is related to
the correlation function closely.

Based on correlation function, Correlation loss can be expressed as follows [6]:

PCF dB½ � ¼ max 20log10 CF eð Þj jð Þð Þ ð3Þ

CLDistortion dB½ � ¼ PCF�ideal dB½ � � PCF�real dB½ � ð4Þ

PCF is the signal power. PCF-ideal is ideal correlation power. PCF-real is actual cor-
relation power. CLDistortion is correlation loss.

2.3 HPA Model Building

Memoryless HPA Model. If the bandwidth of RF input signal is narrow, then the
memory effect of HPA can be ignored and its non-linear distortion is described by the
memoryless model. Its characteristic is that the shift of output signal amplitude and
phase at the current moment are only related to the input signal envelope amplitude at
current moment. The AM/AM and AM/PM curve can describe its nonlinearity.

BDS-3 uses traveling wave tube amplifier (TWTA) for power amplification of RF
signals. Saleh model is a model obtained after in-depth analysis and research on the
nonlinearity of TWTA. The AM/AM characteristics and AM/PM characteristics can be
described as follows [7]:

A rð Þ ¼ aar
1þ bar2

ð5Þ

U rð Þ ¼ a/r2

1þ b/r2
ð6Þ

Through four parameters we can describe the input and output characteristics of
HPA, in the formula, r is the amplitude of input signal.

aa ¼ 128:3238,ba ¼ 13:8302,a/ ¼ 10:9873,b/ ¼ 10:4884 is a set of model
parameters based on actual measurements. The AM/AM curve and AM/PM curve are
shown in Fig. 3.
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Memory HPA Model. When the bandwidth of input signal is wide, the memory effect
which is caused by HPA will gradually emerge, the output of the current moment is
also related to the input of the past moment. The transmitting bandwidth of AltBOC
signal at 71.61 MHz is closed to the condition of memory HPA. For overall consid-
eration, this section we establish the memory HPA model. Because of non-linear effect
and memory effect, the modeling and compensation of memory HPA is much more
complicated than memoryless HPA. The commonly used memory HPA model is
memory polynomial model. The AM/AM characteristics and AM/PM characteristics
can be expressed as follows [8]:

y nð Þ ¼
XN
k ¼ 1
k odd

XM�1

q¼0

ckq x n� qð Þj jk�1x n� qð Þ ð7Þ

Since only odd-order inter-modulation terms can fall within the RF frequency band,
k is only odd. The formula shows a set of memory polynomial model parameters based
on actual measurements.

The AM/AM and AM/PM curve are shown in Fig. 4.
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Fig. 3. AM/AM curve and AM/PM curve of memoryless model.
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3 Digital Pre-Distortion Algorithm

3.1 Memoryless HPA Pre-Distortion

For memoryless HPA, this paper adopts look-up-table method for pre-distortion
compensation, its principle block diagram is shown in Fig. 3.1. The pre-distortion
compensation parameters calculated in advance are saved in a table, and then the
address quantity in the table is calculated according to the baseband signal input, so as
to find the compensation parameters. This method is easy to implement, the precision is
high [9, 10].

The LUT item is set 100, and all items are evenly distributed. After pre-distortion,
the HPA characteristic curve is shown in Fig. 6. As we can see from these figures, the
compensated AM-AM characteristic is closed to linear, and the AM-PM characteristic
is almost 0. It shows that this method can effectively compensate the non-ideal char-
acteristics of memoryless HPA.
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Fig. 4. AM/AM curve and AM/PM curve of memory polynomial.

Fig. 5. Scheme of look-up-table (LUT) pre-distortion.
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3.2 Memoryless HPA Pre-Distortion

This paper adopts the indirect learning memory polynomial method. Figure 7 shows
the principle diagram.

After obtaining a set of y(n) and z(n) data samples, the post-distorter can process
the data offline, and calculate a new set of pre-distortion parameters, these parameters
will be writen into the pre-distorter hardware. The highest order N of the pre-distortion
polynomial was set as 5 to compensate the non-ideal characteristics of memory HPA,
and the results were shown in Fig. 8 [11].

Fig. 6. AM/AM curve and AM/PM curve of memoryless HPA after compensating.

Fig. 7. Scheme of indirect learning memory polynomial.

Fig. 8. AM/AM curve and AM/PM curve of memory HPA after compensating.
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According to Fig. 8, after pre-distortion, AM-AM curve becomes more convergent
and has better linear amplification, AM-PM characteristic is also improved.

4 Simulation of Pre-distortion Effect on Signal Quality
Improvement

For memoryless HPA and memory HPA, the simulation results before and after pre-
distortion of AltBOC (15, 10) signal were given. When performing the ideal band limit
on AltBOC signal, the single-side bandwidth was set to 35.805 MHz.

4.1 Improvement of Signal Quality with Memoryless HPA Pre-distortion

Since AltBOC signal can be received with single sideband or be received with upper
and lower sideband, we consider the performance of the upper and lower sideband
combined pilot channel, lower sideband pilot channel and upper sideband pilot channel
when assessing signal quality. Figure 9 shows the comparison of SCB curves with or
without pre-distortion when AltBOC signal passes through the memoryless HPA
model which is established in Sect. 2.3. Figure 9 shows that the pre-distortion
improves SCB curve by about an order of magnitude.

Table 1 shows the correlation loss comparison of AltBOC signal with and without
pre-distortion. The pre-distortion improves the correlation loss of single side band pilot
channel by four orders of magnitude, and the correlation loss of upper and lower
sideband combined pilot channel and single side band data channel by three orders of
magnitude.

Fig. 9. SCB curve of AltBOC signal after memoryless pre-distortion.

Table 1. Correlation loss of AltBOC signal after memoryless pre-distortion.

Lower sideband
(LSB) pilot

Upper sideband
(USB) pilot

Lower sideband
(LSB) data

Upper sideband
(USB) data

Without
distortion

−0.0435 −0.0416 −0.0430 −0.0443

With
distortion

−7.78 � 10−6 −3.37 � 10−6 −2.75 � 10−5 −2.96 � 10−5
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4.2 Improvement of Signal Quality with Memory HPA Pre-distortion

Figure 10 shows the comparison of SCB curves with or without pre-distortion when
AltBOC signal passes through the memory HPA model which is established in
Sect. 2.3. Figure 10 shows that the pre-distortion improves SCB curve by about an
order of magnitude.

Table 2 shows the correlation loss comparison of AltBOC signal with and without
pre-distortion. With pre-distortion, the correlation losses of the joint channel are
improved by an order of magnitude. It is worth noting that the correlation loss of each
individual component is greater than 0 dB. According to Cauchy inequality in con-
tinuous form, the correlation loss cannot be greater than 0 dB. The correlation loss here
reflects the change in the proportion of single-channel signal power in the combined
signal. The correlation loss which is greater than 0 dB indicates that the power ratio of
single-channel signal is greater than the theoretical value, it could happen.

5 Conclusion

In view of the practical problem that satellite navigation signal quality will decline after
passing HPA, which leads to system performance deterioration. We establish memo-
ryless HPA and memory HPA model. According to two models, the corresponding pre-
distortion algorithms are proposed to compensate the non-ideal characteristics of HPA
by signal pre-distortion. In the MATLAB simulation environment, the changes of

Fig. 10. SCB curve of AltBOC signal after memory pre-distortion.

Table 2. Correlation loss of AltBOC signal after memory pre-distortion.

Lower sideband
(LSB) pilot

Upper sideband
(USB) pilot

Lower sideband
(LSB) data

Upper sideband
(USB) data

Without
distortion

−0.0220 −0.0236 −0.0232 −0.0228

With
distortion

2.96 � 10−4 1.94 � 10−4 7.45 � 10−4 3.98 � 10−4
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AltBOC signal quality index before and after pre-distortion were analyzed. It is proved
that the pre-distortion method adopted in this paper significantly improves the AltBOC
signal and effectively solves the influence of the non-ideal characteristics of HPA on
the navigation signal. This technology has broken through the bottleneck of restricting
the improvement of navigation satellite signal quality and has great engineering
application value.
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Abstract. Field programmable gate array (FPGA) integrates a large number of
computing units and IP cores which can realize specific functions, and has high
parallel processing capability. The current spaceborne synthetic aperture radar
(SAR) real-time processor realizes high speed acquisition and real-time pro-
cessing of multi-mode echo data through FPGA. Therefore, it is of great sig-
nificance to optimize FPGA processing flow and improve FPGA fixed-point
processing capacity to improve the performance of spaceborne SAR real-time
imaging processor. As a fixed-point processor, FPGA needs to preserve effective
data as much as possible in SAR signal processing through appropriate trun-
cation to avoid the resource burden and data storage pressure caused by the
expanding bit width. The commonly adopted fixed bit-truncation method and
parameter updating on-orbit method cannot meet the application requirements of
real-time scene, and cannot meet the requirements of adaptability and accuracy
of SAR real-time imaging processing. In view of this situation, this paper studies
the bit-truncation technology of FPGA imaging processing, and proposes an
adaptive bit-truncation technology based on FPGA, which meets the real-time
requirements of SAR signal processor and improves its detection performance
and system reliability. The effectiveness of the technique is verified by simu-
lation, and the method has been successfully applied to the on-orbit validation of
SAR signal processor.

Keywords: SAR � Real-time signal processer � FPGA � Bit-truncation

1 Introduction

As a high-resolution imaging radar, SAR has the characteristics of all-day and all-
weather, and is capable of high-resolution imaging of ground objects. It is widely used
in battlefield reconnaissance, environmental monitoring, emergency rescue and other
fields [1]. SAR payloads can be divided into airborne SAR, ballistic SAR and
spaceborne SAR according to the different carrying platforms. Spaceborne SAR, on the
other hand, is based on the satellite platform, and has the advantages of large imaging
width, and the imaging area is not restricted by the airspace sovereignty, which sig-
nificantly improves the application efficiency of SAR imaging. Spaceborne SAR has
become one of the key remote sensing technologies in the world. In order to meet the
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requirements of high precision and high coverage, spaceborne SAR imaging requires
very high data processing, storage and down-transmission capabilities [2]. Traditional
spaceborne radar processor hardware architecture and data processing capacity have
been difficult to meet the above requirements. At the same time, massive remote
sensing data are transmitted to the ground, which brings great pressure to the ground
reception, storage and processing. Moreover, the transmission delay of satellite and
ground feed link seriously affects the effectiveness of SAR signal processor in
obtaining key target information. Spaceborne SAR real-time imaging and detection
technology can effectively solve this problem and has become a research hotspot in the
field of remote sensing in recent years [3].

At present, the typical SAR real-time imager processor is based on FPGA + DSP
architecture. FPGA integrates a large number of computing units and IP cores that can
realize specific functions. Besides FPGA has a high degree of parallel processing
capability. The Range Doppler algorithm (RD), Chirp Scaling (CS) algorithm, etc. of
SAR real-time SAR imaging processing can be completed through FPGA’s complex
multiplication IP, Fourier transform IP and other resources [4]. Therefore, it is of great
significance to improve the performance of spaceborne SAR real-time imaging pro-
cessor by optimizing FPGA processing flow and improving FPGA fixed-point pro-
cessing capacity.

FPGA is a fixed-point processor, and the internal data is represented by binary 0/1.
In the process of signal processing, a lot of multiplication and addition calculations will
make the digital signal bit width continuously expand and increase the occupancy rate
of logical resources. In FPGA operation, the data bit width should be controlled by
certain strategy to ensure the accuracy of operation results. The truncation of data bits
of FPGA on satellite usually has two ways: fixed truncation method and parameter
updating on-orbit method. Among them, fixed truncation technology is based on cer-
tain prior information. When the Signal-to-Clutter-and-Noise Ratio (SCNR) changes,
the target detection probability will be rapidly reduced, which will affect the system
performance. The parameter updating on-orbit method is based on the processing
results downloaded to the ground station. Due to the delay of transmitting between
satellite and earth and the delay of ground station processing, although the upshot
truncation method can bring higher reliability to the system, it cannot meet the
application requirements of many real-time scenes. Aiming at the real-time and relia-
bility requirements of spaceborne SAR signal processor, this paper studies the bit
truncation technology of FPGA imaging processing and proposes an adaptive trun-
cation technology based on FPGA, which meets the real-time requirements of SAR
signal processor and improves its detection performance and system reliability.

2 Application of FPGA in SAR Signal Processor

2.1 Architecture of SAR Signal Processor

The typical architecture of spaceborne SAR real-time processor [5] is shown in Fig. 1.
Then IF signals are sampled by analog-to-digital converter (AD) and preprocessed. The
preprocessed data are processed to get SAR images and results of target detection and
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positioning. Through real-time imaging and detection on the satellite, only a relatively
small amount of data and processing results need to be transmitted to the ground, which
greatly reduces the pressure of digital transmission and improves the timeliness of
processing.

SAR real-time imaging processor usually adopts FPGA + DSP architecture, as
shown in Fig. 2. FPGA has great advantages in digital signal processing processes, such
as complex multiplication and FFT, and can process multipath data in parallel. DSP has
the advantages of high processing precision and flexible matrix operation processing. In
addition, the application of high-speed storage such as DDR3 greatly reduces the storage
burden ofmass data processing in imaging processing. The application of Serial Rapid IO
(SRIO) interface also improves the ability of data transmission in the processor.

2.2 Performance Optimization of SAR Signal Processor

SAR real-time imaging processing requires the processor software to have strong
adaptability, which can realize target detection under environments with different
SCNR. However, in the process of SAR imaging processing, a lot of multiplication and
addition computations will make the digital signal bit width continuously expand,
increasing the resource utilization rate and transmission pressure. For the Fourier

Fig. 1. Typical architecture of spaceborne SAR real-time processor

Fig. 2. Hardware architecture of a common SAR real-time imaging processor
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transform (FFT) and the inverse Fourier transform (IFFT), it is difficult to estimate the
processing results in different scenarios. Therefore, it is necessary to control the data bit
width in FPGA operation and adopt appropriate truncation technology to retain
effective data as much as possible. Excessively low truncation value will result in target
point data overflow, which will lead to lower detection probability and higher false
alarm rate. Excessively high truncation value will result in low effective bits of data,
thus resulting in reduced detection probability. Therefore, the truncation strategy
directly affects the system performance of SAR signal processor.

The most common method of truncation is fixed truncation method. In the test
process, the data amplitude at FFT or IFFT is estimated through a large number of
flight-testing data, so as to determine a fixed bit truncation value and cut off the fixed
high or low redundant bits. This method is simple to implement for the processor.
However, a single bit truncation value cannot adapt to a variety of signal-to-clutter
ratios. Once the difference between the actual SCNR and the estimated SCNR occurs,
data overflow or low effective bits will occur, which will affect the target detection
performance.

The other common method in SAR signal processing is the parameter updating on-
orbit method. The ground calculates the appropriate truncation value for each step by
analyzing the down-transmitted data, and sends the truncation value to FPGA. Com-
pared with fixed truncation method, this method has the advantages of on-orbit
adjustment and can reduce the probability of data overflow and small significant bits
when clutter changes. However, this method has poor timeliness and cannot meet the
real-time requirement of SAR signal processor. And the estimated truncation value
cannot ensure the accuracy of truncation and the stability of processor performance.

In view of the problems above, this paper proposes an adaptive truncation tech-
nology based on FPGA. By calculating the dynamic range of pre-truncated data and
predicting the truncation value of the next frame, the adaptive truncation process of
FPGA is realized, which meets the requirements of SAR signal processor for high
detection performance and high reliability of the system [6].

3 SAR Processor Based on FPGA Adaptive Truncation

3.1 Software Architecture of SAR Radar Processor

In the SAR real-time imaging processor, as is shown in Fig. 3, FPGA mainly completes
AD, digital down-conversion (DDC), pulse compression and migration correction,
inverse Fourier transform, data cache, phase compensation and spectrum analysis [7].

The echo signal acquired by AD is processed by DDC and Doppler pre-
compensation. Then transfer the preprocessing results to frequency domain, by FFT
and the results are processed according to the truncation technique [8]. Pulse com-
pression and migration correction are realized by using a compound matched filter, and
the obtained frequency domain results are processed by IFFT [9]. The time-domain
pulse compression results after truncation are cached in FPGA memory or external
storage to obtain the 2d image data of the current image, and the data is transposed at
the same time. The azimuth of 2d image is taken out for phase compensation process.
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Finally, doppler spectrum analysis is realized through azimuth-dimension FFT to
obtain the focused SAR image, and the truncated image data is sent to DSP for
processing [10].

3.2 SAR Radar Processor FPGA Adaptive Truncation Technology

The step that requires truncation processing in the real-time imaging processing step is
called the truncation site. Based on the SAR algorithm and processor performance, the
data dynamic range is usually maximum after FFT and IFFT. Therefore, the basic
truncation sites are set at FFT and IFFT process in range dimension, and FFT process in
azimuth dimension. In practical application, because each truncation site adopts the
same statistical method to calculate the bit-truncation value for the next image pro-
cessing, the number of truncation site can be flexibly increased or decreased according
to needs.

First, the number of truncation sites is set as n, the original data bit width of each
truncation site Mn, and the effective data bit width Pn to be retained should be deter-
mined according to the engineering requirements. The initial bit-truncation value An of
each truncation site should be determined through pre-analysis for the truncation
processing of the first image.

In the processing of the first image, data of each truncation site is truncated from bit
An and retained bit the An − Pn + 1, and the Pn-bit data is output. When processing the
second image and subsequent images, each truncation site uses the truncation value Bn

calculated by the automatic truncation method of the previous image to truncation, and
outputs the Pn bit data. Starting from the first image, each truncation site needs to
calculate the truncation value Cn for the next image based on the data before the
truncation, and update the value of Bn to Cn after the truncation processing is
completed.

The method to calculate the truncation value Cn is as follows. Suppose that the bit
width of the data to be truncated at the truncation site n of the currently processed
image is Mn. The highest bit is the symbol bit which indicates whether the data is
positive or negative. Use OR calculation between positive data and define the result as
In. Use AND calculation between negative data and define the result as Qn. The bit
widths of In and Qn are both Mn. Judging from the secondary high bit of In, the first
digit of 1 is the most significant bit besides the sign bit, which is defined as EIn.
Judging from the secondary high position of Qn, the first digit that is 0 is the most

Fig. 3. FPGA software architecture of SAR radar processor
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significant bit besides the sign bit. Which is defined as EQn. Compare EIn and EQn, and
the large value defined as Cn is the proper truncation value for the next image at
truncation site n.

4 Hardware Realization

The hardware platform of SAR radar processor based on FPGA adaptive truncation
method in this paper is shown in Fig. 4. The imaging process and the truncation
method were implemented on The Virtex7-XC7VX585T chip of Xilinx Company, and
the 1024 � 256 image was sent to DSP TMS320C6455 for subsequent target detection
and processing by SRIO interface.

Resources occupied is shown in Table 1.

In order to verify the truncation process, a frame of simulated echo data was used
for testing. As shown in Fig. 3 of Sect. 3.1, the three truncation sites are set after FFT,
IFFT and spectrum analysis. Based on the specific FPGA process, the original data bit
widths of these three places are 27, 45 and 25 respectively. The current three truncation
values predicted by adaptive truncation method are 24, 27 and 17 respectively. The row

Fig. 4. A hardware structure of a certain SAR signal processer

Table 1. Resources occupied

Resources Occupied Available Occupied percent

Slice register 92222 728400 12%
Slice LUTs 71916 364200 19%
Block RAM/FIFO 601 795 75%
DSP48E 550 1260 43%
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and column of target from hardware is [37, 150], which is consistent with the
MATLAB simulation result, as shown in Fig. 5.

Through the above simulation analysis, it can be concluded that when the external
input conditions are relatively ideal, data at the key site of the SAR real-time processor
can be truncated to ensure the reliable detection of the target. However, in practical
application, the target to be detected by SAR load is not ideal. The detected target is
changing, and there will be certain clutter in the signal received by SAR real-time
processor. The introduction of the clutter will reduce the target detection probability
and increase false alarm rate. For the same target, the smaller the SCNR is, the higher
the truncation value will be. Although the truncation value selected based on small
SCNR environment can meet the requirement of high SCNR environment and will not
lead to data overflow, it will reduce the detection probability in high SCNR
environment.

Simulation data of 10000 frames were generated for 34 dB SCNR, 26 dB SCNR,
20 dB SCNR and 15 dB SCNR images respectively. The target detection probability
and false alarm rate under four kinds of SCNRs are obtained through this process as
shown in the table below. It can be concluded from Table 2 that the smaller the SCNR,
the lower the detection probability and the higher the false alarm rate.

The fixed truncation method is usually based on the priori information of the target
scene for modeling analysis to obtain the worst-case ratio of the target scene. Based on
this scenario, fixed truncation values are obtained. However, due to the dynamic
scanning of a wide range of targets by the SAR payload antenna over a long period of
time, the target scene may have sudden or unpredictable changes, which may exceed
the SCNR considered by modeling analysis. At this point, the bit width of fixed
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Fig. 5. Result comparison

Table 2. Detection Probability and False Alarm Rate in 4 SCNRs by adaptive truncation

34 dB 26 dB 20 dB 15 dB

Detection probability (mean) 93% 82% 70% 52%
False alarm rate (mean) 4 � 10−8 1.2 � 10−7 3 � 10−7 5 � 10−7
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truncation will not meet the current demand, which will cause data overflow, detection
probability and false alarm rate will be greatly deteriorated.

The parameter updating on-orbit method is based on analyzing data transmitted to
the ground station, to obtain the truncation bit width suitable for the SAR real-time
processor. The parameter is sent to the satellite through the reverse link to improve the
detection probability and false alarm rate. This method is actually an on-orbit
improvement of fixed truncation method. However, due to its long transmission delay
and processing delay, this method cannot meet the requirements of SAR real-time
processor.

The adaptive truncation method can be used to predict the required truncation bit
width of SAR processor according to the actual situation of the target scene, and it can
be processed and adjusted in real time on the satellite. It can meet the requirements of
various unpredictable situations, not only to ensure the detection probability and false
alarm rate of the system, but also to meet the real-time requirements of the system.

5 Conclusion

FPGA + DSP architecture is usually used in general SAR real-time imaging proces-
sors. The optimization of fixed-point processing is an important part of FPGA pro-
cessing performance optimization. In FPGA operation, data bit width should be
controlled, and appropriate truncation technology should be adopted to retain effective
data as much as possible, and the resource consumption caused by expanding bit width
should be avoided. Accurate intercept can avoid the problem of target point data
overflow or low effective bits of data, and avoid the detection probability reduction and
false alarm rate increase caused by improper truncation, so as to improve the system
performance of SAR signal processor.

In this paper, the bit truncation technology in FPGA imaging processing were
studied. Due to the poor adaptability of the fixed truncation method and the poor
timeliness of parameter updating on-orbit method, an adaptive truncation method is
proposed. The feasibility is verified through simulation and hardware validation. This
method meets the requirements of SAR signal processor for real-time performance,
high detection performance and high system reliability, and can be widely used in
various radar signal processors, which has great significance for the performance
optimization of onboard radar signal processors.
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Abstract. This paper describes a sample-hold (SH) circuit for the front-ended
pipelined 12-bit analog-to-digital converter (ADC). A differential OTA (oper-
ational transconductance amplifier) used in the sample-hold (SH) circuit is
presented. The OTA is optimized for high-speed high-accuracy applications by
using gain-boosted topology. By means of clamp circuit, the slewing rate of the
OTA is greatly improved. The design uses the chartered 0.35-lm 2P4M CMOS
process with a 3 V supply. The open-loop DC gain is over 110 dB and unity-
gain bandwidth is 524.6 MHz. The slewing rate of the OTA is 1160 V/ls while
the total load capacitance is 6pf. The SH circuit can settle within 10 ns to an
accuracy of <0.01% for the worst case. The SH circuit achieves SFDR of
90.64 dB and THD −89.63 dB with sampling frequency 50 MHz. Design
analysis and simulations are presented demonstrating that the amplifier exceeds
the specification in the SH stage of a 12-bit pipelined ADC, while dissipating an
average of 23 mW of power.

Keywords: Sample-hold circuit � Gain-boosted OTA � Pipelined ADC

1 Introduction

Benefit from the development of large-scale digital integrated circuits, the performance
of signal processing systems has been greatly increased in recent years. In various
electronic systems, many sounds, images and videos are converted into digital signals.
In the field of processing digital signals, large-scale special-purpose integrated circuits
are widely used. The bridge between analog and digital signals is ADC [1].

Pipelined ADCs are widely used because of their fast sampling rate and precision
[2]. The SH circuit is the important part of the pipelined ADC and it determines the
performance of the whole ADC [3]. This study describes the design of a SH circuit that
can be used in the pipelined 12-bit ADC.

This paper presents a high gain amplifier of gain-boosted topology which is speed
up by clamp transistors. By means of optimizing booster-amplifiers, pole-zero doublet
is settled easily. Considerations of topology selection and tradeoffs are presented in this
paper. Capacitor flip-over sample-hold circuit is applied in this study. Simulation
results show the OTA fulfills specifications of high speed ADC.
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2 Design of Amplifier and SH Circuit

2.1 Main Amplifier Design

In terms of main amplifier topology, telescopic or folded cascode op amp can be
selected. Telescopic seems the better choice [4]. However, the telescopic cascode op
amp has tighter output swing over folded approach. Besides to guarantee the input and
output common mode voltage the same, folded cascode op amp is a better choice. The
next decision made is to choose between NMOS input or PMOS input. PMOS input is
sometime preferred since p channel transistor has less 1/f noise than n channel tran-
sistor. And the source of p channel transistor can be tied to the bulk, it provides higher
CMRR comparing to NMOS input. The paper design a structure as shown in Fig. 1.

2.2 Booster Amplifier Design

Single-end amplifier or full-differential amplifier can be used in the proposed OTA. The
disadvantages of using four single-end input and single-end output amplifiers are
obvious, which will dissipate much more area and power than full-differential
approach. Furthermore, the current mirror will inevitably introduce mirror pole [5]
which may narrow the unity-gain bandwidth of the amplifier. Thus full-differential
folded-cascode topology is selected for gain boosters to optimize. The decision was
made based on the following reasons: 1) It does not limit the swing at the source of
cascodes in the main amplifier, and it has large input common mode range; 2) It
provides adequate gain boosting. The bandwidth of the booster amplifier must be
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Fig. 1. Proposed OTA structure
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carefully designed, at lest twice of the main amplifier loop-gain bandwidth. It is satisfy
the safety criterion by enough margin to push doublets far away which will cause slow
setting.

2.3 OTA Design Optimization

Booster Amplifier Optimization
Doublet frequency must be placed in the safe range:

Fxu\xb\xp2 ð1Þ

Where xu represents unity gain bandwidth, and xb represents doublet frequency and
xp2 represents non-dominant pole of the main amplifier formed at the source of the
source of cascade device M8 (M9).

The capacitors at the output of the boosters are necessary which can guarantee the
boosters unity-gain bandwidth smaller than the non-dominate pole of the main
amplifier. This suggests that the OTA with capacitor compensation is more flexible.

Main Amplifier Optimization
It is also instructive to study the slewing behavior of a folded-cascode op-amp. If the
diode-connected transistors, M12 and M13, are exclude. Thus, for the circuit to return
to equilibrium after M2 (M3) turns on, Vx (Vy) must experience a large swing [6],
slowing down the settling. To alleviate this issue, two “clamp” transistors (M12 and
M13) can be added as shown in Fig. 1. Figure 2 shows the schematic of the whole
OTA, including p-booster, n-booster and main amplifier.

2.4 Errors Analysis

For an ADC, two errors must be concerned. One is the DC gain error and the other is
the settling error. The DC gain error must be smaller than 1=2LSB which require the
gain of the OTA Adc [ 213=F ¼ 78:3 dB. Where F is the feedback factor. On the other

Fig. 2. Gain boosted OTA schematic
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hand, in order to fulfill the resolution requirement, the settling error of the SH stage
should be within 0.5LSB of the ADC. The time reserved for exponential settling is
3T/8, resulting

fu;min [
2fs ln 213ð Þ
2p� 0:75

¼ 8
2� 3:14� 3� 20� 10�9 ln 213

� � ¼ 191:3MHz ð2Þ

Figure 3 shows the gain-boosted OTA frequency response. The unity-gain band-
width is 524.6 MHz and the phase margin is 59.76° which means the OTA meets the
requirement.

Conventional high-swing cascade biasing circuitry is selected to bias the folded
amplifier as well as the two boosters in order to decrease sensitivity to Vds. Current in
each biasing leg is originated from a 100uA ideal current source and is magnified to its
desired value by appropriately sizing the current mirrors.

2.5 Prototype of Sample-Hold Circuit

The front-end SH circuit has been shown in Fig. 4. The technique of bottom-plate
sampling [7] is applied here. The bootstrap switch [8] is designed for low distortion.
The sample capacitor is 3pf and the whole SH circuit operates on a two phase, non-
overlapping clock.

The slew rate of the amplifier is as below.

SRmin ¼ Vpp

2� Tslew
¼ 2

2� 2:5� 10�9 ¼ 400V=ls ð3Þ

Fig. 3. DC gain and phase margin of the OTA
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Where the Tslew = T/8, Vpp = 2 V. The designed OTA is used in sample-hold
circuit just as Fig. 4 shows. Simulation results show that the slewing rate of the
designed amplifier is 1160 V/us. The “speed” of the amplifier has been much improved
by using clamping transistors. Figure 5 shows the transient response of sine wave input
signal (Vpp = 1 V, fin = 1.5624992 MHz, fs = 50 MHz). The output signal can be
settled within 5.32 ns and a settling error less than 0.01%.

Fig. 4. The capacitor flip-over sample-hold circuit

Fig. 5. The transient response of sine wave input signal
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3 Results

3.1 Simulation Results of OTA

The gain-boosted OTAwith clamp transistors was designed using the Chartered 0.35-lm
2P4MCMOSprocesswhich can be used in SH circuit. TheDCgain is 110.5 dB and gain-
bandwidth is 524.6 MHz with phase margin 59.76° just as shown in Fig. 3. The step

Table 1. Performance characteristic of OTA

Parameter Simulated performance

Supply, VDD 3 V
Differential peak output voltage(V) 2 V
Total power consumption (mW) 23.6 mW
Open loop voltage gain 110.5 dB
Differential AC loop unity gain BW (MHz) 524.6 M
Differential AC loop phase margin (°) 59.8°

Fig. 6. The FFT of the SH circuit

Table 2. Performance characteristic of sample-hold circuit.

Parameter Performance

Settling time (ns) 5.32 ns
Settling accuracy 0.01%
Total harmonic distortion (THD) −89.63 dB
SNR 89.47 dB
SFDR 90.64 dB
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transient simulation shows the slew rate of the amplifier is 1160 V/us which can fully
satisfy the requirement for settling. Table 1 showed simulation results.

3.2 Specifications of SH Circuit

SFDR is another way to define dynamic range. Figure 6 shows the results of the FFT of
SH circuit and the SFDR is 90.64 dB.

Table 2 summarizes the main characteristics of SH circuit. The settling time of the
sample-hold circuit is 5.32 ns and SNR is 89.47 dB, which can be used in high speed
ADC.

4 Conclusions

A gain-boosted operational transconductance amplifier with clamp circuit has been
proposed which can be applied in high speed, high resolution ADC. This structure
features high slew rate and large dynamic range. By means of optimizing boosters,
pole-zero doublet which may slowing down the settling was easily resolved. The DC
gain of the amplifier can reach up to 110.5 dB and the unity-gain bandwidth is
524.6 MHz. The capacitor flip-over sample-hold circuit operates on two non-
overlapping clock signals with SFDR 90.64 dB. The output signal can be settles
within 5.32 ns and a settling error less than 0.01%. Simulation results show the OTA
fulfill specifications of high speed ADC.
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Abstract. Converged media is increasingly becoming a hot technology which
integrates multiple media forms due to the development of the 5G mobile
communication technology. With up to 10 Gb/s theoretical downstream speed,
converged media, including text, ultra-high definition video, 3D audio and
mobile applications, are gradually becoming an important development direc-
tion of media technology in China. In this paper, a deep learning based artificial
intelligence converged media experimental system is designed and built. Spe-
cially, we study the methods and technologies of text generation, processing and
summarization in converged media system, with emphasis on the webpage
content crawling, speech to text technology application and automatic text
summarization. To deal with redundant contents, we present Counting Bloom
Filter combined Shingling algorithm (CBFCS algorithm) to filter URLs and
near-duplicates text. Scheduling Algorithm is used among multi- servers to deal
with a large amount of AI tasks. Extensive experiments confirm the effective-
ness of our methods.

Keywords: Converged media � Deep learning � Text � Deduplication
algorithm � Scheduling

1 Introduction

In the past ten years, with the development of 5G mobile communication technology,
some media corporations in China have made a lot of explorations in media conver-
gence. According to the focus of construction in different periods, the development of
media convergence can be divided into three stages. Around 2009, some traditional
media companies built network media system, broadened the channel of release
information and tried to fragment broadcast contents and then translated it to the
Internet. In this stage, lots of network broadcast TV stations and mobile TV stations
had been constructed. From 2014 to 2018, the influential state-owned media organi-
zations such as People’s Daily and China Central Television took the lead in the
attempt of converged media, and their traditional media productions were gradually
changed to full forms of media productions, so as to spread information in various
channels especially in Internet channel. In this stage, not only large media organiza-
tions but also urban media organizations called county-level converged media centers
attempted to develop converged media. From 2019, more than 600 county-level
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converged media centers of China are increasingly becoming active in both online and
offline and connecting each other by the digital media assert sharing network, which
means converged media become mature and practical.

As an important part of traditional media form, text is also significant for converged
media. However, redundant text media and other forms from reporters and other
converged media centers is still a remaining challenge for traditional methods to solve.
Thus, we apply deep learning and other related technologies to generate, process and
summarize text in this paper. Deep learning is a novel machine learning technology,
which is aimed to make computer simulate the thinking process of human beings for
improving its performance. Besides, it is also an essential subject in the field of arti-
ficial intelligence. To make full use of the powerful computing ability of deep learning,
in this paper, deep neural network model and other related technologies are specifically
used to crawl webpage’s hypertext markup language content promptly, turn speech to
text correctly, make text summarized automatically. Furthermore, we demonstrate
CBFCS algorithm for deduplication and an algorithm for scheduling server cluster, and
experimental results of two proposed algorithms are shown and analyzed in detail.

2 Related Works

Web Crawler is a useful tool to crawl necessary text media of websites regularly when
authorized or permission is open. Web Crawlers such as Mercator [1] and Nutch [2] are
open source, but their developing efficiency is limited. According to [3], Scrapy is a
framework technology of Web Crawler implemented by Python. Scrapy is used to set
addresses of various mainstream media websites, so the Spider of Scrapy can crawl the
text with structured contents along the addresses. Structured contents would be divided
into URLs and text, URLs are sent back to Scheduler to wait for being crawled, and
text is extracted by BeautifulSoup which is designed to analyze hypertext markup
language and saved in database.

In the experimental system, audio & video from mainstream television or video
stations such as China Central Television and China National Radio needs to be
converted into text for producing converged media. Automatic speech recognition in
Mandarin models such as Deep Speech 2 [4] and DFSMN [5] are opensource in recent
years, and the former based TensorFlow is easier to develop in the experiment and it is
used in the experimental system for turning speech from audio & video to text.
Standard pronunciation of audio & video makes it easy for speech recognition because
dialect and noise are ignored. A breakthrough of Deep Speech 2 is the introduction of
GRU network and CTC algorithm. GRU network layers add more recurrent layers to
increase the depth of the networks, and the Batch Normalization method is experi-
mented to train deeper nets faster. CTC loss function is used to train the network model
end-to-end to obtain the phoneme sequence, and then compare it with the training
sample to obtain the similarity value between 0 and 1 to predict the character sequences
of input audio Finally, the network outputs are the alphabet of the language.

The purpose of text summarization method is to get key and important information
from a serious of documents. An opensource Java platform called PKUSUMSUM [6]
from Peking University is used in the experimental system as a toolkit. PKUSUMSUM is
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a more competitive document summarization platform which satisfies a lot of R & D
needs in the experimental system. It integrates stable and diverse summarizationmethods,
and has good performance. It can support 3 typical summarization tasks, including
simple-document, multi-document and topic-focused multi-document summarizations.
Besides, the toolkit supports English and Chinese language, and it contains various useful
text tools, including English tokenizer, stemmer and Chinese word segmentation.

3 Proposed Research and Experimental System

3.1 System Architecture

The experimental system consists of artificial intelligence modules, content manager,
databases and converged media applications as shown in Fig. 1, it adopts microser-
vicearchitecture, each part is developed independently and communicates with each

Android Application Website

Content manager

Content Crawling Text SummarizationSpeech to Text

Converged Media 
Applications

Internet channels to spread information,
including a website based on JSP and a 
mobile applicat ion based on Android 6.0

Content System Server
The server is used to schedule art ificial 

intelligence module and publish the news 
articles to converged media applicat ions

Artificial Intelligence 
Modules

Including Content Crawling Module,
Speech to Text Module and Text 

Summarizat ion Module

Text  Materials News Aritcles

Restful API

WebSocket, UDP

Other converged media centers
Internet

Data Sources

Fig. 1. System architecture of proposed converged media experimental system
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other through specific protocols such as Restful API, UDP, etc. Artificial intelligence
modules encapsulate the above three AI methods for content manager to request.
Content manager sets addresses of various mainstream media websites, so Content
Crawling Module can crawl the text with structured contents along the addresses, and
text structured results are extracted and sent back to content manager. Content manager
uploads audio files to Speech to Text Module, and text results are responded asyn-
chronously. Content manager uploads text files to Text Summarization Module, and
summary results are responded synchronously. All processing results of AI modules
are saved in text database by content manager for producing of converged media
articles. And production of converged media will be saved into another database,
waiting for being published through various channels. In the experimental system, we
developed a website based on JSP and a mobile application based on Android 6.0 as
Internet channels of converged media.

URL ... URL URL ... URL

Hash Function 1 Hash Function 2 Hash Funct ion 3

0 1 0 2 ... 1 3 0 3 2
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3.2 Key Technologies

CBFCS algorithm in Deduplication of Content Crawled. There are too many same
text contents reprinted from other media organizations and same URLs crawled
repeatedly when the Web Crawler works. In order to deduplicate them, the Counting
Bloom Filter combined Shingling algorithm (CBFCS algorithm) is proposed. We apply
Counting Bloom Filter to deduplicate URLs before using Shingling algorithm for near-
duplicates text as shown in Fig. 2. More details of CBFCS algorithm are given as
following.

Step1: Using Counting Bloom Filter Algorithm to Deduplicate URLsBloom Filter [7] is
a m-bit vector, where m is initialized to 0. We assume that N elements such as URLs are
stored in a dataset, a new element is stored at a time, and k hash functions, each of
which maps the element to one of m bit positions, are used and the corresponding bits
in the Bloom Filter are set to 1. To determine if a new unknown URL is a member of
the dataset, the k hash functions are applied to that URL and the corresponding bits in
the Bloom Filter are checked. A positive answer is returned if all of those bits are found
to be 1. However, false positives are possible and delete operation is impossible
because of structure of Bloom Filter. So, improved Counting Bloom Filter is used to
solve these problems. In the filter, the filter are m counters, n-bit per counter instead of
bits. Every time a URL is added to or removed from the dataset, the k hash functions
are applied to the URL and all of the k positions in the filter are incremented or
decremented by 1. And according to [8], let c(i) be the count associated with the ith
counter. Suppose that we restrict ourselves to k = (ln2) m/n, then probability that the
ith counter is incremented j times is:

P max c ið Þ� jð Þ � m
eln2
j

� �j

; ð1Þ

If four bits are allowed per counter and we set n = 4, the counter will overflow only
if some counters reach the value 16, then

P max c ið Þ� 16ð Þ�m� 1:37� 10�15; ð2Þ

the probability is small enough and suffice for the experimental system.

Step2: Using Shingling Algorithm for Near-duplicatesEven if URLs deduplication is
completed, same or highly similar articles are always crawled and stored because of
reprint. So, we use Shingling Algorithm for detecting near-duplicates [9]. The core of
ShinglingAlgorithm is to regard an article or document as a string. The l of an article is any
l-length string that has appeared in the article. The L is a collection of all l in the article.
And we can evaluate the similarity of article A and article B by the following formula:

r(A, B) =
L(A)\L(B)j j
L(A)[L(B)j j ; ð3Þ
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it is known that r(A, B) is between 0 and 1, and the closer r(A, B) is to 1, the higher the
similarity is. In the paper, we set 0.85 as a standard value to identify whether the
articles are reprinted or reproduced.

Scheduling Algorithm in Many Different Machines. Artificial intelligence tech-
nologies in the experimental system are typical CPU intensive tasks. So, the server
cluster scheduling based on Consistent Hash Algorithm [10] is used in the paper, which
could greatly relieve pressure of a single server and improve efficiency by a cluster.
More details of the scheduling algorithm are given as following.

Step1: Mapping servers to the hash ringThe scheduling algorithm regards the entire
hash space as a virtual closed loop of 0*232−1, then taking hash calculation by the
Internet Protocol Address of every server as its key word. Finally, each server is
mapped to the loop as shown in Fig. 3.

Step2: Mapping AI tasks to the hash ringCalculating the hash value of speech to text or
crawling task file by a specific hash algorithm, and the hash value is mapped to the hash
ring as shown in Fig. 3.

Step3: Sending the task file to the serverAccording to the position of a task file on the
loop and right-handwise direction, the task file is sent to a specific server as shown in
Fig. 3. If a server fails, then the file would be sent to the next server by the right-
handwise direction. And if a new server is added to the cluster, only a node is added to
the hash ring.

3.3 Experimental Results and Analysis

In this paper, above AI methods with proposed algorithms are tested by a series of test
schemes as follows:

Testing Deep Speech 2 with Similar Models. We train Deep Speech 2 Model by
AISHELL dataset, which includes 178-h Mandarin audio. According to opensource
model in [4], some parameters of the model are set as follows: BATCH-SIZE = 20,
EPOCHS = 70. We record audios of different durations as test files. Table 1 shows the
accuracy and response time of Deep Speech 2 and another Chinese Internet commercial
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Fig. 3. Scheduling algorithm in many different machines
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speech-to-text online product (called “comparative product”). It’s obvious that the
accuracy of Deep Speech 2 is lower than comparative product, while it obtains more
time saving.

In fact, an excellent automatic speech recognition model needs not only structural
optimization, such as the reasonable layout of convolution layers, GRU layers and
pooling layers, but also a large amount of data to train the weights of the model. So,
speech-to-text products of Internet companies are reasonable in production environ-
ment while opensource model such as Deep Speech 2 in experimental environment.

Testing Content Crawling Method Deduplicated by CBFCS Algorithm. 25,000
static webpages with 5000 duplicate URLs and 200 same or highly similar text in our
experimental system are used to analyze the result of CBFCS algorithm in dedupli-
cation of content crawled, which means testing the error rate (ER) of both URLs
deduplication and same or highly similar text deduplication. ER is mainly due to false
positive from Bloom Filter, and it can be evaluated by the following formula:

ER = A / S, ð4Þ

S is the sum of duplicate URLs and same or highly similar text in the set, i.e. 6000 A is
the errors number. In the experiment, the error rates of Bloom Filter, Counting Bloom
Filter and CBFCS algorithm are tested respectively with different values of k, and the
results are shown in Table 2. The result shows that ER is the lowest when k = 4, and
CBFCS gains top performance in three algorithms.

Testing the Speech to Text Method Scheduled by Consistent Hash Algorithm. 50
MP3 audio files (more than 1 GB in total) are used as test files, and every audio file is
longer than 1 h. Firstly, without using the proposed scheduling algorithm, the input
files are directly transformed by a single server. Secondly, with the proposed
scheduling algorithm, the input files are transformed in a cluster of three servers

Table 1. Experimental results of accuracy and response time

Property Accuracy Response Time

Audio duration 20 s 60 s 120 s 20 s 60 s 120 s
Deep speech 2 82% 77% 71% 12 s 16 s 26 s
Comparative product 92% 94% 95% 25 s 36 s 51 s

Table 2. Error rates of three deduplication algorithm

k = 2 k = 4 k = 6

Bloom Filter 7.5% 6.8% 7.3%
Counting Bloom Filter 6.9% 6.5% 6.7%
CBFCS 3.5% 3.1% 3.4%
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scheduled by the algorithm. Among the experiment, Deep Speech 2 in the servers with
same configuration and network with same quality remain unchanged, some audio files
are failed processed suddenly because of unknown errors, and these files will be
processed again by the system. Transform time and the CPU utilization percentage of
all two methods are recorded. Finally, results of the experiment are shown in Table 3.
The test results show that under the same conditions, compared with a single server, a
server cluster scheduled by the proposed algorithm has higher efficiency, lower CPU
utilization percentage and stronger exception handling capability.

4 Conclusion

We design an artificial intelligence converged media experimental system in this paper
for proving the application of deep learning and related technologies in the respects of
text generation, processing and summarization. Meanwhile, CBFCS algorithm for
deduplication content crawled and an algorithm for scheduling server cluster were
proposed to optimize the performance of three artificial intelligence methods used in
the experimental system. Finally, we compare opensource model of automatic speech
recognition with mature ones. Experimental results show CBFCS deduplication algo-
rithm error rate and the scheduling algorithm efficiency, which demonstrated their
contribution for system performance improvement.
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and Radio, Television and Voice Technology Integration Innovation Lab.
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Abstract. Audio classification aims to distinguish different kinds of sounds,
and it is of great importance to artificial intelligence applications. Nevertheless,
there are still some challenges faced in this field, especially the classification of
weakly labeled audio signals. The audio clip contains temporal information and
spatial information. However, existing methods only utilize partial information
so that the classification effect requires to be improved. To improve classifica-
tion accuracy, we propose a multi-level attention fusion network (MLAFNet)
based on deep supervision which includes multi-attention fusion (MAF) module
and multi-level fusion (MLF) module. The MAF module can take full advantage
of the information from the time and space domain. The MLF module based on
deep supervision strategy can combine the coarse-grained and fine-grained
information. Extensive experiments are carried out on the basis of Google Audio
Set to demonstrate the effectiveness of the proposed network beyond several
state-of-the-art approaches, which achieve 0.970 on AUC and 2.652 on d-prime.

Keywords: Acoustic scene analysis � Audio classification � Multi-attention
fusion � Multi-level fusion

1 Introduction

The purpose of audio classification is to detect whether an event occurs in an audio
clip. It plays an irreplaceable role in the application of artificial intelligence, such as
intelligent monitoring, smart home, and Autopilot. So it becomes one of the hot issues
in audio signal processing.

A variety of audio classification competitions are held every year, in which the
most famous one is the challenge of Detection and Classification of Acoustic Scenes
and Events (DCASE) [1]. However, the datasets used in the competitions are relatively
small. Recently, the Sound and Video Understanding team at Google Research publish
Audio Set [2] in ICASSP. It contains 2 million audio clips in 527 categories, totaling
more than 5,800 h, which has greatly facilitated the development of audio classification
tasks.

Audio Set is a weakly labeled dataset with the unknown beginning and end of a
sound, which is determined by its audio event type. Some sounds in an audio clip last a
few seconds like “music”, while some last only a few hundred milliseconds like
“gunshots”. Moreover, an audio clip usually contains multiple overlapping sounds.
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For example, it contains the sounds of multiple instruments or a mixed sound of
instruments and vocals. These are very challenging for audio classification.

Therefore, various approaches have been proposed to address the challenge of
weakly labeled datasets. For example, the traditional methods assume that audio clips
share the same shear horizontal tag [3], and recently Multi-Instance Learning (MIL) is
applied to the classification of weak tag audio [4, 5]. Later, Kong et al. propose the
Single-Attention model [6] and the Feature-Level attention model [7], which achieve
state-of-the-art performance and outperform Google’s baseline [2]. However, the
shortcoming of these two models is that they ignore temporal information. The input of
their models contains the feature vector of each second, that is, there is sufficient
information between sequences. To address this problem, some researchers have tried
using Recurrent Neural Networks (RNN) structure [8, 9] to improve the performance,
but they ignore the spatial information, and RNN have certain limitations. Neither of
them fully combines the temporal and spatial information of the data. Our model
deeply integrates useful feature information from two domains.

Yu et al. [10] propose a Multi-level attention model which is extended from Single-
Attention model to make full use of the feature of the middle layer. Lee et al. [11]
propose Deeply-supervised net which improve the directness and transparency of the
hidden layer learning process. More advanced multi-level fusion based on deep
supervision techniques have not been widely studied in audio classification. However,
we take full advantage of features of middle layers through deep supervision.

In this paper, we propose a novel multi-level attention fusion network (MLAFNet).
The bottleneck feature vectors are employed as inputs and we feed the data into FCNN
to extract deep features. Then, a spatial-attention and temporal-attention fusion
mechanism is used to combine information adaptively. Subsequently, we concatenate
the input and output of the module and feed the result into the attention pooling layer.
The fusion mechanism is called the multi-attention fusion (MAF) module. To integrate
features on multiple levels, we also employ multi-level fusion (MLF) module.

In this work, the main contributions are summarized as follows:

• We propose a state-of-the-art multi-level attention fusion network (MLAFNet),
which can fully extract multi-layer and multi-domain features.

• We propose novel multi-attention fusion (MAF) and multi-level fusion
(MLF) modules. The MAF module reallocates the time domain and spatial domain
information. And the MLF module leverages multiple-layer features to integrate the
features from coarse and fine grain based on the deep supervision.

• We evaluate MLAFNet on the Google Audio Set, and the experimental results
demonstrate the effectiveness of the module.

2 Proposed Model

In this section, we introduce the proposed MLAFNet, which achieves outstanding
results on Audio Set. The overall architecture of our model is shown in Fig. 1.
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2.1 Multi-attention Fusion Module

This is a novel attention mechanism, which is composed of the integration of temporal-
attention and spatial-attention through one-dimensional convolutional layer and then
combined with the input. The proposed module is well suited for audio classification
with time-series information. Figure 2 shows a graphical representation of the module.

Multiple attentions: Here, X 2 R
T�K is a input feature, xt;i 2 X; t 2 T ; i 2 K is a

pixel of the feature, S is a score matrix of X, as shown below:

S ¼ softmax XWatt þBattð Þ; ð1Þ

where Watt and Batt are the trainable parameter matrix, and
PT
t¼1

PK
i¼1

st;i ¼ 1. The score

st;i 2 S is the weights of xt;i. Remarkably, Each column in X is represented by xi ¼
x1;i; . . .; xT ;i
� �

and each row in X is xt ¼ xt;1; . . .; xt;K
� �

. si and st are their weight
vectors.

Then we normalize si and st respectively, as shown below:

ai ¼ siPK
i¼1 si

; ð2Þ

at ¼ stPT
t¼1 st

: ð3Þ

With weight vectors ai and at, we perform the spatial-attention and temporal-
attention separately on xi, xt as shown in Eq. (4) and (5),

yi ¼
XK
i¼1

aixi; ð4Þ

Fig. 1. Architecture of multi-level attention fusion network. The input size is 10 � 128 and
output is the predicted label ŷ. The multi-attention fusion module is shown in Fig. 2.

A Multi-level Attention Fusion Network 689



yt ¼
XT
t¼1

atxt: ð5Þ

Attention on space makes the network focus more on meaningful representations
and ignore unrelated instances such as background noise, while attention on time
emphasizes the non-noise part of an audio clip.
Fusion mechanism: We design a mechanism to fuse two different attentions. The
concatenate layer is used to connect the output of the two attentions, which is defined
as Ycon ¼ concate yi; ytð Þ, whose size is T � 2K. Subsequently, through a one-
dimensional convolutional layer whose kernel is 1, the filter size is half of the input.
And the size of it is T � K. Lastly, we concatenate the input and output of the module
and the size is T � 2K. So far, we have done all steps of the multi-attention fusion, and
the layer output Y is finally given by:

Y ¼ concate X; conv Yconð Þð Þ: ð6Þ

As aforementioned, the audio clip has information continuity in the time domain.
Our fusion mechanism can learn the distribution of audio clips in both the time domain
and spatial domain. In addition, the information after fusion is combined with the
information before fusion to achieve the effect of information circulation.

2.2 Multi-level Fusion Based on Deep Supervision

Whether it is image processing, natural language processing or audio classification,
using the features of the middle layer can improve network performance. To obtain a
better MLF module effect, we adopt a deep supervision strategy to improve the
directness and transparency of the hidden layer learning process.

Given L features fXi 2 R
Ti�KigLi¼1 extracted from backbone networks such as

FCNN, where Ti is the length of audio clip and Ki is the dimension of feature vectors.

Fig. 2. An illustration of multi-attention fusion module. K is the number of hidden units.
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Features are ordered by their depth in the network with increasing fine-grained features
but decreasing coarse-grained features. In audio classification, not only fine-grained
features are needed, but coarse-grained and fine-grained features should be integrated
to achieve better results. We abstract this process as f , defined as follows:

X1;X2; . . .;XLf g!f fX1 ; fX2 ; . . .; fXL

n o
; ð7Þ

where fXl is the fused feature for the l-th level. To simplify the notations in the
equation, concatenation is combined multi-level features together. The fusion strategy
can be formulated as

fXl ¼ concate X1;X2; . . .;XLð Þ: ð8Þ

In order to achieve the best effect of fusion, we use a deep supervision strategy. The
main idea is to provide integrated target functionality as a direct oversight of the early
hidden layers, not just the output layer. The Loss of each layer is trained to extract the
features of each layer, which do not affect each other. Then final loss function can be
obtained as:

Loss ¼
XL

l¼1
alLossl; ð9Þ

where al is a hyper-parameter that weights the supervision to each level, and Lossl is
the loss of each level. We finally choose binary cross-entropy as the loss function,

Loss ¼ �
Xc

c¼1
byc logyc þ 1� bycð Þlog 1� ycð Þ; ð10Þ

where byc is the predicted of event class c and yc is ground truth label for the clip.

3 Experiments and Analysis

3.1 Dataset

The Google Audio Set employed in our experiments is the largest weakly human-
labeled dataset, it contains 527 types of audio events and is a collection of more than 2
million human-tagged 10-s audio clips from YouTube videos. Each audio clip contains
multiple tags. Google just release the bottleneck feature vectors that extract from
YouTube100M dataset by VGGish, and the original waveform of these audio clips was
not released. The Audio Set can be divided into a balance training set of about 20,000
segments, an unbalance training set of about two million segments, and a balance
evaluation set of about 20,000 segments. For Audio Set classification, we employ the
bottleneck features as the input, which is composed of 10 s of audio clips with the 128-
dimensional feature vector in each second.
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3.2 Detail

As shown in Fig. 1, we propose a MLAFNet based on deep supervision for audio
classification on Audio Set, employing bottleneck features as the input. The size of it is
10� 128. In the FCNN, the number of hidden units is 700, and each FCNN includes
ReLU, batch normalization and dropout. As shown in Fig. 2, the number of MAF
module’s hidden units and filters of Conv1D are 700. The hidden units in the final
attention pooling strategy are the total categories of the data set, which is 527 in
AudioSet. The weights and biases are default-initialized in Keras 2.2.4. To solve the
highly unbalanced problem of AudioSet, we use a data balancing strategy [6] which the
training samples of each class appear with the same frequency in a batch. We used the
same metrics as Google’s benchmark metrics: d-prime, area under curve (AUC) and
mean average precision (mAP).

3.3 Analysis

We conduct ablation studies to prove the effectiveness of the components of the pro-
posed network.

The results are shown in Table 1. It shows that when MAF module is applied to the
network, the performance is improved 0.4 in AUC which shows that the MAF module
has better performance of feature extraction and fusion. Subsequently, we observe that
the AUC is 0.6-0.7 higher when the attention pooling module is used than when it is
not used. Especially when MAF module and attention pooling module are used
simultaneously, the mAP, AUC and d-prime are increased by 21%, 1% and 8%
respectively. The comparison proves that the MAF module proposed by us achieves
excellent effect in the role of attention pooling module. The function of MAF module is
to effectively integrate spatial and temporal information, while the function of attention
pooling module is to screen and filter the fused information. MAF module can also be
considered as the intensifier of attention pooling module.

In order to test the effect of MLF module based on deep supervision, we compared
it with the single-level model. Table 1 shows that all three metrics improved when the
strategy is used. The reason is deep supervision provides direct supervision.

Table 1. Ablation study on AudioSet.

MAF Att. pooling Multi-level mAP AUC d-prime

FCNN 0.288 0.958 2.438
√ 0.310 0.962 2.504

√ 0.327 0.965 2.558
√ √ 0.350 0.968 2.621
√ √ √ 0.359 0.970 2.652

692 W. Zhao et al.



We compare the effect of different operation after MAF module, and results are
summarized in Table 2. The max pooling strategy achieve 0.342, 0.967, and 2.608 on
mAP, AUC, and d-prime, respectively. On AUC, the average pooling strategy is better
than the max pooling strategy. Then, the attention pooling strategy is the one with the
best data display performance in the table. Therefore, we select attention pooling.

We use sufficient experiments to verify that the performance of proposed MAF
module is better than that of Bi-LSTM. Table 3 shows that MAF module increase the
AUC by 0.2 compared with Bi-LSTM without attention pooling strategy. In the case of
attention pooling strategy, the module proposed by us is 0.5 higher on AUC than Bi-
LSTM. We can see that the performance of MAF module is far better than that of Bi-
LSTM, especially when attention pooling strategy is used. Because Bi-LSTM causes
the bottleneck of information loss when converting long sequences to fixed-length
vectors. The MAF module does not have such a problem. This set of comparative
experiments also verify that MAF module can improve the performance of the attention
pooling module and effectively integrate different features.

Table 2. Comparisons of different pooling strategies.

Method mAP AUC d-prime

FCNN + MAF + max pooling 0.342 0.967 2.608
FCNN + MAF + avg. pooling 0.342 0.968 2.601
FCNN + MAF + att. pooling 0.350 0.968 2.621

Table 4. Comparisons with state-of-the-art methods available.

Method mAP AUC d-prime

Benchmark [2] 0.314 0.959 2.452
Single att. [6] 0.327 0.965 2.558
Multi-level att. [10] 0.357 0.969 2.645
Feature-level att. [7] 0.361 0.969 2.641
TALNet att. [12] 0.362 0.965 2.554
TALNet pooling [12] 0.361 0.966 2.574
proposed MLAFNet 0.359 0.970 2.652

Table 3. Comparisons between MAF module and Bi-LSTM.

Method mAP AUC d-prime

FCNN + Bi-LSTM 0.293 0.960 2.473
FCNN + MAF 0.310 0.962 2.504
FCNN + Bi-LSTM + att. pooling 0.318 0.963 2.538
FCNN + MAF + att. pooling 0.350 0.968 2.621

A Multi-level Attention Fusion Network 693



Table 4 compares our network with existing state-of-the-art methods on Audio Set.
Noted that Kong et al. [7] and Wang et al. [12] employ raw waveforms and log-mel
spectrogram as the input. So, it is native data and contains all the information. How-
ever, our model uses the bottleneck features as the input, and it loses a lot of native
information. In such cases, the performance of our model is still higher than theirs.

As shown in the Table 4, MLAFNet we proposed achieves state-of-the-art per-
formance in AUC and d-prime. Compared with Google’s baseline [2], we improve the
mAP by 1.4%, the AUC by 1.1%, and d-prime by 8%. Compared with single attention
model [6], AUC increases from 96.5% to 97.0% after using our module. Multi-level
attention model [10] is a lot better than single attention model. However, based on the
traditional feature stitching method, the Multi-level attention model integrates multiple
features. As can be seen from the table, the effect of the MLF module with the deep
supervision strategy is much better than that of Multi-level attention model. Compared
with the previous Feature-level attention, the AUC is improved by about 0.1%. The
improved results we obtain from the Audio Set show that our proposed network has
better system performance compared to existing network architectures.

4 Conclusion

In this work, we propose a multi-level attention fusion network (MLAFNet) based on
deep supervision for weakly supervised audio classification on Audio Set. The network
mainly consists of multi-attention fusion (MAF) module and multi-level fusion
(MLF) module. The MAF module can fuse the information in time and space domain.
The MLF module based on deep supervision strategy can combine the multiple levels
features and improve the directness and transparency of the hidden layer learning
process. Experiments show our model successfully exceeds Google’s benchmark and
the previous most advanced methods performance. In the future, better fusion methods
and training strategies are the direction we want to try.
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Abstract. As the product of the high development of digital information
technology, video can carry a very considerable amount of information. How-
ever, due to its own characteristics, there is often a large amount of information
redundancy between and within frames. Through video coding, the redundancy
in video can be eliminated by means of compression and coding, which can
greatly optimize the storage and transmission process of video. As an important
tool in video coding, rate control plays an important role in adapting the output
stream and transmission channel bandwidth of the encoder, and has a strong
practical application value. In view of the rate control algorithm, the current
international mainstream coding standards have done fine design according to
the characteristics of their own coding structure. In this paper, the rate control
algorithms in HEVC/H.265, VVC/H.266 and AVS2 are described in detail.

Keywords: Rate control � Mainstream coding standard � Algorithm

1 Rate Control in HEVC and VVC

1.1 Summary

As the same series of coding standards, HEVC and VVC have high similarity in the
coding module. VVC, as the optimized version of HEVC, improves the original coding
structure, prediction algorithm and other modules, but uses the mainstream R-k rate
control algorithm in HEVC. The R-k algorithm allocates the bit rate according to the
current channel bandwidth, frame rate and resolution of the encoded video. After
obtaining the parameter k by using the bit rate, the corresponding quantization
parameter (QP) is calculated according to the Lagrange multiplier to achieve the
purpose of rate control.

1.2 Bit Allocation

Bit allocation is divided into three levels, which are GOP layer, frame layer and basic
unit layer. In particular, since the first frame of the video sequence is an I frame, and
there is no prior knowledge about the video content, a relatively simple allocation
strategy is adopted for the first frame:
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RPicAvg ¼ Rtarget

F
ð1Þ

TIntra ¼ xI � RPicAvg ¼ xI � Rtarget

F
ð2Þ

bpp ¼ RPicAvg

W � H ð3Þ

In formula (1) - (3), RPicAvg represents the average code rate, TIntra represents the
number of bits allocated for the first frame, Rtarget represents the current channel
bandwidth, f represents the frame rate of the current frame, W and H represent the
width and height of the current frame. bpp represents the number of bits per pixel that
can be allocated. The weight xI is the empirical value, which is taken as follows:

1.2.1 GOP Level Bit Allocation
In HEVC/VVC rate control algorithm, for bit allocation in GOP layer, smooth window
is introduced to smooth the error between the number of pre-allocated bits and the
actual number of bits, and average the error to the subsequent GOP. The specific
allocation strategy is as follows:

TGOP ¼ NGOP � ðRPicAvg � ðLSW þNcodedÞ � RcodedÞ
LSW

ð4Þ

In formula (4), NGOP represents the number of frames in the current GOP. LSW

represents the size of the smooth window, which is set to 40 in the actual encoding.
Ncoded and Rcoded represent the number of frames encoded and bits consumed in the
current video sequence.

By changing formula (4), we can get:

TGOP ¼ NGOP � ðRPicAvg þ RPicAvg � Ncoded � Rcoded

LSW
Þ ð5Þ

As can be seen from formula (5), the function of smooth window is to evenly share
the redundant bits or the lack of resources into the subsequent frames, so as to make the
change of bit consumption and the quality of encoded pictures more gentle.

Table 1. The corresponding relationship between xI and bpp

bpp xI

bpp > 0.2 5
0.1 < bpp � 0.2 7
bpp � 0.1 10
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1.2.2 Frame Level Bit Allocation
For the frames in GOP group, HEVC/VVC adopts the following strategies for bit
allocation:

TPic ¼ xPicCur � ðTGOP � RcodedÞP
PicNotCode

xPic
ð6Þ

In formula (6),
P

PicNotCode
xPic represents the sum of the weights of all the uncoded

frames in the current GOP, and xPicCur represents the weights of the current frame.
There are two ways of weight distribution: average distribution and hierarchical dis-
tribution. The former assigns the same weight to each frame, and the latter assigns
different weights according to the level of each frame in GOP. The setting of weight is
based on the rate control proposal K0103 [1] in HEVC.

1.2.3 LCU Level Bit Allocation
In HEVC and VVC, LCU is the basic unit of bit rate allocation, and the QP value of the
same LCU is the same. For bit allocation of LCU, the strategy similar to frame level is
adopted:

TBU ¼ TPic � RCodePic�RHeadP
BUNotCoded

xBU
� xBUCur ð7Þ

In formula (7), RCodedPic represents the number of bits consumed by the coded BU
in the current frame, RHead represents the number of bits occupied by the current frame
header information, and

P
BUNotCoded

xBU represents the sum of the uncoded BU weights

in the current frame, xBUCur represents the weight of the current BU. The calculation of
the weight is based on the MAD value of the LCU. The MAD value represents the error
of the current block and the previously encoded prediction block. Current and pre-
diction blocks are at the same level and in the same location.

The specific calculation method of mad value is:

MADBU ¼ 1
NPixels

X
AllPixelsInBU

Poriginal � Ppredict

�� �� ð8Þ

In formula (8), NPixels represents the number of pixels in the current encoding unit,
Poriginal and Ppredict are the original value and predicted value respectively, and after
getting MAD, the weight xBU is calculated as follows:

xBU ¼ MAD2
BU ð9Þ
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1.3 Bit Control

For the R-k model, since k has a greater impact on the output bitstream than QP in the
actual coding, first calculate the Lagrange multiplier k according to the number of
allocated bits, and then calculate the quantization parameters(QP) according to the
relationship between k and QP, as follows:

k ¼ a � bppb ð10Þ

QP ¼ 4:2005 lnkþ 13:7122 ð11Þ

For formula (10) and (11), bpp is the average number of bits allocated to a pixel
point, which can be obtained according to the number of bits allocated at frame level or
LCU level and the number of pixels in the unit. a and b are coding parameters, with
initial values of 3.2003 and −1.367, respectively. After the current frame or LCU unit
coding is completed, the coding parameters will be updated:

kcomp ¼ apre � bppbprereal ð12Þ

a ¼ da � apre � ðln kreal � ln kcompÞþ apre ð13Þ

b ¼ db � ln bppreal � ðln kreal � ln kcompÞþ bpre ð14Þ

In formula (12), (13) and (14), da and db are the iteration step length, and their
value are related to the target code rate. In addition, in order to avoid the wide range
fluctuation of video compression quality, at the Frame level and LCU level, the coding
parameters k and QP need to meet certain value limits. Refer to JCTVT-K0103 [1]
proposal for details, which will not be described here.

2 Rate Control in AVS2

2.1 Summary

In September 2015, the AVS Working Group officially announced the benchmark level
of the new generation of video coding standard AVS2. The performance of the new
standard in the conventional video coding is even better than that of the international
standard HEVC/H.265 in the same period, which is nearly double the efficiency of the
previous generation of national standard AVS1 and international standard AVC/H.264.
The new technology of AVS2 puts forward very high performance requirements for
future video encoder, so more accurate rate control algorithm is needed to match
channel bandwidth and output code stream. Based on this, Luo M [4] proposes the
AVS2 rate control algorithm based on the fuzzy control principle. For the situation that
there is no strict mathematical model between the bit rate and the QP, the rate control
task is completed with the help of empirical language knowledge.
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2.2 Bit Allocation

2.2.1 Basic Principle
The basic principle of fuzzy control is shown in Fig. 1, which consists of four parts:
fuzzy interface, inference engine, knowledge base and clear interface. First of all, the
input determinate quantity is transformed into the fuzzy vector for fuzzy control after
being fuzzed by the fuzzy interface, then, the fuzzy vector is calculated by the
knowledge base and reasoning machine to get the fuzzy output value for control,
finally, the fuzzy output value is transformed into the accurate value for control by the
fuzzy interface.

The system adopts the form of double input and single output. The two input
variables are the deviation between the real value and the target value et and the
variation of the deviation ect. The output variable is the quantization parameter
(QP) which plays a decisive role in the number of output bits of the encoder. The QP is
regulated by fuzzy controller to avoid the overflow and underflow of buffer and to
realize the rate control.

2.2.2 Allocation Strategy
In order to unify the images with different resolution and frame rate, the algorithm uses
pixel bit as the measurement unit. At the encoding time t, the unit of measure con-
version is performed for the target bit rate TBRt using formula (15):

Tbppt ¼
TBRt

W � H � F ð15Þ

In formula (15), W, H and F represent width, height and actual coding frame rate
respectively. After the completion of frame t coding, the actual output bits are used to
update the current buffer saturation state:

Bt ¼ Bt�1 þ Rt�1

W � H � Tbpp ð16Þ

According to the results of formula (17) and (18), the input value of the fuzzy
controller is determined. The difference between the real buffer height Bt and the target

fuzzy interface inference 
engine

knowledge 
base

clear interface
et,ect u

Fig. 1. Principle of fuzzy controller
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buffer height Btarget is recorded as the buffer error et, and the buffer error variation is
recorded as ect

et ¼ Bt � Bt arg et ð17Þ

ect ¼ det
dt

¼ et � et�1 ð18Þ

Rtarget is the number of bits output per unit time. To avoid buffer overflow and
underflow, the initial and target values of Bt are set to 0. When Bt > 0, the bit output is
on the high side, otherwise, the bit usage is insufficient. When the control Bt fluctuates
near 0, the purpose of bit rate control is achieved.

The output variable of the fuzzy controller is the QP difference from t-1 frame to t
frame, i.e. QP increment u. After the input and output variables are determined, the
fuzzy set of variable bit field is established and the corresponding fuzzy control system
is designed. According to the experience value and experimental data, the fuzzy control
rules are established and the knowledge base is constructed. The inference engine in the
system completes the fuzzy reasoning according to the input fuzzy quantity and the
knowledge base, and finally obtains the fuzzy control quantity by solving the fuzzy
relation equation. The output quantity of fuzzy value obtained by the inference engine
is clarified in the interface of clarity, and the precise quantity u that can be controlled is
obtained. Because the change range of control quantity u is different from that of the
real regulating quantity △Q, the quantitative factor Ku must be used to convert u into
the real control value u*, and the QP can be determined by u* [5].

After the controlled real quantity U * is obtained, the QP used at the current time
are determined by using the Qt-1 and u *:

Qt ¼ Qt�1 þDQ ¼ Qt�1 þ u� ð19Þ

Fig. 2. Rate control architecture based on fuzzy controller
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In order to ensure the smooth fluctuation of coding quality between consecutive
frames, it is necessary to limit the QP value within a reasonable range, and the limit
adopts the following restrictions:

Qt ¼ max Qmin;min Qt;Qmaxf gf g ð20Þ

For AVS2, Qmin and Qmax are 0 and 63 respectively.

3 Summary and Comparison

Compared with the two rate control algorithms, the R - k algorithm in HEVC/VVC
adopts the strategy of “Divide and Conquer”, and the coding sequence is layered.
Different strategies are adopted in GOP layer, frame layer and LCU layer to realize the
bit allocation and control, and to a certain extent, the bit refinement management is
realized. For the fuzzy control algorithm in AVS2, the implementation of rate control is
more straightforward. After building the fuzzy controller through mathematical
deduction, only two inputs of buffer error and error variation are needed to derive the
QP value of the current frame. According to the setting of the controller, the output QP
value ensures that the buffer saturation state fluctuates smoothly within a certain range
without overflow and underflow, and achieves the purpose of rate control.

HEVC, as the benchmarking of AVS2, shows a similar trend in coding performance
[6]. In the performance evaluation experiment of AVS2 and HEVC, HM10 and RD6 are
used as the testing software of HEVC and AVS2 respectively, the data obtained from
HM10 is used as the anchoring data, and BD-rate is used as the performance mea-
surement index. For the setting of related parameters, the GOP size of HM10 and AVS2
is set to 8, and the general test condition (CTC) of HEVC is used as the experimental test
condition. QP values are 27, 32, 38 and 45 respectively. Experiments are carried out
under random access and low delay conditions. The results are as follows:

Table 2. Summary of BD-rate in random access condition

Random Access Condition (anchor:
HEVC)

Test sequences AVS2

UHD
(2560 � 1600)

Traffic 6.8%

1080p
(1920 � 1080)

Kimono 7.6%
Cactus 4.8%

WVGA
(832 � 480)

BQMall 7.2%
PartyScene 4.7%
RaceHorses 7.5%

WQVGA
(416 � 240)

BasketballPass 5.7%
BQSquare 9.1%
BlowingBubbles 4.6%
RaceHorses 6.9%

Overall – 6.5%
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Table 2 and Table 3 summarize the BD-rate of AVS2 when the bit stream of HM10
is used as the anchor. Compared with HM10, the average BD-rate of AVS2 under
random access is 6.5%, which means that AVS2 needs to spend 6.5% more bits to
achieve the same quality as HM10. Compared with HM10, the average BD-rate of
AVS2 is 14.5% under low delay condition, which shows that AVS2 still has a large
gain space under low delay condition.
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Abstract. In this paper, we study the dynamics properties of the space-based
network system which is subject to white noise in a confrontation environment.
From the perspective of competition and coexistence, we discuss the balance of
three kinds of space-based network systems, including the growth rate and failure
rate of spacecraft or satellites in white noise interference systems. First, mathe-
matical tools such as Itô’s formulas are used to derive the balance of the system.
Second, we use simple constant coefficient stochastic differential equations to
predict and simulate the competition and cooperation of the space-based system,
and then the complex system is simplified. Finally, use the discrete method given
by Milstein to simulate the solution of the stochastic system. And then, through
the numerical simulation, the balance of competition and cooperation of the
space-based network system under confrontation environment are proved. In
addition, some future research directions are introduced in the conclusions.

Keywords: Cyber Physical Systems � Biomathematics � Space-based
networks � Competition and coexistence � Balance

1 Introduction

Space-based network is a kind of dynamic Cyber Physical Systems, and it is the main
object of competition among space agencies in various countries. Space competition
has become a major trend, and has prompted various space agencies to specifically
develop and deploy various types of spacecraft [1, 2], such as GPS, Glonass, Compass,
and Galileo systems in the GPS [2–5]. At the same time, the cooperation between space
agencies has also significantly promoted the development and application of spacecraft
and especially the International Space Station [6–8]. The development of space-based
system networking has become a trend. The ability of networked space-based systems
is no longer a simple superposition of single-satellite capabilities. Therefore, it is more
difficult to evaluate their effectiveness and survival in competition [9–11]. In the
foreseeable future, outer space will be a high frontier for the competition, cooperation
and coexistence of the space agencies.
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Affected by the globalization of network communications, the privacy and security
issues of space-based network systems have become more and more important. This
has caused widespread attention and research by many scholars and engineers. Many
hot issues of space-based network systems have been studied, such as Novel cyber-
attacks in CPS and its modeling, analysis, defense optimization, security and privacy
communications, common design of computation and control, secure network control
systems, etc. [12] In order to build a secure space-based network system, various
countries have put forward higher requirements for the quantity and quality of
spacecraft and satellites. There is a common problem in the development, deployment
and planning of spacecraft, that is, there is no effective evaluation and analysis model to
describe, analyze and predict the future development of space-based network system.

At present, system dynamics is applied to precise navigation and positioning and
precise lathe control. In this paper, system dynamics can describe the system behavior
and dynamic evolution process, but the ability to describe the system’s competition and
cooperation is not enough. Biomathematics is a combination of mathematics and
biology. It has established and completes its own theoretical system through the
extensive application, and has developed many unique mathematical methods adapted
to biological characteristics. At present, biological mathematics has become a relatively
complete and relatively independent discipline. The biomathematics can better describe
competition, collaboration, and coexistence, and has been widely used in species
migration and marine conservation.

In this paper, we introduce the biologic mathematics concept to establish compe-
tition, cooperation and coexistence relationship model of space-based Cyber Physical
Systems, make balance prediction for the space network system, assists the spatial
development strategy analysis and development plan formulation. First, we establish a
space-based network’s mathematical model system in a confrontational environment is
derived, and a stochastic model of spacecraft or satellite when its growth rate and
failure rate are influenced by the white noise. Secondly, the relative equilibrium state of
the stochastic condition system is deduced and numerical simulations verify the cor-
rectness of the model under random conditions. The last section is the main conclusions
of this article.

2 Problem Abstraction and Modeling

Malthusis is the earliest one who uses differential equations to describe the relationship
of the biological population. In multi-party confrontation of the space-based network
system, one’s own side can be abstracted into populations of predators, and the other
side can be abstracted as a species of prey, long-term confrontation process can be
equivalent to the predation of the population. The problem of space-based Cyber
Physical Systems confrontation can also be abstracted into the biological mathematical
problem of 3 species.
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Lotka (1980) and Volterra (1977) study the survival conditions, system stability
and equilibrium solutions of three population fixed models, which can be introduced
into the modeling and analysis of this problem. As Fig. 1, the mapping relationship
between the space-based network confrontation problem and biological mathematics in
the space-based network system, the spacecraft is mapped to species in biological
mathematics, and then the system can be described the space-based network system in
the confrontation environment.

According to the mapping relationship, the stochastic model of the space-based
network system in the confrontation environment is abstracted as the prey-predator
model. It is assumed that the quantitative change of spacecraft in the space-based
network system is continuous during the confrontation environment. Therefore, in the
confrontation environment the space-based network system is

_X ¼ A3�4~X4�1X
T ð1Þ

where ~X4�1 ¼ 1 Xð ÞT , X ¼ X1 X2 X3ð ÞT , Xiði ¼ 1; 2; 3Þ are spacecraft in three
space agencies of space-based network systems, respectively. The parameter r1 in

matrix A3�4 ¼
r1 �a11 �a12 �a13
�r2 a21 �a22 �a23
�r3 a31 a32 �a33

2
4

3
5 is the increased number of satellites or

spacecraft in space, and riði ¼ 2; 3Þ is the failure rate of satellite or spacecraft in space;
aii ði ¼ 1; 2; 3Þ is the competition factor between spacecraft in space-based network
systems. a12 and a13 are the failure rate of X1 caused by X2 and X3, respectively. a23 is
the failure rate of X2 caused by X3. a21 is the probability factor of the failure of X1

caused by X2 and the conversion to X2, a31 and a32 is the probability factor of the
failure of X3 caused by X1 and X2 the conversion to X3, respectively. The balance of the
model (1) is studied by the Cramer’s law, which gives the model (1) the boundary
equilibrium points D22

1

�
D22; 0;D22

3

�
D22

� �
, D33

1

�
D33;D33

2

�
D33; 0

� �
, r1=a11; 0; 0ð Þ,

0; 0; 0ð Þ and positive equilibrium point D1=D;D2=D;D3=Dð Þ. Where Dij
k and Dij is the

cofactor of the element aij in the determinants Dk and D.
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Satellite Biology Mathematics
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Fig. 1. Space-based systems and biological population mapping
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White noise describes a kind of stochastic process with constant power spectrum
density, which is widely existent in real life, and has important application value in the
fields of economy, physics, control engineering, biology and chemistry. In practice, the
increase in the number of satellites or spacecraft in space and the rate of rejection are
affected by the space environment, economy, policies, and technology. In order to be
collectively referred to as white noise, we assume that ri (i ¼ 1; 2; 3) are the mainly
affects parameters of white noise. We set X;F;Pð Þ as a complete probability space and
B1 tð Þ;B2 tð Þ;B3 tð Þð ÞT as a three-dimensional Brownian motion. If ri ! ri þ ai _Bi tð Þ;
i ¼ 1; 2; 3, where a2i ; i ¼ 1; 2; 3 is white noise intensity. Therefore, we present a
stochastic model of space-based network systems in confrontation environmental.

_X ¼ A3�4~X4�1 þ a3�1d _B3�1 tð Þ� �
XT ð2Þ

3 The Main Conclusion of the Model

We study the equilibrium state of model (2) under the interference of white noise. The
result of this research is equivalent to the number of spacecraft in space-based network
systems in different countries against the space environment. In the case of white noise
interference, the external conditions required for the normal operation of the spacecraft.
At the same time, it also reflects that the spacecraft with large interference will fail. In
order to evaluate the working state of the space-based network system when it is
exposed to white noise, the condition of the normal operation of the spacecraft under
the mean value is given. The definition is as follows

Definition 1: If xh i� [ 0 ,then the number of spacecraft or satellites in the space-based
network system X tð Þ is working normally in the sense of time average.

The following theorem is the analysis result of model (2), which reflects the
influence, caused by white noise, on working status of spacecraft in the three types of
space-based network systems under different states.

Theorem 1: The situation in the balance of the space-based network system against
the environment is as follows:

(1) If r1\a21=2, then all space-based systems are ineffective a:s:
(2) If max D33

2 =�D33
2 ;D22

3 =�D22
3

� �
\1\2r1=a21, then Xi tð Þ; i ¼ 2; 3 is ineffective, and

lim
t!þ1

1
t

R t
0 X1 sð Þds ¼ r1�a21=2

a11
a:s:

(3) If D[ 0, D33
2 =�D33

2 [ 1 and D3\�D3, then X3 tð Þ is ineffective,

lim
t!þ1

1
t

Z t

0
X1 sð Þds ¼ D33

1 � �D33
1

D33 a:s:; lim
t!þ1

1
t

Z t

0
X2 sð Þds ¼ D33

2 � �D33
2

D33 a:s:
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(4) If D[ 0, D22
3 =�D22

3 [ 1 and D2\�D2, then X2 tð Þ is ineffective,

lim
t!þ1

1
t

Z t

0
X1 sð Þds ¼ D22

1 � �D22
1

D22 a:s:; lim
t!þ1

1
t

Z t

0
X3 sð Þds ¼ D22

3 � �D22
3

D22 a:s:

(5) If D[ 0, Di [ �Di; i ¼ 1; 2; 3, then

lim
t!þ1

1
t

Z t

0
Xi sð Þds ¼ Di � �Di

D
a:s:

where �Di; i ¼ 1; 2; 3 is the matrix of the column i of Di; i ¼ 1; 2; 3, which is replaced by

a21
�
2; a22

�
2; a23

�
2

� �T . �Dij
k , �D

ij are the cofactor of the element aij of the determinant �Dk

and �D, respectively.

4 Numerical Simulation

The numerical simulations describe characterize the ineffectiveness and normal
working conditions of the number of satellites and spacecraft in a space-based network
system. Let

r1 ¼ 0:4; r2 ¼ 0:2; r3 ¼ 0:3; a11 ¼ 0:7842; a12 ¼ 0:9624; a13 ¼ 0:0165; a21 ¼ 0:0093;

a22 ¼ 0:3107; a23 ¼ 0:6069; a31 ¼ 0:4629; a32 ¼ 0:1854; a33 ¼ 0:2591

In order to make the parameters satisfy the conditions of Theorem 1, it is directly
calculated that the parameters in Fig. 2 (a) are

a1 ¼ 0:9027; a2 ¼ 0:2288; a3 ¼ 0:5015; 0:8 ¼ 2r1\a21 ¼ 0:8149

It can be seen from Fig. 2 (a) that when the white noise is very large, all three kinds of
space-based network systems fail in the confrontation environment. The main reason is
that there are too many space debris, and the space environment is getting worse, this
result in high failure rate of the spacecraft. On the other hand, the material and space
maneuver of spacecraft cannot meet the requirements of normal work in the current
space environment.
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The parameters in Fig. 2 (b) are a1 ¼ 0:6222; a2 ¼ 0:9359; a3 ¼ 0:1994, the
established conditions and the result of Theorem 1 (2) is:

max D33
2 =�D33

2 ;¼ 0:4306;D22
3 =�D22

3 ¼ 0:0821
� �

\1\
2r1
a21

¼ 2:0665;

lim
t!þ1

1
t

Z t

0
X1 sð Þds ¼ r1 � a21=2

a11
¼ 0:2632

The result shown in the Fig. 2 is that under the interference of white noise only the
space-based network systems of type X1 can exist and maintain normal functions, while
the other two types of space-based network systems all fail.

The parameters in Fig. 3 (a) respectively are a1 ¼ 0:1890, a2 ¼ 0:002,
a3 ¼ 0:7861, D ¼ 0:2. The conditions of establishment and results of the theorem 1 of
(3) the number is:

D33
2 =�D33

2 ¼ 1:2[ 1; 0:04 ¼ D3 [ �D3 ¼ 0:05

lim
t!þ1

1
t

Z t

0
X1 sð Þds ¼ D33

1 � �D33
1

D33 ¼ 1:5301; lim
t!þ1

1
t

Z t

0
X2 sð Þds ¼ D33

2 � �D33
2

D33

¼ 0:6127

The result shown in the figure is that all the space-based network systems with the
strongest fighting ability are all failed under the condition of white noise. It shows that
when subjected to the same white noise, the system X3 will has a great influence of it.
The space-based network systems of type X3 all fail, while the other two types of space-
based network systems can exist and maintain normal functionality. Whether or not the
space-based network system can win in the confrontation environment depends not
only on its own capabilities, but also on the impact of collaboration.

(a)                                   (b) 

Fig. 2. (a) Three types of space-based system failure (b) X1-type space-based system is
operating normally
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The parameters in Fig. 3 (b) respectively are a1 ¼ 0:2106, a2 ¼ 0:7714,
a3 ¼ 0:3612, D22

3 =�D22
3 ¼ 1:2[ 1, the conditions of establishment and results of

theorem 1. (4) is 0:06 ¼ D2\�D2 ¼ 0:08, lim
t!þ1

1
t

R t
0 X1 sð Þds ¼ D22

1 ��D22
1

D22 ¼ 1:85, lim
t!þ1

1
tR t

0 X3 sð Þds ¼ D22
3 ��D22

3
D22 ¼ 0:26.

When the white noise intensity is 0.8, the highly competitive space-based network
systems of type X2 all fail. The result shown in the figure is that in the case of white
noise interference, all the space-based network systems with strong fighting capabilities
have failed. It shows a large white noise will have great influence on the system. The
space-based network systems of type X2 all fail, while the other two types of space-
based network systems can exist and maintain normal functionality. Whether or not the
space-based network system can win in the confrontation environment depends not
only on its own capabilities, but also on the impact of white noise.

The parameters in Fig. 4 respectively is a1 ¼ 0:7746, a2 ¼ 0:1414, a3 ¼ 0:2449,
the conditions of establishment and results of theorem 1. (5) is:

0:2 ¼ D1 [ �D1 ¼ 0:01; 0:07 ¼ D2 [ �D2 ¼ 0:005; 0:05 ¼ D3 [ �D3 ¼ 0:01:

lim
t!þ1

1
t

R t
0 X1 sð Þds ¼ D1��D1

D ¼ 1:41, lim
t!þ1

1
t

R t
0 X2 sð Þds ¼ D2��D2

D ¼ 0:59,

lim
t!þ1

1
t

R t
0 X3 sð Þds ¼ D3��D3

D ¼ 0:175.

The figure shows what we expect to see, that three types of space-based network
systems all exist and can work properly in a confrontational environment. With the
development of social and social economic, competition and coordination are all
present and usually exist at the same time. So simple competition or pure synergy is not
conducive to development. Therefore, the synergy and competition in model (2) can
reflect the development status in the society. The three types of space-based network
systems in the figure can all operate normally, and there is also synergy. It can also
operate normally when disturbed.

(a)                               (b) 

Fig. 3. (a) X3-type space-based system is operating normally (b) X2-type space-based system is
operating normally
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5 Conclusion

Based on the confrontational environment, this paper mainly studies the working status
of the spacecraft in the space-based network system subjected to white noise, and the
working timeliness of different kinds of space-based mechanisms. The main method is
to map the number of spacecraft in the space-based network system to the number of
species in bio-mathematics. The competition and cooperative between different space-
based systems are mapped to the competition and coexistence between species, and
then describe the space-based network system equation in the confrontation environ-
ment. Mathematical tools such as Itô0s formulas are used to derive the equilibrium of
model (2). Finally, the state of the above stochastic system (2) is simulated by the
discrete method given by Milstein. The result indicates that when subjected to great
environmental disturbances the space-based system will fail. The working conditions
and failures reasons of different types of space-based systems caused by different levels
of interference are derived. In this paper, The main contribution is to predict the future
development on space-based network systems. Provide a theoretical reference for the
layout of space-based systems in various countries.
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Abstract. In this paper, cislunar integrated communication architecture is
proposed for future lunar explorations, which builds a communication network
with Earth stations, lunar orbiters, lunar relay satellites, manned spaceships and
lunar surface explorers, to support the operation of the robotic and crewed lunar
research station planned on the South Polar Region. The proposed cislunar
integrated communication system is divided into two segments, which are cis-
lunar space communication subsystem and lunar surface communication sub-
system. Key design elements are analyzed for each subsystem in detail,
including frequency allocation, modulation and channel coding schemes, mul-
tiple access, space data link protocols and network protocols. Based on the
design parameters of Chinese previous lunar exploring missions, design sug-
gestions are provided for follow-up cislunar communications.

Keywords: Cislunar integrated communications � Lunar relays � Space links �
Lunar surface networks

1 Introduction

Following the discovery of water-ice at both poles of the moon, the concept of polar
lunar base has been proposed by countries and agencies. Based on the success of lunar
orbiting and soft landing acquired by previous Chang’E program, China is planning to
set up the robotic lunar south-polar research station with multiple explorers dealing
with more complex and more comprehensive missions. The cislunar communication
capability is one of the critical constrains of the lunar activities. To effective support the
further lunar explorations and the construction of future robotic/manned lunar research
station, cislunar integrated communication systems are required.

Chinese Chang’E-4 has achieved the first attempt in the world at soft-landing on the
lunar farside and used a relay satellite orbiting the L2 Halo Orbit to forward the signal
between Earth and the lunar farside [1, 2]. The next goal of international lunar
explorations focuses on the lunar polar region [3]. Therefore, this paper proposes a
Cislunar Integrated Communication Architecture with lunar relay satellites serving for
the communication request of future lunar station in the south-polar region, and pro-
vides follow-up developing suggestions on the basis of previous missions.
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Y. Wang et al. (Eds.): Signal and Information Processing, Networking
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2 Cislunar Integrated Communication Architecture

2.1 Mission Requirements

Regarding to the polar region of the Moon, directly visibility to the Earth cannot be
guaranteed for every day. In these invisible areas, the lunar surface probes cannot
establish direct to/from Earth (DTE/DFE) links. And even in some visible areas, the
DTE/DFE links have very low elevation angle (less than 6.5°), which may affect the
quality of transmission signals by reflection from the lunar surface. As a result, com-
prehensive and networked cislunar integrated communication architecture is required to
satisfy the following needs of follow-up lunar exploration activities:

High Data Rate: In the case of lunar robotic research center, high-speed cislunar space
communication links are needed for transmission of high-volume science data, tele-
operation commands as well as software updates. Regarding to the crewed lunar
explorations, audio and video calling ask for even higher data rate.

Reliability: Cislunar space communication system is the only connection between
Earth and the lunar research station, the reliability of communication system decides
the overall capability of the whole mission to a certain extent. Especially, the manned
missions have extremely high requirement on the reliability. Critical telemetry,
emergency calling and commands must to be transmitted in real time without error. It
asks for a valid signal path all over the mission duration.

Interoperability: Since the lunar exploration is a part of humans venture into space,
the international cooperation is inevitable. As the communication system, it is neces-
sary to support interoperability, enabling interchangeable use of international Earth
stations, relay satellites and other facilities.

Scalability and Extensibility: Considering the complexity and cost, the cislunar
communication system needs a relative long term to be gradually developed. Therefore,
forward compatibility, extensibility and scalability are needed, enabling new elements
to be added into the networked communication system and difference portions of the
architecture to be modified or upgraded.

2.2 Elements and Physical Links

Considering the scenario of lunar south-polar research station, the cislunar integrated
communication architecture is illustrated as Fig. 1.

As shown in the figure, the element of cislunar integrated communication archi-
tecture can be segmented into four kinds of nodes, which are Earth Node, Lunar
Surface Node, lunar relay nodes and space terminal nodes.

1. Earth Node. From the overall point of view, Earth stations and Earth-orbit relay
satellites can be regarded as a node, called Earth Node.

2. Lunar Surface Node. Similar with the Earth Node, communication terminals on
the lunar surface can be regarded as one node from the overall point of view, called
Lunar Surface Node. The inter-connections with the Lunar Surface Node constitute
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a networked lunar surface communication system. During the period in that the
lunar surface terminals are visible to the Earth, DTE/DFE links can be established to
connect the Earth Node and the Lunar Surface Node directly.

3. Lunar Relay Nodes. In order to provide better coverage for the polar region of the
Moon and guarantee data being transmitted in time, lunar relays play significant
roles in the cislunar integrated communication architecture. According to the orbit
position, two types of lunar relays will be developed, which are relays on the orbits
of the Earth-Moon liberation points and relays on the orbits around the Moon. In the
cislunar integrated communication architecture, lunar relay nodes contain not only
relay satellites, but other multi-functional space platforms with relay function as
well. Lunar relay nodes use relay trunk links to connect with the Earth, and use
RFL/RBL to communicate with Lunar Research Station and other space terminal
nodes.

4. Space Terminal Node. Spacecraft surround the Moon without relay function and
some science orbiters like Chang’E-1 are divided into the space terminal nodes.
Visiting spaceship is a special case of space terminal nodes, whose communication
links to the lunar surface node are not used for data relay. Space terminal nodes use
DTE/DFE links to connect with the Earth Node and use the RFL/RBL to forward
their data through relays when they are invisible to the Earth.

Fig. 1. Illustration of cislunar integrated communication architecture.
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As introduced above, this paper will focus on two segments of cislunar integrated
communication architecture:

The first segment is called Cislunar Space Communication System. As depicted in
Fig. 1, this segment is mainly about the nodes and links in the space between the Earth
and the Moon.

The other segment is called Lunar Surface Communication System. This segment
focus on the terminals and wireless connections on the surface of the Moon, i.e.
detailed communication system within the “Lunar Surface Node”.

3 Cislunar Space Communication System

The key nodes of cislunar space communication system include lunar orbit relay
satellites, spaceships and science orbiters. Among them, lunar relay satellites, acting as
lunar relay nodes, play the most significant role in the cislunar space communication
system. As shown in Fig. 1, relay satellites connect with the Earth Node through the
relay trunk links, and connect with the Lunar Surface Node through RFL/RBL. Relay
satellites can also provide data forwarding for science orbiters and visiting spaceship
through RFL/RBL.

In this section, we mainly focus on the relay nodes to discuss the design of lunar
relay trunk links and relay forward/back links.

3.1 Lunar Relay Trunk Links

In Chinese previous lunar exploration missions, Chang’E-1, Chang’E-2 and Circum-
lunar Return and Reentry Spacecraft apply S-band DTE/DFE links. The highest
downlink data transmission rate is 3 Mbps, while Chang’E-2 successfully tested 12
Mbps downlink data rate with S-band from the orbit around the Moon. Chang’E-3
establish X-band DTE/DFE from the near-side of lunar surface, with coded data rate
2.5 Mbps. Chang’E-4 succeeded in the first soft landing on the far-side of the Moon as
well as the first lunar relay satellite on the L2 Earth-Moon liberation point. The relay
satellite is a small satellite and applies S-band and X-band trunk links. The S-band
trunk link can work simultaneously with the RFL/RBL, while the X-band trunk link
has to be time-divided with the RFL/RBL. The highest uplink data rate of the S-band
trunk link is 1 kbps, and its highest downlink data rate of S-band reaches 4 Mbps.
However, according to the large data volume of robotic lunar science station and
crewed lunar exploration to the polar region, at least 100 Mbps downlink data rate is
needed for transmit the science data from a surface-working probe and audio/video
from astronauts [5]. Besides, audio/video calls as well as software updates require
higher uplink data rate. In the case that a relay satellite may serve for up to ten lunar
surface terminals, the data rate of trunk links in future cislunar space communication
system should be designed targeting at downlink 1 Gbps and uplink over 200 Mbps.
Therefore, the communication scheme of trunk link is waiting for progressive devel-
opments on the Physical Layer and Data Link Layer.
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1. Ka-band and optical links are candidate for future lunar relay trunk links. Higher
frequency provides wider bandwidth and better power efficiency. Therefore, for
spacecraft employing high gain antennas (HGA), higher frequency provides higher
data rate with the same size of HGA and the same transmitting power. For this
reason, in SFCG 32-2R2 [4], Ka-band (downlink: 37–38 GHz; uplink:
40–40.5 GHz) is recommended to meet the service requirements of 1200 Mbps
downlink data rate and 400 Mbps uplink data rate. Besides, considering the benefits
of smaller equipment, lower power and excellent data throughput performance,
optical links attracts more and more attentions. 10 Gbps optical relay trunk link is
the long-term developing goal in the cislunar space communication system, pro-
viding astronauts and lunar resident high-resolution video streaming to and from the
Earth.

2. Advanced modulation and channel coding are developing to further improve the
communication system efficiency. The state-of-art space links of lunar relay satellite
applies BPSK and RS-convolutional concatenated code. In the follow-up mission,
higher-order modulation is developing for improved frequency efficiency and better
spectrum centralization. Due to the excellent coding gain, LDPC is a significant
candidate for future relay trunk links.

3. As for the data link protocol, AOS data link protocol is commonly used currently.
While, the new USLP increases the frame length in order to support higher-rate
links. Later, USLP may take the place of AOS, and become the singe space data
link protocol in the cislunar integrated communication systems.

The design suggestions of the lunar trunk link are summarized in Table 1.

3.2 Lunar Relay Forward/Backward Links

The Chang’E-4 Lunar Relay Satellite employed a HGA with 4.2 m diameter deploy-
able reflector. This first lunar relay satellite on L2 Earth-Moon liberation point supports
125 bps forward data rate and up to about 555 kbps backward data rate. It is thus clear
that there is large gap between the currently capability of RFL/RBL and the needs for
future robotic/manned lunar science stations. Same as the trunk links, progressive
developments have to be implemented on Physical Layer and Data Link Layer step by
step, the design suggests is proposed as follows:

Table 1. Design suggestions of lunar relay trunk link.

State-of-art Development suggestions

Frequency selection S-band & X-band S/X-band (low-rate)
Ka-band and optical links (high-rate)

Modulation PCM/PSK/PM (TT&C)
BPSK (Data)

PCM/PSK/PM (TT&C or contingency)
BPSK/GMSK (Low-rate)
Filtered OQPSK/8PSK (High-rate)

Channel coding RS-Convolutional LDPC
Data link protocol AOS Data Link Protocol USLP
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1. Selection of multiple authorized frequency bands enables higher data rate and wide
bandwidth resource for multiple access. SFCG recommends UHF-band, S-band and
Ka-band for links between lunar orbit and lunar surface. Considering the compat-
ibility in future possible international interoperation and applicability to different
kind of spacecraft, we suggest using UHF and S-band for low-rate RFL/RBL and
Ka-band for high-rate RFL/RBL.

2. The performance of relay nodes can be improved by advanced antenna and power
amplifier technologies. As for the relay satellites based on small satellite platform,
efficiency seems especially important because of the limitation of total power and
overall size.

3. Similar with the trunk link, advanced modulation and channel coding is developing
and will be employed on the RFL/RBL step by step. Especially, since the design of
RFL/RBL determines the scalability, extensibility and interoperability to a certain
extent, software defined software (SDR) appears quite helpful to achieve variable or
adaptive coding modulation (VCM or ACM).

4. Multiple access strategy is important for the requirement of scalability and exten-
sibility. Code Division Multiple Access (CDMA) and Frequency Division Multiple
Access (FDMA) are considered as appropriate strategies for low-rate and high-rate
RFL/RBL respectively. They avoided the complex synchronization and time uni-
fication required by Time Division Multiple Access (TDMA), as well as the high
requirement on beam division of Space Division Multiple Access (SDMA). CDMA
has been used in Shenzhou spaceship system with UHF-band, while its supported
data-rate is limited. For Ka-band with adequate bandwidth, FDMA is suitable for
high speed links.

5. Cooperating with the multiple access, date link protocols are needed in the Data
Link Layer. Martian relays apply CCSDS Proximity-1 Data Link Layer to execute
Communication Operation Procedure - Proximity (COP-P). USLP appears as a
good candidate, which breaks the frequency limitation and preserves the hailing
capability and control mechanism of the Proximity-1 protocol to support multiple
users concurrently.

The above design suggestions of RFL/RBL are summarized in Table 2.

Table 2. Design suggestions of lunar relay forward and backward links.

State-of-art Development suggestions

Frequency selection X-band UHF/S-band (low-rate)
X-band (time-divided with X-band trunk link)
Ka-band (high-speed)

Power amplifier 20 W SSPA � 100 W TWTA
Modulation PCM/PSK/PM PCM/PSK/PM, GMSK (low-rate)

Filtered OQPSK (high-rate)
Multiple access FDMA CDMA (low-rate); FDMA (high-rate)
Channel coding RS-Convolutional BCH, LDPC, RS-Convolutional, Turbo
Data link protocol None USLP
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Furthermore, since there are no “Global Navigation Satellite System (GNSS)” like
capabilities for lunar surface probes, relay satellites need to support navigation by the
ranging data and Doppler measure through RFL/RBL.

4 Lunar Surface Communication System

The lunar research station in the polar region of the Moon is consisting of multiple
communication terminals, which requires a comprehensive lunar surface communica-
tion system. As the first step, landers, rovers and robotic probes will be brought to the
lunar surface. And the in the long-term, EVA astronauts will work in the research
station as mobile users of lunar surface communication system. Based on short-term
plan, the prototype of lunar surface communication system of lunar research station
could be several centralized wireless networks, which is similar to the terrestrial cel-
lular networks. The landers, which have stronger RFL/RBL to relay satellites, can play
the role of centered main node.

In this section, we analyze the physical links and wireless networking strategy for
lunar surface communication systems.

4.1 Physical Links

Although it is highly possible that all of the lunar surface terminals will bring their
individual RFL/RBL to the relay satellite, it is clear that using the RFL/RBL of main
nodes acting as the gateway haul space links is necessary for future big-scale lunar
surface communication system, in order to control the access burden of relay satellites.
Relay satellites communicate with main nodes, and main nodes distribute the data to
corresponding end-user nodes. At the same time, end-user nodes would connect with
the main node and may also bring RFL/RBL as backup for contingency.

SFCG recommends UHF-band (390–405 MHz, 410-420 MHz, 435-450 MHz),
S-band (2.4-2.48 GHz) and Ka-band (25.25-25.6 GHz, 27.225-27.5 GHz) for lunar
surface network. UHF-band has better diffraction performance, making it suitable for
long distance transmission on the lunar surface. But, its narrow bandwidth limits the
data rate and access scale. If the two ends of a link employ HGA and are visible to each
other, Ka-band is excellent for supporting high-speed transmission. Regarding to dif-
ferent application scenario, the frequency band above is needed to be cooperatively
used.

4.2 Lunar Wireless Networks

UHF-band is used cooperatively with Proximity-1. S-band supports IEEE 802.11 and
LTE wireless network protocols. And, Ka-band can apply cooperatively with IEEE
802.16 to support ultra-high-speed wireless network. All of IEEE 802.11, IEEE 802.16
and LTE employ OFDM in physical layer, which has good multipath resistance.
Compared with 802.11, LTE, that requires the main node working as base station,
provides higher data rate along with higher implement cost. The main nodes in LTE
wireless network consume higher power and need more complex constructions. So far,

Development of Cislunar Space Integrated 721



the engineering selection of lunar wireless network protocol is still an open problem
waiting for further research.

While, no matter which wireless network protocol is adopted eventually, it has to
be modified for the adaptability of lunar application and lunar environment.

Besides, Commercial Off-The-Shelf (COTS) network chips are not applicable for
exterior-space environment. Hence, the development of specific chips is required for
lunar wireless networks.

5 Conclusions

In this paper, we propose a cislunar integrated communication system for future lunar
explorations. According to the requirements of high speed, reliability, extensibility and
interoperability, we demonstrated the elements and physical links of the proposed
architecture. The design described in this paper has referred to international standards
and protocols, so that the proposed systems can contribute to the construction of
international cislunar communication capacity.

The proposed integrated communication systems consist of cislunar space com-
munication system and lunar surface communication system. According to the user
scenario requirements, progressive developments of physical layer and data link layer
are need for both of the two systems. This involves a long-term process and step-by-
step development. This paper proposed designed suggestion for relay trunk links,
RFL/RBL and relay strategies. Prospect of physical layer designs and wireless network
protocols are also discussed for lunar surface system. Further works will focus on the
engineering design along with future missions.
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Abstract. Quantitatively analyzing the impact of thruster plume’s infrared
radiation on Infrared Earth Sensor (IRES) is still an open problem. This article
analyzes the temperature and the density distribution characteristics of thruster
plume by applying the point source model to quantitatively analyze the impact
of thruster plume on IRES. Moreover, the infrared radiation characteristics of
non-uniform gas were modeled based on the assumption of Equivalent
Molecular Blackbody (EMB), Probability Theory and Planck’s Radiation Law.
Furthermore, this paper proposes an algorithm to evaluate the effect of thruster
plume on IRES. In addition, simulations on specific application scenarios by
combining the infrared radiation model of Earth, the characteristics of the IRES
and the spatial position relationship between the IRES and the thruster are
conducted in this paper. The simulation results are verified that by employing a
relatively simple model with a small amount of calculations, the impact of
thruster plume on IRES can be quantitatively analyzed without utilizing pro-
fessional tools.

Keywords: Numerical simulation � Plume radiation model � IRES

1 Introduction

Nowadays, the analysis of plume’s influence on satellites mainly focuses on three
aspects, including the disturbance, the pollution and the thermal effect of plume [1, 2].
However, the effect of plume’s infrared radiation characteristics on Infrared Earth
Sensor (IRES) has not been analyzed quantitatively. When IRES observes the high
temperature plume of thruster, the infrared radiation of plume may cause a wrong
detection on the edge of Earth by IRES. And then, the related output of IRES, which
includes attitude information of the spacecraft, could make the spacecraft operating into
an unexpected working state.

Plume of thruster consists of heterogeneous hot gases. The distribution of tem-
perature, density and composition concentration is different in plume, therefore, it is
difficult to calculate the infrared radiation characteristics of the plume [3, 4]. The
differential equation of radiation transfer is almost the only method to calculate the
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infrared radiation characteristics of non-uniform gas. Because the radiation transfer is
an integral differential equation, its analytical solution cannot be obtained directly. All
the applications on this equation are obtained by various methods with simplified
calculation, such as region method, heat flow method, discrete transfer method, discrete
coordinate method, spherical harmonic method, finite volume method and Monte-Carlo
method [5]. However, calculations conducted through these methods cannot be directly
perceived in physical meaning, which makes it difficult for them to be understood.
Besides, the aforementioned methods require a large amount of calculations, therefore,
their scope of application is quite limited. Hence, the impact of thruster plume on IRES
is analyzed qualitatively by experience in general in the past. In this paper, Simons
model [6, 7] is used to analyze the distribution of thruster plume. And then, the infrared
radiation characteristic of non-uniform plume is analyzed by statistical method based
on the assumption of EMB.

The paper is organized as follows: In Sect. 2, Simons model is described in detail.
The thermal radiation characteristic of non-uniform gas is analyzed in Sect. 3. Analysis
of the flow of plume interference to IRES is proposed in Sect. 4 and performed in
specific application scenarios. Section 5 summarizes the paper.

2 Distribution Characteristics of Thruster Plume

The flowing state of thruster plume in vacuum is very complicated. The molecules
generated by thruster are ejected from the nozzle outlet and expand rapidly without
interference in vacuum environment, which leads to a plummeting density. The flowing
state of plume has successively experienced the continuous medium region (core region
of the plume), transition region, and finally reached the free molecular flow region [8].
Traditional computational fluid dynamics method can be used to numerically solve
Navier-Stokes equations in the core region of the plume. For the transition region and
free molecular flow region, the most practical and feasible method at present is the
Direct Simulation Monte Carlo (DSMC) method [9, 10]. However, when DSMC
method is applied to continuous flow solution, it will encounter the problem of
excessive consumption of calculative resource [11]. Therefore, semi-empirical engi-
neering model, also known as the point source model (PSM), is often used for simu-
lation of transition region and free molecular flow region [6]. PSM method is simple
and easy to understand. The PSM method can satisfy the precision required by engi-
neering, which make it more popular.

Simons model is widely used to evaluate the plume pollution caused by jet flow in
satellite design. Simons equation is:

qðr; hÞ
q�

¼ KðR
�

r
Þ2f ðhÞ ð1Þ

Where K is the plume constant, which is related to the nozzle shape and the gas
characteristics. q* and R* are the density and the radius of the nozzle throat, respec-
tively. f(h) stands for the Simons density function. r is the radius of the ball, and h is the
deflection of the center line of the plume.
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As the basic flow parameters are different, the expressions of f(h) in the core region
and the boundary layer expansion region are different. The airflow velocity reaches the
maximum in the core region of plume. The expression of f(h) in the core region is
described as:

f ðhÞ ¼ ½cosðp
2
� h
h1

Þ� 2
c�1; 0� h� h0 ð2Þ

In the boundary layer expansion region, Simons model introduces the coefficient b (the
parameters are determined by the boundary layer thickness and the average limit
velocity of the boundary layer expansion zone [6]) and points out that f(h) decays
exponentially in this region. f(h) in the boundary layer expansion region is expressed as:

f ðhÞ ¼ f ðh0Þ exp½�bðh� h0Þ�; h0 � h� h1 ð3Þ

Where ho is the flow limit deflection Angle in the isentropic core region and h∞ is the
flow limit deflection Angle in the nozzle, which can be determined by Prandtl-Meyer
expansion Angle as follows:

h1 ¼ PMðMa ! 1Þ � PMðMaeÞ � / ð4Þ

Mae is the Mach number of the engine outlet, and / is the nozzle outlet Angle. Prandtl-
Meyer expansion Angle formula is given as:

PMðMaÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
cþ 1
c� 1

s
tg�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cþ 1
c� 1

ðMa2 � 1Þ
s !

� tg�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ma2 � 1

p� �
ð5Þ

The plume constant K is determined as:

K ¼
ffiffiffiffiffiffiffiffiffiffiffi
cþ 1
c� 1

s
p2

8h21
ð6Þ

After the density (q) of any point (r, h) in the flow field is calculated from Eqs. (1) to
Eq. (3), the temperature value of the point is calculated by the one-dimensional isen-
tropic relation, which is described as follows:

q0
q

¼ ð1þ c� 1
2

Ma2Þ 1
c�1

T0
T

¼ 1þ c� 1
2

Ma2

P0

P
¼ ð1þ c� 1

2
Ma2Þ c

c�1

ð7Þ
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3 Modeling of Thermal Radiation Characteristics of Non-
Uniform Gas

The method applied in the Paper is based on the assumption of Equivalent Molecular
Blackbody (EMB) and Probability Theory [12].

Assume that each molecule in a non-uniform gas is a planar black body. The planar
black body has the same quantity, temperature, density and pressure as the gas
molecules. The radiation energy on the line of sight is equal to the sum of the molecular
radiation energy and the scattering energy. The radiation (projection) area on the line of
sight is given as d2. And this molecule is referred to as EMB.

Taking any micro unit from the non-uniform gas, the micro unit is a cube with side
length D. Because D is small compared to the size of the whole air mass, so EMBs can
be considered evenly distributed in the micro unit, and each EMB has the same tem-
perature, density, pressures and radiation area d2. If there are N EMBs in the micro unit,
its density can be given as:

qN ¼ N
D3 ð8Þ

Assume that the molecules are opaque entities. Molecule 1 can radiate energy on the
line of sight completely with its projected area S1, while molecule 2 can only radiate
energy from part S2 on the line of sight, and the radiation from the shaded part is
absorbed by molecule 1. Due to the occlusion of molecule 1 and molecule 2, molecule
3 can only radiate the energy from part S3 in the direction of the line of sight, and the
radiation from the blocked part is absorbed by molecule 1 and molecule 2. Therefore,
the total radiation area of the three molecules is S = S1 + S2 + S3, as shown in Fig. 1.

Based on the above principle, probability theory can be employed to calculate the
equivalent radiation area on the line of sight when the micro unit has N molecules.

SN ¼ ð1� e�
d2

D2
NÞD2 ð9Þ

The formula is equivalent to Bouguer-Lambert law [12].

Molecule1

Molecule2

Molecule3

S1

S3

S2

Fig. 1. Theory for molecule’s shelter
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The non-uniform gas is divided into N1 x N2 x M micro units with interval D, each
micro unit may have different temperatures and densities. Consider any rectangular
cuboid Vi,j with the projected area of D2 along the line of sight (the shaded part in
Fig. 2) in the hot gas. The cuboid Vi,j has M micro units, and the radiant area of each
micro unit on the line of sight is

Sn ¼ ð1� e�
d2

D2
NnÞD2; n 2 ½1;M� ð10Þ

Since only the unblocked part can radiate energy on the line of sight, the spectral
radiation intensity of cuboid Vij on the line of sight is the sum of the product of the
spectral radiance of each micro unit and its exposed area, that is:

/i;j ¼
XM
n¼1

Bðk; TnÞDSn ð11Þ

Bðk; TÞ is the spectral radiance of blackbody according to Planck formula.
According to statistics, the exposed area of the nth micro unit on the line of sight is

given as:

DSn ¼ Sn � ð1� Total Sn�1

D2 Þ ð12Þ

Total_Sn-1 is the sum of the exposed area of the first n–1 micro units on the line of
sight.

Then, the equivalent spectral radiance (B_equi) of cuboid Vij on the line of sight is:

B equii;j ¼
XM
n¼1

Bðk; TnÞDSn ¼
XM
n¼1

Bðk; TnÞ � ð1� e�
d2

D2
NnÞ � ð1� Total Sn�1

D2 Þ ð13Þ
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Fig. 2. Infrared radiation characteristics calculation on non-uniform gas
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4 Simulation of the Influence of Thruster Plume on IRES

The following steps described in Fig. 3 can be performed to simulate the influence of
thruster plume on IRES.

Considering a satellite is equipped with 10 N bipropellant thrusters and an IRES,
while one of the thrusters is installed close to the IRES, the following simulation
analysis can be carried out for this specific configuration.

According to the design parameters of the bipropellant thruster, the values of each
parameter in the Simons plume formula are shown in Table 1.

The direction of the scanning cone axis of the IRES is the same as that of the
thruster. The position relation between two products is established in the Three-
Dimensional Coordinate Systems in Fig. 4:

Start

Thruster plume distribution 
modeling

Thruster and IRES location 
modeling

Numerical simulation of thruster plume in the 
field of view of IRES

End

Modeling of thermal radiation 
characteristics of nonuniform gases

Fig. 3. Flow chart on the effect of thruster plume on IRES

Table 1. Values of parameters of 10 N bipropellant thruster

Parameters Values

Density of the throat, q* (kg/m3) 0.775
Throat radius, R*(m) 0.001425
Gas constant, c 1.26
Plume constant, K 5.1825
Flow limit deflection Angle, h∞(°) 48
Isentropic core flow limit deflection Angle, h0(°) 21.55
Saturation density, q0(kg/m

3) 1.1973
stagnation temperature, T0(K) 2000
The coefficient b in formula 3 9.87
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The scanning cone of the IRES is expressed by the following mathematical
equation:

ðx� x0Þ2 þðy� y0Þ2 ¼ ðz� z0Þ2tg2h ð16Þ

Where h is the cone angle of the IRES.
Any point on the cone can be expressed as:

x� x0 ¼ ðz� z0Þtgh sinu;u 2 ½0; 360�
y� y0 ¼ ðz� z0Þtgh cosu;u 2 ½0; 360�

z 2 ½z0; þ1�
ð17Þ

Any line that passes through the point (x0, y0, z0) on the cone satisfies the equation:

x� x0
tgh sinu

þ y� y0
tghcosu

¼ 2ðz� z0Þ ð18Þ

X

Y

Z

(x0,y0,z0)

θ

Thruster plume Scanning Cone of IRES

Fig. 4. The relationship between thruster plume and IRES’s field of view in space
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Fig. 5. Infrared radiation characteristics of thruster plume on IRES’s scanning cone
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According to the actual situation, x0 ¼ 1:0; y0 ¼ 0; z0 ¼ 5; h ¼ 55
�
. And then

combined with the above plume distribution model and the plume thermal character-
istics model, the following simulation results in Fig. 5 can be obtained.

According to the simulation results, the maximum spectral radiance of the thruster
plume at 14um is 0.9 * 10−3W/Sr�m2. The spectral radiance of Earth at 14 lm is about
5.45 W/Sr�m2 [13]. The thruster plume produces radiation that is three orders of
magnitude lower than that produced by Earth. Therefore, the thruster plume has no
effect on the IRES under the simulated condition.

If the distance between the IRES and the thruster is shortened to 10 cm, another set
of spectral radiance of thruster plume can be obtained by re-simulation. If we put the
radiance of Earth into the same graph, we can have the comparison in Fig. 6.

As illustrated in Fig. 6, the radiance generated by thruster plume is numerically
close to that of Earth. In order to determine whether the plume has an impact on the
IRES, the Earth edge extraction method of the IRES needs to be further analyzed.

5 Summary and Future Work

Based on the modeling and analysis of the thruster plume and the infrared radiation of
non-uniform gas, the paper has proposed and verified a numerical simulation method
for analyzing thruster plume’s impact on IRES.

Employing a relatively simple model with a small amount of calculations, the
impact of thruster plume on IRES can be analyzed without utilizing professional tools.

To achieve better simulation accuracy, the thruster plume distribution model and
the radiation characteristics model of non-uniform gas can be replaced by other models
with higher accuracy for joint simulation analysis.
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Fig. 6. Radiance of Earth vs. Radiance of Plume
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Abstract. Recently, with the observation that fuzzing and concolic execution
can complement each other, fuzzing and concolic execution combined method
has been widely used for mining vulnerabilities in real world software, while not
paying enough attention to the complementary strategy. That is current methods,
such as Driller, QYSM, etc., normally use the on-demand strategy to switch
between fuzzing and concolic execution engine, which drives down the effi-
ciency of vulnerability mining process. This paper proposed a novel un-touched
branch guided strategy to make full use of both fuzzing and concolic execution
capability. By combining static analysis and runtime information, we can con-
struct a dynamic set of un-touched and tainted branches, and the corres-
pondence test case which can reach the brother branches, and then we can select
the best input test case to drive concolic execution, and generate new test cases
to cover the un-touched branches. We implement a prototype system FPSFuzz
and evaluate our system with LAVA-M dataset and compared it with QSYM.
The results show that FPSFuzz found more vulnerabilities quickly and improved
the contribution of conclic execution for hybrid fuzzing, which significantly
improves the efficiency.

Keywords: Hybrid fuzzing � Concolic execution � Vulnerability

1 Introduction

Due to the high-risk, diverse and widespread nature of software security vulnerabili-
ties, they are considered as an important strategic resource, and highly valued by both
attack and defense communities in the cyberspace. While there has been a lot of
research in academia on mining software vulnerabilities, these method still do not fully
satisfy the requirements for mining binary-only software vulnerabilities. The literature
[1] specifically investigated the effectiveness of different vulnerability mining methods,
and the results of the study showed that different methods and tools have some rele-
vance, and that no one method or tool can completely discover all vulnera-bilities. In
view of this, research on vulnerability mining in combination with a variety of methods
continues to emerge. Recently, a combination of fuzzing, taint analysis and concolic
execution, generally known as hybrid vulnerability mining method, has become
increasingly popular in vulnerability mining.
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In terms of the combination of concolic execution and fuzzing, the path discovery
capabilities of dynamic concolic execution are generally used to enhance the code cov-
erage of fuzzing, such as Driller [2], QYSM [5] and so on. Because fuzzing lacks exe-
cution state information inside the target software, it is difficult to break some complex
constraint branch conditions, and thus cannot test the code area protected by the branch
conditions. In order to minimize the performance loss of the concolic execution engine,
QSYM introduced targeted optimizationmeasures, such as concolic execution directly on
machine instructions instead of using an intermediate language, relaxation of constraint
solving constraints, and the use of heuristic solving strategies, resulting in a milestone in
the effective exploitation of real binary software vulnerabilities. While the question that
how to combine fuzzing and concolic execution to achieve the best overall performance is
still open, Zhao Lei [3] from Wuhan University proposed a probabilistic hybrid fuzzing
method for QSYM based on Monte Carlo method to schedule the concolic execution
engine based on probability to obtain coverage and performance improvement.

In this paper, we propose a novel un-touched branch guided strategy to make full
use of both fuzzing and concolic execution capability. By combining static analysis and
runtime information, we can construct a dynamic set of un-touched branches, and the
correspondence test case which can reach the brother branches, and then we can select
the best input test case to drive concolic execution, and generate new inputs to trigger
the un-touched branches. Our insight is that, with fuzzing and concolic execution
working together, the former will generates a great mount of test cases, while the latter
always can’t handle, which result to the little improvement of conclic execution. So if
we can prioritize generated test cases dynamically by combining static analysis and
runtime information, and guide the engine to pay more attention to the un-touched
branches, we will cover more branches and trigger more vulnerabilities. And we
implemented a prototype system called FPSFuzz, a hybrid fuzzer for mining more
vulnerabilities quickly and efficiently.

The rest of this paper is organized as follows. In Sect. 2, we introduce the back-
ground of hybrid fuzzing method. In Sect. 3, we illustrate the framework of our vul-
nerability mining approach, and how we extend the traditional method, also we elab-
orate how branches can be treated differently. The implementation and the
experimental results evaluated on LAVA-M dataset will be described in Sect. 4. Finally
Sect. 5 concludes this paper.

2 Background

In this section, we present the background of state-of-the-art hybrid fuzzing method
QSYM. We first introduce the high-level design of QSYM schema, and then explain
the details of its concolic execution engine. At a high level, the main idea of QSYM
schema is shown in Fig. 1. QSYM takes a test case and a binary software as inputs and
attempts to generate new test cases that may explore new paths. It uses dynamic binary
translation such as pin to really execute the target binary while selecting tainted basic
blocks for conclic execution, and applies various heuristic strategies to make a com-
promise between soundness and performance in constraint solving, finally the gener-
ated test cases are verified by the fuzzer.
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First, QSYM designed a basic block pruning logic to detect repetitive basic blocks
and then prune them for conclic execution and generate only a subset of constraints,
which dramatically reduces the load of the solver. Second, QSYM only symbolically
executes instructions that are related to path constraints, and uses concrete env mod-
eling, which concretely interacting with external environments. Third, in order to
reduce the complexity of constraints solving, QSYM eliminates unrelated constraints
which result to faster and more efficiency solver, and also uses optimistic solving
module to optimistically select and solve some portion of the constraints to generate
new inputs from the generated constraints.

From the above, it can be seen that QSYM has only optimized the conclic exe-
cution engine, but has not yet considered the issue of the interaction strategy between
the fuzzing engine and the conclic execution engine, and the performance of this
method may be further improved by improving the engine scheduling strategy.

3 System Design

At a high level, the framework of our method is shown in Fig. 2. Our approach first uses
static analysis engine to get the overall information, then we adopt the architecture of
kAFL [4] to perform normal fuzzing, and what’s more an incremental information
fusion module was added to analysis all synthesis information dynamically. So FPSFuzz
first reads all seeds into test case pool, and then select a sample from the pool as current
process test case. While the current test case is mutated, the temporary test case will be
sent to the execution engine, and during the execution, the engine trace the coverage
information precisely, which will produce touched branches by current test case. And
then combined with static analysis information the overall un-touched branches set will
be used to guide the conclic execution process. The fusion information includes all the
history data from the beginning, so it can be used to assist the input selecting process.
While the selected test case drives the conclic execution engine, a full system emulation
and selective symbolic execution stages are performed first, and then similar to QSYM
an optimized constraint solving schema is used to generate interesting new test cases.
Finally, a crash report module is required to record and submit the test results.

Dynamic Binary 
Translation

Inst-Level Executor Eliminating Unrelated 
Constraints

Pruning Basic Blocks Concrate Env 
Modeling Optimistic Solving

Fuzzer
(e.g.,afl)

Binary Software

Native
 Execution

Constraint SolvingConclic Execution

Input test case
Output test case to 
explore new paths

Fig. 1. The main idea of QSYM schema.
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The proposed method uses incremental information fusion method to collect static
and dynamic information, include covered branches, tainted branches, the out degree
for all basic blocks, etc., then those information is used for input recommendation.
When the conclic execution engine process the selected input, un-touched and tainted
branches are also used to assist the fork decision, constraint pruning and solving
optimization, which will control the scale of symbolic execution, generate not fully
consistent test cases, and reduce unnecessary test cases generation, therefore improving
the test efficiency.

As mentioned before, we will combine static analysis information and runtime
information together to improve the total efficiency. In order to achieve this goal, we
first try to fuse all information in a unified way, and then design an input recom-
mendation algorithm to carry out an optimized interaction strategy for fuzzing and
conclic execution.

3.1 Incremental Information Fusion Method

Many kinds of information will be produced while we perform static analysis and
dynamic execution of the target binary software, In order to make full use of multi-
source and heterogeneous information, we use property graph to represent all infor-
mation collected including function, basic block, instruction, domination relation, data
flow relation, and so on.

Property graph has very strong expression ability and is highly extendable, So we
can easily embed dynamic information into property graph. While executing the target
binary in fuzzing or conclic execution engine, extra dynamic information can be
extracted, such as the covered branches by current test case, tainted branches, inter-
esting keywords, loop information, memory access information, emulation time,
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Fig. 2. Framework of FPSFuzz.
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solving time, etc. All those fusion information can be incrementally added to property
graph as needed, while the test processing moves on.

3.2 Input Recommendation Algorithm

While Driller schema selects test case from the fuzzer’s queue sequentially, and QSYM
schema also adopt the sequential mode with the only priority rule of whether increased
the coverage, which did not consider the difference between branches, its test efficiency
has yet to be optimized. If the fuzzer generates too much test cases, the conclic
execution just always waste time to process redundant execution path. And even more
worse, if the test case raise a timeout event, which prevents the subsequent path space
from being processed, and the conclic execution engine gets stuck with useless test
cases too. To avoid this phenomenon, we use fusion information from property graph
to recommend the best driven test case, which will focus on un-touched branches to
guide conclic execution engine to generate new test cases easily and effectively. The
recommendation can be carried out as shown in Algorithm 1, it will usually return the
sorted by priority test cases set in which every case can cover the predecessor node or
brother branches for a specific un-touched branch.

The information of un-touched branch is collected dynamically, after the execution
engine processed a new test case, the precisely coverage information will be updated.
By combining static analysis information, we can easily extract branches that are not
taken, and thorough selecting the proper driven test case, we can restrict the conclic
execution to only concentrate on those branches.

Algorithm 1 Input Recommendation Algorithm
Input: pG , the property graph; 

tB , un-touched branch
Output:T , test cases set that covered the predecessor node or brother branches 
for a specific un-touched branch
1: , untouchedSet T B= ∅ = ∅
2 : get_untouched_bbs( )untouchedB pG=

int3 : filter_tainted_bbs( )ta ed untouchedBB =

int4 : t ta edif B B do∈
predecesso )r ,(bb__teg:5 tpB B pG=

6 : piif B pBdo∈
7 : get_unused_test_case_for_bb( , )i piT B pG=
8 : iT T←
9 : end for
10 : end if
11: ( )T sort T=
12 : return T
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3.3 Conclic Execution Method

While performing conclic execution using selected test case, more work must be done
to make the method scalable for real world software. We design a new selective
symbolic execution schema to control the complexity of conclic execution. There are
three aspects for our optimization. First, after we selected a driven input, we perform a
lightweight taint analysis based on input coloring method, and then do conclic exe-
cution, which only allow forking operation after the designated un-touched branch.
Second, In order to handle loops which generate many constraints, we construct the
global control flow graph dynamically, and automatic detection the polling loops in
runtime, when the number of a loop covered exceeds a threshold, we just skip the loops
to keep less constraints. Third, if current branch is un-solvable because of constraint
conflict, we will traverse all constraints and kick out the former conflict ones, and then
solve the path-predicate again, which we call it under consistency solving.

Although the scale of conclic execution can be controlled this way, the generated
test cases may be invalid. Considering that the generated test cases are also validated by
the fuzzing engine, such invalid test cases can instead be considered as a means of
variation, thus increasing the diversity of use case generation. In addition to generating
complete test cases, the conclic execution engine also outputs fragments, that is the
results of the current branching condition, as a dictionary to the fuzzing engine, thus
providing useful information for test case mutation.

4 Implementation and Evaluation

4.1 Implementation

In the following, we provide a brief overview of FPSFuzz, the implementation of our
approach. We coded FPSFuzz based on the kAFL [4] fuzzer and S2E [7] the famous
selective symbolic execution platform.

Main Framework: KAFL can only test x86 binaries. we borrowed the main frame-
work from kAFL, and replaced its execution and monitor engine with QEMU mode
from AFL for arbitrary binary fuzzing. Although FPSFuzz lose the performance from
hardware-accelerating, it can not only test x86 binaries but also other platform binaries,
which is a key feature for general fuzzer.

Incremental Information Fusion Module: We build incremental information fusion
module as a trace analysis thread. First, we modify the QEMU execution engine to log
out all covered basic blocks precisely. Second, we extract dynamic from conclic
execution too, including tainted branches, input offset for branches, and so on. Finally,
all information are extracted and embed into the overall property graph database Neo4j.
At the same time, the program interfaces are exposed, so other modules like input
recommendation module and crash report can search the constructed property graph for
special purpose.
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Input Recommendation Module: We implement the input recommendation method
as a property graph search function with cache ability enabled, which is lightweight
enough to select the best input repetitively. Also the input recommendation are made
using strategies such as minimum file criterion, newest file criterion, and most branch
coverage criterion to ensure global optimization.

Conclic Execution Module: We implement our conclic execution strategies as a part
of the S2E platform. First, we add an adapter plug-in to fetch driven test case, this plug-
in is equipped with a mechanism like AFL’s fork-server, which removes repetitive
tasks such as program loading, initialization, etc. to improve testing efficiency. Second,
we add a new test case generation plug-in to perform constraints pruning and under
consistency solving. Third, a bug search plug-in equipped with vulnerability model is
added to predict potential vulnerability also. Finally, we wrap S2E as a python module
into kAFL, so all components can be scheduled in a unified way.

4.2 Evaluation

We evaluate FPSFuzz to verify the following two questions:

RQ 1. Does the effectiveness of vulnerability mining improved.
RQ 2. Does the contribution of conclic execution method improved.

We first describe the experiments performed on LAVA-M [6] by QSYM and then
compare it with FPSFuzz. QSYM ran all the experiments on Ubuntu 14.04 LTS, and
used three cores respectively for master AFL, slave AFL, and QSYM for end-to-end
5 h evaluations. We perform our experiment with 64-bit Ubuntu 18.04 using two cores
for fuzzer and one core for conclic execution with the seeds provided by LAVA-M
authors. The Table 1 gives a summary of the vulnerability mining ability. We found all
listed bugs, and many unlisted bugs (291). So RQ 1 is basically true.

As for RQ 2, we use a real world program jhead (version:3.04) to show the
contribution improvement. We test jhead test for 5 h, and the number of branches
covered by fuzzing and conclic execution is collected. The result is shown in Fig. 3.
Overall, FPSFuzz made an increase of 5% (from 289/1502 = 19% to 407/1677 = 25%)
for the contribution of conclic execution. So RQ 2 also holds.

Table 1. LAVA-M vulnerability mining result.

uniq base64 md5sum who

Listed Bug 28 44 57 2136
QSYM 28 44 57 1238
FPSFuzz 29(+1) 48(+4) 61(+4) 2418(+282)
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5 Summary

Although the existing research work has made good progress, the study of hybrid
fuzzing methods still has many unresolved problems, such as the strategy of the
combination of different methods, the switching strategy between different methods,
the exchange of information between methods, etc., are in urgent need of further
research. In this paper, we presented and evaluated a improvement approach for hybrid
fuzzing approach learned from QSYM, We dynamically use un-touched branches
information to guide the binary software vulnerability mining procedure, which pri-
oritize all test case from fuzzer with un-touched and tainted branches information. So
we can precisely schedule computing resource to those un-touched branches, and
precisely solving branches with complex constraints that are difficult for fuzzing to
break through, so the efficiency and effectiveness is expected to be improved. Finally,
we evaluated the prototype system against the LAVA-M dataset, and the results have
shown that it is possible to improve the vulnerability mining efficiency and effective-
ness by distinguishing different driven test case with dynamic un-coverage information.
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Abstract. Recently, more and more runtime information such as operands of
comparison instructions and parameters of function calls has been used for mining
vulnerabilities in real world software, while not paying attention to the difference
of those information, which reduces the efficiency of the entire mining process. To
make full use of the extracted information, we propose incremental information
guided method for binary software vulnerability mining based on the input-to-
state correspondencemethod, which prioritize extract information dynamically by
combining static analysis and runtime information, and schedule more computing
resource to those related input bytes or execution paths. Finally, we developed a
prototype system called FocusFuzz, a grey-box fuzzer for mining more vulnera-
bilities quickly and efficiently, and we evaluated FocusFuzz on LAVA-M dataset
and compared it with REDQUEEN. The experiments show that FocusFuzz find
vulnerabilities equally and generate only 3% test cases on average comparing with
the original method, which significantly improves the efficiency.

Keywords: Grey-Box fuzzing � Incremental information � Vulnerability

1 Introduction

Among many vulnerability mining technologies, fuzzing is the most widely used
technology. Since Miller put forward in 1990, fuzzing has found a lot of software
vulnerabilities in real software. Many well-known software development companies,
such as Microsoft and Google [2, 3], also take fuzzing as an important method to
ensure the safety of their products. The reason why fuzzing technology can be used so
widely is mainly because it has the many advantages.

Recently, many researchers try to use runtime information such as operands of
comparison instructions and parameters of function calls to improve vulnerability
mining efficiency, such as static basic block weight information [4], dynamic com-
parison instruction operand information [5], etc., which has made great progress in
improving test coverage. The best experiment result came from REDQUEEN [7] which
use an input-to-state correspondence method to solve the checksum and magic value
problem. However, previous work treats all extracted runtime information statically
and equally, which reduces the efficiency of the entire mining process.
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In this paper, we propose incremental information guided method for binary soft-
ware vulnerability mining based on the input-to-state correspondence method, which
prioritize extracted information dynamically, and schedule more computing resource to
those related input bytes or execution paths. Our insight is that, while executing the
target binary repeatedly, the same comparison instructions and function calls will be
covered many times, if the fuzzing engine make use of those information statically and
equally, it will generate many redundant test cases, which pulls down the test effi-
ciency. We prioritize extract information dynamically by combining static analysis and
runtime information, and guide the engine to pay more attention to those related input
bytes or execution paths. We also implemented a prototype system called FocusFuzz, a
grey-box fuzzer for mining more vulnerabilities quickly and efficiently.

The rest of this paper is organized as follows. In Sect. 2, we introduce the back-
ground of the input-to-state correspondence method. In Sect. 3, we illustrate the
framework of our vulnerability mining approach, and how we extend the original
method. In Sect. 4, how extracted information can be treated differently. The im-
plementation and the experimental results evaluated on LAVA-M dataset of our pro-
totype have been described in Sect. 5. Finally Sect. 6 concludes this paper.

2 Background

We first present the background of input-to-state correspondence fuzzing techniques.
We first introduce the high-level design of input-to-state correspondence method, and
then explain the details of information extraction and input mutation. At a high level,
the main idea of input-to-state correspondence is shown in Fig. 1. The trick is that input
values are used at various states directly during the execution, such as magic bytes and
checksums. By logging these values, one may get the information of which offsets to
replace and which value to use, and will generate new test cases which will change the
comparison result.

For magic bytes problem, the input-to-state method first executes the target software,
traces the runtime information such as operands of comparison instructions and param-
eters of function calls to form the candidate input-to-state set fMj\inputpattern !
magicbytes[ g. Second, the input-to-state set M will be extended by applying some

execution
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binary
software Variations Encodings Colorization Application

identification Patching Verification
NewTestCasesNewTestCasesNewTestCases

Magic Bytes Process

Checksums Process

Fig. 1. The main idea of input-to-state correspondence.
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computation. Third, Many different encodings such as zero extend, sign extend, reverse,
ASCII, etc., are applied to theM. Fourth, before perform the final test case generation, a
colorization stage is added to reduce the amount ofmutation positions. Finally, the pattern
of\inputpattern ! magicbytes[ can be used to identify what parts of the input should
be replaced by what bytes, and the new test cases are generated by simply bytes
substitution.

For checksum problem, the input-to-state method first explores the extracted
information to identity the set of suspected hash checks using some heuristic strategies
such as always appearance, Neither immediate value, pattern changes during the col-
orization phase, etc. Second, the suspected hash checks are replaced by easy patches.
Finally, the verification phase is to fix the invalid inputs, and those fixed inputs are
executed by the real target. If those fixed inputs cover new branches, they are written to
the test cases pool. Otherwise, they will be discarded.

3 System Design

At a high level, the main framework is shown in Fig. 2. We first use static analysis
engine to get the overall information, then we adopt the architecture of AFL [1] to
perform normal fuzzing, except that an incremental information fusion module was
added to analysis all synthesis information dynamically.

FocusFuzz first reads all seeds into test-case pool, and then select a sample from the
pool as current process test-case. While the current test-case is mutated, the temporary
test-case will be sent to the execution engine, and during the execution, the engine trace
the coverage information and other runtime information such as operands of com-
parison instructions and parameters of function calls. The coverage information will be
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used to guide the mutation process, while the runtime information will be used to
perform input-to-state transformation and dynamic information fusion. The fusion
information includes all the history data from the beginning, so it can be used to assist
the input-to-state transformation. Finally, a crash report module is required to record
and submit the results.

The proposed method uses input-to-state correspondence method as a separate
process stage, which suggests the execution engine’s trace information must include all
information for comparison instructions and function calls. And the incremental
information fusion stage will output time-varying information about the difference for
all comparison instructions and function calls, which will reduce unnecessary use case
generation, therefore improving the fuzzing efficiency, the information fusion method
details will be discussed in the next section.

4 Incremental Information Fusion

As mentioned before, we will combine static analysis information and runtime infor-
mation together to improve the total efficiency. So we first try to representation all
information in a unified way, and then design an information refine algorithm to assist
the input-to-state stage.

4.1 Information Representation Method

Many kinds of information will be produced while we perform static analysis and
dynamic execution of the target binary software, In order to make full use of multi-
source and heterogeneous information, we use property graph to represent all infor-
mation collected including function, basic block, instruction, domination relation, data
flow relation, and so on.

Property graph has very strong expression ability and is highly extendable, So we
can easily embed information needed for fuzzing into property graph, currently we only
use control flow graph and call graph, some other information such as data flow graph
can also be added in need.

While executing the target binary, extra trace information can be extracted, such as
the sequence and dependency of the test case, the covered control flow edges, the
comparison instruction operands, the function call parameters, the number of hits for
the control flow edges, etc. Due to the openness of property graph, all those fusion
information can be continuously added to graph as needed.

A demo property graph for information fusion and representation is shown in
Fig. 3. The pink node represents the input test case, the yellow node represents the
basic block, the green node represents the comparison instruction operand information
extracted at runtime, and the edges between nodes represent the correlation of different
information. The information fusion representation will provide comprehensive data
support for dynamic test process optimization. For example, if only use case ID:000000
at the beginning, the input use case will cover 0xa21 and 0xab6 basic blocks after
execution, and the comparison instruction information 0xdeadbeef can be extracted at
the same time, In this way, in the next mutation process, you can directly use
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0xdeadbeef as an available dictionary to generate more effective input use cases, such
as ID:000001, so as to cover 0xa21- > 0xa2f and the following basic blocks direc-
tionally. What is more, after we got ID:000000 and ID:000001, we will find that both
of the branches for 0xa21 were taken, so in the subsequent testing process, we will not
care about this branch condition, and will not generate redundant test case for it, also
optimize the efficiency.

4.2 Information Refine Algorithm

While REDQUEEN performs input-to-state operation at all comparison like positions,
some test cases which may take the same execution path will be generated repeatedly.
To avoid this phenomenon, we use fusion information from property graph to refine the
positions really need to be transformed. This can be done using Algorithm 1, which
will usually return the minimum set of comparison-like positions in basic blocks whose
out degree equal to 1.

Fig. 3. Information fusion and representation demo.

Not All Comparisons Are Equal 745



The information of whether a basic block is 1-out degree is collected dynamically,
after the execution engine processed a new test case, the traced information for all
covered basic block edges will be updated. So we always know which branches are not
taken, and we restrict the input-to-state operation within those positions. In order to get
the precisely comparison-like positions, we need to extract the instruction’s concrete
address for those 1-out degree basic blocks. Furthermore, we notice that not all basic
blocks with 1-out degree are responsible for improving test coverage, so we only pay
attention to basic blocks end with conditional jump instruction, which reduce the size
of candidate set again.

5 Implementation and Evaluation

5.1 Implementation

In the following, we provide a brief overview of FocusFuzz, the implementation of our
approach. We coded FocusFuzz based on the kAFL fuzzer.

Fuzzer Framework. KAFL can only test x86 binaries. we borrowed the main
framework from kAFL, and replaced its execution and monitor engine with QEMU
mode from AFL for arbitrary binary fuzzing. Although FocusFuzz lose the performance
from hardware accelerating, it can not only test x86 binaries but also other platform
binaries, which is a key feature for general fuzzer.

Static Analysis Module: Webuild our static analysis function based on radare2 [9] with
r2pipe. First, we transform all instruction to intermediary language representation. Then,
many kinds of static analysis algorithms are developed to extract static and overall
information. Currently, the control flow analysis algorithm, function call analysis algo-
rithm, data flow analysis algorithm, and property graph embed algorithm are supported.
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Incremental Information Fusion Module: We build incremental information fusion
module as a trace analysis process, we first modify the QEMU execution engine to log
out all covered basic blocks, operands of comparison-like instructions and parameters
of known function calls, and then all information are extracted and embed into the
overall property graph. At the same time, the program interfaces are exposed, so other
modules like input-to-state process and crash report can search the constructed property
graph for special purpose

Input-To-State Process Module: We simply upgrade the code from REDQUEEN to
support Python3, and adapt its input process ability to our in-memory trace. Also the
color stage is improved by replacing the random padding with pattern bytes, which
increase the entropy for the colored test case.

Finally, FocusFuzz uses the graph database Neo4j as the backend which is widely
used to implement the storage and query operation for property graph.

5.2 Evaluation

We use LAVA-M [8] to evaluate FocusFuzz to answer the following questions:

RQ 1. Does proposed method influence the effectiveness of vulnerability mining.
RQ 2. Does proposed method improve the efficiency of test case generation.

We first describe the experiments performed on LAVA-M by REDQUEEN and
then compare it with our results. REDQUEEN execute each target for 5 h with the
seeds provided by the original authors as well as their usual uninformed seeds. We
perform our experiment with Intel(R) Core(TM) i7-8550U CPU and 16 GB of RAM,
running 64-bit Ubuntu 18.04 using two thread, and only with the seeds provided by
LAVA-M authors. The Table 1 gives a summary of the vulnerability mining ability.
We found all bugs inserted and listed, except for 33 bugs in who, And we found a
significant number of unlisted bugs (266). While REDQUEEN found 337 unlisted
bugs, the difference is that REDQUEEN run faster with hardware accelerated ability,
and that our current implementation has hash collision problem [6], which drops out
some useful result, and we will solve this problem later. So RQ 1 is basically true.

Then, we perform the experiment with and without our improvement separately,
and for the sake of fairness, both experiments are performed with FocusFuzz, while one
using the original REDQUEEN method, and the other using improved method. The
Table 2 gives a summary of the efficiency improvement. FocusFuzz generates fewer

Table 1. LAVA-M vulnerability mining result.

Binary List bugs Found listed bugs Found unlisted bugs

uniq 28 28 1
base64 44 44 4
md5sum 57 57 4
who 2136 2103 257
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redundant test cases, with efficiency improvement ranging from 7 times to 1000 times.
Overall, FocusFuzz generates only 3 % test cases on average comparing with the
original method.

6 Summary

Many technical researches have improved the performance of fuzzing, especially the
milestone has been made by input-to-state correspondence method, which significantly
improve the coverage. In this paper, we presented and evaluated a improvement
approach for input-to-state correspondence method from REDQUEEN. We use incre-
mental information guided method for binary software vulnerability mining, which
prioritize extract information dynamically by combining static analysis and runtime
information. With all information weighted, we can schedule more computing resource
to those related input bytes or execution paths, so the efficiency is expected to be
improved. Finally, we evaluated the prototype system against the LAVA-M dataset, and
the results have shown that it is possible to improve the input generation efficiency by
distinguishing different comparison instructions, while keeps the high coverage ability.
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Abstract. The low spatial frequency error (LSFE) was an important component
of the measurement error of star trackers. In order to improve the star tracker
measurement accuracy better than 1 arcsecond, the calibration method of LSFE
was studied. Firstly, the error composition, source and importance of ground
calibration were introduced. Then, the traditional calibration and evaluation
methods were described, and the problems in the application of the method to
the star trackers which accuracy better than 1 arcsecond were analyzed. Then,
according to the consistency of LSFE in a small range of field and the random
characteristics of high spatial frequency errors (HSFE), an error separation and
calibration method was proposed. Finally, the new calibration method was
simulated and verified by experiments based on a sub-arcsecond precision star
tracker. The Experimental results show that the calibration residual of the new
method is 1.96/100 pixels, which is 38% lower than the traditional calibration
method. This method is accurate, stable and reliable, and can be used for ground
calibration of various space starlight measuring instrument such as star tracker
and star camera.

Keywords: Star tracker � Attitude determination � Low spatial frequency
error � Ground calibration � Neighborhood sampling � Error separation

1 The Introduction

High accuracy attitude determination plays an important role in many space missions.
As an instrument with the highest attitude measurement accuracy, star tracker is the
first choice for satellites and spacecraft [1]. At present, the star trackers which can
provide an accuracy of 1–3 arcsecond have been widely used in orbit. The increasing
precision demand of attitude determination systems (ADS) has stressed the requirement
for a very high accuracy better than 1 arcsecond. Because of the high cost and diffi-
culty, it is difficult to meet the above requirements only depending on the upgradation
of hardware and the improvements of processing technology. Therefore, more refined
calibration is an important direction to improve the precision of star trackers.

The calibration methods of star trackers are mainly divided into ground calibration
and in-orbit calibration [2]. In recent years, ground laboratory conditions have been
continuously improved [3, 4], to a certain extent, make up for the deficiencies of
ground calibration. Thus, this method has become the most commonly used method in
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engineering. For the ground laboratory calibration method, scholars at home and
abroad have carried out rich theoretical and engineering research. Common methods
include internal calibration method and undetermined coefficient method [5]. Among
them, the undetermined coefficient method is simple and easy, and is especially suitable
for engineering applications. Based on that, a series of improvements and optimizations
were made by scholars. On one hand, the parameter solving algorithm was optimized,
proposed methods like partition fitting calibration method [6] and intelligent calibration
method [7, 8] based on BP neural network, machine learning, etc. On the other hand,
based on the analysis of factors affecting calibration accuracy, multi-spectral calibration
methods, thermal vacuum calibration methods [9], etc. were proposed. The traditional
methods above are mostly suitable for the calibration of large field of view and high
precision star trackers in engineering applications. The design and implementation
methods of star trackers with accuracy better than 1 arcsecond or higher lead to the
error characteristics differ from the high-precision star trackers. Thus, it is difficult to
achieve the ideal calibration accuracy using traditional calibration methods.

In this paper, by considering error separation strategy, a new calibration method
was proposed based on the star trackers with accuracy better than 1 arcsecond.
Experimental results show that this method can effectively reduce the calibration
residual, and has the characteristics of simple operation and low cost, which is valuable
in engineering practice.

2 Error Composition and Traditional Calibration Method
of Star Tracker

2.1 Error Composition of Star Tracker

According to ESA standard [10], the total error of star tracker is composed of high
frequency error (HFE), low frequency error (LFE) and long-term error. HFE belongs to
the random error of the star tracker, which is composed of temporal error (TE) and
HSFE. LFE is mainly composed of LSFE and bias stability (BS). The LSFE related to
FOV is mainly reduced by ground calibration, while BS related to the periodic change
of the thermal environment during the orbital flight is generally reduced by in-orbit
calibration. The long-term error which is also called the bias error (BE) remains
unchanged after the satellite entered orbit, can be corrected by in-orbit calibration. In
order to achieve accuracy better than 1 arcsecond, current star trackers have largely
suppressed HFE through circuit, optical and algorithm design, reduced BS through
thermal stability design and in-orbit calibration. How to further reduce the LSFE has
become an urgent problem to be solved for star trackers with accuracy better than 1
arcsecond.

2.2 Traditional Calibration Method for LSFE

The method of undetermined coefficient is the most commonly used method for LSFE.
In order to determine the coefficients, generally in an optical darkroom, a calibration
system based on a single-star simulator and a high-precision turntable is used to collect
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enough discrete star point data, and the relationship between the measured value of star
point and the ideal value is fitted by the surface equation.

As shown in Fig. 1, install the star tracker on the turntable and adjust its optical axis
to align with the turntable and the light tube. The rotation of the turntable is used to
image the star points in the full FOV. Continuously collect the position data of each
fixed point and record the position of the turntable. In order to reduce the influence of
random noise, data are collected in the same location for many times. If the grid point is
Ai; i ¼ 0; 1; 2; . . .;N � 1ð Þ, and each point is collected M times, then the position
coordinate of each designated point is:

ui ¼ 1
M

XM�1

j¼0

Ui;j; vi ¼ 1
M

XM�1

j¼0

Vi;j ð1Þ

According to the yaw Angle ai and pitch Angle bi of the turntable, the single star vector
can be expressed in the coordinate system of the turntable as follows:

veci ¼
� sin ai

sin bi cos ai
cos bi cos ai

2

4

3

5; i ¼ 0; 1; 2; � � �;N � 1 ð2Þ

If the installation matrix between the turntable and the star tracker is A, then the star
vector can be expressed as:

Veci ¼
xi
yi
zi

2

4

3

5 ¼ Aveci ð3Þ

The relationship between the measured position of star points ui; vi and the theoretical
direction xi; yi can be fitted by the surface equation. Take third-order polynomial as an
example:

Vibration isolation foundation

Star tracker

Optical platform

collimator tube

2 axes 
turntable 

Fig. 1. Traditional calibration test platform
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xi ¼ k1;1u
3
i þ k1;2u

2
i vi þ k1;3uiv

2
i þ k1;4v

3
i þ k1;5u

2
i þ k1;6uivi þ k1;7v

2
i þ k1;8uiþ k1;9viþ k1;10

yi ¼ k2;1u
3
i þ k2;2u

2
i vi þ k2;3uiv

2
i þ k2;4v

3
i þ k2;5u

2
i þ k2;6uivi þ k2;7v

2
i þ k2;8uiþ k2;9viþ k2;10

zi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2i � y2i

p

ð4Þ

The calibration coefficient in Eq. (4) can be obtained by using the least square rule
K ¼ km;n m ¼ 1; 2; n ¼ 1; 2; . . .; 10ð Þ.

The evaluation of calibration error is also an important part of the calibration
method. According to the determined calibration coefficient K, the actual value of the
incident star vector observation vector Wi, and the reference value of the star vector in
the star tracker measurement coordinate system Veci are calculated. The included angle
between them is calculated by the following equation:

hi ¼ arccosðVecTi WiÞ ð5Þ

The standard deviation of the deviation angle above can be used to characterize the
calibration accuracy.

2.3 Problem Analysis of Traditional Calibration Methods

The above-mentioned calibration method has been continuously improved in engi-
neering applications and has become relatively mature. In actual operation, the cali-
bration accuracy can be improved by increasing the order of surface fitting. For star
trackers with accuracy better than 1 arcsecond or higher, the small FOV and large area
array scheme design, and optical lenses design and processing are used to ensure high
quality imaging, result in the error characteristics differences from high precision star
trackers. According to the design and verification of a typical star tracker with accuracy
better than 1 arcsecond, its high frequency error accounts for more than 60% of the
total error. In the traditional calibration method, multiple sampling at the same position
reduces the high frequency error in the time domain, but does not consider the effect of
the HSFE item. For star trackers with accuracy better than 1 arcsecond, without error
separation, it is difficult to effectively calibrate the LSFE related to FOV.

3 Design of Error Separation Calibration Method

3.1 Error Separation Strategy

This article mainly calibrates the LSFE related to FOV, so the influence of the
remaining errors in the calibration process should be eliminated as much as possible
according to the sources.

In terms of low frequency errors, those caused by thermal deformation need to be
separated. In order to ensure the accuracy of calibration, it is necessary to set a suffi-
cient density of calibration grid points in the FOV, which also results in a long cali-
bration time, and during this process, the thermal stability drift caused by temperature
changes will interfere with the calibration effect of LSFE. Therefore, the vacuum high
and low temperature calibration system was chosen to conduct the test. During the
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process, the ambient temperature and product temperature could be controlled, thereby
reducing the interference of low frequency errors caused by the environment as much
as possible.

In terms of high-frequency errors, the effect of dark current can first be reduced by
means of dark field correction; secondly, relative to the consistency of LSFE in a small
range of FOV, the HSFE exhibits randomness. Therefore, HSFE and LSFE could be
separated according to this characteristic.

3.2 Calibration Method for Error Separation

Under vacuum conditions, control the temperature to a stable level, then multi-frame
dark field images could be collected at the zero position of the rotating table, and the
dark field background image IMGdark could be obtained after average processing. The
influence of dark current could be reduced by reducing the dark field background of
each frame star point image acquired in the calibration process.

According to the separation strategy, multiple star point image data were collected
in a small range near the calibration point, and HSFE at the calibration point could be
reduced by average processing. Considering the characteristics of spatial distribution,
on the basis of the traditional calibration method, neighborhood sampling could be
conducted by taking the grid mark Ai; i ¼ 0; 1; 2; . . .;N � 1ð Þ as the center, r as the
radius and c as the step length, as shown in Fig. 2:

Sampling point on the ring is Bk; k ¼ 0; 1; 2; . . .;H � 1ð Þ, where H ¼ 360
c . Each

sampling point is sampled M times, the coordinates of Bk can be expressed as:

Uk ¼ 1
M

XM�1

j¼0

Uk;j; Uk ¼ 1
M

XM�1

j¼0

Vk;j ð6Þ

Therefore, the coordinates of the grid point Ai are:

ui ¼ 1
H

XH�1

k¼0

Uk; vi ¼ 1
H

XH�1

k¼0

Vk ð7Þ

r

γ

Fig. 2. Neighborhood sampling trajectory
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Based on the error separation strategy showed above, the calibration coefficient
K could be further calculated by the traditional calibration method. Then the evaluation
data was collected through the random dotting across the whole FOV.

4 Calibration Simulation and Test Verification

4.1 Simulation Analysis

A typical star tracker with accuracy better than 1 arcsecond was selected for calibration
simulation and experimental verification. The relevant technical parameters of the
product are shown in the following Table 1:

The virtual calibration test environment was constructed using the measured noise
of the detector, the design model parameters of the optical system, the calibration
software algorithm and the noise model of the calibration system. The simulation
environment condition was set as vacuum 20 °C, the matrix grid size was set as
N ¼ 121;M ¼ 20, and the error separation calibration method under different radius
and step size is compared and verified in the following Table 2:

Table 1. Technical indexes of star tracker

The parameter name Indicators

FOV (°) U 2
Pixel number (#) 2048 � 2048
IFOV (“) 3.5
Focal length (mm) 322
Data update rate (Hz) � 10
Operating temperature (°C) −30–60

Table 2. Calibration simulation results

Calibration method Sampling mode Calibration residual (“,2r)

Traditional method Matrix grid 0.271539
Traditional method (Dark field correction) Matrix grid 0.250647
New method (case 1) r ¼ 8pixel; c ¼ 20� 0.197668
New method (case 2) r ¼ 6pixel; c ¼ 20� 0.151138
New method (case 3) r ¼ 4pixel; c ¼ 20� 0.175600
New method (case 4) r ¼ 6pixel; c ¼ 30� 0.223232
New method (case 5) r ¼ 6pixel; c ¼ 10� 0.185615
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The simulation results show that the error separation calibration method is better
than the traditional calibration method. Calibration residuals decrease after dark field
correction. Under different sampling radius and step size, the error separation effect is
different. For the star tracker simulated here, when the radius is 6 pixels and the step
size is 20°, the calibration residual comes to the smallest point.

4.2 Test Verification

Install the star tracker on the vacuum high and low temperature calibration table, and
carry out the benchmark debugging. Set the vacuum 20 °C test conditions, as shown in
Fig. 3:

Error separation and calibration should be carried out according to the new method
in case 2: the matrix grid size was set as N ¼ 121;M ¼ 20, and the neighborhood
circle was set as r ¼ 6pixel; c ¼ 20, as shown in Fig. 4.

Vacuum can

2 axes
turntable

Star tracker

collimator tube

Fig. 3. Vacuum high and low temperature calibration test platform

(a)  Matrix grid (b) Neighborhood circle

Fig. 4. Calibration tracks
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According to the treatment method described in Sect. 2.2, the calibration results are
shown in the following Table 3:

From the above data, it can be seen that this method of error separation in small
range can significantly reduce the calibration residual.

5 Conclusion

Based on the consistency of the LSFE in a small range and the random nature of the
HSFE, an error separation and calibration method for sampling data of different scales
in the full FOV of star trackers was proposed in this paper. The strategy of HSFE
separation based on neighborhood sampling was studied and verified by simulation and
experiment. Experimental results show that the calibration residual of the new method
is 1.98/100 pixels, which is 38% lower than that of the traditional calibration method.
This method has high precision and is stable and reliable, and can be used for ground
calibration of various space starlight measuring products such as star tracker and star
camera.
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Abstract. Solar Array Drive Assembly (SADA) is one of the key components
in Attitude and Orbit Control System (AOCS) because its functional capability
of controlling solar array has an extraordinary effort on power generation of
spacecraft. Since SADA is required to be operated during the entire life-cycle of
mission, it is important to implement effective real-time fault diagnosis on
SADA for satisfying the power demand of spacecraft when SADA is not
working appropriately. This paper proposes a real-time hierarchical fault diag-
nosis strategy for SADA based on information fusion to guarantee the reliability
and safety operation of SADA. Moreover, control strategy for SADA with dual-
channel resolver is introduced in this paper. Furthermore, the category of faults
regarding to system-level and component-level is analyzed, and simulations
based on specific fault scenarios are conducted. The simulation results
demonstrate that the fault in component-level or system-level can be diagnosed
efficiently and treated properly with the proposed strategy.

Keywords: Hierarchical fault diagnosis strategy � Solar Array Drive
Assembly � Attitude and Orbit Control System � Information fusion

1 Introduction

Spacecraft is a multi-functional system which integrates mechanism, communication,
control and electric [1]. Spacecraft operate in the space with complicated environment
that challenges its reliability, while another challenge on spacecraft is autonomy. In
order to enhance its reliability and reduce its dependency on the ground system,
spacecraft must be able to implement fault diagnosis autonomously [2, 3]. Connecting
diagnosability analysis to the design of a spacecraft control system can fundamentally
improve the system’s fault diagnosis capability, improving the safety and reliability of
autonomous spacecraft operation [4]. Attitude and Orbit Control System (AOCS), as
the core subsystem of spacecraft, not only determines the attitude and orbit control
performance on spacecraft, but also implements the fine control on solar array for
satisfying the power generation demand of spacecraft. Implementing safety and reli-
ability operation on AOCS is the precondition of normal operation of spacecraft.

Solar Array Drive Assembly (SADA) is one of the actuators in AOCS which carries
out the orientation control of solar array, meanwhile, transfers the power generated
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from solar array to power distribution system of spacecraft. As the power demand and
complexity of mission increases, the design of SADA becomes more complicated,
which has been required to satisfy the long-life requirement, high power capacity and
high accuracy on control of solar array [5]. When spacecraft operates in-orbit, major
objective of SADA is to rotate solar array for tracking the Sun and obtaining the
required solar energy [6]. Because SADA is a rotational actuator, continuously oper-
ating during the entire life-cycle of spacecraft makes it have a higher risk on operation
in hardware or software. Hence, conducting research on fault diagnosis of SADA for
ensuring its reliability and safety operation is important.

Due to the special environment in space, the fault diagnosis of spacecraft generally
has to meet several requirements which can be divided into three aspects [7].
1) Autonomy: time of passing territory for spacecraft is highly-limited, which leads to
the limitation on control of spacecraft during unobservable periods. Hence, the
spacecraft has to response autonomously to any fault in-orbit without assistances from
the ground. 2) Real-time: components of spacecraft are highly-coupled so that any fault
of them must be processed in real-time for avoiding further deterioration on others. 3)
Accuracy: highly-coupled components on spacecraft generate an enormous information
network, one single abnormal performance could be caused by different reasons.
Comprehensive analysis is required to generate accurate disposal strategy because any
misdiagnosis could result in serious consequences, which is unacceptable [8].

On the other hand, angle measurement on SADA’s rotor is the key issue for
implementing the pointing control of solar array. Since only the capacity of power
transmission and ability of rotating are considered as requirements in the early SADA
design, designers had not paid much attention on high-accuracy angle measurement.
The configuration for angle measurement in that design consists of stepper motor and
zero-position sensor. The calculation on rotor angle is conducted once per cycle when
the shafting passes by the zero-position. The real-time angle of shafting during each
time instant of cycle is unknown. Actually, it is not measured, but calculated. Besides,
the open-loop control on stepper motor leads to a constant driven-current even SADA
works in a failed operation, such as locked-rotor, which is dangerous for SADA
operation. In order to improve the design of SADA for realizing a more safety and
reliability operation on spacecraft, the configuration on angle measurement with per-
manent magnet synchronous motor (PMSM) and dual-channel resolver is considered.

The approach for measuring angle in servo-system with a high accuracy is typically
divided into four categories: 1) photoelectric encoder, 2) magnetic encoder, 3) resolver
and 4) inductosyn. By synthetically analyzing the variety impact factors, such as budget,
anti-seismic property and reliability, the resolver is considered as an optimal solution for
SADA’s angle measurement system. Furthermore, because the single-channel resolver
has a lower measurement accuracy, dual-channel resolver with two pole pairs is selected
for implementing high precision measurement on rotor angle of shafting [9].

Generally, approaches of fault diagnosis can be summarized into three sorts of
method:1) methods based on analytical model [10], 2) methods based on knowledge
[11], and 3) methods based on signal processing or data-driven [12]. This paper pro-
poses a real-time hierarchical fault diagnosis strategy for SADA based on information
fusion. SADA equipped with dual-channel resolver is considered in implementing the
proposed strategy.
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2 Control Strategy for SADA with Dual-Channel Resolver

2.1 Information Flow of Control Strategy for SADA

As discussed in the above section, the design of SADA based on stepper motor and
zero-position sensor does not require complicated control strategy due to the open-loop
control of stepper motor. Therefore, the fault diagnosis on SADA is limited because of
the rare information on states of SADA. Any abnormal performance of SADA has to be
analyzed with the information from the view of system-level. In addition, only the Sun
Sensor (SS) is reliable for conducting the fault diagnosis on SADA. Lack of state
information, reliability and safety on fault diagnosis for SDA cannot be guaranteed.

One option that can guarantee the reliability and safety operation of SADA is to
implement SADA control with PMSM and dual-channel resolver. As shown in Fig. 1,
the control strategy for SADA with dual-channel resolver is more complicated.

Firstly, there are two control modes for the SADA, including closed-loop control
mode and open-loop control mode, respectively. The open-loop control is simpler that
only the target angle without disturbance information from the solar array is considered
as the input. However, the disturbance, from external environment, added to the solar
array has impact on the attitude stability of the whole spacecraft, which cannot be
neglected especially for spacecraft with high stability requirement. The closed-loop
control mode aims to restrain the disturbance added to solar array for achieving a
higher stability of attitude control on the whole spacecraft.

Secondly, dual-channel resolver provides two information of rotor angle from
precision machine and coarse machine, respectively. The one with higher frequency
signal is denoted as precision machine, while the one with lower frequency signal is
denoted as coarse machine. The coarse machine can provide integer angle information
for implementing Sun-tracking, and the precision machine aims to output measurement
data coupled with that from coarse machine for achieving a high stability attitude
control on spacecraft.

Thirdly, a cold standby component is always required. Switching between the
master and the cold standby is to be conducted based on the comprehensive analysis of
state information on SADA, such as thermal feature of mechanism and magnitude of
motor current.

2.2 Fault Categories

Based on the above control strategy and SADA configurations, the fault can be clas-
sified into three categories as shown in Table 1. The communication anomalies would
cause communication failures between SADA component and the central controller;
abnormal self-checking states could provide wrong telemetry information; faults in
physical mechanism would have impact on control of SADA, even damage the
mechanism at the worst. All of faults mentioned below must be diagnosed correctly and
treated properly by employing an effective strategy.
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Fig. 1. The information flow of control strategy for SADA

Table 1. Fault categories

Fault types Communication Self-checking
state

Physical mechanism

Descriptions 1. Fault on chip
of 1553 Bus
2. Fault on chip
of FPGA

1. Single-error in
SRAM or
EEPROM
2. Double-error in
SRAM or
EEPROM
3. Abnormal reset

1. Out-of-tolerance on consistency between
decoded data in coarse machine and
coupled data in precision and coarse
machine
2. Faults caused by abnormal control on
motor current
3. Long-term current output under rated
torque
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3 Hierarchical Fault Diagnosis Strategy for SADA

As shown in Fig. 1, the control strategy for SADA consists of two parts, which
includes the system-level control strategy conducted in the central controller of system
and the component-level control strategy implemented by internal controller of SADA,
respectively. The real-time hierarchical fault diagnosis strategy for SADA based on
information fusion is illustrated in the Fig. 2 as follows.

3.1 Fault Diagnosis Strategy in Component-Level

In the viewpoint of component-level, the fault diagnosis strategy aims to identify any
possible damage on physical mechanism, and recover the software of the SADA
internal controller from single event upset (SEU). Any faults identified in the
component-level would be disposed based on the analysis of the impact. For example,
in terms of the fault on long-term current output under rated torque, the fault will cause
a high temperature on the shafting that could make SADA losing its rotating function.
Therefore, the fault has to be treated in the component-level immediately based on the
analysis of thermal feature. On the other hand, any fault caused by abnormal control on
motor current, such as overspeed or unusual rotate speed, can be disposed by the
system-level strategy based on a further analysis, because it has to be analyzed with the
real-time state of the satellite that can determine whether the rotate speed is normal or
abnormal, and whether treatments is required as well. As illustrated in the Fig. 2, the
diagnosis strategy in component-level is implemented based on four aspects: SEU
effect, thermal feature analysis of mechanism, analysis of outputs generated by the
dual-channel resolver, and measurements on motor current. The related treatments are
shown in Table 2.

Table 2. Fault diagnosis and treatments in component-level

Cases Analysis Treatments

SEU effect Single-error or Double-error in
SRAM or EEPROM

Software autonomous
recovery

Thermal features and
motor currents

Temperature of mechanism
Magnitude of motor current
Duration

Power-off coil windings
Switch control strategy to
open-loop control
Further analysis in system-
level

Outputs from
dual-channel resolver

Out-of-tolerance on consistency
Measurements on precision machine
and coarse machine

Switch control strategy to
open-loop control
Further analysis in system-
level
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3.2 Fault Diagnosis Strategy in System-Level

Faults like communication failures or abnormal resets of SADA can be treated from the
system-level. The fault diagnosis in system-level mainly focuses on the issues that
could influence the attitude control or power generation of spacecraft. The diagnosis
strategy of system-level illustrated in the Fig. 2 has more complicated analysis but

Table 3. Fault diagnosis and treatments in system-level

Cases Analysis Treatments

Outputs from
dual-channel resolver and
control algorithm
Motor currents
Communication faults
Treatments from component-
level

Out-of-tolerance on consistency
Measurements on precision machine and
coarse machine
Peak to peak values
Fault on chip of FPGA or 1553 Bus
Treatments in Table 2

Switch devices between the master and the
standby
Switch control strategy to open-loop
Further analysis based on the status of the
whole spacecraft

Start

Fault Diagnosis Enable

Component
Diagnosis Strategy

Thermal Features

Outputs from 
dual-channel resolver

Motor current

End

Fault Diagnosis Enable

N
Y

Treatments
in component-level

Y

N

Component-Level

Processing in 
SADA?

System
Diagnosis Strategy

Data from Coarse and Precision machine
Motor current

N

Y

Outputs from control 
algorithm Processing in 

System?
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N

Treatments
in system-levelSystem-Level
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Fig. 2. The real-time hierarchical fault diagnosis strategy for SADA
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simple treatments, including 1) switch the device between the master and the cold
standby, 2) switch control strategy to open-loop, and 3) further analysis based on the
status of the whole spacecraft. The related treatments are shown in Table 3.

4 Application

The proposed fault diagnosis strategy is implemented for the spacecraft equipped with
SADA by employing semi-physical simulation. As illustrated in Fig. 3, the angle
output of SADA is almost constant that maintained in a certain level because of the
locked shafting. The motor current of SADA is varying between a range from −2A to
2A in closed-loop control, which is double than that in open-loop control strategy, and
8 times of that in closed-loop control at normal operation. After a certain period,
control on SADA has been switched autonomously from closed-loop control to open-
loop control for achieving a safe operation. The simulation results illustrated in Fig. 4
have shown that the communication interface has been switched autonomously from
the master to the cold standby by the central controller of system after a certain increase
on communication failures. The SADA will operate at the standby component until
receive manual switch instructions.

a

b

Fig. 3. (a) Locked-rotor fault in SADA (b) Normal operation in SADA
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5 Conclusion

In order to guarantee the reliability and safety operation of SADA in-orbit, this paper
has proposed a real-time hierarchical fault diagnosis strategy for SADA based on
information fusion. SADA with dual-channel resolver is considered in implementing
the proposed strategy. The semi-physical simulation results have been verified that the
reliability and safety operation of SADA can be guaranteed by employing proposed
strategy from both component-level and system-level. For expanding the application on
proposed architecture of fault diagnosis strategy, the further research can be conducted
on the different sensors or actuators in AOCS.
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Abstract. Benefiting from the high efficiency use of fuel, the implementation of
coordinated control method with ion electric propulsion for frozen orbit can
significantly save fuel. Until now, the StarLink and OneWeb companies have
sent hundreds of satellites into space. Compared to arriving at the mission
altitude directly, the negative offset for altitude allow the launch vehicle to carry
more satellites at one time. All of the satellites will climb to the mission altitude,
capture the frozen orbit and achieve the phase angle deployment in the con-
stellatin. Complete the three control requirements above at the same time
without deceleration maneuver is the best strategy, which can be more quickly
with less fuel and less control operations, and more convenient as the speed plus
is always positive, which do not require any attitude maneuver when the
propulsion is usually located at the –X side of the satellite. Coordinated control
method can achieve the mission orbit more convenient with the minimum fuel.

Keywords: Coordinated control � Frozen orbit � Ion electric propulsion

1 Introduction

So far, the company of OneWeb and SpaceX have deployed a total of hundreds of
satellites for their LEO mobile communication systems [1]. They used the ion electrical
thruster as the orbit control component. The missions are executed on the frozen orbits.
The use of frozen orbits can ensure good stability of the spin in plane and prevent the
collision risk of satellites at each orbit intersection.

The formation process of frozen orbit capture generally needs to consider about the
semi-major axis, eccentricity, and the argument of perigee. The coordinated control
method can save fuel when the two maneuvers are deployed within a circle. The first
maneuver position on the circle is usually specified and the value is huge for the ion
electric propulsion when the offset of altitude is large, also another large maneuver is
needed at the specific point. The small ion electric engine cannot finish a huge
maneuver at one time. The two huge maneuvers is likely processed by maneuvers cut
into small pieces. With an enough offset of altitude, and +X velocity increasement
without attitude adjustment when the thruster installed on the –X plane of the satellite,
the ion electric propulsion can achieve the frozen orbit and the target altitude at the
same time, which is convenient and can meet the amount of orbit control requirement
every day. During the process of capturing the frozen orbit, the satellite climbs at a very
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constant speed, which can ensure that the deployment of the orbit plane is also com-
pleted when the satellites reach the target altitude.

2 Altitude Offset and Orbit Maneuver Requirement

The flow chart of capture of the altitude and frozen orbit using coordinated control
method is as follow.

2.1 Altitude Offset

To avoid the deceleration while entering frozen orbit, the minimum offset of the
altitude for launch vehicle is required [2], then the satellite can use the coordinated
control method to complete the capture of frozen orbit and altitude. The minimum
offset is as follow.

Calculate the minimum altitude
offset

Calculate the velocity increment
and the control positions by the

coordinated control method

Decompose the velocity
increment into small pieces and

correct the control positions

Meet the velocity
increment requirement

that the thurster can
provide at one time

No

Capture the mission altitude and
frozen orbit at the same time

End

Yes

Fig. 1. Flow chart of capture of the altitude and frozen orbit using coordinated control method.
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In the formula above, a is the semi-major axis of the orbit. The ef is the target
eccentricity of the frozen orbit, and the De is the difference between the original
eccentricity and the target eccentricity. Dx is the difference of argument of perigee.

2.2 Orbit Maneuver Requirement

By the coordinated control method, the first control position can be designated at will,
then the second control position and pulse value of velocity can be calculated out.

DV1 ¼ V
4
�

Da
a

� �2� De2x þDe2y
� �

Dh
a � Dex � cosu1 þDey � sinu1

� � ð2Þ
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cosu2 ¼ V
2DV2
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V
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Dex ¼ ef � cosxf � e0 � cosx0

Dey ¼ ef � sinxf � e0 � sinx0

	
ð5Þ

The V is the orbit velocity of satellite, and the u1 is the argument of latitude for the
first maneuver, so the u2 is the second. e0 is the orginal eccentricity, and x0 is the
orginal argument of perigee. xf ¼ 90�.

If the thruster is large enough, the capture of the frozen track and altitude can be
completed in one pass by the two maneuvers above [3]. When using the ion electric
thruster, the above two maneuvers can be decomposed into several groups of two-
maneuver control, which can ensure that the working arc of each control will not
exceed a certain angle range. Moreover, it can further ensure that the control amount is
distributed with a fixed height increase every day.

3 Control Strategy Simulation

Assuming an initial orbit and the target orbit, with two couple maneuvers generated by
the coordinated control method, the orbit control result will not be affected if the four
maneuvers are executed by the position sequence in one pass.
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The orbit control strategy will be as follow if the first maneuver position is 30
degrees and 60 degrees respectively.

In the order of passing positions in a pass, the orbital control sequence is ① /③ /②
/④, and the control strategy simulation result is as follow.

Table 1. The initial orbit and the target orbit.

Orbit type Semi-major axis(m) Eccentricity Argument of perigee(deg)

The initial orbit 6964742 0.000928 319.597
The target orbit 7014742 0.001194 90

Table 2. The orbit control strategy

Couple No. The initial orbit
[a e x]

[u, DV]
(deg, m/s)

The target orbit,
[a e x]

1 ① [6964742, 0.000928,
319.597]

[u1, DV1]¼ [30, 6.975] [6994742,
0.001194, 90]② [u2, DV2] ¼ [159.236,

9.318]
2 ③ [6994742, 0.001194,

90]
[u1,DV1]¼ [60, 5.396] [7014742,

0.001194, 90]④ [u2,DV2] ¼ [240,
5.396]

Table 3. The control strategy simulation result.

Control
sequence

Epoch time
(UTC)

Orbit element before and after maneuver (J2000 Mean)
[a e i X x m]

Initial orbit 2022-07-10
04:53:33.86

[6964742.000000 0.000928 97.969019 260.833422
319.578067 31.588675]

① 2022-07-10
05:03:57.01

[6964709.400000 0.000928 97.968786 260.840692
319.266000 70.633765]
[6977583.518792 0.002323 97.968787 260.840693
7.803147 22.096583]

③ 2022-07-10
05:11:57.83

[6977616.430000 0.002328 97.968856 260.846415
7.860627 51.842610]
[6987582.878516 0.003396 97.968857 260.846416
27.144549 32.558632]

② 2022-07-10
05:38:42.35

[6987463.680000 0.003414 97.968984 260.864912
26.868646 132.077416]
[7004715.734506 0.002534 97.968986 260.864911
73.035234 85.910642]

④ 2022-07-10
06:00:36.54

[7004766.280000 0.002522 97.969145 260.880214
72.870966 167.064677]
[7014742.710021 0.001193 97.969146 260.880215
89.891813 151.243826]
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The calculation results above display the orbit elements before and after each
control, which shows the target orbit arrivaled finally. The control maneuvers can be
interleaved and executed in sequence with each other, but must be obtained by the
coordinated control method. If each maneuvers are cut small enough [4], the maneuver
will fit the ion electric thruster requirement, and the target orbit will be achieved
through multiple maneuvers in one pass and several passes for control.

4 StarLink and OneWeb Control Performance

StarLink used the coordinated control method to obtain the frozen orbit while climbing,
compared to the OneWeb climbing the altitude firstly and then capture frozen orbit
independently.

The NORAD_CAT_ID of 44237 is a satellite in StarLink, in the process of con-
trolling the semi-major axis, the frozen orbit adjustment is also taken into account.
After the frozen orbit is captured, only the semi-major axis adjustment remain. The
control performance of semi-major axis and eccentricity is as follow.

Since the launch of the satellite from 25 May 2019, the satellite entered the frozen
orbit quickly. There was almost no hesitation outside the frozen orbit.

The NORAD_CAT_ID of 44057 is a satellite in OneWeb. The eccentricity was
controlled later than the semi-major axis, which would consume a little more fuel and
time compared to use the coordinated control method as some deceleration maneuvers
may needed at the mission altitude.

Since the launch of the satellite from 28 Feb 2019, there was a certain period of
time outside the frozen orbit.
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Fig. 2. Control performance of semi-major axis and eccentricity by coordinated control method
for satellite 44237 in StarLink.
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Fig. 3. The relationship between the eccentricity and the argument of perigee after launch for
the satellite 44237 in StarLink.

2019-2-28 

2019-3-30 

2019-4-29 

2019-5-29 

2019-6-28 

2019-7-28 

2019-8-27 

2019-9-26 

2019-10-26

2019-11-25

7372601
7382601
7392601
7402601
7412601
7422601
7432601
7442601
7452601
7462601
7472601
7482601
7492601
7502601
7512601
7522601
7532601
7542601
7552601
7562601
7572601

Semi-major Axis(m)

2019-2-28 

2019-3-30 

2019-4-29 

2019-5-29 

2019-6-28 

2019-7-28 

2019-8-27 

2019-9-26 

2019-10-26

2019-11-25

0.0005
0.0006
0.0007
0.0008
0.0009
0.0010
0.0011
0.0012
0.0013
0.0014
0.0015
0.0016
0.0017
0.0018
0.0019
0.0020
0.0021
0.0022
0.0023
0.0024
0.0025
0.0026
0.0027
0.0028
0.0029
0.0030
0.0031

Eccentricity

Fig. 4. Individual control performance of semi-major axis and eccentricity for satellite 44057 in
OneWeb.

772 L. Zhiwu et al.



5 Conclusion

Due to the higher efficiency of fuel use by the engine, the fuel consumption is lower
than that of traditional chemical propulsion system. It is more important to save control
operations and time when the force of ion electric thruster is much small, which will
make the control process taking a long time. Considering with the use of coordinated
control methods we can simplify some control operations and speed up the deployment
efficiency of constellation.
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Abstract. In this paper we study the problem that the uplink ranging signal is
not locked when the thermal vacuum test is carried out. Firstly, the failure
phenomenon is carefully analyzed and a fault tree is established based on the
TT&C transponder design principles and the failure phenomenon, which pro-
vides a basis for later analysis. Subsequently, the three aspects of hardware
design failure, thermal design failure and software design failure are analyzed
respectively, and a series of tests are carried out to verify each failure mode in
the fault tree. Finally, through analysis and experiments, the fault reason is
accurately located and therefore the failure is perfectly solved. In this paper we
focus on the methods of failure analysis, and the entire analysis process is
showed out in details. Thus, we not only provide design experience for the
development of subsequent TT&C transponders but also for other stand-alone
electronic machines.

Keywords: TT&C transponder � Loss of lock � Failure analysis � Read strobe
time

1 Introduction

The telemetry, tracking and command (TT&C) transponder [1] is one of the compo-
nents of the TT&C system [2, 3]. It undertakes the important tasks of satellite telemetry
[4, 5] and remote control [6], and is widely used on satellite platforms. Since the
development of the TT&C transponder in 2005, it has gradually moved towards
engineering applications. During this period, the TT&C transponder has gone through
many milestones such as the establishment of the system, preliminary tests of the
satellite-ground engineering system, and productization. In this process, it is also
accompanied by the continuous emergence and overcoming of various problems.
Therefore, many experiences and lessons have been left, which provides valuable
experience for the development and improvement of subsequent products.

During the development process of a certain type of TT&C transponder, the
problem of the loss of the uplink ranging signal [7–9] was found. This problem is
representative. Therefore, we will study this problem, analyze the cause of the failure,
summarize the lessons learned, and provide experience for the subsequent electronic
products.
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2 Fault Phenomenon

During the thermal vacuum test of A and B machines of a certain type of TT&C
transponder, it was found that at the temperature of +50 °C in the first cycle, the test of
B machine was normal, but the A machine was abnormal. In the case of keeping the
ranging signal stable and locked, when the rising temperature reaches +50 °C, the
ranging signal of the A machine is normal. After disconnecting the uplink signal and
re-connecting, the ranging signal of the A machine cannot be locked. At this time, the
telecontrol signal of transponder A is still locked normally. After the fault occurs, try to
increase the input signal strength, the fault phenomenon still exists. Restart the
transponder A after turning it off for half an hour, the uplink ranging signal is still not
locked, while the telecontrol signal is locked normally. Under these circumstances,
increase the input signal strength, the fault phenomenon still exists.

3 Failure Analysis

The abnormal phenomenon of the loss lock of the ranging signal of the TT&C
transponder can be caused by the abnormal signal of the ground inspection equipment
or the abnormality of the transponder itself. This section first analyzes the cause of the
failure, summarizes the fault tree [10], and then classifies and tests the fault mode. The
fault tree is shown in Fig. 1.

3.1 Hardware Failure Analysis

Check the Uplink Ranging Signal of Ground Inspection Equipment. Firstly, the
correctness of the parameter setting of the ground inspection equipment is checked, and
no problems are found after the inspection. Then use the spectrum analyzer to observe
the uplink ranging signal output from the ground inspection, and no abnormality is
found too. Later replace the ground inspection equipment, re-perform the high tem-
perature test on the transponder A, and the fault reappears at this time. Finally, the high
temperature test is carried out on the transponder B with the original ground inspection
device, and the fault does not recur under this condition.

After the above inspections and tests, it can be found that the uplink ranging signal
sent by the ground inspection equipment is normal. It is not the cause of the loss of lock
on the transponder A uplink ranging signal. Therefore, the E1 failure mode in the fault
tree can be eliminated.

Check the Transponder Reference Clock Signal. First of all, under normal tem-
perature and high temperature, downlink transmit channel 2f0 reference signal spec-
trum and 10 Mz reference clock signal spectrum are observed, and no abnormality was
found. Then, use the Agilent443 signal source to generate a 10 MHz clock signal and
send it to the digital baseband circuit to replace the 10 MHz reference clock signal
generated by the transponder itself. Subsequently, a high temperature test is carried out,
in which case the fault still reappeared. Finally, the frequency stability and frequency
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accuracy of the 10 MH temperature-compensated crystal oscillator are tested, and no
abnormalities are found.

The above tests show that the reference clock signal inside the transponder is not the
cause of the failure. Therefore, the two fault modes E6 and E7 in the fault tree can be
eliminated.

Check the Transponder Uplink Receiving Channel. Firstly, under normal temper-
ature and high temperature conditions, use a spectrum analyzer to observe digital
baseband uplink signal characteristics of transponder A. No abnormal interference is
found in the signal band. Then, disconnect the uplink receiving channel of transponder
A, and access the uplink receiving signal of another electrical product. Carry out high
temperature test and the fault reappears.

Fig. 1. Fault Tree of the phenomenon
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It can be known from the above tests that the uplink receiving channel of the
transponder A is not the cause of the failure. Therefore, the E3 fault mode of the fault
tree is eliminated.

Check the Digital Baseband Power Supply of the Transponder. Check the output
voltage of the digital baseband board regulated power supply at normal temperature
and high temperature respectively, and no abnormality is found after testing. Therefore,
eliminate the E12 failure mode in the fault tree.

Check the Acquisition and Tracking Design of the Uplink Ranging Channel of the
Transponder. After the uplink ranging signal is sampled by AD, it enters the FPGA
for data processing. Therefore, the external hardware pathway for signal capture and
tracking are consistent. In addition, the uplink remote control channel also uses the
same hardware channel. DSP interacts with FPGA through data lines, address lines,
and control lines. Except for the slight difference in address space between the two
parts, the address lines, data lines, and control lines are identical. The capture and
tracking circuits are designed separately for the ranging signal within the FPGA.
Correspondingly, capture and tracking control functions are also designed separately
within the DSP.

Through the failure phenomenon and analysis of the design, the following judg-
ments can be made. The temperature change does not affect the tracking status of the
ranging signal, only the capturing status of the ranging signal. Since the tracking and
capturing of the ranging signal occupy the same external hardware pathway, and the
remote control channel also uses the same hardware channel, it can be judged that the
abnormality of the high-temperature capturing of the ranging signal is not caused by the
circuit welding problem. Therefore, the possibility of welding problems (E8) in the
fault tree can be ruled out.

The uplink RF signal includes both ranging and remote control signals. Except for
DSP and FPGA devices, the other devices have the same effect on the demodulation of
the two signals. Because the demodulation of the remote control signal by the
answering machine is normal under high and low temperature conditions, it is possible
to eliminate the possibility of abnormal operation (El3) of other devices in the fault
tree.

After the tests and analysis of the above five steps, it can be known that the fault has
nothing to do with the hardware circuit.

3.2 Software Failure Analysis

DSP Software Analysis. After troubleshooting the hardware, we located the cause of
the failure in the software. The transponder contains DSP software and FPGA software.
Firstly, the DSP software is analyzed.

Shield the Original DSP Uplink Ranging Acquisition Program Module. It can be seen
from the fault phenomenon that the tracking performance of the transponder A is
normal under high temperature, and the capture performance is abnormal, so we first
analyze the DSP uplink capture module. By modifying the DSP program, the original
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uplink ranging capturing program module is shielded. Use the data of the uplink
ranging tracking program module to capture the uplink ranging signal. The high
temperature test found that the uplink ranging signal capture and tracking are normal.

The above test shows that, except for the uplink ranging acquisition program
module of the DSP, the uplink ranging acquisition circuit of the FPGA, and the timing
design of the interaction between the DSP and the FPGA, the remaining program
modules of the DSP program and the remaining circuits of the FPGA work normally.

Exchange DSP Telecontrol and Uplink Ranging Acquisition Program Module. By
modifying the DSP program, the remote control capture program module and the
uplink ranging capture program module are exchanged. That is, the remote control
signal is captured by the uplink ranging capture program module, and the uplink
ranging signal is captured by the remote control capture program module.

The experiment shows that the uplink ranging signal now is difficult to capture, and
the remote control signal capture and tracking are normal. Through the above exper-
iment, the possibility of the abnormality of the DSP uplink ranging acquisition program
module is excluded.

Compare the FFT Analysis of the Data of the DSP Remote Control and Uplink
Ranging Acquisition Program Modules. In order to determine whether the output data
of the FPGA uplink ranging acquisition circuit acquired by the DSP is abnormal,
experiments comparing the FFT analysis of the data of the DSP remote control and
uplink ranging acquisition program modules are conducted. Modify the DSP program
to store the FFT analysis results in the remote control capture program module and the
uplink ranging capture program module. Through this test, it is determined that the
failure phenomenon of the uplink signal is related to the abnormal data obtained by the
DSP.

FPGA Software Analysis. Through the above three experiments, it is clear that the
output data of the FPGA uplink ranging capture circuit obtained by the DSP is
abnormal. However, it is still not possible to determine whether the fault is caused by
the FPGA uplink ranging acquisition circuit or the DSP and FPGA interaction timing.
Therefore, we need to further analyze the FPGA program.

We know that the transponder A passed the high and low temperature test before
delivery, and no abnormality was found. During the joint test of the whole star system,
according to the requirements, the software operating state parameter indication in the
32-bit serial telemetry output in the FPGA design was changed, and the FPGA software
version was upgraded. In order to maintain the consistency of the test status, the FPGA
replacement software version test is conducted.

Restore the hardware state of Flash loading before PROM soldering, and load the
version before the change into the Flash of machine A for high temperature test. The
test found that the equipment works normally under high temperature. When the
changed version is loaded into the Flash memory of the machine A for high temper-
ature test, the fault phenomenon appears again.

In this test, the hardware status of the FPGA of the transponder A has not changed,
so the possibility of abnormal FPGA devices in the fault tree can be ruled out (E10).
The test shows that the phenomenon that the uplink ranging signal is locked
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abnormally has nothing to do with the software being solidified and loaded on the
PROM or Flash, and it is related to the state change of the FPGA software of the
transponder.

Analysis of DSP Read Strobe Time. When the FPGA software state changes, the
logic design part of the uplink ranging interface between DSP and FPGA is not mod-
ified. Therefore, it is speculated that the failure may be due to the FPGA program re-
laying and routing to cause the timing of the interface part to change. In order to further
locate the fault, an experiment to increase the DSP read gate parameters was conducted.
The setup, strobe, and hold times of DSP reads in the original program are 4, 5, and 3
clock cycles respectively. After the experiment, it is found that when the read strobe time
of the DSP is increased to 7, the FFT analysis result of the uplink ranging signal in the
high temperature test is normal. Figures 2 to 4 are the FFT analysis results of the uplink
ranging signal of the transponder A under high temperature conditions when the gating
time is 5, 6, and 7, respectively (see Fig. 2, Fig. 3, Fig. 4).

Fig. 2. FFT analysis result when read strobe time is 5 (abnormal)

Fig. 3. FFT analysis result when read strobe time is 6 (abnormal)
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It can be seen from the above analysis that the abnormal FFT analysis result of the
uplink ranging signal is related to the setting of the DSP read strobe time. When the
DSP read strobe time is increased to 7, the FFT analysis result of the uplink ranging
signal can be restored to normal.

3.3 Thermal Design Analysis

Through the calculation and analysis of the heat of the digital baseband board of the
transponder, it is confirmed that the circuit board fully meet the requirements of the
user’s task book for the thermal environment of the device. Therefore, the possibility of
thermal design problems (E14) in the fault tree can be eliminated.

4 Fault Summary and Solutions

Under the condition that the DSP read strobe time parameter is 5, when the FPGA
program adopts the previous version, the DSP read operation meets the requirements of
reliable read operation. When the FPGA program uses the modified version, the path
delay of the FFT analysis data cannot meet the requirements of reliable read operations.
Due to the individual differences of FPGA devices, in the actual working state, if the
device path delay is shorter than the simulation result, the read operation can be
performed correctly, otherwise the read operation will be wrong. Therefore, it is
speculated that the path delay of the transponder B is shorter than the simulation result,
and the read operation can be performed correctly. The path delay of the transponder A
is longer, which may cause errors in the read operation, resulting in abnormal capture
function.

Fig. 4. FFT analysis result when read strobe time is 7 (normal)
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In the original design, the read timing design of the DSP accessing the FPGA is in a
critical state, which cannot guarantee reliable reading of data. To ensure the reliability
of the DSP read operation, the DSP read strobe time must be increased. When the DSP
read strobe time parameter is changed to 7, the design margin of the read data inter-
action timing of DSP accessing FPGA is small, which is only one more clock cycle
than the fault state. When the DSP read strobe time parameter setting exceeds 13, the
DSP runtime is too large. Comprehensively considering the margin and efficiency
factors, the DSP read strobe time parameter is set to 9 to ensure reliable operation of the
device.

5 Conclusion

In this paper, we analyzed the problem of loss of lock in the uplink ranging signal of
the TT&C transponder. Through reasoning and trial verification proposed in the paper,
we finally located the fault. On this basis, we summarized these experiences and
methods used to design the interactive interface between the DSP and FPGA of the
electronic machine. It can also be used in failure analysis. It should be noted that the
experience summarized in this paper should also combine with the practical issues.
This paper is only for the reference of relevant persons engaged in this aspect.
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Abstract. Synthetic Aperture Radar (SAR) is one of the key components in
missile guidance and control system for its functional capability of target iden-
tification and scene matching. It is very important to test the SAR system infield
by using Radio Frequency Simulation System (RFSS). Since traditional method
failed to simulate amplitude and phase modulation caused by antenna pattern and
radome exactly, this paper proposes a new concept of using multi-element arrays
to radiate electromagnetic wave simultaneously, which can simulate the spatial
amplitude and phase features of radar target scattering signal. The simulation
results demonstrate that the target signal generated with the proposed method has
obvious characteristics of peak shift and sidelobe rise after imaging. And the
radar images are more blurred and mottled compared to the old method, at the
same time, are more realistic and credible. So that it could be a reference to the
practical application of Hardware In the Loop (HWIL) simulation.

Keywords: Multi-element arrays � Synthetic aperture radar � Radiant
simulation

1 Introduction

SAR imaging technology is a kind of microwave remote sensing technology [1, 2],
which has been successfully applied to high resolution homing guidance [3]. It is an
effective method to test the performance of SAR system infield by using RFSS. SAR
target scattering signal can be generated in real time radar imaging target simulator, and
then transmitted to radar through feed system and antenna.

Approaches of SAR target simulation can be summarized into three sorts of methods:
1) injection type simulation, 2) wireless Radio Frequency (RF) injection type simulation,
3) multi-element arrays radiant type simulation. Different computational electromagnetic
methods have been applied to analyze SAR target characteristics in paper [4, 5, 6]. The
target signal has been generated through time-domain convolution and injected into the
radar receiver. In paper [7, 8], the target signal has been radianted to the radar under test
using a single antenna. Both of the two methods have several disadvantages. 1) The
amplitude pattern of the antenna is installed with a simple sinc function, while the phase
pattern is directly ignored. 2) Amplitude and phase information of all scattering points are
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superimposed, so that spatial characteristics are missing. 3) The influence of radome is
ignored. In fact, the modulation of antenna pattern and radome is the main factor which
causes the change of amplitude and phase characteristics. In other words, the above
methods only have simulated the extension of range dimension, but not accurately
simulated the extension of angle dimension, which leads to image distortion. In literature
[9], a method of simulating four scattering points with four channels has been proposed,
which can be used for angular dimension extension simulation, but lacks validation. The
Beijing simulation center has mentioned to use 16 antennas to simulate SAR target
signals, but without elaborating.

This paper proposes a new method that the target scattering signal is maken into
multiple channels and radiated from multi-element antenna arrays. It can be divided
into three stages: 1) The effect of antenna pattern and radome on spatial phase distri-
bution is investigated. 2) The size and spacing of antenna array are designed. 3)
Resolution cells of the target are allocated into antenna elements, and the corresponding
real time multiple signals are generated. However, the effect of amplitude and phase
inconsistency between multiple channels has not been considered.

2 Problem Description

The factors causing the amplitude and phase change between the receive and transmit
signal are listed below:

Round-trip distance of electromagnetic wave.
Backscattering of the target.
Two-way amplitude and phase modulation of antenna pattern.
Amplitude and phase modulation of radome.

The traditional method can only meet the first two factors. For the third factor, the
traditional method uses simple sinc function to describe the antenna pattern, and the
simulation accuracy is too low. For the fourth factor, the effect of the radome is directly
ignored.

In fact, radar pattern will change the amplitude and phase information of the target
signal. The radius of radome is non-uniform, and the radar incident angle is different
from one to another. Each ray pours through the radome in a different path, so that the
phase delay is different. Then the wavefront is changed, which affects the imaging
process. Therefore, the last two factors should also be taken into consideration in SAR
target signal simulation.

3 Principle of Array Design and Target Signal Generation

Since the antenna pattern and the characteristics of the radome are generally obtained
by testing or electromagnetic calculation, they are taken as known conditions and are
not analyzed separately.
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3.1 Antenna Array Design

Assuming that the radius of the spherical array is R0. The range and crossrange beam
width of the radar antenna are br and ba. The proper weak-coupling spacing in azimuth
and pitch direction are d1 and d2. Then the number of array elements is

Q ¼ M � N ¼ int
R0br
d1

� �
þ 1

� �
int

R0ba
d2

� �
þ 1

� �
ð1Þ

Where, int �½ � means rounding down.
So the number of antenna elements required for simulation is actually arranged into

an M � N rectangular array according to Eq. (1).
As shown in Fig. 1, since the antenna electrical boresight points at different

direction, there are difference forms in the global coordinate system O� XYZ. The
polar angle of the antenna element in the m 1\m\Mð Þ-th row and the n 1\n\Nð Þ-th
column of the array is am;n; bm;n

� �
.

It is assumed that the antenna pattern in the local coordinate system O� X 0Y 0Z 0 of
each element is the same, which can be expressed as

f h0;u0ð Þ ¼ fx0ux0 þ fy0uy0 þ fz0uz0 ð2Þ

The relationship of the two coordinate systems can be described as

ux0 ; uy0 ; uz0
� 	 ¼ A ux; uy; uz

� 	 ð3Þ

Where,

A ¼
sin am;n �cosam;n 0

�cosbm;n cos am;n �cosbm;n sin am;n sin bm;n
�sinbm;n cos am;n �sinbm;n sin am;n �cosbm;n

2
4

3
5 ð4Þ

O
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Y

Z

,m nα

,m nβ
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Z ′
Y ′ X ′

,m nQ

Fig. 1. Geometric relationship of multiple arrays.
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Antenna pattern in global coordinate system is given by

fm;n h;uð Þ ¼ fxux þ fyuy þ fzuz ð5Þ

So the array pattern is the vector sum of all elements, presenting as

F h;uð Þ ¼
XM
m¼1

XN
n¼1

-m;nfm;n h;uð Þe�jkrm;n ð6Þ

Where -m;n is the weighting factor of the element m; nð Þ, and k is propagation constant.
rm;n stands for direction vector.

3.2 Target Signal Generation

As shown in Fig. 2, the target scene can be decomposed into multiple resolution cells.
The backscattering coefficient of each resolution cell is the vector superposition of
internal scattering points.

There are two key points. First, radar simulator is used to simulate the amplitude
and phase difference caused by range delay, pulse delay and target scattering. For the
second, radar simulator and antenna array are used to simulate the amplitude and phase
modulation caused by the pattern and radome.

Target Signal Model of Resolution Cell. In Fig. 2, range resolution is Dr. Azimuth
resoluton is Dx. The minimum range is rmin ¼ H tan c� br=2ð Þ. The center range is
r0 ¼ H tan c. The maximum range is rmin ¼ H tan cþ br=2ð Þ. Where H is the height of
the radar platform. c is the grazing angle of the platform. Then, the total number of
resolution cells is given by

xΔ
rΔ

X
Y

Z

H

minr
0r

maxr

Fig. 2. Target scene.
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NUM ¼ L� V ¼ int
rmax � rmin

Dr

h i
þ 1


 �
int

r0ba
sin cDx

� �
þ 1

� �
ð7Þ

The scattering coefficient of the resolution cell in l 1\l\Lð Þ-th row and v 1\v\Vð Þ-
th column is rl;v. Then the target signal is [10]:

sl;v t; tað Þ ¼ rl;v exp � 4pRl;v tað Þ
k

� �
rect t � 2Rl;v tað Þ

c

� �
exp jpkr t � 2Rl;v tað Þ

c

� �2
" #

ð8Þ

Where, t is the fast time, and ta is the slow time. k stands for the wave length, and c is
the velocity of light. kr is chirp rate of radar signal, and Rl;v is the range between
resolution cell l; vð Þ and the radar platform.

Resolution Cells Allocate in Antenna Arrays. The allocation of resolution cells in
antenna array is also the key to this method.

According to the geometric relationship, the Angle value must be equally divided.
For range direction, the corresponding angular value of the m-th antenna is defined by
the relation:

cm ¼ c� br
2

þm� br
M

ð9Þ

Then, the number of resolution cells in each antenna of range direction is

W1 ¼ int H tan c1 � tan c� br
2


 �
 �.
Dr

h i
Wm ¼ nt H tan cm � tan cm�1ð Þ=Dr½ �;m ¼ 2; 3; � � � ;M � 1

WM ¼ L� PM�1

m¼2
Wm �W1

8>>><
>>>:

ð10Þ

Similarly, the number of resolution cells in azimuth direction is U1;U2; � � � ;UN . Then
the number of resolution cells in each antenna is

B ¼
W1U1 � � � W1UN

..

. . .
. ..

.

WMU1 � � � WMUN

2
64

3
75 ð11Þ

Solving Weighting Factor. To make the simulation more realistic, the total radiation
field of the antenna array should be similar to the scattering field of the target [11],
which is given by

Fs h;uð Þ ¼ f r h;uð Þ2
XL
l¼1

XV
v¼1

ej2k v�1ð ÞDx sin h cosuþ l�1ð ÞDr cos h½ � ð12Þ

Assume that Fs h;uð Þ ¼ F h;uð Þ, weighting factor -m;n can be solved.
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The weight coefficient obtained is used for radio frequency multi-element radiation
simulation, as shown in Fig. 3.

4 Simulation Results and Analysis

4.1 Modeling and Simulation of Airborne Radome

The radius of the innermost bottom is 25k. The radome’s thickness is 2k. The dielectric
constant is e, and the loss Angle factor is tan h.

Calculation was carried out in FEKO. Figure 4 shows the spatial phase change
caused by the radome.

It shows that the larger the incidence Angle is, the larger the phase change is. And
the phase difference between front and rear can reach tens of degrees.

SARRealtime SAR 
Simulator

RF
Circuit

Computer

Target
information

Flight
Table

Three-axis attitude

Radar Signal

Target Signal

Fig. 3. Radio frequency simulation system.

Fig. 4. Radio frequency simulation system.
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4.2 Multiple Arrays Design

Different from the traditional method, the new one requires the construction of multi-
element antenna array. The array consists of quadruple-ridged horn antennas with
wide-bandwidth. The antenna aperture is D1. The waveguide length is L1. And the horn
section length is L2. The mutual coupling effect between elements can be calculated by
FEKO. The mutual coupling effect between array elements under different frequencies
and spacing are obtained.

Figures 5 and 6 show that the isolation of antenna decreases with the increase of
antenna spacing in E-plane and H-plane. Using −50 dB as the critical value of isolation
through synthetical consideration. The beam width of the radar antenna used in the
simulation is 3� � 5�, so the number of channels can be obtained from Eq. (1):
Q ¼ M � N ¼ 8� 17 ¼ 136. The array elements radiated simultaneously are arranged
in 8 rows and 17 columns, with a total of 136 channels.

4.3 Simulation of Real SAR Images

The SAR parameters used in the simulation are shown in Table 1 (Frequency parameter
secret-involved).

Table 1. SAR parameters.

Parameter Value

Height 1500 m
Radar squint 44°
Velocity 150 m/s
Center frequency f
Band width 150 MHz
Pulse width 1.5 us
Range resolution 1 m
Azimuth resolution 1.39 m
Antenna aperture 0.3 m

Fig. 5. Isolation in E-plane. Fig. 6. Isolation in H-plane.
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According to the above parameters, the number of resolution cells is calculated by
using Eq. (7), that is, 153� 132 ¼ 20196. According to Eq. (9) and (10), the alloca-
tion of resolution cells is derived as shown in Table 2.

Using a satellite image as reference map, the backward scattering coefficient is
characterized by the grayscale value of the image pixel. Figure 7 is the imaging process
result of the traditional method, while Fig. 8 uses the new method. The target signals
are both processed by Range Doppler (RD) algorithm.

Compared with Fig. 7, there are obvious light and dark stripes in Fig. 8, and the
image is relatively fuzzy. This is because the amplitude and phase changes caused by
antenna pattern and radome are taken into consideration. So the pulse compression is
not fully matched, leading to the main lobe migration and side lobe elevation, which
makes the pixel position migration and defocus. This is the characteristic of real radar
images, so the new method is more accurate and credible than the traditional method.
To summarise, it makes the infield test more equivalent to realistic.

Table 2. Number of resolution cells in each antenna.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1 144 144 144 144 144 144 144 144 72 144 144 144 144 144 144 144 144
2 144 144 144 144 144 144 144 144 72 144 144 144 144 144 144 144 144
3 152 152 152 152 152 152 152 152 76 152 152 152 152 152 152 152 152
4 152 152 152 152 152 152 152 152 76 152 152 152 152 152 152 152 152
5 152 152 152 152 152 152 152 152 76 152 152 152 152 152 152 152 152
6 152 152 152 152 152 152 152 152 76 152 152 152 152 152 152 152 152
7 160 160 160 160 160 160 160 160 80 160 160 160 160 160 160 160 160
8 168 168 168 168 168 168 168 168 84 168 168 168 168 168 168 168 168

Fig. 7. Traditional method. Fig. 8. New method.
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5 Conclusion

In order to accurately simulate the amplitude and phase modulation caused by radar
antenna pattern and radome. A real-time simulation method based on multi-element
arrays radiation is proposed. The process of signal generation for radar target, the
determination for number and spacing of antenna elements, and the allocation of
resolution cells in each element are all described in detail. Compared to the traditional
method, radar images obtained by the proposed method are more realistic and effective,
which means the new method has higher simulation equivalence. For expanding the
proposed method to the HWIL simulation, the further research can be conducted on the
amplitude and phase error between multiple channels.
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Abstract. With the rapid development of the Internet, the Internet of Things,
big data, cloud computing, virtual reality and other applications are emerging
one after another. New applications have put forward higher requirements for
satellite communications. The use of appropriate channel coding technology can
optimize the transmission system. This article aims to discuss the satellite
channel coding and modulation technology based on cloud computing, to
achieve low error rate and strong anti-noise ability of the coding and modulation
system under low signal-to-noise ratio. This paper proposes the application of
high-performance LDPC codes to QPSK modulation systems commonly used in
satellite communications to form a complete LDPC coded QPSK modulation
baseband processing system, and comprehensive simulation and verification of
the results show that the coded modulation system is better than uncoded The
modulation system has a very high gain, the coded modulation scheme has a
gain of 12 dB compared to the uncoded modulation system at a bit error rate of
10−7. The coded modulation system designed and implemented in this paper
has strong anti-noise ability, low bit error rate and good stability. It is suitable
for low signal-to-noise ratio environment such as satellite communication.

Keywords: Satellite communications � Channel coding � Modulation
techniques � LDPC coding

1 Introduction

Satellite communication has wide application value in signal transmission such as
aviation, digital TV and broadcasting, etc., and can provide support for mutual com-
munication between regions [1]. Since the 21st century, with the rapid development of
the telecommunications industry and the extensive use of optical cable circuits, ter-
restrial communications capacity has greatly increased, terrestrial communications
costs have been greatly reduced, and the satellite communications industry is facing
increasing competition pressure. In the process of satellite communication, signal
interference often occurs, which affects the stability and efficiency of information
transmission [2, 3]. Channel coding technology can solve the problem of satellite
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communication signals and improve the system transmission reliability through coding
processing. At present, the satellite communications market is becoming increasingly
fierce. Its competitors are not mainly from competition in the same industry, but are
terrestrial network communications and wireless mobile communications, especially
the rapid development of optical fiber communications [4, 5]. Along with our country’s
major telecom operators, huge capital laid throughout north and south, the fiber optic
backbone of connecting things, on our country’s traditional satellite communications
market have a larger impact [6].

With the rapid development of ground mobile communication, satellite mobile
communication service is facing challenges. Although the development of the tradi-
tional satellite communication service for the ground communication system, but with
the information globalization and Internet, digital multimedia communication needs
and increasing demand for personalized information, communication system is
approaching, individualized, mobile and broadband seamless coverage direction [7, 8].
Satellite communication system with the unique large coverage and seamless coverage,
the unique advantages of broadcast and multicast, without being limited by the geo-
graphical conditions of rapid flexibility and universal service ability, large area can
move sex and mobile reception, wide-area Internet connection, make it has an irre-
placeable role in today’s information age. Despite fierce competition and challenges
from ground communication means, satellite communication will play an increasingly
important strategic role with the globalization of information, the growth of Internet
and digital multimedia communication, as well as video and audio broadcasting ser-
vices, personalized communication, mobility and seamless coverage.

This article proposes to apply LDPC codes to QPSK modulation systems com-
monly used in satellite communications and simulate them. The simulation results
show that the coded modulation system has higher gain than the uncoded modulation
system, and its performance is good, which is suitable for low signal-to-noise ratio
environments such as satellite communications.

2 Channel Coding Function and LDPC Coding Principle

2.1 The Role of Channel Coding

Channel coding is to fight the noise and attenuation in the channel, by increasing the
redundancy, such as check code, to improve anti-jamming capability and error cor-
rection capability. According to Shannon formula, for a memory-free channel, there is a
parameter C (channel capacity). When the information transmission rate in the channel
R is less than C, the receiver bit error rate (Pe) of the channel can always be arbitrarily
small through appropriate coding and decoding methods. At present, Turbo code and
LDPC channel error correction coding techniques are widely used in international
communication systems.
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2.2 LDPC Coding Principle

Low density parity check code (LDPC) is a kind of excellent linear block parity error
correcting code, with only 0.0045 dB performance from Shannon limit. This article
USES the master mould figure structure of low code rate LDPC code generator matrix
with system, quasi-cyclic structure forms. Can be expressed as:

G ¼ I Wb c ð1Þ

I array for the unit, W cyclic matrix. In hardware implementation code USES the shift
register, encoder will be relatively simple, and can realize the parallel encoding.
The LDPC decoding algorithm studied in this paper adopts BPSK modulation trans-
mission in AWGN channel environment. In digital modulation, ci 0; 1ð Þ per bit of code
word is usually mapped to. Each bit of the received signal through AWGN channel is:

ri ¼ xi ¼ ni ð2Þ

Where, n ¼ n1n2 � � � ni � � �ð Þ is additive noise vector, and all ni are independent of each
other and follow gaussian distribution. Then ri is also gaussian, with a mean of 1 and
variance of 1. When 0 and 1 appear in the source, the formula is as follows:

P rijxi¼1ð Þ ¼ 1ffiffiffi
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In order to track high dynamic signals with low SNR, a third-order PLL carrier tracking
scheme assisted by a second-order PLL is proposed. Enter the capture process in high
dynamic circumstances, carrier, the carrier frequency and frequency variation of the
initial estimate. The process of tracking signals after successful capture. After integral-
removal device produced by the digital signal into the FLL and PLL loop discriminator.
Differential frequency signal in FLL loop dynamic frequency offset to eliminate, in the
process of stripping carrier signal to frequency offset decreases slowly. Phase com-
pensation and PLL loop, and the difference became smaller, finally after FLL accurate
tracking to the carrier frequency, PLL accomplish precise tracking of high dynamic
signals.

3 Modulation Technology

Modulation is to match the signal characteristics with the channel characteristics.
Different types of channel characteristics require different modulation techniques.
Satellite communication channels require modulated signals to have characteristics
such as equal envelope, narrow bandwidth, high frequency band utilization, and strong
anti-interference performance. Therefore, PSK and other modulation methods based on
it are usually used in satellite communication systems, such as BPSK, QPSK, 8PSK,
16QAM, 16APSK. In the choice of modulation method, the scheme in this paper
requires that the modulation efficiency is not less than 2bit/Symbol, and it is applied in
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the low signal-to-noise ratio environment of satellites. This environment is limited in
power and requires a low demodulation threshold and high band efficiency. It is
required to reduce the coding rate as much as possible to obtain higher coding gain.
After analysis and comparison, the final modulation technology uses QPSK modula-
tion. Although higher-order MQAM and MPSK have higher frequency band utiliza-
tion, their demodulation threshold requirements are relatively high, and their
implementation complexity is higher than QPSK. Therefore, QPSK is more suitable for
satellite communication with low signal-to-noise ratio.

4 LDPC Coded QPSK Modulation System Simulation

4.1 Analysis of Simulation Parameter Setting of LDPC Encoding QPSK
Modulation System

Since the idea of code modulation was put forward, its research has never stopped.
Originally it was also called trellis code modulation. It is named because of the
combination of convolutional codes and modulation techniques represented by grids.
Almost at the same time, people use block codes instead of convolutional codes for
code modulation, so a block code modulation system is proposed. With the wide
application of high-performance LDPC codes, researchers have introduced component
codes into block code modulation instead of component codes, thereby greatly
improving the performance of block code modulation. At present, with the rapid
development of wireless communication, spectrum resources are increasingly scarce. In
practical applications, people are eager for channel error correction codes not only to
have excellent performance, but also to have a high spectrum utilization rate. These
needs have promoted the development of code modulation and become one of the hot
spots of people’s research. The essence of code modulation is to allocate signal space to
improve the minimum Euclidean distance between signals, thereby improving the anti-
noise performance of the system and ensuring efficient and reliable communication. At
present, there are two main types of coding and modulation systems for LDPC codes:
multi-level coding modulation and bit interleaving code modulation. Among them,
interleaver is introduced in the modulation of bit interleave code but only one codec is
needed. Although there is no interleaver in multi-level coding and modulation, multiple
codecs are needed. Considering the characteristics of LDPC codes and the complexity
of system implementation, this paper uses a bit interleaving code modulation system.
Because the existence of interleaver will increase the coding delay and the complexity
of the system, the characteristics of LDPC code can be used to remove the bit
interleaving/deinterleaving process, which further reduces the complexity of the coding
and modulation system. The reason why the interleaving/deinterleaving process can be
removed is determined by the following factors: When the LDPC code length is long
(thousands to tens of thousands), the distribution of “1” in the LDPC code check matrix
tends to be completely random and sufficiently sparse. This kind of coding process is
almost random. After coding, the codewords can be considered as ideal interleaving
without the need for interleaving/deinterleaving. This is an excellent characteristic that
other traditional linear block codes do not have. The code length of the codeword
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constructed in this paper is 8832, which meets the conditions of deinterleaving/
deinterleaving. Therefore, the complexity of code modulation system can be further
reduced. In the choice of modulation method, after analysis, the modulation technology
uses QPSK modulation. So the LDPC coded QPSK modulation system performance
simulation parameter settings are shown in Table 1.

4.2 Simulation Results and Analysis

In order to verify the performance of the coded modulation scheme, the QPSK mod-
ulation scheme can be simulated and compared with the 1/6 code rate LDPC coded
coding scheme without coding. The comparison of bit error rate of QPSK and other
modulation systems before and after LDPC code encoding is shown in Fig. 1.

It can be seen that the theoretical bit error performance of several other PSK
modulation systems is also simulated in Fig. 1. Under the same bit error rate, low-order
PSK modulation requires lower demodulation threshold than higher-order modulation.
For example, when the bit error rate is 10−7, the demodulation threshold of
QPSK/BPSK is about 13 dB lower than that of 32PSK. However, the price is that
QPSK/BPSK is lower than the other PSK frequency band utilization, and QPSK

Table 1. Simulation parameters of LDPC coded QPSK modulation system

Parameter name Parameter value

Interweave Bit interleaved code
Interleave code length 8832
Coding rate 1/6
Modulation QPSK
Channel model Gaussian channel

Fig. 1. Comparison of bit error rate of QPSK and other modulation systems before and after
LDPC code encoding
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frequency band utilization is twice that of BPSK. Therefore, QPSK has the best
comprehensive performance and is widely used in satellite communications. In this
paper, the code modulation system is aimed at practical applications, so the LDPC code
iteration number is only 10 times. The channel model is a Gaussian channel, and each
signal-to-noise ratio simulates 500 frames of information bits. The QPSK demodulation
output type is LLR information, and then LDPC decoding performs hard decision
decoding output according to the demodulation information. When the bit error rate is
10−7, the coded modulation scheme has a gain of 12 dB compared to the uncoded
modulation system. At −0.5 dB, the bit error rate is lower than 10−7. Therefore, the
high-performance LDPC codes combined with QPSK modulation scheme constructed
in this paper can obtain a large coding gain, which is suitable for low signal-to-noise
ratio environments such as satellite communications.

5 Conclusion

The world has entered the era of big data, Internet of Things and cloud computing, and
information applications are showing explosive development. At present, satellite
communication is extremely important and widely used in many fields, and its com-
munication has extremely obvious advantages. The huge signal attenuation and high
dynamics are the two main technical problems in satellite communications. The
channel coding technology in the field of satellite communications is developing and
constantly being applied, the old channel coding and decoding equipment is still in use,
and new technologies with better performance are constantly maturing. This paper
mainly studies the construction of high-performance, low-complexity LDPC codes and
the acquisition and tracking of weak and highly dynamic signals. An LDPC-coded
QPSK modulation system is designed, and the good performance of the system is
simulated and verified. The entire LDPC coded QPSK modulation system is imple-
mented to improve the performance of the entire system for application to satellite
communications.
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Abstract. Internet Protocol Television (IPTV) provides users with digital
television services, which are based on Internet Protocol (IP) and related value-
added services in a low-cost and efficient manner. It combines digital television
services and telecommunications broadband services with real-time interactivity,
which is welcomed by users. However, in recent years, the development of
global IPTV has slowed down, and the growth of the number of users has
entered a bottleneck, even some countries have experienced negative growth. As
the rapid increase of IPTV users in recent ten years, China has also entered the
bottleneck period of development. This article summarizes the development
history of IPTV in major countries and regions in the world, especially the
development history of China’s IPTV in the past ten years. Based on the current
status and existing problems of China’s IPTV market, the research team pro-
poses several suggestions and development directions. We are looking forward
to exploring IPTV industry opportunities in the new era and a new future.

Keywords: IPTV � China � Development

1 Introduction

IPTV has multiple definitions in international academia, as in [1]. In Reference [2], the
author proposed that different standardization organizations, operators, equipment
manufacturers, content providers, et al. had their own definitions. Some people believe
that IPTV is a broadcast television service based on IP protocol, others think that IPTV
not only uses IP encapsulation, but also needs to have a better TV experience (QoS/
QoE), which is convenient and interactive. National Radio and Television Adminis-
tration of the People’s Republic of China (PRC) defines IPTV as a manageable mul-
timedia service that transmits TV, video, audio, text, graphics, data, and provides
QoS/QoE, security, interactivity, and reliability over IP networks.

The structure of the paper is as follows: Sect. 2 describes the history of international
IPTV development, especially China’s IPTV development history; Sect. 3 describes the
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current status and summary issues of IPTV in China; Sect. 4 determines the future
direction of IPTV; Sect. 5 summarizes the paper.

2 History of IPTV Development

2.1 IPTV International Development

The development of broadband has greatly promoted the global deployment of IPTV,
and telecom operators in various countries have entered IPTV market. The development
of the number of IPTV users in major countries is shown in Fig. 1 Due to industrial-
ization and the development of Internet technology, the European region has become the
earliest region in the world to launch IPTV business; the development of optical fiber,
high-capacity cables and high-speed Internet services based on VDSL technology has
made the American IPTV industry booming. However, in the United States, IPTV has
been affected by OTT in recent years, and its growth rate has slowed down significantly.
Although the network in Asia lags behind that in Europe and the United States, the
population of Asia is large and geographically distributed. In recent years, with the rapid
rise of the Internet in emerging markets represented by China, the size of IPTV user
markets in Asia has rapidly expanded. Related data shows that the number of users in
IPTV market in Asia accounts for more than 70% of global IPTV users.

Benefiting from industrialization and Internet technology, the European region has
become the earliest region in the world to launch IPTV business, as in [3–6]. Based on
the different reasons for the country’s network infrastructure, the development of IPTV
services in various countries also shows different characteristics. The UK began to

Fig. 1. The development of the number of IPTV users in major countries
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develop IPTV at the end of the 20th century and was the earliest region in the world.
Italy subsequently entered IPTV market in 2002. France, Sweden and Spain began to
set foot in IPTV in 2003. Germany started IPTV business relatively late, but the user
scale in Germany has grown rapidly. According to statistics released by China Fore-
sight Industry Research Institute, in 2018, the number of IPTV users in Germany
exceeded 30 million and in France exceeded 20 million, which is far ahead of other
European countries.

The increasing use of optical fiber, high-capacity cables and high-speed Internet
services of VDSL technology will bring new opportunities for OTT, high-quality video
services, and IPTV. IPTV market in the Americas except the USA has great growth
potential. Unlike other countries in the Americas, IPTV in the USA has been greatly
affected by the impact of OTT, and the growth of IPTV users has slowed in recent years
[7–9]. According to market research institution Dataxis, by 2022, the number of ultra-
broadband subscribers in Latin America will rise from 36% to 75%, the number of
fixed broadband subscribers will reach 83.7 million, and the penetration rate of
broadband services in Latin America will reach 13.2%. Those will bring new oppor-
tunities for the development of IPTV industry. According to a report released by the
Leichtman Research Group (LRG) on January 4, 2018, 82% of U.S. households had
broadband Internet services. The high penetration rate had led to the rapid development
of the US OTT industry, and IPTV has been severely affected.

IPTV in Asia had developed relatively late. But in recent years, with the rapid rise
of the Asian Internet market, IPTV user market in Asia has grown rapidly and has
become the largest region in the world. According to statistics from Ministry of
Industry and Information Technology of the People’s Republic of China, as of
November 2019, China has reached 294 million IPTV users, and has become the
country with the largest number of IPTV users in the world. Except for China, the order
of user scale in Asia is Korea, Japan, India, and Singapore. Internet technology has
become an important factor affecting the expansion of IPTV users. South Korea began
to promote IPTV around 2003, as in [10–12]. And the popularity of the Internet
provided a prerequisite for the expansion of IPTV users. According to public data, at
the end of 2018, the number of IPTV users in South Korea has exceeded 20 million and
is second only to China. The Japanese IPTV industry encountered a development
bottleneck after 2015, and the user growth rate began to decrease significantly. At the
end of 2018, the number of Japanese IPTV users exceeded 12 million. India, where
IPTV development is lagging the most, had grown from 450,000 users in 2010 to 2.4
million in 2018. Although India’s IPTV industry developed late and its user growth had
been relatively flat in recent years, it has great market growth potential.

2.2 Development of China IPTV

The relationship between China’s IPTV and traditional cable TV has always been a
competitive game. A comparison of IPTV and cable TV users in China is shown in
Fig. 2. In recent years, IPTV has enriched the diversity of the content and services of
large-screen TVs with a new media model and enhanced the user experience. Under the
impact of IPTV, the proportion of traditional cable TV industry continues to decline.
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By the end of March 2019, according to statistics from the Ministry of Industry and
Information Technology of the People’s Republic of China, the number of IPTV users
nationwide had reached 258 million, while the number of cable TV users had decreased
to 218 million by the end of 2018. According to the data analysis, IPTV has surpassed
the cable TV business to become the industry with the largest share of the large-screen
TV market in China.

China’s IPTV industry has gone through several stages: Sprout, ice-breaking,
tortuous, competition, development, integration, and innovation. Figure 3 is the
statistics and growth rate of IPTV users in China from 2004 to 2019.

The budding of China’s IPTV business started as early as 2004. Due to the
development of broadband network and the international IPTV market, Heilongjiang
Province Unicom and Shanghai BesTV launched a pilot IPTV business in Harbin.
Then IPTV was expanded to other provinces and cities in China. At the beginning of
the development of IPTV, it was affected by many factors such as policy, market,
industry, et al.

Fig. 2. A comparison of IPTV and cable TV users in China

Fig. 3. Statistics and growth rate of IPTV users from 2004–2019
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During 2005 to 2007, it is the ice-breaking stage of IPTV industry. At this stage,
due to various reasons such as policies, local telecommunications services, and man-
ufacturers, the development of IPTV industry was slow. In some areas, the develop-
ment of IPTV industry had even stalled.

From 2007 to 2010, IPTV industry had tortuous development. It had taken
advantage of the broadband and the promotion of the Beijing Olympics to attract a
large number of users. At the end of 2010, the total number of IPTV users reached 7.5
million, which became a force to be reckoned with in the commercial market.

In 2010, the “three-network integration” strategy proposed by the Chinese gov-
ernment. IPTV was regarded as an important industry. At the same time, broadband
acceleration was the goal of the telecommunications industry. It improved the viewing
quality and promoted user scale expansion. By the end of 2011, China’s IPTV users
had increased to 13.5 million, surpassed France and became the country with the most
IPTV users in the world. At this time, the commercial market began to pay more
attention to IPTV industry, and increased investment in IPTV industry. IPTV entered
the stage of commercial competition.

From 2012 to 2016, it was a golden time for the development of China’s IPTV
industry. During this period, with the continuous advancement of the national strategy
“three network integration” and “broadband China”, Chinese telecommunications
operators continued to increase their investment and PRC released a series of favorable
policies. As of the end of 2016, the number of IPTV users in China reached 86.73
million and maintained a high growth rate. At the same time, IPTV user scale in Europe
began to decrease.

During 2016 to 2019, it was the integration stage of IPTV industry. The growth rate
of IPTV users had slowed down. “Multi-screen + HD + intelligent + interactive” had
become the main trend. Users had higher requirements for services. IPTV platform had
gradually transitioned from providing only high-definition video to providing intelli-
gent services. It had gradually entered the TV-centric smart family era.

In the future, IPTV industry needs innovation. It needs to make full use of new
technologies such as AI, blockchain, cloud computing, big data to enhance user
viewing experience. IPTV will be truly interactive, integrated, personalized and
intelligent.

2.3 China IPTV Management Policy

China’s IPTV industry cannot prosper without policy support. PRC is IPTV man-
agement agency of China. It is responsible for the formulation of IPTV policies and
standards, regulating the market structure, and industry supervision. It has played an
important role in the development of IPTV. Since 2004, PRC has continuously released
IPTV policies. Those policies promoted the prosperity of IPTV industry, and supported
the rapid development of IPTV.

On July 6, 2004, PRC released the “Measures for the Management of Audiovisual
Programs Disseminated by the Internet and Other Information Networks”. It did not
play a significant role because PRC was not the competent department of the Internet
audiovisual industry at that time.
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On December 29, 2007, in order to promote the healthy development of audiovi-
sual services, PRC issued the “Internet Audiovisual Program Service Management”.
The document places strict restrictions on companies, platforms, et al. that provide
Internet audiovisual program services. It indicated that IPTV is developing rapidly and
gradually becoming an important cultural industry that cannot be ignored.

On July 13, 2010, PRC issued the “Notice on issues related to the construction of
IPTV integrated broadcast control platform in the pilot region of the three networks”. It
provided specific instructions and requirements for IPTV integrated broadcast control
platform in terms of platform construction, unified planning management, operation
mode, content management, security supervision and progress.

On June 11, 2012, PRC issued the “Notice on issues related to the construction of
IPTV integrated broadcast control platform”. It mainly regulated the construction of the
national IPTV integrated broadcast control platform, and the implementation of hier-
archical operation of central and provincial integrated broadcast control platforms
Model. A two-level IPTV content service platform was established and improved.
Relevant departments actively promoted the integration of IPTV integrated broadcast
control platform and IPTV transmission system specification.

On April 24, 2015, PRC released the “Notice on issues related to construction and
management of IPTV integrated broadcast control platform”. It proposed the instruc-
tions to accelerate the integration of IPTV integrated broadcast control platform and
IPTV transmission system. Local authorities performed territorial management
responsibilities, and accelerated the construction of IPTV supervision system. Only
after all the issues are implemented can IPTV business be launched.

On April 25, 2016, in order to standardized development of new services such as
IPTV, PRC issued the “Provisions on the Administration of Private Network and
Directional Broadcast Audiovisual Program Services”. It prevented the spread of
inappropriate content, and increased the investigation and punishment of illegal and
illegal activities. The “Regulations” strengthened the construction of network infor-
mation security and cultural security, improved IPTV after-event supervision system,
and clarified the main responsibilities of the employment agencies.

On May 7, 2019, PRC further deployed IPTV special governance work, and issued
the “Notice on Special IPTV Governance.” It incorporates IPTV into the standardized
management process, which means that IPTV management mechanism is equivalent to
the traditional cable television management mechanism. It further strengthened the
management of IPTV, and promoted the sustainable and development of IPTV.

On August 30, 2019, PRC issued the “IPTV integrated broadcast control platform
and transmission system specifications”. It emphasized the connection between the
broadcast control platform and transmission system. At the same time, 24 specific
measures were officially issued.

According to Fig. 3, it can be seen that after the official announcement of IPTV
policy document by PRC, the number of IPTV users changed significantly, especially
after the policy issuance in 2010, 2015 and 2019. It shows that the Chinese government
continues to pay attention to IPTV and plays an irreplaceable role in the development
of IPTV.
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3 China IPTV Status and Problems

In recent years, against the background of policy support and the gradual increase of
broadband penetration, the development of IPTV has shown a strong momentum.
According to the latest statistics, as of the end of November 2019, three basic
telecommunications companies had developed 294 million IPTV users. IPTV had
become the largest mainstream transmission channel. At present, IPTV mainly operates
three types of services: television, communication and value-added services. Television
services include broadcast television, on-demand television, and personal video
recording. Communication services include IP-based voice services, instant messaging
services, and television short messages. Services include TV shopping, interactive
advertising, online games, distance education.

China’s IPTV industry presents an imbalanced situation. In some economically
developed provinces, with the early investment of telecommunications operators, IPTV
developed a large number of users, such as Guangdong Province and Hunan Province.
Some provinces had started IPTV industry late, but developed rapidly, such as Sichuan
Province. There were some provinces with relatively lagging economic and broadband
development. Those IPTV related industries were still in their infancy.

At present, China’s IPTV industry has a good development situation, but there are
internal and external concerns and crises. On the one hand, the internal competition in
IPTV industry is fierce and cruel. China Mobile Telecommunications Operator lever-
ages its advantages in mobile subscribers to rapidly develop fixed-line broadband and
TV subscribers through a bundled model. The age of traffic is over. Low prices and low
quality will only lead to further shrinkage of their own income and service capabilities,
and will also hinder their healthy development. On the other hand, IPTV, DVB and
OTT services have become increasingly homogeneous in content and operation. The
industry has problems such as platform capabilities, business functions, and single
source of content. In addition, OTT has developed in many aspects such as advertising
marketing, data mining, and user experience. The emergence of Internet company has
brought rich content copyright and Internet-based operational thinking. In contrast,
IPTV industry structure is small and resources are scattered. There are differences in
user experience in various places. Data mining and advertising exploration is still in its
infancy.

4 Suggestions for IPTV Future Development

For the future development of IPTV, the group believes that the following five points
should be done.

First, the current situation needs to be maintained. Guarding the current prosperity
of IPTV. IPTV users have basically reached a peak according to statistics. However,
there may still be a small amount of upside. At the later stage, the user’s personal value
is mainly valued. Brand value and user’s interests need to be discovered. And pro-
ducers have to create better program content.
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Second, cooperation management is a very important way to highlight the unique
position of IPTV in the cultural field. The mainstream public opinion position of IPTV
ideology should be firmed. The requirements of policies and regulations must be
strictly observed. And adhere to the responsibility of mainstream cultural communi-
cation positions.

Third, exploring the business model of IPTV in the 5G era. According to the
development of 5G network, large-scale commercial use is expected to begin in 2020.
IPTV soft terminals began to be promoted conditionally. The next step is to use
software implantation on smart terminals to eliminate fixed boxes, as in [13, 14]. This
can greatly reduce hardware costs and improve business flexibility. In the future, it will
further cooperate with the construction of 5G networks. And the enhanced combination
technology will improve user comfort.

Fourth, the interactivity of IPTV improves the timeliness and accuracy of message
transmission. In recent years, the entertainment APP on the Internet have gradually
moved closer to the exemplary direction, such as Toutiao APP. But they are composed
of commercial capital, they cannot complete the publicity tasks required by the state.
IPTV has this characteristic. While providing strong interactivity, it can spread the
mission requirements of propaganda, as in [15, 16]. In this case, IPTV will become a
very important banner in the culture field.

Fifth, as a breakthrough for industrial upgrading, IPTV can be close to the people
[17]. In the future, IPTV will no longer be a simple business. And it will serve as the
basic supporting service for the direct connection of users in the radio and television
industry. It seems that IPTV business still has a lot of room for development.

5 Conclusion

The global IPTV industry is developing rapidly, and the Asian and Latin American
markets represented by China have become the most important force. With the rapid
increase of broadband penetration and network speed in the region, the number of
IPTV users will be greatly increased. This article summarizes the history of IPTV
development in major countries around the world, especially China. The group ana-
lyzes the current industry problems and makes some suggestions. We hope to provide
new ideas and development directions for the global IPTV industry.
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Abstract. 5G ultra-dense network can get more cell splitting gain through
high-density base station deployment, which has higher spectral efficiency and
capacity than LTE. However, the increase of base station density makes the co-
channel interference between adjacent cells more serious, and continuous
movement of users will cause a lot of handover operations, which will bring a
lot of signaling interaction, greatly increase the network burden, and thus reduce
the throughput of the network as well as affecting user experience. Considering
that the traditional mobility management methods cannot meet the deployment
requirements of future ultra-dense wireless networks, a handover management
scheme based on residence time prediction is proposed by using the stochastic
geometric mathematical model and the derivation of handover triggering
probability and average user throughput. The simulation results show that the
scheme proposed in this paper has better comprehensive performance than
conventional scheme and handover skipping scheme in terms of the average user
throughput under different handover decision threshold and base station density.

Keywords: Ultra-dense network � Co-channel interference � Handover
management � Stochastic geometry

1 Introduction

5G network has been widely concerned as a key technology in the new generation of
wireless communication, depending on the characteristics of higher speed, greater
connection and lower delay, which can support a variety of services including
driverless cars, enhanced mobile cloud services, real-time traffic control optimization,
emergency and disaster response, smart grid, e-health, efficient industrial communi-
cations, as well as tactile internet, augmented reality, factory automation, 4 K/8 K HD
video and so on [1, 2].

In the future 5G paradigm, billions of machine type devices will be deployed which
makes the problem of spectrum shortage more prominent and difficult to meet the rapid
growth of business requirements. Meanwhile, the mutual interference between the mass
devices is more and more severe, resulting in serious performance degradation of the
whole system [3, 4]. To enlarge the network capacity of the mobile communication
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system through the ultra-intensive deployment of cells is the main idea to achieve the
high spectrum efficiency and energy efficiency of the future communication system, and
is also a practical and effective means to meet the needs of the future network business
[5]. However, the ultra-dense deployment of small cells in the coverage area of con-
ventional macro cells known as UDNs introduces new technical challenges such as
severe interference, unfairness in radio resource sharing, unnecessary handover (HO), a
significant increase in energy consumption, and degraded quality-of-service (QoS) [6].
For example, frequent handovers may degrade mobile reliability, cause heavy signaling
load including RRC messages, X2 interface messages and information interaction
between network nodes thus blocking the improvement of network capacity [7, 8].

In [9], a handover skipping scheme called “HO Skipping” is proposed, whose main
idea is to reduce the number of handovers per unit time by sacrificing the best con-
nectivity at some points in the user’s trajectory. Since cell coverage and user speed are
not the main focus of this scheme, only half of the connection reach the best state. In
this paper, using the stochastic geometric model [10–12] to further optimize the time to
trigger (TTT), a handover management strategy named “HO RTP” based on residence
time prediction is proposed, and the average user throughput is analyzed by simulation.

2 Handover Management Strategy

2.1 Network Model

5G ultra-dense network can realize high-speed data transmission by deploying a large
number of pico base stations in the hot spot area, which improves the capacity of the hot
spot area and ensures the seamless coverage of the hot spot area, as shown in Fig. 1.

It is assumed that the scenario is a dense single-layer network with small coverage,
the total number of base stations is N, the transmission power of base stations is P, and

user’s trajectory

serving BS

Fig. 1. Hotspot scenario in 5G ultra dense network.
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the channel gains g are assumed to have Rayleigh distribution with unit power. The
user moves with any trajectory at the speed v. The coverage boundaries of the base
stations meet the Tyson polygon distribution [13, 14]. The handover of the base station
is executed with the handover delay Td when the user touches the coverage boundary.
In the conventional scheme, user is always connected to the base station with the
strongest signal during the whole movement, and handover occurs when crossing the
cell boundary.

2.2 HO Skipping

HO Skipping scheme improves the conventional handover scheme, which doesn’t
perform handover when the user first crosses the first cell boundary, but use two base
stations with second and third strongest signal strength to provide services for users by
using non-coherent cooperative multipoint transmission (CoMP). Then when the user
crosses the second cell boundary, returning to select the base station with the strongest
signal strength. The user repeats this process along the trajectory until the end of the
service. Compared with the conventional scheme, HO Skipping scheme has throughput
gain of 17% on average [9].

While this scheme doesn’t take the cell coverage and user speed into account,
which may result in skipping the base station with a long dwell time to reduce the
spectral efficiency in some scenarios, or may result in accessing the base station with a
short dwell time in other scenarios. The above two cases are unnecessary handovers,
which will eventually reduce the overall throughput.

2.3 Ho RTP

Considering the shortage of the HO Skipping scheme, this paper optimizes the han-
dover time to trigger based on the residence time prediction, and the procession in
detail is shown in Fig. 2.

Different from the HO Skipping scheme, whether users switch when reaching the
cell boundary depends on the estimation of the residence time at the base station. As
shown in Fig. 3, the user moves at the speed v, starting from the cell where base station
BS0 located at O0 with coverage radius d0, passing through point A and point B of the
overlapping area of adjacent cells in turn and entering the service range of base station
BS1 located at O1 with coverage radius d1.

A judgment is needed to make about the fact whether the residence time Tr in BS1
is greater than or equal to the handover decision threshold Tt when user reaches point
A. If so, preparing handover is executed, and the preparing time is

Tp ¼ AB
v

¼ BO1 � sinðarccosðBO
2
1 þ d2�r20
2BO1�d Þ � arccosðr21 þ d2�AO2

0
2r1�d ÞÞ

v sin h

������
������ ð1Þ

where d is the distance between two base stations. h is the angle between the speed
direction and the AO1 line when the user is at point A. The values of BO1 and AO0 can
be estimated according to the received signal strength.
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If Tr < Tt, the base station BS2 with the second strongest signal strength and the
base station BS3 with the third strongest signal strength are selected to provide services
through non-coherent CoMP transmission, so as to reduce the interference from the
nearest base station and the impact on the outage probability. Tr is calculated as

Tr ¼ 2r cos h
v

ð2Þ

the user equipment in 
communication  keeps 

measuring the signal strength
 of the surrounding BS

sort BS according to the 
received signal strength, and 

obtain the set {BS1, BS2, BS3}

switch to BS1

residence time  at BS1

Tr ≥ Tt ?
services provided by BS2 and 

BS3 through no-coherent CoMP

whether the user reaches
 the cell boundary

yes

yes

no

no
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 of the surrounding BS
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services provided by BS2 and 
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Fig. 2. Handover procession based on residence time prediction.
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Fig. 3. Residence time prediction according to user’s moving.
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3 Theoretical Analysis

3.1 Handover Triggering Probability

In a single layer network, the probability density function of the user’s distance to the
nearest base station is [15–17]

f rð Þ ¼ 2pkr exp �pkr2
� � ð3Þ

Combined with formula (2), the probability density function of residence time Tr
can be obtained as:

fTr tð Þ ¼ pkv2t
2 cos2 h

exp � pkv2t2

4 cos2 h

� �
ð4Þ

Consequently, it can be deduced that the probability of handover triggering is:

PRTP ¼ P Tr � Ttð Þ ¼
Z 1

Tt

pkv2t
2 cos2 h

exp � pkv2t2

4 cos2 h

� �
dt ¼ expð�pkv2T2

t

4 cos2 h
Þ ð5Þ

3.2 Average Throughput

Following[18, 19], we define DHO as the time wasted in performing HO per unit time,
which is a unit-less quantity that defines the percentage of time wasted in HO signaling
and can be expressed as

DHO ¼ 4v
p

ffiffiffi
k

p
Tdð1� PRTPÞþ 2v

p

ffiffiffi
k

p
TdPRTP¼ 4v

p

ffiffiffi
k

p
Td� 2v

p

ffiffiffi
k

p
Td expð�pkv2T2

t

4 cos2 h
Þ ð6Þ

Data transmission can’t be processed efficiently during handover due to handover
delay, and therefore the average user throughput can be expressed as

AT ¼ WR 1�ucð Þ 1� DHOð Þ ð7Þ

where uc represents the control overhead fraction, W represents the system bandwidth,
and R is the average spectral efficiency.

4 Simulation Results

In this experiment, the throughput performance of HO RTP scheme is compared with
conventional handover scheme and HO Skipping scheme. The simulation parameters
are shown in Table 1.
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4.1 Average Throughput Under Different Handover Decision Thresholds

The average throughput of the three schemes when the handover decision threshold Tt
takes different values, including 1 s, 3s and 5s respectively are shown in Fig. 4, Fig. 5
and Fig. 6.

It can be observed that the trend of conventional scheme and HO Skipping scheme
display a linearity relationship, whereas HO RTP scheme presents a U-like trend. When
Tt takes 3 s, the trend of HO RTP scheme is basically the same as that of the con-
ventional scheme at a lower speed ranging from 0 km/h to 70 km/h while the trend is
similar to that of the HO Skipping scheme at a higher velocity ranging from 70 km/h to
250 km/h. It can be said that HO RTP scheme combines the advantages of the con-
ventional scheme and HO Skipping scheme. There is a reasonable value for handover
decision threshold Tt ,e.g. 3 s in this experiment which makes the performance of
HO RTP scheme to be the best.

Table 1. Simulation parameters.

parameter Value

Tx Power P 1 W
Path loss exponent η 4
BS density k 100/km2, 1000/km2

Handover decision threshold Tt 1 s, 3 s, 5 s
Overall Bandwidth W 10 MHz
User speed v 0 km/h – 300 km/h
Handover delay Td 1 s
Control Overhead uc 0.3

Fig. 4. Average throughput (Mbps) vs. user velocity (Km/h) for k = 100/Km2 and Tt = 1 s.

A Handover Management Strategy Using Residence Time 813



4.2 Average Throughput Under Different BS Density

We set the handover decision threshold Tt to 3 s, and increase the base station density
to 1000/km2. The trend of average throughput is shown in Fig. 7:

Comparing Fig. 8 and Fig. 6, it can be seen that as the base station density
increases to 1000/km2, the slope of throughput in conventional scheme and HO
Skipping scheme will increase, while the throughput of HO RTP scheme will even-
tually converge to a certain value. HO RTP scheme has the advantages of high
throughput similar to the conventional scheme at the low-speed ranging from 0 km/h to
20 km/h, and meanwhile it has the advantages over the HO Skipping scheme at the
high-speed ranging from 20 km/h to 250 km/h.

Fig. 5. Average throughput (Mbps) vs. user velocity (Km/h) for k = 100/Km2 and Tt = 3 s.

Fig. 6. Average throughput (Mbps) vs. user velocity (Km/h) for k = 100/Km2 and Tt = 5 s.

814 Z. Qin et al.



5 Conclusion

In this paper, considering the shortcomings of conventional handover scheme and HO
Skipping scheme, a handover management scheme based on residence time prediction
is proposed by optimizing the handover trigger time. The simulation results show that
when the trigger time is set to be a reasonable value, the HO STP scheme has the
advantages of both the conventional scheme and the HO Skipping scheme, especially
in the high-speed state.

Acknowledgement. This work was supported by NSFC (91738202) and also partly supported
by the Ministry of Emergency Management of the People’s Republic of China, under the
emergency management informatization development strategic plan program. The authors also
thank the reviewers for their instructive comments.

References

1. Nagata, S., Wang, L.H., Takeda, K.: Industry perspectives. IEEE wireless. Communication
24(3), 2–4 (2017)

2. Zhang Q., Liu F., Zeng C.: Adaptive interference-aware VNF placement for service-
customized 5G network slices. In: IEEE INFOCOM 2019 - IEEE Conference on Computer
Communications, Paris, France, pp. 2449–2457 (2019)

3. Zhou, Z., Chen, X., Zhang, Y., et al.: Blockchain-empowered secure spectrum sharing for
5G heterogeneous networks. IEEE Netw. 34(1), 24–31 (2020)

4. Zhang, Y., Qin, Z., Zhang, W., et al.: Asymmetric interference alignment for device-to-
device underlaying cellular networks. J. China Acad. Electron. Inf. Technol. 12(8), 232–236
(2017)

5. Xie, C.: Research of Resources Allocation and Handover Technique Based on MIMO Ultra-
Dense Heterogeneous Network. Chongqing University (2018)

6. Adedoyin, M.A., Falowo, O.E.: Combination of ultra-dense networks and other 5G enabling
technologies: a survey. IEEE Access 8, 22893–22932 (2020)

Fig. 7. Average throughput (Mbps) vs. user velocity (Km/h) for k = 1000//Km2 and Tt = 3 s.

A Handover Management Strategy Using Residence Time 815



7. Erel-Özçevik, M., Canberk, B.: Road to 5G reduced-latency: a software defined handover
model for eMBB Services. IEEE Trans. Veh. Technol. 68(8), 8133–8144 (2019)

8. Zhang, H., Huang, W.: Tractable mobility model for multi-connectivity in 5G user-centric
ultra-dense networks. IEEE Access 6, 43100–43112 (2018)

9. Arshad, R., ElSawy, H., Sorour, S., et al.: Cooperative handover management in dense
cellular networks. In: 2016 IEEE Global Communications Conference (GLOBECOM),
pp. 1–6. Washington, DC, (2016)

10. ElSawy, H., Hossain, E., Haenggi, M.: Stochastic geometry for modeling, analysis, and
design of multi-tier and cognitive cellular wireless networks: a survey. Commun. Surv.
Tutorials IEEE 15(3), 996–1019 (2013)

11. Andrews, J.G., Baccelli, F., Ganti, R.K.: A tractable approach to coverage and rate in cellular
networks. IEEE Trans. Commun. 59(11), 3122–3134 (2011)

12. Guo, A., Haenggi, M.: Spatial stochastic models and metrics for the structure of base stations
in cellular networks. IEEE Trans. Wire. Commun. 12(11), 5800–5812 (2013)

13. Jo, H., Sang, Y.J., Xia, P., et al.: Heterogeneous cellular networks with flexible cell
association: a comprehensive downlink SINR analysis. IEEE Trans. Wire. Commun. 11(10),
3484–3495 (2012)

14. Afify, L. H., ElSawy, H., Al-Naffouri T. Y., et al.: Error performance analysis in K-tier
uplink cellular networks using a stochastic geometric approach. In: 2015 IEEE International
Conference on Communication Workshop (ICCW), London, pp. 87–93 (2015)

15. Liu, M.: Research on Stochastic Geometry Theory based Performance analysis and Resource
Allocation in Ultra Dense Network. Beijing University of Post and Telecommunications
(2019)

16. Lee, M., Lee, T.: Energy harvesting discontinuous reception (DRX) mechanism in wireless
powered cellular networks. IET Commun. 11(14), 2206–2213 (2017)

17. Kao, H., Wei, C., Lin H., et al.: Adaptive measurement for energy efficient mobility
management in ultra-dense small cell networks. In: 2016 IEEE International Conference on
Communications (ICC), Kuala Lumpur, pp. 1–6 (2016)

18. Arshad, R., ElSawy, H., Sorour, S., et al.: Handover management in dense cellular networks:
A stochastic geometry approach. In: 2016 IEEE International Conference on Communica-
tions (ICC), Kuala Lumpur, pp. 1–7 (2016)

19. Bao, W., Liang, B.: Stochastic geometric analysis of user mobility in heterogeneous wireless
networks. IEEE J. Select. Areas Commun. 33(10), 2212–2225 (2015)

816 Z. Qin et al.



Geocoding Accelerated Approach to Estimate
the Sensor Coverage Ratio of Internet

of Things

Yebing Ren(&) , Wenqi Li , Wei Liu , Jiangbo Dong ,
Yanlei Chen , and Shengdong Xie

China Mobile Group Design Institute Co., Ltd., Beijing 100083, China
renyebing@cmdi.chinamobile.com

Abstract. Coverage issue is one of the key issues of Wireless sensor networks
in the Internet of Things, which reflects the situation of a field is monitored or
tracked by sensors of the networks. Monte Carlo method is a typical approach to
estimate the coverage ratio indicator, which measures how well the sensors
cover the region of interests. However, the naive implementation of Monte
Carlo method always checks all the sensors for each random sample point and
the time complexity of such naive implementation is too large to apply to large
scale applications. We propose a novel accelerated approach of the Monte Carlo
method based on the geocoding and the related data structure, which supports
fast query the nearest sensor or the sensors in a certain range. The time com-
plexity of the proposed approach is deduced compared with the naive ones in
theory. Simulation results also show that our approach is faster than the naive
version so as to support large scale networks in an efficient manner.

Keywords: Wireless sensor network � Coverage � Monte Carlo � Time
complexity � Geocode

1 Introduction

1.1 A Subsection Sample

As one of the most promising technologies to monitor some physical phenomena in a
field of interests [1], wireless sensor networks (WSNs) have emerged in the recent
years to bridge gap between the physical ground and the digital one. Various physical
phenomena can be sensed by sensors in WSNs to support lots of applications of
Internet of Things (IoTs), such as military, environmental, industrial, smart cities and
medical applications, which causes the sensor coverage ratio one of the fundamental
issues in such application domains since coverage reflects the situation of a field is
monitored or tracked by sensors in IoTs [2, 3].

The issue of coverage problem in IoTs attract lots of attentions of researchers and
engineers around the world. There are different coverage types based on the coverage
objectives and the corresponding applications. The most discussed problems from the
literature can be roughly categorized into three types, namely, area coverage, point
coverage, and barrier coverage [4].
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The area coverage problem is the often mentioned one in this kind of study. For the
perspective of area coverage, the main objective of IoTs is to monitor the entire region of
interests. Every single point in the region of interest is at least one or even k sensor nodes
in the sensing range of for a deterministic manner [5, 6] or in a probabilistic manner [7].

To evaluate the quality of the probabilistic coverage, Monte Carlo (MC) methods
are applicable. However, it is a time-consuming procedure to handle a number of
sensor nodes in order to check which sensor nodes cover a given point, say the trial
position in the Monto-Carlo algorithm. The main reason lies in the time-consuming
procedure to determinate the nearby sensors of a given trial position. The naive method
requires all the sensors be checked one by one which leads to serious computation
complexity issues for large scale IoTs.

In this paper, we will focus on the probabilistic area coverage and present a novel
approach to estimate the coverage ratio in an accurate and fast manner. We assume all
the positions of sensor nodes are obtained with the node localization techniques [8]. We
will adopt our method for the truncated attenuated disk model.

2 System Model

In this section, we will introduce a general sensor coverage model and formulate the
coverage ratio. Then we will introduce and discuss the Monte-Carlo method and its
naive implementation to estimate the coverage ratio for the aforementioned sensor
coverage models.

2.1 Sensor Coverage Model

Sensor coverage models reflect the sensing quality and capability by getting the geo-
metric relation between a given point in the monitoring region and sensors. We only
consider the coverage in the region between two-dimensional space. Let p = (xp, yp)
denote a given point in the monitoring region and s = (xs, ys) a given sensor. We use d
(s, p) to denote the Euclidean distance between s and p:

d s; pð Þ ¼ k s� p k¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð xs � xp
� �2 þ ys � yp

� �2q
ð1Þ

where the symbol k l k denotes the norm in the Euclidean space given by

k p k¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2p þ y2p

q
.

The Truncated Attenuated Coverage (TAC) [9, 10] is defined as follows.

F dð Þ ¼ be�ad if d\Rs;
0 otherwise:

�
ð2Þ

The constant Rs > 0 is named sensing range. In the truncated attenuated disk
coverage model, the coverage measure decrease along with the increasing of the dis-
tance between the point and the sensor. Once the distance is greater than the constant
Rs, the coverage measure is small enough and thus neglected. The coefficients b and a
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represent the physical characteristics of the sensor. This disk model is an ideal omni-
directional coverage model, as depicted in Fig. 1.

Another common sensor model, i.e., the Boolean Disk Coverage (BDC) model [11]
might be considered as a special case of the truncated attenuated disk coverage model
with the coefficients b = 1 and a = 0.

2.2 Sensor Deployment in IoTs

Assume that there are N sensors, listed as {s1, s2,…, sN}, deployed in the rectangle region
A. The coordinators of sensor node si is denoted by si = (xi, yi), as depicted in Fig. 2.

We will treat the aforementioned coverage measure as the detection probability. For
a given point p = (xp, yp) inside A and a given sensor si, the detection probability is
Pi(p) = f(d(p, si)).For the prospective of the sensors in the IoTs, the detection proba-
bility of a given point relative to a series of sensors is not simply the sum of the
detection probabilities by all the sensors. Instead, data fusion technique should be
considered to derive the detection probability.

In this paper, we tracks the overall detection probability by a series of sensors
according to

P pð Þ ¼ 1�
YN

i¼1
1� Pi pð Þð Þ ¼ 1�

YN

i¼1
1� f d p; sið Þð Þð Þ: ð3Þ

Fig. 1. Sensor model

Fig. 2. Sensor deployment in IoTs
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We define the stochastic coverage ratio C is the mean overall detection probability
over the region A. Let p denote a uniformly distributed random point inside the region
A, the stochastic coverage ratio C satisfies

C ¼ E P pð Þ½ �: ð4Þ

2.3 Coverage Ratio Estimation with MC

The coverage ratio is an important measurement reflecting the quality of the coverage,
however it is difficult to calculate due to not only the complicated overlap among the
coverage areas of different sensors, but also the complex data fusion decision.

In an approximate manner, we can estimate the numeral value of C with Monte
Carlo methods. First we generate M (pseudo-)random variables qif gMi¼1 representing
the trial points with the uniform distribution on A. Then the quantity C is estimated by:

C �
PM

i¼1 P qið Þ
M

: ð5Þ

The error of Monte Carlo method asymptotically converges at a rate O 1=
ffiffiffiffiffi
M

p� �
.

To perform the Monte Carlo method, the naive approach is check the detection
probability Pk qið Þ, 1� k�N, 1� i�M, in a pair-wise manner, for each random
variates, which is shown in Algorithm 1.

Algorithm 1 Naïve Monte Carlo algorithm
Require: Rs, A, N, 
Ensure: C

Sum:=0.
2: for all i in 1..M do

Generate(quasi-) random variates qi

5: for all k in 1…N do
6: p:=Pk(qi)

12:

The time computation complexity of Algorithm 1 is O(MN). In the large-scale
IoTs, the sensors number N is large. To get an accurate coverage ratio, the total number
of sample points, M, is also large. Both make the naive implementation of Monte-Carlo
method slow and inefficient.
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3 Geocoding Accelerated Approach

Geocoding is the computational process of transforming a physical location (spatial
representation in numerical coordinates). The geocoding algorithm in our system is
based on the grid division of the monitoring area A, as shown in Fig. 3.

Let the monitoring area A be divided into non-overlapped square region, i.e., the
grids. Denote the side length of all the grids as G. For a sensor si located at (xi, yi), the
corresponding grid is indexed with an integer pair (Ixi, Iyi), which satisfies

Ixi ¼ xi=Gb c; Iyi ¼ yi=Gb c ð6Þ

Next, the integer pair is mapped to one integer value with the Cantor pairing
function, which is defined as

H a; bð Þ ¼ aþ bð Þ aþ bþ 1ð Þ
2

þ a ð7Þ

The geocode hi of si is the hash value of H(Ixi, Iyi). In the simplest implementation,
hi is calculated as:

hi ¼ H Ixi; Iyið Þmod L; ð8Þ

where L is the size of the hash table.
All the indexes of the sensors of which the geocodes are all equal to h are stored in

a linked list, which is referred by the geocode h.
For simplicity, we assume the grid size G is equal to Rs. Thus, to query of the

sensors near a given trial position (xt, yt), we should also calculate the corresponding
grid index (Ixt, Iyt) satisfying

Ixt ¼ xt=Gb c; Iyt=G ð9Þ

and their hashed Cantor pairing function value

Fig. 3. Geocoding and the related data structure
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h0;0t ¼ H Ixt; Iytð Þmod L ð10Þ

We also need to calculate the neighbor grid of the trail position, which are listed as
below.

h�1;�1
t ¼ H Ixt � 1; Iyt � 1ð Þmod L

h�1;0
t ¼ H Ixt � 1; Iytð Þmod L

h�1;þ 1
t ¼ H Ixt � 1; Iyt þ 1ð Þmod L

h0;�1
t ¼ H Ixt; Iyt � 1ð Þmod L

h0;þ 1
t ¼ H Ixt; Iyt þ 1ð Þmod L

hþ 1;�1
t ¼ H Ixt þ 1; Iyt � 1ð Þmod L

hþ 1;0
t ¼ H Ixt þ 1; Iytð Þmod L

hþ 1;þ 1
t ¼ H Ixt þ 1; Iyt þ 1ð Þmod L

ð11Þ

Denote the set of the geocodes of the near grids as Ht ¼ h�1;�1
t ; . . .; hþ 1;þ 1

t

n o
,

which corresponds to the grid in which the trial point located and its neighbor grids. All
the sensors stored in the linked list accessed by h 2 Ht is located in either the same grid
of the trial point or near enough to be also possibly considered. Any sensors which are
not located in the aforementioned nine grids should be at least G = Rs far away from the
trail point, so they can be ignored.

By building the hash table based on the geocodes of $N$ sensors, the accelerated
Monte Carlo method version, abbreviated as Geo-MC, is shown in Algorithm 2.

Algorithm 2 Geocode Accelerated Monte Carlo Algorithm

Ensure:
1: Building hash table with size=L by N sensors.
2: Sum:=0.
3: for all i in 1..M do

Generate random variates q

8: for all k in do
9: p:=Pk(qi)

11:

15:
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Note that the time complexity of building hash table with N sensors is O(N).
Querying the sensors inside the near 9 grids from point qi takes O(1 + mi) time, where
mi is the number of the sensors in the near 9 grids of qi. Here mi equals approximately
to N∙9Rs

2/A = qN. In practical application, NpRs
2 is the total sensing area of all the

sensors, which is usually two or three times larger than A in order to achieve reasonable
coverage under the constraints of system costs. Thus mi is usually significantly small
and can be treated as a small constant.

Then in each iteration, the method take approximately O(1) time. The total time
complexity is O(N + M). However, with the unlimited increasing of the sensor number
N, mi should not be neglected and the performance will be deteriorated to O(N +
qM N). Note q is usually small.

Therefore, the accelerated Monte Carlo methods, named as Geo-MC, are fast than
the naive ones, abbreviated to MC, from the perspective of time complexity. The
accuracy of Geo-MC equals to that of MC. In fact, only the long time consumption to
query sensors nearby is accelerated by Geo-MC. If the random variables are the same
for MC and Geo-MC, the numerical results of both methods should be the same.

4 Experiment and Discussion

In this section, we will use the methods proposed in the previous section to validate
their accuracy and time complexity.

We consider N sensor nodes are randomly deployed in the square region A. The
simulation parameters we used in this situation are listed in Table 1.

We will consider only TAC sensor model. Simulation experiments will execute for
MC and Geo-MC for each model, respectively. Firstly, we will check the accuracy of
MC and Geo-MC for the TAC model. We use run MC or Geo-MC procedures to obtain
the estimated coverage ratio many times and then calculate the standard deviation of
coverage ratio results of all the experiments. Such standard deviation is used to measure
the accuracy of MC or Geo-MC methods. The results are shown in left of Fig. 4 where
the number of sensors N = 25 and in right of Fig. 4 where the number of sensors N =
100. The length L of the hash table is 1024.

Table 1. Simulation Parameters.

Parameter Value

Side length of A 100
N 25,100,1000
Rs 10
b 1.0
a 0.05
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The standard deviations of MC and Geo-MC decrease along with the increase of
the number of trial points, M. It is obvious that the curves of MC and Geo-MC have the
same trend and almost coincide. It proves that the proposed Geo-MC approach reach
the same solution as MC. Thus the accuracy increases with the increase of the number
of sample points, M, for both MC and Geo-MC methods. Also the curves of MC and
Geo-MC almost coincide.

Now we will focus on the computation complexity for MC and Geo-MC methods.
In each iteration and for each sample point, MC should check all the sensor nodes one
by one to determine whether the sample point is covered. All the sensor nodes must be
checked to calculate the coverage index of the given sample point. Even Geo-MC
method will check all the nearby sensors. Therefore, with the increase of the number of
the sample points and sensor nodes, the running time of MC and Geo-MC will be
increased, as shown in Fig. 5. As shown in Fig. 5, each curve of the running time
increase almost linearly with the increasing of the number of sample points to perform
Monte Carlo methods.

We also run experiments with M = 1280 sample points for different N to evaluate
the running time and the results are in Fig. 6. Usually, if the number of sensors N, is
larger, the loop in the naive algorithms to check the sensor takes longer time. Our
algorithm perform better than the naive one. With the geocode and the related data
structure, the query time is much lesser than the time in the inner loop.

Fig. 4. Left: Standard deviation of coverage ratio for TAC model. N = 25. Right: Standard
deviation of coverage ratio for TAC model. N = 100.

Fig. 5. Running time of different methods with N = 100 or 1000 sensor nodes for the TAC
model.
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Finally, we can compare the running time of Geo-MC with different hash table size
L, as shown in Fig. 7. It is obvious that the running time depend on the hash table size. If
the table size is much less than the number of sensors, there exist lots of hash collision
which deteriorate the performance. If the table size is too huge, the space is wasted
without obvious increment on the performance. Thus the hash table size should be
carefully selected. A reasonable size is twice or three times of the number of the grids.

5 Conclusion

Wireless sensor networks in IoTs are one of the most promising technologies since lots
of kinds of physical phenomena are possible to be sensed remotely. Coverage,
reflecting how well a field is monitored or tracked by sensors of the networks, is one of
the fundamental issues of Wireless sensor networks. There are different coverage types
and we focused on area coverage, especially the probabilistic coverage for different
sensing models in the real applications.

A novel accelerated approach of the Monte Carlo method based on the geocode and
the related well-designed data structure is proposed, which support fast query the

Fig. 6. Running time for the TAC model where M is fixed to 1280.

Fig. 7. Running time for the TAC model for various L, where M = 1280 and N = 1280.
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nearest sensor or the sensors in a certain range. We assume all the positions of sensor
nodes are obtained with the node localization techniques. We adopted our method for
typical truncated attenuated disk sensor model. The time complexity of the proposed
approaches is deduced compared with the naive ones in theory. Simulation results also
expose that our method is faster than the naive version so as to support large scale
networks in an efficient manner.
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Abstract. When monitoring highly dynamic time series streaming data, the
traditional anomaly detection methods have many disadvantages, e.g.,
inadaptability to the dynamic streaming data and low detection accuracy. In
order to distinguish abnormal data from streaming data, a Markov Process-
Based anomaly detection method is proposed. Firstly, the dimensionality of raw
data is reduced through Locality Preserving Projection algorithm to bring
redundancy down. Then, an Elbow-Based K-Means clustering algorithm is
proposed to determine the rational number of mode, and the dimensionally-
reduced data are divided into normal and abnormal modes through the algo-
rithm. Finally, a Markov Process-Based anomaly detection model is established
to detect the data in abnormal mode, where the effect of concept drift is avoided
and a loose mode containing the data in the future unknown mode is introduced
into the model to enhance model integrity. Simulation results demonstrate that
the proposed method can achieve quasi-optimal performance compared with
other contrasting methods.

Keywords: Time series streaming data � Anomaly detection � Markov process

1 Introduction

With the development of the network era and the change of data generation, data in
various fields are often presented in the form of time series streaming, such as earth-
quake monitoring, network monitoring and other fields. The generating speed and
amount of streaming data are large, and most of the data usually exists in high-
dimensional form [1]. To find the data in abnormal mode that are different from most of
streaming data is an important problem that urgently needs to be solved. However, the
traditional anomaly detection methods only focus on static data, resulting in potential
limitations. Therefore, it is of great significance to study the anomaly detection of time
series streaming data.

The distribution change of streaming data indicates that there may be abnormal
mode or the conversion between normal modes, and the conversion is also called
‘concept drift’ [2]. Therefore, it is necessary to take concept drift into consideration to
adjust the anomaly detection model when monitoring time series streaming data.
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According to the assumption, ‘the more recent data are more important for current
anomaly detection’, a sliding window was set to store recent data and data beyond the
window were not considered, so the neighbor number of the abnormal data was cal-
culated based on data in the window [3]. In [4], anomaly detection was achieved by
controlling the tightness of boundary and the complexity of model through the loss
function. The boundary of normal data was described, but the determination of the
boundary was very sensitive to the effect of this method. The anomaly detection was
transformed into a binary classification problem, and a binary classification model was
established by using abnormal data and normal data as training sets [5]. In [6], the
network was divided into blocks and then the data dimension was reduced through
stream-Hash. Based on this, some common anomaly detection methods were used to
detect the dynamic network. A definition is proposed in [2, 7], that if the data has fewer
neighbors than k, the data is abnormal. Obviously, the selection of k in this method is
very sensitive to the detection result. Some problems related to abnormal detection of
streaming data are solved by the above methods, but there exists a core problem that the
methods cannot adapt to the concept drift of streaming data.

A Markov Process-Based anomaly detection method is proposed in the paper.
Firstly, the dimension of raw data is reduced through Locality Preserving Projection
(LPP) algorithm to reduce the processing complexity. Then, an Elbow-Based K-Means
clustering algorithm is used to determine the rational number of mode and divide the
time series streaming data into different modes, including normal modes and abnormal
mode. Finally, a Markov Process-Based anomaly detection model is established, which
is adaptive to the concept drift. And a loose mode is introduced into the model to
represent the unknown mode in the future streaming data. Simulation results demon-
strate that the proposed method can achieve quasi-optimal performance compared with
other contrasting methods.

2 A Markov Process-Based Anomaly Detection Method

2.1 Pre-processing of Time Series Streaming Data

LPP-Based Dimensionality Reduction
Considering the redundancy of time series streaming data, the dimensionality of raw
data needs to be reduced. LPP algorithm [8] constructs the distance relationship
between the sample pairs in the data domain, and maintains this relationship during
projection. Therefore, the local neighborhood structure of the samples can be preserved
while reducing dimension. LPP algorithm can keep the original data topology
unchanged, retain the local characteristics of data, and effectively reduce the data
dimension.
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The object in the raw time series streaming Rn is Xt ¼ ½xt1; xt2; :::; xtn�, where t rep-
resents the timestamp. First, the Laplacian matrix is constructed to complete the local
mapping, and the mapping matrix K can be obtained by optimizing the objective
function. The sum of weighted square of distances between adjacent samples, is shown
as follows.

min
XT
t1;t2

Xt1 � Xt2ð Þ2Wt1;t2 ð1Þ

where Wt1;t2 is the weight of neighbor samples in different distances, and T is the
sample number of Training-Data. Then, according to the formula (2), Xt can be mapped
to the streaming data domain Rmðm\nÞ to obtain Yt ¼ ½yt1; yt2; :::; ytm�. And the
dimension reduction of streaming data is completed.

Yt¼KTXt ð2Þ

Elbow-Based K-Means Clustering
Taking concept drift into consideration, different modes need to be detected at first.
And the time series streaming data in adjacent moments changes a little, so streaming
data can be split by time segmentation and clustered by fast convergent K-Means
algorithm [8]. The data in the same cluster is assumed to be the same mode.

Firstly, the mode number L is determined by Elbow strategy, and the set of all
modes is defined as X, Xj j ¼ L. Then, the data object Yt; 1� t� T are divided into L
modes through optimizing the sum of square of distances between all data samples in
each mode to the mode center, shown as follows.

min
XL
l¼1

XT
t¼1

Il;tðYt � ClÞ2 ð3Þ

where Il;t is the indicator function, and Il;t ¼ 1 only when the t-th training sample
belongs to the l-th mode. Cl is the mode center of the l-th mode shown as follows.

Cl ¼
PT
t¼1

Il;tðYtÞ2

PT
t¼1

Il;t

ð4Þ

Finally, all data objects in Rm are labeled with different modes, and it is assumed that
the mode of data Yt is gðtÞ, gðtÞ 2 X. The process of Elbow-Based K-Means clustering
algorithm is shown in Fig. 1.
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2.2 Markov Process-Based Anomaly Detection Model

By analyzing the processed time series streaming data, we find that the corresponding
mode of the data at t is only related to the data at t � 1, but has nothing to do with the
data before t � 1. The mode change of streaming data can be regarded as a Markov
process [9]. Therefore, a Markov Process-Based anomaly detection model is proposed.
According to the probability of mode change in Markov transition matrix, the mode
change with an obvious transfer probability is considered to be the transition between
normal modes, i.e., concept drift. If there is a significant difference between the mode
that actually emerges and the expected mode or there exists an unknown mode, the data
are considered to be abnormal.

The establishment step of the Markov Process-Based anomaly detection model is as
follows:

1) Firstly, the transfer number between different modes are counted to obtain Markov
transition matrix M ¼ ½mi;j�L�L, where mi;j represents the transfer probability from
the i-th mode to the j-th mode. And gðtÞ 6¼ gðt � 1Þ indicates mode change.

2) A loose mode is introduced into Markov transition matrix M to obtain expansion
matrix M, and the Markov Process-Based anomaly detection model is established.
Considering possible unknown mode, a loose mode n is introduced into X, and the
transfer probabilities from the mode to other modes and from other modes to the
mode are assumed to be 0. The transfer probability threshold k is set. In the
expansion matrix M, if mi;j � k, the transition from the i-th mode to the j-th mode is
concept drift. If mi;j\k, the transition is less likely to occur, i.e., the data is
abnormal.

The Elbow-Based K-Menas Clustering algorithm 

Input: Training-Data set containing samples
The max mode number 

For 
Choose samples from data samples as the initial mode
centers
Repeat

Calculate the distance of each data sample to each mode
center 

Assign each sample to the nearest mode
Recalculate the mode centers

Until the mode centers do not change or reach the maximum
number of iteration

Calculate the sum of the squares of the distances from all 
samples to the corresponding mode center

End
Based on the elbow strategy, choose the optimal mode number
Output: the mode number    , the corresponding clustering result
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Fig. 1. The flow diagram of Elbow-Based K-Means clustering algorithm.
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The anomaly detection is performed on future unknown streaming data XT þ 1 at
T þ 1. Firstly, XT þ 1 is mapped to the dimension-reduced data YT þ 1 by mapping
matrix K. Then, the distances between YT þ 1 and each mode center Clð1� l� LÞ are
calculated, and the mode of YT þ 1 is determined based the formula (5).

gðT þ 1Þ¼ min
l

Disl;T þ 1 ¼ min
l

ðYT þ 1 � ClÞ2
� �

; min Disl;T þ 1 � thre

n; min Disl;T þ 1 [ thre

8<
: ð5Þ

where thre is the distance threshold in clustering. Finally, we find the transfer proba-
bility from the mode gðTÞ of data YT to gðT þ 1Þ in the expansion matrix M. If
mgðTÞ;gðT þ 1Þ � k, there is no anomaly, if mgðTÞ;gðT þ 1Þ\k, the data is abnormal.

3 Performance Evaluation

In order to validate the effectiveness of our proposed method, a typical time series
streaming data, a UCI data set, is chosen to test the method performance. The brief
description of data set is showed as Table 1. Considering that the data set is sampled at
1 h, we assume that the time segmentation of the streaming data is also 1 h. What’s
more, the transfer probability threshold and the distance threshold in clustering are set
as 0.001 and 1e5.

The result of LPP-Based dimensionality reduction is shown in Fig. 2, and the result
only contains the first 200 training samples to make figure clear. The dimension of the
dimensionally-reduced data is 3, and we define the dimensions as D1, D2 and D3.

Table 1. Data set description.

Data set Dimension Sampling
interval

The number of
training-data

The number of
testing-data

Beijing
PM2.5

7 1 h 1000 300

Fig. 2. The result of LPP-Based dimensionality reduction.
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Figure 3 shows the sums of square of distances between all training data samples in
each mode to the mode center under different mode number. With the increase of mode
number, the sample division will be more precise, and the aggregation degree of each
cluster will gradually increase, so the sums of square of distances will naturally
decrease. When the mode number is less than the rational value, due to the increase of
the aggregation degree of each cluster, the sums of square of distances will drop a lot.
And when the mode number arrived at rational value, the change of the aggregation
degree will become smaller, as well as the sums of square of distances. According to
the elbow strategy, the rational mode number is 4.

The result of Elbow-Based K-Means Clustering is shown in Fig. 4 when the mode
number is equal to 4, and the result also only contains the first 200 training samples.
Obviously, the nearby training samples belong to the same mode compared to Fig. 2.

Fig. 3. The sums of square of distances under different mode numbers.

(a) Front view (b) Vertical view

Fig. 4. The result of Elbow-Based K-Means Clustering.
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The expansion matrix including a loose mode in the Markov Process-Based
anomaly detection model is show as follows.

M¼

0.9044 0 0.0956 0 0
0 0.8462 0.1026 0.0512 0

0.0217 0.0317 0.9449 0.0017 0
0 0.1449 0.0145 0.8406 0
0 0 0 0 0

2
66664

3
77775

When we use the Testing-Data to examine our method, Table 2 shows the com-
parison in detection accuracy between our proposed and two contrasting methods. One
is CODHD-Stream method [10], the other is PCA-Markov method which is similar to
ours except that the LPP algorithm is replaced by principal component analysis
algorithm and the mode number needs to be determined by human. Obviously, our
proposed method has significant advantage in the aspect of detection accuracy com-
pared the other two, and our proposed method is more reasonable than PCA-Markov
method in the aspect of algorithm flow. But the advantage of our proposed method in
detection accuracy is at the expense of detection precision. Our detection result is
abnormal mode, i.e., only the future data that belongs to the loose mode or other mode
which cannot be transferred, can be detected.

4 Conclusion

In this paper, we proposed a Markov Process-Based anomaly detection method. Firstly,
the raw data dimension was reduced through LPP algorithm. Then, the K-Means
clustering algorithm was used to divide the time series streaming data into different
modes, including normal modes and abnormal modes. Finally, considering concept
drift, a Markov Process-Based anomaly detection model was established, where a loose
mode was introduced into the model to represent the unknown mode in the future
streaming data. The influence of concept drift is reduced, which avoids the problem that
the concept drift of streaming data leads to the deterioration of model performance.
Simulation results demonstrate that the proposed method can achieve quasi-optimal
performance compared with other contrasting methods.

Acknowledgment. This research was funded by the National key R&D Program of China
No. 2018YFC1504502.

Table 2. Simulation result.

Method Detection accuracy Detection precision

Our proposed method 98.74% Mode
CODHD-Stream method 93.19% Sample
PCA-Markov method 96.82% Mode
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Abstract. Aiming at the problem of low accuracy of radar signal sorting in a
small sample environment, a sample expansion method based on SMOTE
algorithm is proposed. This method uses the Euclidean distance principle for
data expansion, so that each sample is synthesized into a new sample, and the
impact of the data imbalance on the classifier is reduced in terms of data, thereby
improving the accuracy of radar signal sorting. Experimental results show that
sample expansion based on SMOTE algorithm can effectively improve the
accuracy of radar signal.

Keywords: Small sample � Radar signal sorting � SMOTE

1 Introduction

1.1 Related Research

Radar signal sorting is one of significant direction. Machine learning methods improve
the accuracy of signal sorting is greatly improved. However, they are based on big data,
usually need enough samples to train the algorithm model to achieve a good sorting
effect [1]. In actual situations, the situation called radar signal sorting in a small sample
environment is common [2].

For the problem of low sorting accuracy in the case of small samples, literature [3]
proposed a semi-supervised target recognition algorithm based on generative adver-
sarial networks. The algorithm uses GAN’s powerful adversarial generation ability to
improve radar in a small sample environment. Signal recognition ability. Reference [1]
uses SCGAN to generate non-aliased generated samples to train the CNN and improve
its recognition ability under small sample conditions. Reference [4] proposed a support
vector machine (SVM)-based radar target feature acquisition, selection, and classifier
design to achieve target classification and improve target classification accuracy. From
the perspective of sample expansion, literature [5–7] uses clustering and nearest
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neighbor methods to change the central sample used to synthesize new samples. For
example, literature [8] weights the decision tree through the unbalanced coefficients of
the data and the classification accuracy of the decision tree, which increases the cost of
the model to judge errors of minority samples and improves the classification accuracy
of minority samples.

1.2 The Main Work of This Article

This paper uses an improved synthetic minority oversampling technology algorithm to
expand samples, uses the Euclidean distance principle to expand the data [9], and uses
the expanded sample Train the model to avoid overfitting to improve accuracy.

Section 2 introduces SMOTE algorithm for sample expansion. The third section
describes the machine learning algorithm used for radar signal sorting, the fourth
section introduces the experimental verification of the effectiveness of the SMOTE
algorithm, the fifth summarizes the work and looks ahead.

2 SMOTE Algorithm Principle

The SMOTE method is a data preprocessing technique proposed [6]. The basic idea of
SMOTE is adding new samples to the data set based on the minority samples, which is
to interpolate between the minority samples to generate additional samples [10].

(1) For each sample x, the distance in the minority sample set S is calculated, and its k
nearest neighbor is obtained.

(2) Set a sampling ratio N. For each minority sample x, randomly select several
samples from its k nearest neighbors xn.
For our selected neighbor xn a new sample is constructed according to following
formula with the original sample.

xnew ¼ xþ rand 0; 1ð Þ � x� xnj j ð1Þ

(3) Repeat Step, it can synthesize N new samples: Xnew; new 2 1; 2; . . ., Then, by
performing the above operations for the minority class new samples.

It can be considered that the newly generated cyan data points are the closest to
other non-cyan sample points, forming a pair of Tomek links, as shown in Fig. 1 for the
cyan and blue points.

Fig. 1. Generates new data points Fig. 2. A pair of Tomek links
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When the newly generated point is the center and the distance of the Tomek link is
the range radius, to frame a space, when the number of minorities/majority in the
space <the minimum threshold, the new generation is considered a “garbage points”,
and SMOTE training should be eliminated or performed again; On the contrary, the
initial minority class sample set that is retained and included in SMOTE training To
sample in the middle. As shown in Fig. 2, the cyan new points on the left are removed,
and only the new data on the right is retained, thus eliminating the “garbage points”
[11] (Fig. 3).

3 Radar Signal Sorting

This section briefly describes the machine learning algorithms used for radar signal
sorting.

3.1 Decision Tree Algorithm

The decision tree [12] is generated recursively: starting from the root node, it can split
into two left and right subtrees, and the generated subtree nodes continue to generate
new left and right subtrees, so as to continuously generate recursively until the required
So far.

ID3 algorithm calculates the information gain of each sample attribute through the
introduction of information entropy, and then determine the attribute selection of node
splitting according to the size of the information gain. Among them, the calculation
process of the attribute information gain of the decision tree node is expressed:

Step 1: Calculate the information entropy of the sample set.

Assuming that the ratio of the k-type data samples to the total sample is
pk k ¼ 1; 2; . . .nð Þ, the information entropy of the sample set D is defined as:

Ent Dð Þ ¼ �
Xn

k¼1
pklog2pk ð2Þ

Step 2: Calculate the expected value after dividing the sample set D based on each
attribute.

Fig. 3. Distribution of data points after excluding ‘garbage points’
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Assuming that there are V possibilities for the value of the discrete attribute a,
which is recorded as a1; a2; . . .; aV

� �
, he expected information after dividing the

sample set D based on the attribute a can be expressed as:

Ent Dð Þ ¼
XV

v¼1

Dvj j
Dj j Ent D

vð Þ ð3Þ

Where Dvj j represents the number of samples Dv, and Dj j represents the number of
samples in the total sample set D.

Step 3: Combine Step 1 and Step 2 the information gain obtained by dividing set D
according to attribute a can be expressed as:

Gain D; að Þ ¼ Ent Dð Þ � Enta Dð Þ ð4Þ

The ID3 algorithm selects the attribute a corresponding to the maximum Gain D; að Þ
as the optimal attribute of the current node division, which is expressed as:

a� ¼ argmaxGain D; að Þ ð5Þ

Finally, simplify the decision tree to save storage space and reduce the risk of
overfitting

3.2 Random Forest Algorithm

The core idea of Sect. 3.2 random forest is: using a single decision tree as the base
learner, using an integrated learning framework based on the Bagging method to
combine multiple decision tree classifiers, and the final output result after integration is
conducted by all single decision trees based on voting decision making.

3.3 KNN Algorithm

K-nearest neighbor (kNN) [14] is that if most of the k most similar samples in the
feature space belong to a certain category, the sample also belongs to this category.
In KNN, the distance between objects is calculated as a non-similarity index between
objects [15]:

d x; yð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

k¼1
xk � ykð Þ2

q
ð6Þ

d x; yð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

k¼1
xk � ykð Þ2

q
ð7Þ

KNN makes decisions based on the dominant category of k objects rather than a
single object category.

838 M. Chang et al.



4 Experiment and Result Analysis

In order to verify the sample expansion based on SMOTE algorithm and improve the
accuracy of radar signal classification, experiments are designed in this section. The
basic flow of the experiment is shown in Fig. 4. First, sample a certain class in the
original data (think of the original data as large sample data), construct an unbalanced
sample, SMOTE algorithm to expand the small sample. Finally, using the extended
sample to train the classification model and using the original sample to test the model
to obtain the radar signal Sorting accuracy. The experiment designed the comparison of
the accuracy under different extraction ratios of the data and the comparison of the
accuracy of radar signal sorting before and after sample expansion.

4.1 Data Set

There are three types of radar data of known categories in the data set. Each type of
radar data features include five pulse descriptors PDW = (pulse arrival direction,
Carrier frequency RF, pulse width PW, arrival time TOA, pulse amplitude PA), this
paper selects PDW [14] as the sorting feature.

4.2 Unbalanced Sample Expansion

Remember that the three types of samples in the data set are A, B, and C samples. The
sample expansion ideas are as follows:

(1) Label the three types of radar signals in the data set, respectively, 0,1,2.
(2) Select all data of class A signal and extract partial data of class B. The two

constitute an unbalanced sample A1, and the data of class B is negative. Call the
SMOTE algorithm and set the expansion ratio of negative samples to 1: 1 to realize
the expansion of B samples.

Draw small 
samples from 

raw data

Machine learning 
algorithm

Extended sample 
training model

Raw data Test model 
accuracy

Construct small 
samples

SMOTE algorithm 
expands small samples

Fig. 4. Experimental flow chart
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(3) Select all data of class B signal and extract partial data of class C, the two constitute
unbalanced sample B1, and the data of class C is negative. Call the SMOTE
algorithm and set the expansion ratio of negative samples to 1: 1 to achieve the
expansion of C samples.

(4) Select all data of class C signal and extract part of class A data. The two constitute
an unbalanced sample C1, and class A data is negative. Call the SMOTE algorithm,
set the expansion ratio of negative samples to 1: 1, and expand the A-type samples.

The data amounts of three types of signals in the data set, A, B, and C, are shown in
Table 1 below:

The signal extraction ratio increases from 0.1 to 0.05, and then to 0.5. When the
signal extraction ratio is 0.1, specific examples of radar signal expansion are shown in
Table 2:

4.3 Radar Signal Sorting

As shown in Table 4: Use three different algorithms: decision tree, random forest, and
KNN, use small samples to expand the data trains the model, test the model with
original data. The accuracy of signal sorting increases as the proportion of samples
taken increases. Explain the sensitivity of machine learning algorithms to real data.

4.4 Analysis of Experimental Results

As shown in Table 3: Use three different algorithms: decision tree, random forest, and
KNN, use small samples to expand the data train the model, and test the model with the
original data. The accuracy of signal sorting increases as the proportion of samples
taken increases. Explain the sensitivity of machine learning algorithms to real data.

Table 1. A, B, C three types of signal data

Radar signal Number of samples

A 38537
B 35799
C 36064

Table 2. Examples of signal expansion

Extended radar
signal

Number of categories before
expansion

Number of categories after
expansion

A A:C = 3853:36064 A:C = 36064:36064
B A:B = 38537:3580 A:B = 38537:38537
C B:C = 35799:3607 B:C = 35799:35799
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As shown in Table 4, After expanding samples, the accuracy rate higher than 0.8
can be obtained when the data extraction ratio is 0.2, indicating that the SMOTE
algorithm expansion data has a better effect on the accuracy of the decision tree.

Table 5 shows the accuracy of model prediction when the random forest algorithm
is used to compare the training set before and after small sample expansion and the real
data is used as the test set.

Table 3. Change curve of accuracy rate with data volume

Algorithm Ratio
0.05 0.10 0.15 0.20 0.25

Decision tree 0.708 0.779 0.827 0.848 0.872
Random forest 0.618 0.659 0.701 0.750 0.763
KNN 0.661 0.732 0.761 0.781 0.798

Algorithm Ratio
0.30 0.35 0.40 0.45 0.50

Decision tree 0.886 0.901 0.914 0.922 0.935
Random forest 0.775 0.801 0.826 0.844 0.863
KNN 0.808 0.815 0.823 0.831 0.837

Table 4. Change curve of accuracy rate with data volume

Extraction ratio 0.05 0.10 0.15 0.20 0.25

Before sample expansion 0.439 0.471 0.484 0.509 0.553
After sample expansion 0.708 0.779 0.827 0.848 0.872
Extraction ratio 0.30 0.35 0.40 0.45 0.50
Before sample expansion 0.579 0.601 0.617 0.647 0.683
After sample expansion 0.886 0.901 0.914 0.922 0.935

Table 5. Comparison of accuracy before and after small sample expansion

Sampling ratio 0.05 0.10 0.15 0.20 0.25

Before sample expansion 0.491 0.489 0.493 0.510 0.539
After sample expansion 0.618 0.659 0.701 0.750 0.763
Sampling ratio 0.30 0.35 0.40 0.45 0.50
Before sample expansion 0.557 0.605 0.634 0.651 0.682
After sample expansion 0.775 0.801 0.826 0.844 0.863
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After the sample expansion using the SMOTE algorithm, the accuracy rate higher
than 0.8 can be obtained when the data extraction ratio is 0.4, which shows that the data
expanded by the SMOTE algorithm has a better effect on the accuracy rate of the
random forest.

Table 6 shows the accuracy of model prediction when the KNN algorithm is used
to compare the training set before and after small sample expansion and the real data is
used as the test set.

After expanding the sample, the accuracy rate higher than 0.8 can be obtained when
the data extraction ratio is 0.3, which can show that the data expanded by the SMOTE
algorithm effectively improves accuracy.

5 Summary and Outlook

In this paper, for the low accuracy of radar signal sorting in a small sample environ-
ment, the SMOTE algorithm is used to expand samples, and the machine learning
algorithm is used to complete the radar signal sorting. The comparison of signal sorting
accuracy before and after sample expansion shows the effectiveness of SMOTE
algorithm sample expansion to improve sorting accuracy. However, the SMOTE
algorithm does not significantly improve the classification effect of data sets with high
imbalance and high feature dimensions. Redundant samples [5] affect the classification
effect. In the future work, we need to conduct a deeper study on the classification of
different types of small samples.
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Abstract. A user-define method is proposed in this paper, to help the designer
improve the quality of products and shorten the development term. It solves
some special coding rule checking problems. The method is implemented by
means of Cadence HAL software, Using Verilog procedural interface (VPI) to
check Verilog code, Using VHDL procedural interface (VHPI) to check VHDL
code, and using common front end procedural interface (CPI) to check common
code. The user-define method of coding rule checking includes three steps. The
first step is compiling the design using Cadence ncvlog or ncvhdl. The second
step is using HAL called VPI, VHPI or CPI to implement the User-define rule.
The third step is compiling the User-define rule. The implementation example is
presented, and the 24 rules are defined using the method in Practice. The results
show that the user-define Method could implement defining rules rather than
parsing syntax structure in advance.

Keywords: Coding rule � HAL � User-define method

1 Introduction

Designers are often faced with verifying larger design hierarchies and interacting with
extended tool flows as the design complexity grows, which makes it difficult to quickly
verify and deliver feature-rich products. As a result, increasing verification productivity
is an important design goal. Design and verification engineers need detection of
problems related to multiple phases of design cycle, while the design is still under
development at the RTL level [1–3].

Using simulation to detect potential bugs in the HDL code, it consumes valuable
resources that are better spent actually verifying the functionality of your design instead
of finding its semantic errors. In addition, even if the RTL code for a design simulates
correctly, synthesizability errors can still lead to implementation errors during a syn-
thesis run. Therefore, before simulating design, it is useful to verify that the design is
free of syntax errors, or semantic constructs, that prevent it from running through the
rest of the tools.

The Cadence Incisive HDL analysis (HAL) technology consists of a set of prede-
fined rules to check Verilog, VHDL, Mixed and SystemC language designs. Inci-
sive HDL analysis can find coding errors early in design process, before simulating
design. The tool identifies coding errors and improper register transfer level
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(RTL) design styles through a comprehensive analysis of your HDL source code. The
rules can be customed using own application programming interface (API).

Consequently, A User-define Method Coding Rule Checking using HAL is pro-
posed in this paper, to solve some special coding rule Checking Problems. The method
finishes the acquisitions of design feature. Then, define the syntax rules using VPI or
VHPI, and define the structure rules using CPI. The practice shows that 24 rules are
defined by this way including syntax check and structure check.

2 User-Define Method

The user-define method of coding rule checking include three steps. The first step is
compiling the design using Cadence ncvlog or ncvhdl. The second step is using HAL
called VPI [6], VHPI [5] or CPI [4] to implement the User-define rule. The third step is
compiling the User-define rule. The second step detail is as follows.

2.1 HAL

HAL provides application programming interface (API) to creating custom rule cate-
gories using Verilog, VHDL, and CPI triggers [7]. The HAL API can be used to create
functions that traverse the design structure by using callbacks on specific HDL con-
structs. A callback is a VPI, VHPI, or CPI application that takes a vpiHandle or a
vhpiHandleT or a cpiHandle as input. The type of handle depends on the Verilog,
VHDL, or CPI trigger for which the callback was registered.

Important HAL API functions related to customing is listed as follows:

halRegisterCB callback registration function—use the halRegisterCB function
during the initialization of a HAL rule library to let HAL know what routines should
be called for a particular HDL construct. Usually call this function from an ini-
tialization routine whose name specified in the vlog_startup_routines array.
halreport function—use the halreport function to write messages to the HAL log
file. The halreport function formats the messages so that they are consistent with the
standard HAL message format (and with the NCBrowse message browser format).
halreportat function—use the halreportat function to perform the same task that the
halreport function does. The difference is that the halreportat function takes two
additional arguments to specify the source file and the line number (in the HDL
text) to which the message applies.
halSrcLine function—use the halSrcLine function to obtain the current HDL
source line.
halSrcFile function—use the halSrcFile function to obtain the current HDL source
file.
halRegisterCpiHierCB callback registration function—use the halRegis-
terCpiHierCB function during the initialization of a shared library to let HAL know
what routines should be called for a particular CPI construct. HAL calls this
function for every instance of the construct in the hierarchy.
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halRegisterCpiDefCB callback registration function—You use the halRegis-
terCpiDefCB function during the initialization of a shared library to let HAL know
what routines should be called for a particular CPI construct. HAL calls this
function for the construct in each definition of the design.

2.2 VPI

The Verilog Procedural Interface (VPI) is a C-programming interface for the Verilog
Hardware Description Language (HDL). VPI is the third-generation procedural inter-
face to Verilog HDL.VPI provides consistent, object-oriented access to the complete
Verilog HDL, as described in the IEEE 1364 Standard Verilog HDL Language Ref-
erence Manual. VPI consists of a set of access and utility routines using standard C
programming language functions. These routines interact with the instantiated simu-
lation objects contained in the Verilog HDL design. The User-define Method of VPI
including using handles, Accessing Constant Values and HAL triggers is as follows.

Firstly, VPI uses handles to access objects. A handle is a pointer to a data structure
that contains information about an object. VPI use handles to get information about
unique instances of simulation objects, and to accomplish tasks such as traversing
relationships and examining values. Most access routines require handles to identify the
objects that they analyze. To create a handle, declare a variable of type vpiHandle. (The
vpiHandle data type is defined in the vpi_user.h file.) Objects can have a one-to-one
relationship, or they can have multiple relationships with other objects. Objects that
have one-to-one relationships have only one other object associated with them. For
example, a net can belong to only one module. Objects with multiple relationships have
more than one object associated with them. For example, a module can contain mul-
tiple paths or multiple instances of primitives, or a primitive can have multiple attri-
butes. Using handles with VPI routines to get specific information about objects, The
following access routines return the integer, Boolean, string, or numeric properties of a
simulation object: vpi_get returns the integer and Boolean properties of an object.
Boolean is defined as an integer. vpi_get_str returns the string properties of an object.
vpi_get_value finds the value of a constant.

Secondly, Constant values are values that appear in the Verilog HDL source
description and that do not change during the simulation. Accessing constant values by
using the vpi_get_value routine, this routine returns information about each constant in
a data structure of type s_vpi_value. Each routine that returns a string pointer, such as
vpi_get_str and vpi_get_value, contains its own string buffer. Repeated calls to the
same routine may cause that buffer to be overwritten.

Finally, When creating custom rule categories using Verilog, write callback rou-
tines that are registered in the startup routine. All the callbacks get a vpiHandle as an
argument. The type of handle matches the trigger name. For example, a halAlways
callback gets the handle for the always block. The Verilog triggers supported by HAL
are defined by halTrigger. Most of these have oneto-one mapping with VPI. For
example, halNamedBegin is triggered when HAL encounters a vpiNamedBegin.
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2.3 VHPI

The VHDL Procedural Interface (VHPI) is an ANSI/ISO C programming interface to
VHDL. It provides complete, consistent, object-oriented access to VHDL, as described
in the VHPI Standard Specification. VHPI consists of a formal information model for
the pre-elaboration and post-elaboration design, represented using Unified Modeling
Language (UML), and a set of routines using C language code. These routines interact
with the simulation objects contained in your VHDL design. The User-define Method
of VHPI including using handles, Obtaining VHDL Object Values and HAL triggers is
as follows.

Firstly, To access and manipulate the objects represented by the VHPI information
model, their class must be identified, which defines the properties and methods of the
object. Knowing the object’s class, a handle to it can be obtained. A handle is an
abstract representation of VHDL objects and data. It is defined as an opaque pointer to
a VHDL object in the VHPI information model. VHPI knows how to relate handles
with the objects they represent. Create and manipulate handles by using VHPI func-
tions. There are two ways to access objects in the VHPI information model using
handles,Accessing a single object and Accessing several objects.

Secondly, Using the vhpi_get_value function to obtain the value of an object that
possesses a value, Classes of objects that can have a value include subclasses of
objDecl and portDecl, and subclasses of the classes name, driver, and transaction. In
the description of the VHPI information model, the object classes to which you can
apply this function have vhpi_get_value in the list of their operations. The
vhpi_get_value function supports objects with locally static names only. The function
does not support accessing values for dynamically elaborated (subprogram) objects and
for for-loop variables.

Finally, Creating custom rule categories using VHDL, Write callback routines that
are registered in the startup routine. All the callbacks get a vhpiHandleT as an argu-
ment. The type of handle matches the trigger name. For example, a halArchBody
callback gets the handle for the architecture block. The VHDL triggers supported by
HAL are defined by halTrigger. Most of these have oneto-one mapping with VHPI. For
example, halBitStringLiteral is triggered when HAL encounters a vhpiBitStringLiteral.

2.4 CPI

The Common Frontend API (CPI) is a C language programming interface for the data
structures created by Common Frontend (CFE). CPI routines is used to write appli-
cations that can manipulate objects in the hardware view created by CFE for design.
CPI consists of a set of access and utility routines that you call from standard C
programming language functions. The basic function of the Common Frontend
(CFE) is to perform a lightweight synthesis on an RTL HDL description and produce a
data structure essentially composed of concurrent dataflow equations that define each
object i.e., wires, latches (along with their enables), flipflops (along with their enables,
sets, and resets) etc. This data structure called the Structural RTL Netlist is then
decompiled into a binary netlist representation called CPI Dump. This netlist repre-
sentation captures the cycle-level functional model of the original RTL description. The
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User-define Method of CPI including using handles, traversing object relationships,
accessing constant values and HAL triggers is as follows.

Firstly, CPI uses handles to access objects. A handle is a pointer to a data structure
that contains information about an object. Handles is used to get information about
unique instances of the objects and to accomplish tasks such as traversing relationships
and examining values. Most access routines require handles to identify the objects that
they analyze.

Secondly, Objects can have a one-to-one relationship, or they can have one-to-
many relationships with other objects. Objects that have one-to-one relationships, have
only one other object associated with them. For example, an actual port can have only
one expression belonging to it. Objects with one-to-many relationships have more than
one object associated with them. For example, a module can contain multiple instances
of other modules. Objects are accessed having a one-to-one relationship using the
cpi_handle routine. The routines cpi_iterate and cpi_scan can be used to traverse
objects that have one-to-many relationships.

Thirdly, constant values can be access by using the cpi_get_value routine. This
routine returns value of the constant in any of the predefined formats. Handles with CPI
routines can be used to get specific information about objects. The following access
routines return the integer, Boolean, string, or numeric properties of a simulation
object: cpi_get returns the integer and Boolean properties of an object. cpi_get_str
returns the string properties of an object. cpi_get_value finds the value of a constant.

Finally, Customing rule categories are created using CPI, you write callback rou-
tines that are registered in the startup routine. All the callbacks get a cpiHandle as an
argument. The type of handle matches the trigger name. For example, a halCpiInstance
callback gets the handle for the instance block. In addition to the CPI constructs, HAL
supports other constructs that are useful for writing callback routines, although they do
not have a one-to-one mapping with CPI. The halCpiTopModuleBegin trigger is an
example of one such construct.

3 Example and Practice

In this section the example about defining HAL and the practice outcome are presented.

3.1 Example

In this example a vpi based application is created which checks for unconnected
inputs/inouts ports in an instantiation. The outcome is described as Fig. 1 and Fig. 2.
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Following is the algorithm used to implement the above mentioned check,

A. Set callback on “halModule”, which will return the handle for all the module
definitions in the design, iterate on the list of ports attached with the module.

B. Discard the output ports and check input ports only.
C. Take connectivity handle with the higher module. Report check, in case NULL

handle is returned.

3.2 Practice

Using the User-define Method it is achieved to define 24 rules. It uses VPI to checking
Verilog rules, uses VHPI to checking VHDL rules, and uses CPI to checking Verilog
and VHDL common rules. The outcome is as Fig. 3.

Fig. 1. The left file is the verilog code sample. The right file is C code example.

Fig. 2. The left file is the TCL file to use HAL. The right file is final result file.
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4 Conclusion

In this paper, A user-define Method is proposed. The first step is compiling the design
using Cadence ncvlog or ncvhdl. The second step is using HAL called VPI, VHPI and
CPI to implement the User-define rule. The third step is compiling the User-define rule.
The example and practice is given.

The Method is implemented by means of Cadence HAL, Using VPI to check
Verilog code, using VHPI to check VHDL code, and using CPI to check common
code. In this way, the user-define rules can be achieved conveniently rather than
parsing syntax structure in advance. The results show that the user-define method could
implement defining rules to help the designer improve the quality of products.
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Abstract. Aiming at the main sorting stage of known radar signals in the radar
signal sorting system, using supervised learning algorithms in machine learning
to replace the traditional sorting algorithms which based on pulse repetition
interval. The experimental results show that the supervised learning algorithms
can successfully sort overlapping multi-type radar pulse signals, and the sorting
accuracy of some algorithms exceeded 95%. It is feasible to apply the super-
vised learning algorithm to the main sorting stage of known radar signals.
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1 Introduction

Radar signal sorting is the first and crucial step in electronic warfare. The successful
sorting of the overlapped radar pulse signal sequences according to the radar type is the
premise of winning the radar electronic warfare, mastering the battlefield information
right and then finally winning the battle [1].

The research on radar signal sorting technology started in the 1970s, and usually
uses pulse repetition interval (PRI) which based on time domain as the sorting
parameter. The classical algorithms include the Sequence search method proposed by
Campbell [2], the Cumulative Difference Histogram (CDIF) algorithm proposed by
Mardia [3], the Sequence Difference Histogram (SDIF) algorithm proposed by Milo-
jevic [4], the PRI transform algorithm [5] and its improved algorithm [6].

Aiming at the main processing stage of known radar signals with some prior
information, this paper tries to adopt supervised learning algorithm, with a database of
known radar radiation source of information as a training set, to sort the overlapping
radar pulse signals received by the pre-processed electronic reconnaissance system, and
explore the feasibility of using a supervised learning algorithm for radar signal sorting.

2 Radar Signal Sorting System

Radar signal sorting is a technology that separates each radar pulse sequence and
estimates and identifies the parameters of each radar under the condition that multiple
radar pulses are interleaved with each other [11]. As shown in Fig. 1.
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Radar signal sorting is divided into two parts: pre-sorting and main sorting. Input
the random overlapping pulse description word PDWif gi which received by the
receiver, after processing by the sorting system, the data queue PDWif gli¼1 of l kinds of
radar radiant sources is output, that is PDW1; PDW2; . . .;PDWl.

3 Main Sorting of Known Radar Signals Based
on Supervised Learning

3.1 Supervised Learning Algorithms

Supervised learning algorithms in machine learning are machine learning tasks that
infer functions from labeled training data sets and are often used for classification or
regression tasks.

With the application of the new system radar on the modern battlefield, radar carrier
frequency, PRI and other characteristic parameters no longer maintain the original
fixed. In addition, the electromagnetic environment of the battlefield becomes more
complex, and the signal density of radar radiators detected by receivers increases at the
same time. The traditional algorithm based on the parameters of TOA and PRI is no
longer suitable for the radar signal sorting system in modern electronic warfare.

Aiming at the staggered PRI (one skeleton period contains two sub-periods 200 ls
and 300 ls) and the fixed PRI (815 ls) overlapping radar pulse signal, the PRI
transform method is used for sorting. As can be seen from the results in Fig. 2, the
algorithm misidentified the staggered PRI signal as a traditional fixed PRI signal, and
its PRI was 500 ls, which is the skeleton period of staggered PRI.

Aiming at the above problems, some researchers try to find a breakthrough on the
basis of the traditional algorithm to adapt to the signal characteristics of the new radar
system. At the same time, machine learning also provides a new way to solve such
problems.

Fig. 1. Schematic diagram of radar signal sorting
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Supervised learning algorithm in machine learning, as shown in Fig. 3, takes the
tagging data with certain characteristics of known information as the training set, based
on it, the algorithm builds a mathematical model for classification or regression.

There are three types of data for supervised learning algorithms: recorded data(data
matrix or dissimilarity matrix), image-based data and ordered data(Properties involve
temporal or spatial order).

Radar signal sorting is to distinguish overlapping pulse signal sequences according
to their radar types, which is essentially a classification problem in statistics. Its data
structure is a data matrix describing i� j by various features. Where i is the number of
PDW detected by the electronic reconnaissance system, and j is the characteristic
dimension of the signal, as shown in Eq. (1).
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Both the ultimate purpose of radar signal sorting and the data type to be processed
are fitted to the supervised learning algorithm, so it is reasonable to use them in the
main sorting stage of known radar signals.

For the pre-sorted filtered known radar signals overlapping PDW streams, existing
information exists in the database, and we can complete data annotation. Suppose l
radar signals are received, and there are a total of c radars. Construct radar signal PDW

Fig. 2. PRI transform method

Data sets to be 
classified Classifier The classification 

results

Tagged training set

Model training

Fig. 3. Supervised machine learning process.
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dataset Y ¼ x1; y1; x2; y2; . . .; xl; ylf g; yl 2 1; 2; . . .; cð Þ, Where xl is the radar signal and
yl is the type of radar to which the radar signal xl belongs. With the idea of supervised
learning, the marked data set X in the known radar signal database is used as the
training set to generate a classifier, and the unknown sample Y is classified and pre-
dicted, and the signal sorting is finally completed.

3.2 Experimental Setup

Overlapping PDW signals of 8 different types of radars actually measured in the field
are selected as experimental data sets. The specific parameters are shown in Table 1,
including two traditional radars and six new system radars.

Each pulse PDW in the experimental data set is composed of 9 feature descriptions.
The specific meanings of TOA, TOE, PA, PW and DOA have been analyzed in
preceding text. RF_START, RF_MID and RF_END are RF related parameters of radar
carrier frequency, which represent the starting point, center point and end point fre-
quencies of pulse signal measurement respectively. Elevation describes the range at
which a radar wave can pitch.

For the nine-dimensional features contained in the experimental data set, do a
correlation analysis and get the results shown in Fig. 4.

As can be seen from Fig. 4, TOA and TOE are strongly correlated, so only TOA is
selected as the sorting feature; Similarly, RF_START, RF_MID and RF_END are all
parameters related to the characteristics of radar carrier frequency and show strong
correlation, so only RF_START is selected as the sorting feature; The correlation
between PW and other dimensional parameters is weak, and it can better reflect the
time domain characteristics of radar, so it is a sorting feature; Elevation and DOA are
both spatial description parameters of radar signals, and the correlation is strong, so
only DOA is selected as the sorting feature.

Table 1. Experimental parameters

Number The type of PRI The type of RF Quantity
1 Fixed Pulse compression 20428
2 Fixed Agile 150MHz 13803
3 Fixed Fixed 19075
4 10% jitter Agile 160MHz 16255
5 10% jitter Fixed 20655
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In summary, the four-dimensional parameters of TOA, RF_START, DOA and PW
are selected as the sorting characteristics of radar signals. As can be seen from Fig. 5,
the four-dimensional features are weakly related to each other, and can fully describe
the correlation characteristics of radar signals.

3.3 Algorithm Experiment

Decision Tree
Sorting experiment using decision tree algorithm, the results are as Table 2.

Fig. 4. Feature heat map analysis Fig. 5. Feature heat map analysis

Table 2. Experimental results
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It can be seen from the results that the proportion of different test sets has little effect
on the classification performance of the algorithm, and the accuracy rate is maintained
at about 94%. However, the decision tree algorithm only relies on a tree structure to
make decisions, which is prone to overfitting.

Random Forest
Random forest algorithm is an integrated learning method composed of several deci-
sion trees of basic classifiers. The results are shown as Table 3.

It can be seen from Table 3 that when the test set accounts for 30%, the algorithm
has a high accuracy rate of 95.4%. Compared with decision tree algorithms, random
forests rely on multiple tree structures to make decisions. The final classification result
is the voting result of each decision maker, which effectively avoids the over-fitting
phenomenon.

XGBoost
XGBoost algorithm is an extended variant of Boosting algorithm, it integrates many
weak classifiers to form a strong classifier for sorting. The results are as Table 4.

Similar to the random forest algorithm, when the test set accounts for 30%, the
algorithm achieves the highest accuracy rate of 95.13%. In other cases, the sorting
accuracy rate is maintained at about 95%. However, it runs slowly and has high
requirements for computing resources.

Table 3. Experimental results
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Naive Bayesian Algorithm
Bayesian decision theory is a basic method for implementing decision making in a
probability framework. For classification tasks, the Bayesian classifier considers how to
choose the best class label based on the correlation probability and misjudgment loss.
Using naive Bayes algorithm for Sorting experiment, the results are as Table 5:

It can be seen from the results that the naive Bayes algorithm performs poorly, and
the classification accuracy rate is stable between 59% -61%. Naive Bayes algorithm
requires that the features used for classification are independent of each other, but there
is a correlation between the parameters of the radar signal PDW, which is also one of
the important reasons leading to the low classification accuracy.

Table 4. Experimental results

Table 5. Experimental results
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KNN
K-Nearest Nighbor (KNN) is a distance-based supervised learning algorithm: For a
given test sample, find the k training samples closest to it in the training set based on a
certain distance metric, and then make predictions based on the information of these k
neighbors, and select the category marker that appears most in these k samples as the
prediction result.KNN algorithm is used to carry out sorting experiments, and the
results are as Table 6.
It can be seen from the results that the classification accuracy of the KNN algorithm is
stable between 65% and 72%. As the training set increases, the accuracy of the clas-
sification continues to increase.

In the KNN algorithm, k is a very important parameter. When k takes different
values, the results will be significantly different. As shown in Fig. 6, the test sample is
judged as + when k ¼ 1 or k ¼ 5, and judged as - when k ¼ 3. In the signal sorting,
when k takes different values, the sorting accuracy will be significantly different, and it

Table 6. Experimental results

Fig. 6. KNN classifier diagram.
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is impossible to find a specific rule to determine the K value, so the algorithm is not
suitable for radar signal sorting.

3.4 Algorithm Comparison

According to the experimental results of the above algorithms, when the test set ratio is
0.3 (most algorithms can achieve the highest sorting accuracy in this case), the ROC
curve and histogram of the algorithm are drawn to analyze the sorting effect.

Figure 7 is a comparison of the ROC curves of the five algorithms. The ROC curve
is a curve that reflects the relationship between sensitivity and specificity. According to
the position of the curve, the entire graph is divided into two parts. The area under the
curve is called AUC (Area Under Curve),which indicate the accuracy of prediction.
The higher the AUC value is, the larger the area under the curve is, indicating the
higher the prediction accuracy.

Figures 8, 9 and 10 are a comparison of the accuracy, F1 value, and AUC of the
five algorithms.

It can be seen from the Figs. 7, 8, 9 and 10 that the integrated algorithm random
forest and XGBoost are far superior to other algorithms in sorting effect, and their
accuracy rates are above 95%. Therefore, it is feasible to apply the supervised learning
algorithm to the known radar signal main sorting stage.

Fig. 7. Receiver operating characteristic
curve.

Fig. 8. Algorithmic Accuracy Comparison
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4 Conclusion

In this paper, we introduced the radar signal sorting system, analyzed radar parameters,
mathematical modeling of the signal environment. Then used supervised learning
algorithms in the sorting system. The results show that the sorting accuracy of some
algorithms exceeds 95% and meets the requirements of the sorting system. It is feasible
to apply the supervised learning algorithm to the known radar signal main sorting stage.
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Abstract. With the rapid development of radar technology, various new sys-
tems and new modes of radar are emerging, and radar signal sorting technology
is undoubtedly an important part of studying radar signals. This article intro-
duces the radar pulse characteristic parameters and the basic theory of machine
learning. And for the radar pulse signals of known categories, PDW is used as
the sorting feature, and the supervised algorithm in the machine learning
algorithm is used for sorting. The supervised algorithm selects the algorithm
based on the probability-based decision tree and the distance-based KNN
algorithm to sort the radar signals, and the sorting accuracy rate is more than
95%, which shows the great sorting effect.
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1 Introduction

With the rapid development of radar technology, various new systems and new modes
of radar are emerging one after another. The electromagnetic signals they radiate are
complex and changeable, which causes great difficulties in radar signal identification
and feature analysis. By sorting the radar signals, the dense radar pulse signal can be
diluted, which provides convenience for further identification and functional discrim-
ination of the radar radiation source.

The processing of radar signal sorting can be understood as accurately sorting the
pulse sequences of different radar systems from overlapping and random pulse signal
streams, or it can be understood as a form of signal processing. The following Fig. 1 is
an image display of radar signal sorting. The overlapping radar pulse signal streams
captured at the signal receiver end can be sorted out after the radar signal sorting
processor sorting operation. Pulse signal.

This article is to sort the real and known types of radar pulse signals. The pulse
description word of the radar pulse signal can accurately represent the parameter
characteristics of the pulse signal, and the parameter characteristics of different types of
radar pulse signals are also different, so the radar signal pulse description word is used
as the sorting feature. Since the specific class of radar pulses to be sorted is known, the
supervised algorithm in the machine learning algorithm is used to sort the radar signals.
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2 Related Work

With the rapid development of radar signal processing technology, the research of the
radar signal sorting algorithms has also been continuously deepened. As early as the
1970s, Campbell et al. Have begun to study complex signal recognition algorithms [1].
Later, Rogers et al. Studied the sorting algorithm of real-time signals in the 1990s for
the radar signal environment with high density and complexity [2]. After further
research on the traditional histogram algorithm and sequence search method of PRI
sorting, the cumulative difference histogram algorithm (CDIF) and sequence difference
histogram (SDIF) algorithms were successively proposed [3]. However, the histogram
statistical method has poor ability to suppress harmonics, so the PRI transformation
method was proposed, and then scholar Zhao Yongsheng made two improvements to
the transformation method [4], and proposed an improved transformation method,
improved the transform method has a good suppression effect on sub-harmonics, but it
is not suitable for re-frequency stagger a sorting technology for the unknown radar
radiation source signals based on complexity, which opened up new ideas for the radar
sorting technology [5].

With the improvement of machine learning algorithm theory and the popularization
of applications, in 2014, Chen Changxiao et al. Studied the extraction algorithm of five
in-pulse feature parameters of entropy, likeness coefficient, fuzzy function, complexity
and bispectrum, which broadened the range of available parameters for radar radiation
source signal sorting [6]. Techniques such as artificial neural network, independent
component analysis, and intra-pulse feature analysis have been applied to radar signal
sorting by scholars at home and abroad, and have achieved a relatively good sorting
effect [7].

(a) Radar signals mixed together

(b) Radar signal after sorting

Fig. 1. Schematic diagram of radar signal sorting
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3 Pulse Description Word

Pulse Description Word (PDW) consists of five parts: pulse arrival time (TOA), carrier
frequency (RF), pulse width (PW), pulse amplitude (PA), and pulse arrival angle
(DOA). PDW can accurately express the physical parameters of radar pulses. Radar
signal sorting is achieved through the correlation of signal parameters.

3.1 TOA

The time when the leading edge of the radar pulse signal is captured by the receiver is
defined as the pulse arrival time, or TOA.

TOAn ¼ TOAn�1 þPRIn�1 þ siðnÞ; n ¼ 2; 3. . . ð1Þ

3.2 RF

The carrier frequency change modes are various, the specific form is as follows.

1) Fixed frequency radar signal

ft ¼ f0 þ f ðNÞ ð2Þ

2) Frequency agile radar signal

ft ¼ f0 þðB
2
Þ sinð2pmðTp

Tr
Þþ h0Þ ð3Þ

3) Frequency hopping radar signal

RFn ¼ randfRFð1Þ;RFð2Þ; . . .RFðmÞg; n ¼ 1; 2; . . .m ð4Þ

3.3 PW

The variations of the pulse width that can be touched are mainly fixed type, jitter type,
and agile type, but most of the fluctuation range of jitter or agile will not exceed 20% of
the existing pulse width center value.

3.4 DOA

The spatial characteristics of the radar signal are represented by the parameter pulse
arrival angle, that is, the angle of the radar signal return wave.
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3.5 PA

The value range of this parameter fluctuates greatly and is not unique. For sorting
problems, this parameter cannot be the only feature for sorting.

4 Machine Learning

Analyzing and designing algorithms that allow computers to learn autonomously is
undoubtedly the core idea of machine learning. Models, strategies and algorithms are
the three essential factors that make up machine learning [8]. Only by grasping the
meanings of the three and using them reasonably can the best machine learning effect
be achieved.

4.1 Algorithm Classification

Machine learning algorithms include supervised learning algorithms, unsupervised
learning algorithms, integrated learning algorithms and reinforcement learning algo-
rithms [9]. Supervised learning can predict a new result based on the original function
(model). Unsupervised learning algorithm can’t determine the correct output. For
reinforcement learning, it uses the reward function as the basis for decision-making.

4.2 Evaluation Index

(1) Accuracy

ACC ¼ TPþ TN
TPþ TN þFPþFN

ð5Þ

The proportion of the correct sorted sample number in the total sample number is
defined as the accuracy rate.

(2) Precision

P ¼ TP
TPþFP

ð6Þ

The proportion of the positive samples divided into the positive samples is defined
as the accuracy rate.

(3) Recall

Recall ¼ TP
TPþFN

ð7Þ

The proportion of the samples divided into positive examples in the actual positive
samples is defined as the recall rate.
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(4) F1-Score

F1 ¼ 2 � Precision � Recall
PrecisionþRecall

ð8Þ

F1-score combines the characteristics of the two evaluation indicators, accuracy
rate and recall rate.

5 Experiment Analysis

Since this paper is aimed at real radar pulse data and the actual category of the pulse is
known, the supervised learning algorithm in the machine learning algorithm will be
used to sort the radar pulse signal. The decision tree algorithm based on probability
[10] and the KNN algorithm based on Euclidean distance in sorting performance of real
radar pulse signal.

5.1 Experiment Data

Real radar pulse data contains 7 types of signals, Table 1 is the data distribution.

Standard each dimension parameter to the variation range of the 0–1 distribution to
achieve the effect of dimensional elimination according to the following formula.

aik ¼ aik �minðaikÞ
maxðaikÞ �minðaikÞ ð9Þ

Where aik is represented as the value of the i-th pulse feature of the k-th radar signal
pulse. Figure 2 shows the normalized radar pulse signal characteristic distribution.

Table 1. Radar pulse number distribution

Category Number

1 63544
2 101737
3 6954
4 40816
5 114050
6 3288
7 99130
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5.2 Experimental Algorithm Selection

The decision tree uses the CART algorithm, which has the advantages of efficiency,
ease of use, robustness, etc. The leaf node does not affect the construction of the entire
decision tree, and the decision tree constructed by the CART algorithm is a binary tree.
The information uncertainty of the algorithm is measured by Gini index. The smallest
Gini index will be used as the classification feature.

GðpÞ ¼
XM

m¼1

pmð1� pmÞ ¼ 1�
XM

m¼1

p2m ð10Þ

KNN algorithm is a typical algorithm commonly used in processing classification
problems. The core content of the algorithm is to calculate the distance between dif-
ferent samples in the feature space and select the k samples closest to the sample to be
classified. This article uses Euclidean distance as a measure of the distance between
objects. The mathematical formula is as follows:

dðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

k¼1

ðxk � ykÞ2
s

ð11Þ

(a) TOA distribution (b) PA distribution           (c) PW distribution 

(d) DOA distribution                      (e) RF distribution

Fig. 2. Radar pulse characteristic distribution
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5.3 Experimental Results

In the experiment of sorting radar pulse signals, in order to select the optimal K value in
the KNN algorithm and the optimal number of layers of the decision tree algorithm,
this paper uses the accuracy of sorting as the standard, and designs the cycle program to
select The best K value and the best decision tree layers, the experimental results are
shown in the Fig. 3.

It can be seen from the above figure that the optimal K value of the KNN algorithm
is selected as 1, and the optimal number of decision trees is 15. Set the training set and
test set ratio to 7: 3, and use the generalization ability of the 10-fold cross-validation
model. The sorting results of decision tree and KNN algorithm are shown in Table 2
and Table 3.

 (a) KNN k value (b) Decision tree layers 

Fig. 3. Algorithm parameter selection

Table 2. KNN algorithm sorting results

Accuracy Recall Precision F1-score

Fold 1 0.9645 0.9524 0.9558 0.9539
Fold 2 0.9648 0.9512 0.9531 0.9520
Fold 3 0.9640 0.9488 0.9559 0.9521
Fold 4 0.9638 0.9465 0.9563 0.9511
Fold 5 0.9643 0.9478 0.9530 0.9501
Fold 6 0.9665 0.9476 0.9582 0.9526
Fold 7 0.9659 0.9487 0.9569 0.9526
Fold 8 0.9658 0.9523 0.9582 0.9551
Fold 9 0.9655 0.9498 0.9580 0.9537
Fold 10 0.9628 0.9479 0.9526 0.9501
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It can be seen from the table-results that the KNN algorithm and the decision tree
algorithm are very good for the sorting of known radar pulse signals, and the sorting
accuracy has reached more than 95%. And through the comparison of machine learning
evaluation indicators, the sorting effect of the decision tree algorithm is better.

6 Conclusion

This paper mainly studies the real radar pulse signal sorting based on machine learning
algorithm. Firstly, the pulse descriptors of radar signals and related concepts and
evaluation indexes of machine learning are introduced. And according to the radar
pulse signal of the real known category, the KNN algorithm and the decision tree
algorithm in the supervised algorithm are used for sorting. Through experimental
design, the optimal K value selection of the KNN algorithm and the optimal number of
decision tree constructions are determined, and the accuracy of the two algorithms for
radar signal sorting is more than 95%.
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Abstract. In passive remote sensing of the earth, the real-aperture microwave
radiometer employs a bulky mechanical scanning platform, which greatly
increases the mass and volume of the system. Then, the aperture synthesis
microwave radiometer has been developed to alleviate the mass and volume of the
real-aperture microwave radiometer. However, the aperture synthesis microwave
radiometer has a high complexity in signal processing and system due to it being
synthesized bymany small aperture antennas. To alleviate themass and volume of
the real-aperture microwave radiometer and the high complexity in signal pro-
cessing and systemo f the aperture synthesis microwave radiometer, a novel
microwave radiometer is proposed, which employs frequency scanning antennas
and can observe the scene with electronic scanning, not mechanical scanning. The
system structure of the novel microwave is introduced and the main specifications
are also analyzed, three receiver architectures for the microwave radiometer used
frequency scanning antennas are given and discussed. The calibration method is
given. Numerical simulations are also performed to assess the performance of the
frequency scanning microwave radiometer.

Keywords: Microwave radiometer � Frequency scanned antennas � Calibration

1 Introduction

At present, microwave radiometers in the passive remote sensing of the Earth have real-
aperture microwave radiometers and synthetic aperture microwave radiometers, etc. [1–
3]. The real-aperture microwave radiometer employs a bulky mechanical scanning
platform, which greatly increases the mass and volume of the system. Improving the
spatial resolution of real aperture microwaveradiometers is very difficult due to the
bulky mechanical scanning platform and the large real-apertureantennas [4]. To further
improve the spatial resolution of the microwave radiometer, the aperture synthesis
microwave radiometer is developed, such as MIRAS and GeoSTAR. The large aperture
in aperture synthesis microwave radiometer is synthesized by many small aperture
antennas to obtain high resolutions. However, the aperture synthesis microwave
radiometer has a high complexity in signal processing and system due to it being
synthesized by many small aperture antennas [5].
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To alleviate the mass and volume of real-aperture microwave radiometers and the
system complexity and signal processing complexity of the aperture synthesis micro-
wave radiometers, a novel microwave radiometer is proposed, which employsfre-
quency scanning antennas and can observe the scene with electronic scanning, not
mechanical scanning. Compared with the traditional real-aperture microwave
radiometer, the frequency scanning microwave radiometers does not need mechanical
scanning, which reduces the mass and volume of systems. Compared with the synthetic
aperture microwave radiations, the frequency scanning microwave radiometers only
employ a few frequency scanning antennas and receivers to reduce the system’s
complexity and signal processing complexity.

2 The System Structure of the Novel Microwave Radiometer
Using Frequency Scanning Antennas

The main characteristic of the frequency scanning antennas is that the point angle of the
antenna pattern varies as the frequency, as shown in Fig. 1. The 3-dB beam width of
the frequency sscanning antennas is about R

�
, the scanned angle of the antenna pattern

point is about h
�
with bandwidth B MHz. Thus, the number of the scanned angle is:

M ¼ h=R ð1Þ

Based on the characteristic of the frequency scanning antennas, a novel microwave
radiometer is proposed, which employs an antenna array with Nfrequency scanning
antennas, as shown in Fig. 2. Since the fields of views of the adjacent frequency
scanningantennas are continuous, the field of views of the microwave is about:

θ

θ

Fig. 1. The frequency scanning characteristic of the frequency-scanned antennas.
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Fov ¼ N � h ð2Þ

In operation, the antenna pattern of the frequency scanning antennas scans from left
to right (or from right to left) in sequence by adjusting the operation frequency, the
beam scanning timings of all antennas are the same, as shown in Fig. 2. When a scan
cycle is completed, the field of views can be achieved.

Since the bandwidth of the frequency scanning microwave radiometer is B MHz
and the scanning angle is about h

�
, the bandwidth B are divided into M sub-bands.

Three receiver schemes are given in Fig. 3, Fig. 4 and Fig. 5, respectively.
In the scheme 1, the bandwidth of the intermediate frequency (IF) is B=M MHz,

the antenna pattern of each antenna can be scanned by adjusting the local oscillator
frequency in time, as shown in Fig. 3.

θ

θ

θ

θ

θ

θ

θ

θ

θ

θ
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Nwidth ⋅= θ
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S
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Fig. 2. The system structure of the frequency scanning microwave radiometer.
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Fig. 4. The receiver scheme 2.
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Fig. 5. The receiver scheme 3.

Fig. 3. The receiver scheme 1.
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In the scheme 2, the IF of each receiver is divided into M sub-bands and the
bandwidth of each sub-band is about B=M MHz by analog circuits, as shown in Fig. 4.
The center frequency of all sub-bands is:

f 2if ;n ¼ fIF � ð1þ 1
M
ÞB
2
þ n

M
B; n 2 ½1; 2; � � � ;M� ð3Þ

In the scheme 3, the IF of each receiver is also divided into M sub-bands and the
bandwidth of each sub-band is about B=M MHz in the digital domain by high speed
collectors, and the center frequency of all sub-bands is also:

f 3if ;n ¼ fIF � ð1þ 1
M
ÞB
2
þ n

M
B; n 2 ½1; 2; � � � ;M� ð4Þ

3 The Main Specifications of the Microwave Radiometer

In a real-aperture microwave, the bandwidth is also B MHz and angular resolution R
the field of view is ½�F� þF��, the scanning time is 1 s. Thus, the dwell time (inte-
grated time) in each pixel is s ¼ 1

2F=R ¼ R
2F, the sensitivity of the real-aperture micro-

wave radiometer is:

DTreal ¼ Tsysffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BR=ð2FÞp ð5Þ

where Tsys is the system temperature.
For the receiver scheme 1, the bandwidth in each sub-bands is B1 ¼ B

M ¼ BRN
2F , the

dwell time s1 in each pixel is s1 ¼ 1
M ¼ RN

2F ¼ Ns. Thus, the sensitivity of the frequency
scanning microwave radiometer is:

DTfs ¼ Tsysffiffiffiffiffiffiffiffiffi
B1s1

p ¼¼ Tsysffiffiffiffiffiffiffi
Bs1

p 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N � RN=ð2FÞp ¼

ffiffiffiffiffiffi
2F

p

N
ffiffiffi
R

p DTreal ð6Þ

For the receiver scheme 2 and 3, the bandwidth in each sub-bands is also
B2 ¼ B

M ¼ BRN
2F , the dwell time s2 in each pixel is s2 ¼ 1. Thus, the sensitivity of the

frequency scanning microwave radiometer is:

DTfs ¼ Tsysffiffiffiffiffiffiffiffiffiffiffi
B1 � 1

p ¼ Tsysffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B � RN=ð2FÞp ¼ 1

ffiffiffiffi
N

p DTreal ð7Þ
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4 The Calibration Method of the Microwave Radiometer

The external calibration method is considered for the frequency scanning microwave
radiometer, as shown in Fig. 6. The absorbed material is considered as a “hot” source,
the cold-sky is considered as a “cold” source by the cold-sky reflector. By rotating the
calibration subsystem, all frequency scanning beams in each frequency scanning
antenna are calibrated in sequence.

5 The Numerical Simulation

To assess the performance of the microwave radiometer using the frequency scanning
antennas, numerical simulations are performed. In the simulations, the 3-dB of the
frequency scanning antenna is about 0.5º. The idea brightness temperature of the scene
is the red dotted line as shown in Fig. 7. The simulated brightness temperature by the

Fig. 6. The calibration method for the frequency scanning radiometer.
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Fig. 7. The ideal brightness temperature of the scene and the simulated brightness temperature
mapped by the frequency scanning microwave radiometer.
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frequency scanning microwave radiometer is the blue dotted line as shown in Fig. 7.
The numerical results indicate that the brightness temperature of the scene can be
mapped by the proposed microwave radiometer using the frequency scanning antennas.

6 Conclusion

In this paper, a frequency scanning radiometer is proposed to alleviate the mass and
volume of real-aperture microwave radiometers and the system complexity and signal
processing complexity of the aperture synthesis microwave radiometers. The charac-
teristic of the frequency scanning antennas is given and the frequency scanning
radiometer employs multiple frequency scanning antennas. The system structure of the
frequency scanning radiometer is also introduced. The angular resolution depends on
the antenna pattern of the frequency scanning antennas. Three receiver architectures are
given in terms of the intermediate frequency, and the sensitivity is analyzed for each
architecture. The calibration method is also given. Numerical simulation is perfor-
mance to demonstrate the feasibility of the proposed frequency scanning microwave
radiometer. As a conclusion, the frequency scanning microwave radiometer can be
considered as an alternative scheme for remote sensing of the Earth.
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Abstract. Nowadays, the NoSQL databases always are chosen to solve the
problem of massive semi-structured data storage, but the built-in analysis
module still has a lack of real-time data processing. To solve this problem, a
real-time storage analysis solution based on Elasticsearch and MongoDB was
proposed in this paper. The proposed solution uses MongoDB cluster for real-
time data storage and combines MongoDB cluster and Elasticsearch cluster as
analysis module to meet the need of real-time analysis. Analysis requirements
can be divided into complex statistical analysis and query requirements. Query
operations are executed directly in MongoDB cluster, complex statistical anal-
ysis such as group statistical analysis, should be done in both Elasticsearch
cluster and MongoDB cluster. Experimental results show that in this platform,
99.96% of the storage requirements can be responded in 100 ms and all the
analysis requirements can be responded in seconds. Therefore, this solution can
meet the need of real-time storage and analysis on massive semi-structured data.

Keywords: Semi-structured data � NoSQL � MongoDB � Elasticsearch

1 Introduction

In recent years, big data technology has developed vigorously, according to statistics
from the international authority Statista, the global data volume is expected to reach
41ZB in 2019, it is estimated that 80% of all the generated data is unstructured or semi-
structured [1]. The real-time storage and analysis of these data has become an urgent
problem to be solved.

Since traditional relational databases have the characteristics of structured and lack of
scalability, it can’t workwell on semi-structured data. In recent years, NoSQL technology
has made great progress in this kind of data storage and analysis. However, the NoSQL
database can meet the real-time storage requirements, but it cannot meet the real-time
statistical analysis requirements because of the index mechanism. The NoSQL analysis
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technology, such as Elasticsearch works well on real-time statistical analysis, but it still
has limitation of real-time storage.

This paper proposes an efficient storage analysis scheme based on Elasticsearch and
MongoDB to solve this problem. The proposed solution store billion level semi-
structured data by using a MongoDB cluster with 3 shards. Meanwhile, it guarantees
real-time analysis by using MongoDB cluster deal with simple query and Elasticsearch
cluster deal with the complex statistical analysis.

The rest of the paper is organized as follows: the mainstream NoSQL storage tech-
nology and analysis technology are briefly summarized in Sect. 2. Section 3 gives the
detailed architecture of the proposed storage analysis solution. The experiment results are
provided and analyzed in Sect. 4. Finally, the whole paper is concluded in Sect. 5.

2 Related Technology

2.1 Research of Semi-structured Data Storage Technology

Traditional relational databases work well at structured data storage. However semi-
structured data has the characteristics of volume and variety, traditional relational
databases can’t meet the needs of these data storage because of its fixed schema and
hardly scalable.

To solve this problem, NoSQL (Not Only SQL) has been proposed, which offers
schema-less structures, replication, and shard [2]. Based on storage and manipulation of
big data, NoSQL databases can generally be divided into four categories: key-value,
document-oriented, column-oriented, graph-oriented.

Key-value databases allows the user to operate the database based on a key-value
pair [3]. Redis is one of the commonly used key-value databases. It is in-memory data
store based on an open source (BSD licensed), which is used as database, cache or
message broker. Redis provides high availability via Redis Sentinel and automatic
partitioning with Redis Cluster based on characteristics of built-in replication.

Document-oriented databases store and manage data in document style like XML
or JSON which means more flexible and dynamical. MongoDB is the representative of
this kind databases. It provides high availability, horizontal scaling to meet the large-
scale storage requirement. Meanwhile, it also provides rich powerful query language
and MapReduce-style aggregation to support various analysis requirement [4].

Column-oriented databases store content by column rather than by row. HBase is one
of the most popular column-oriented databases. It has the characteristic of high reliability
and scalability due to the master-slave architecture [5]. However, HBase only supports
row-key index which means queries with other conditions can’t be responded in seconds.

Graph-oriented databases facilitate the storage of entities and relationships between
them. This paper does not go into detail because it is not suitable for the aiming data.

Obviously, Redis can’t meet the various storage requirements of semi-structured
data because of the key-value storage. HBase can deal with the dynamical storage,
however, it can’t support real-time analysis due to the index mechanism. MongoDB
can meet the need of flexible storage and perform well on real-time analysis. Therefore,
this paper takes MongoDB to serve as the storage module.
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2.2 Research of Semi-structured Data Analysis Technology

MongoDB has a variety of index types, such as single field index, compound index,
multikey index, geospatial index, etc. These indexes can highly improve the efficiency
of query operations. MongoDB also provides aggregation operation, such as map-
reduce function, which can support complex data analysis.

Index mechanism supports efficient analyze, however it also causes memory con-
sumption. Therefore, MongoDB has limitation of index size for each collection, which
means it is not possible to create indexes as many as we want. In this case, it is not
possible to get real-time response for the query without index on the large-scale data.
To solve this problem, it is appropriate to get search engine technology in.

Elasticsearch is one of the representatives of search engine technology. It provides a
distributed search solution that supports high concurrency, high availability, easy
scalability, and near real-time search [6]. The bottom layer of Elasticsearch is imple-
mented based on Lucene. Furthermore, Elasticsearch have an advantage in compati-
bility between different operation systems compared with Lucene.

Elasticsearch provides near real-time search due to it moves the contents of the disk
into the memory as much as possible, reducing the number of random disk reads. The
inverted index mechanism which used in Elasticsearch further improves search
efficiency.

Therefore, this paper combines Elasticsearch and MongoDB as analysis module to
meet the real-time query statistical requirements.

3 System Architecture

The overall system architecture is shown in Fig. 1.

Fig. 1. Platform architecture.
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Figure 1 shows that the storage module is consist of DFS (Distributed File System)
and MongoDB, the analysis module is composed of Elasticsearch and MongoDB. The
following sections will introduce storage module and analysis module separately.

3.1 The Design of Storage Module

Semi-structured data spans many formats, includes text, binary data, such as videos,
voice, images, etc. For this kind of data, in order to ensure the read and write efficiency,
text and binary data should be stored separately. Binary data can be stored in the DFS,
such as SeaweedFS, FastDFS, HDFS [7], etc. The file path obtained after storage
should be merged with other text data to store in MongoDB.

To meet the needs of massive data storage, MongoDB is built in a cluster mode,
and the specific architecture is shown in Fig. 2:

The MongoDB cluster in this research is built with three servers, and the data is
evenly distributed among 3 shards according to the number of servers. Each shard is a
replica set, which contains 1 master node and 2 slave nodes, so that each record will be
saved in all three servers. To ensure highly availability of the cluster, the config nodes
are built in replica set mode and the routing nodes are evenly distributed among the
three servers. In order to ensure the read and write efficiency, cluster is set to read/write
separation, the data is written from the master node while read from the slave nodes.
The data between the master and slave nodes is real-time synchronized according to the
oplog file.

3.2 The Design of Analysis Module

This paper combines MongoDB and Elasticsearch as the analysis module to guarantee
the real-time statistical analysis. The analysis module architecture is shown in Fig. 3:

Fig. 2. Data storage architecture.
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Figure 3 shows that data analysis module in this article is jointly supported by the
MongoDB cluster and the Elasticsearch cluster. Data synchronization between Mon-
goDB and Elasticsearch is achieved through the mongo-connector. Mongo-connector
ensures real-time data synchronization by tracking changes in MongoDB oplog files. In
order to balance data redundancy and analysis performance, only fields that need to be
queried should be synchronized to Elasticsearch cluster.

Data analysis can be divided into complex statistical analysis and simple query.
Simple query such as single-condition query, multi-condition query, can be done
directly in MongoDB cluster according to the corresponding index. Complex statistical
analysis such as group statistical analysis, should be done in both Elasticsearch cluster
and MongoDB cluster. The step of complex statistical analysis is shown as below:

1) Ensure only the index data stored in Elasticsearch cluster.
2) Query for the index data in Elasticsearch cluster using the query conditions.
3) Use the _id field returned by Elasticsearch cluster, query for the whole data in

MongoDB cluster.
4) One data analysis completed

4 Experiment Result

4.1 Experimental Environment

In this paper, the specific software configuration is shown in Table 1.

Fig. 3. Data analysis architecture.

Table 1. Versions of working software used.

Name Version

Operation System Ubuntu Server 14.04.5 LTS
MongoDB 3.6.5
Elasticsearch 5.6.14
JDK 1.8.0_121
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MongoDB cluster needs 3 servers at least. The processor is Intel(R) Xeon(R) CPU
E7-4820 v4 @ 2.00 GHz, the number of processors is 6, the memory is 64G and the
hard disk size is 20T.

Elasticsearch cluster needs 3 servers. The processor is Intel(R) Xeon(R) CPU E7-
4820 v4 @ 2.00 GHz, the number of processors is 8, the memory is 32G and the hard
disk size is 1T.

4.2 Experimental Analysis

The platform is built with 6 servers and has already stored 3 billion semi-structured
data, which scale is 80.68 GB. All tests are performed on this platform.

Performance of Storage
A dataset consisting of 1024217 documents is used to test the storage performance, the
outputs of storage operation are shown in Fig. 4.

Figure 4 shows most of the storage time consume is around 3–5 ms, 97.05% of the
storage time consume is under 10 ms, 99.96% of the storage requirements can be
responded in 100 ms, and only 0.04% of the storage time consume is large than 100 ms
while also responded in seconds. According to the above experimental result, the
storage module can meet the real-time storage need with PB level.

Performance of Analysis
This paper performs single-condition query, multi-condition query, date histogram
aggregation, group statistics analysis on the dataset which contains 1254688542
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Fig. 4. Data storage experimental result.
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documents and each document has 32 fields. The time consume of analysis operation is
shown in Table 2.

Table 2 shows that for the simple query, the performance of proposed schema is
same as the performance of MongoDB with index, cause the proposed schema uses
MongoDB cluster to deal with simple query. For complex statistical analysis, such as
group statistics, the time consume in MongoDB cluster is over 2 min, the time con-
sume in Elasticsearch is 2933, However, time consume in the proposed schema is only
2578, therefore, the complex statistical analysis performance of proposed schema is
better than Elasticsearch or MongoDB. According to the above experimental result, the
proposed schema can meet the need of real-time analysis.

5 Conclusions

Although NoSQL databases solve the problem of massive semi-structured data storage,
it cannot meet the demands of real-time analysis. This paper proposes a solution based
on Elasticsearch and MongoDB to storage and analysis semi-structured data in real-
time. In the proposed solution, MongoDB cluster is used for data storage, Elasticsearch
cluster and MongoDB cluster are combined to use as analysis module. Experimental
results show that 99.96% of storage takes less than 100 ms and all of analysis requests
can be responded in seconds.
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Abstract. To improve signal quality of wireless enhanced Multimedia
Broadcast and Multicast Services (eMBMS), a subspace signal enhancement
scheme is proposed in this paper, where MBMS signal is enhanced by subspace
filtering at the receiver. On this basis, a signal-to-interference-to-noise ratio
(SINR) estimation method is considered to determine sustainable service level
of MBMS users. Simulation experiments validate the effectiveness of the pro-
posed schemes.

1 Introduction

The arrival of 5G has brought the mobile Internet into a new era, and the transmission
rate of 5G can reach 2.5 Gbps. At the same time, as the transmission rate increases, the
amount of data has also increased significantly, and the delay has been reduced to the
millisecond level [1]. With the popularity of mobile phones, the density of equipment
connected to base stations has also doubled.

The explosion of demand for mobile video services has placed not only tremendous
pressure but also challenges on traditional wireless access networks that only provide
point-to-point unicast bearers. Therefore, the 3rd Generation Partnership Project
(3GPP) has extended enhanced Multimedia Broadcast and Multicast Services
(eMBMS) based on the Long Term Evolution System (LTE) [1, 2]. Under the multi-
media delivery’s conditions, being able to do resource allocation efficiently is a really
significant issue for eMBMS, what’s more, it’s a promising solution to do some
subgroup works with relative techniques [1, 3]. eMBMS is designed to provide efficient
data transmission services for multicast and broadcast services, which can improve the
efficiency of spectrum utilization and reduce the load pressure brought by mobile video
services.

eMBMS transmits the same wireless multimedia broadcast and multicast signal to
multiple users using the service at the same time. However, because the cell edge area
is interfered by neighboring cells, the quality of the wireless multimedia broadcast and
multicast signal received by the cell edge users is generally low [1, 4]. Meanwhile, the
evaluation of the quality level of wireless multimedia broadcast and multicast signal
that users can received in a cell often depends on the signal-to-interference-and-noise
ratio of the users’ receiving end signal. Therefore, the evaluation of the signal-to-
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interference and noise-to-noise ratio in different areas of the cell is particularly
important.

For this reason, this paper proposes a signal enhancement method to eliminate
interference from adjacent cells and environment noise in the propagation channels,
thereby improving the quality of the received signals, especially for the edge users. On
this basis, an evaluation model of SINR is proposed based on the adaptive estimation of
inference and noise variance as well as signal variance. Finally, the MATLAB platform
was used for simulation experiments to verify the effectiveness and feasibility of the
schemes which were proposed in the previous article.

2 System Model

It can be seen in the Fig. 1, which is describing the Application scenario, the over-
lapping area of the two base stations is the edge area. Users in the edge area can receive
the wireless multimedia broadcast and multicast signals sent by the two base stations at
the same time. The signal of another base station is an interference signal while the
edge users receive the signals of one base station at the same time. Due to the influence
of interference signals from neighboring base stations and environment noise, the SINR
of the signal at the receiving end of the edge user is often small, and the wireless
multimedia broadcast and multicast service experience is poor.

Assume the signal at the receiver of eMBMS user yðnÞ contains clean signal sðnÞ
and inference-plus-noise wðnÞ, then

yðnÞ ¼ hðnÞsðnÞþwðnÞ; ð1Þ

where hðnÞ works as the channel matrix and it obeys Rayleigh distribution. sðnÞ and
wðnÞ are uncorrelated with mean zero.

Fig. 1. Application scenario

886 L. Li et al.



The covariance matrix of yðnÞ could be written as

Ry ¼EðyyTÞ
¼EðssTÞþEðwwTÞ
¼Rs þRw:

ð2Þ

where Rs and Rw denote the covariance matrices of the clean signal and inference-plus-
noise, respectively, and Eð�Þ represents the average operation.

According to (1), its corresponding Toeplitz matrix is constructed as follows,

Ry ¼
yðL� 1Þ yðL� 2Þ � � � yð0Þ
yðLÞ yðL� 1Þ � � � yð1Þ
..
. ..

. . .
. ..

.

yðN � 1Þ yðN � 2Þ � � � yðN � LÞ

2
6664

3
7775; ð3Þ

where N is the frame length, L = N/3, and L is a positive integer.

3 Main Work and Contribution

3.1 Subspace Signal Enhancement

Let the residual inference-plus-noise energy be below a certain threshold while mini-
mizing signal distortion [1, 7],

min r2s
subject to : r2w � kr2

;

�
ð4Þ

where r2s and r2w respectively denote signal distortion and residual noise, respectively.
r2 and k are the constant.

With generalized eigenvalue decomposition (GEVD), the optimal linear estimator
can be denoted as

Hopt ¼ RwVKsðKs þ lIÞ�1VT ; ð5Þ

where V is the eigenvector matrix, Ks is the eigenvalue matrix obtained from the
covariance matrix of the noisy signal and I is the identity matrix.

After decomposition of the eigenvalues of the noise signal, since the largest M
eigenvalue components mainly contain signal information, we set a threshold [1, 8] and
filter out eigenvalue components less than the threshold to remove residual inference
and noise. Because small eigenvalues are removed, the corresponding matrix is no
longer a square matrix, generalized inverse matrix transform is used.

After filtering out the eigenvalues and its corresponding eigenvectors that are less
than the threshold, Ks and V are signified as K̂s; V̂ , respectively. As K̂s and V̂ are not
the square matrix, the inverse matrix of K̂s þ lI and V̂ are not the square matrix any
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more. Consequently, the generalized inverse matrix transform is used to calculate the
optimal linear classifier. Then (5) could be rewritten as

Ĥopt ¼ RwV̂K̂sðK̂s þ lIÞ�1V̂T : ð6Þ

The enhanced signal at the receiver could be expressed as

ŝ ¼ Ĥopty: ð7Þ

3.2 SINR Estimation

In this section, a SINR estimation scheme is discussed based on adaptive estimation of
signal variance and inference-plus-noise variance.

At the receiver, yðnÞ is firstly filtered by BPF and then, transferred into frequency
domain samples as [1, 10]

YðkÞ ¼
XN�1

n¼0

yðnÞexpð�j2pnk=NÞ: ð8Þ

According to the frequency level, YðkÞ could be divided into two parts

H ¼ Yð0Þ Yð1Þ � � � YðN1Þ½ �; ð9Þ

L ¼ YðN1Þ YðN1 þ 1Þ � � � YðN � 1Þ½ �; ð10Þ

N1 ¼ N
2
; ð11Þ

where H denotes the high frequency section and L indicates the low frequency section.
The average energy of H and L are respectively defined as

EH ¼ 1
N1

XN1�1

n¼0

Hj j2; ð12Þ

EL ¼ 1
N1

XN1�1

n¼0

Lj j2: ð13Þ

Then inference-plus-noise variance r̂2IN is evaluated

r̂2IN ¼ min EH ; ELf g: ð14Þ

Note that due to the random unconventional change of inference and noise, the
level of significance probability is defined. For a given coefficient g, the level of
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significance probability b0 should be as large as possible, while satisfying the following
inequality.

P NnðkÞ[ grINf g� b0; 0� k�N � 1; ð15Þ

where NnðkÞ is considered as N-point frequency domain samples of inference-plus-
noise WðnÞ.

The signal variance r̂2s could be obtained

r̂2s ¼ r2y � r̂2IN ; ð16Þ

where r2y denotes the variance of received signal at the receiver.
According to (14) and (16), the SINR of the received signal which is received at the

receiver of eMBMS user always used to be described as

SINR �10 log
r̂2s
r̂2IN

¼10 log
r2y � r̂2IN

r̂2IN
:

ð17Þ

3.3 SINR Estimation Based on Subspace Signal Enhancement

SINR estimation based on subspace signal enhancement is discussed in this section
according to Sect. 3.1 and Sect. 3.2. Just as exhibited in Fig. 2, eMBMS signal from
base station is sent to eMBMS user with multipath effect and signal fading. Then, the
covariance matrix of received signal of eMBMS user is obtained. After GEVD, the
optimal linear estimator is got. Based on the optimal linear estimator, the improved
optimal linear estimator is derived with eigenvalue and eigenvector filtering. Subse-
quently, SINR estimation is conducted based on (8)–(17).

4 Experiment and Discussion

Simulation experiment is made in this section. The simulation band is conducted on
Very high frequency (VHF), with 1:0� 108 Hz; the sampling frequency fs is 3:0�
108 Hz and the corresponding sampling number N is 1000.

Figure 3 and Fig. 4 exhibit the absolute error and relative error of SINR estimation
scheme discussed in (8)–(9) compared with the true SINR. From Fig. 3 and Fig. 4, the
SINR estimation is relatively accurate when the true SINR is high. In total, the SINR
estimation is superb according to Fig. 3.

Figure 5 analyzes the influence of signal subspace enhancement on SINR esti-
mation. Obviously, signal subspace enhancement discussed in (4)–(7) is helpful to the
improvement of SINR estimation. This validates the effectiveness of the proposed
scheme in this paper.
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Fig. 2. The flowchart of SINR estimation based on subspace signal enhancement.

Fig. 3. The absolute error of SINR estimation (g ¼ 2:9; b0 ¼ 0:001).
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Fig. 4. The relative error of SINR estimation (g ¼ 2:9; b0 ¼ 0:001).

Fig. 5. The influence of signal subspace enhancement on SINR estimation (g ¼ 2:9; b0 ¼ 0:001).
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5 Conclusions

This paper discusses the SINR estimation issue in eMBMS scenes. A signal
enhancement scheme based on subspace filtering and an efficient SINR estimation are
proposed and analyzed. Simulation experiments validate the effectiveness of the pro-
posed schemes.
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Abstract. Polarization modulation is playing an increasingly important role in
wireless communications. However, the research on polarization modulation
system channels mostly focuses on the modeling of the channel’s channel
depolarization effect. As a key component of the polarization modulation sys-
tem, dual-polarized antennas have rarely been studied. In this paper, we pro-
posed a 2*2 MIMO channel with taking the dual-polarization antennas posture
into account. With the help of this channel model, we derived the directional
sensitivity and symbol error rate. Through the simulation results, we demon-
strated the direction-sensitive nature of polarization modulation systems, which
can be used for physical layer security.

1 Introduction

With rapid development of wireless communication [1], the demand for the data rate in
fixed bandwidth keep increasing the spectrum resource has become a limited resource
[2]. So high spectrum efficiency techniques are in great need to solve this problem. The
State of Polarization (SOP), is an important feature electromagnetic wave, which offer
another degree of freedom of electromagnetic wave except the amplitude, phase and
frequency feature. Thus SOP has an enormous potentiality to improve bandwidth
efficiency [3–11].

In this paper, a physical layer secure scheme is proposed base the dual-polarized
antenna in the polarization state modulation system. We proposed a 2*2 MIMO
channel [12] with taking the dual-polarization antenna’s posture into account. With the
help of MIMO channel model, we derive the directional sensitivity and symbol error
rate. The simulation and experiment results prove that the polarization is sensitive to
the location information of the dual-polarization antenna, which can improve security
performance without lower the bandwidth or power efficiency.

The remainder of this paper is as follows. In Sect. 2, the construction and radiation
pattern of dual-polarization antenna is analyzed. Based on the result, a wireless channel
model based the is built with the antenna posture included. In Sect. 3, the directional
feature of polarization modulate and symbol error rate is calculated and some simu-
lation is presented. Finally, conclusions are drawn in Sect. 4.
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2 Model of Dual-Polarized Antenna in Polarized Wireless
Channels

2.1 The Pattern of Linear Polarization Antenna

In this section, we adopt the horizontally and vertically dual-polarized antenna—
HT120VHP14-2327RT0 as our prototype. It concludes tow dipole linear polarization
antenna which are cross placed. One element is placed parallel to the coastline and
another is placed vertically to the coastline. In addition, it concludes a baffle-board to
make sure the max radiant power in desired direction. The most significant features of
linear polarization are the E-plan and H-plan which are two particular profile of antenna
three-dimension pattern. E-plan is the plan which containing the direction of maximum
radiation and electrical vector. H-plan is the plan which containing the direction of
maximum radiation and magnetic vector.

In order to have quantitative analysis, taking the dipole pattern into account, we
fitted the curve with 2 order Fourier series. The fitting results is

peðhÞ ¼ 0:3145þ 0:4456 cosxx� 0:0113 sinxx

þ 0:2299 cos 2xx� 0:0111 sin 2xx

x ¼ 0:0962

phðhÞ ¼ 0:3159þ 0:4992 cosxxþ 0:0179 sinxx

þ 0:1791 cos 2xx� 0:0349 sin 2xx

x ¼ 0:0231

ð1Þ

In a polarization modulation communication system, peðhÞ define the relationship
between radiant power and the offset angle with respect to the maximum direction of
the horizontally polarized antenna and phðhÞ define the relation between radiant power
and the offset angle with respect to the maximum direction of the vertically polarized
antenna. It is obvious that peðhÞ is not absolutely equal to phðhÞ, which will contribute
to different power decay at two electromagnetic signal.

2.2 Model of Different Antenna Posture

In this section, we proposed a model to describe the impact of antenna position and
posture. To be focus on the impact of antenna, we have some hypothesis as follows:

1. When analysis the impact of transmit antenna, we assume the posture of receiving
antenna is ideal, that is the antenna perpendicular to the maximum power direction
without any rotation in any direction.

2. In order to eliminate multipath effect, we assume the wireless channel between two
antennas is ideal with any attenuation to the electromagnetic signal.

3. The cross-polar discrimination (XPD) of the antenna is infinity.
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We model a 2� 2 matrix HP to describe a dual-polarized channel. HP can be
expressed as a product of the power decay matrix A and the coordinate rotation matrix R:

HP ¼ A� R ð2Þ

Where A represent the power decay of the two antennas element. Due to the
hypothesis that the antenna XPD is infinity, A is a 2� 2 diagonal matrix. And every
element in the diagonal is a function of the power offset angle impact of polar coor-
dinate rotation. Therefore, R is a 2� 2 unitary matrix and every element is a function of
the rotating angle.

In an ideal situation, transmitting antenna and receiving antenna are aligned with
each other [13]. So A is a I2; R is a I2; HP equal to I2.

2.2.1 Parallel
As show in Fig. 1.a, the transmit antenna had a translation with respect to the ideal
position, the angle between actual propagation and the ideal propagation direction is
hP. Then we can conclude:

AðhPÞ ¼ peðhPÞ 0
0 phðhPÞ

� �
ð3Þ

Because there are no changes in the polar coordinate basis, R is a I2,

HP ¼ AðhPÞ ð4Þ

2.2.2 Rotate Around the Z Axis
As show in Fig. 1.b, the transmit antenna had a rotation around the Z axis with respect
to the ideal position, because there are no changes in the propagation direction, so A is a

(a) (b)

(c) (d)

Fig. 1. a: translation; b: rotate around z axis; c: rotate around z axis; d: rotate around z axis
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I2. After rotating around the Z axis, the actual polar coordinate basis had a hZ rotation
with respect to the horizontal and vertical coordinate bias. We map the actual polar
coordinate basis to the horizontal and vertical coordinate bias by product the R matrix.
Thus R can be written as:

RðhZÞ ¼ cosðhZÞ � sinðhZÞ
sinðhZÞ cosðhZÞ

� �
ð5Þ

Thus HP can be written as:

HP ¼ RðhZÞ ð6Þ

2.2.3 Rotate Around the Y Axis
As show in Fig. 1.c, the transmit antenna had a rotation around the Y axis with respect
to the ideal position, the angle between actual propagation and the ideal propagation
direction is hY .

After rotating around the Y axis, the actual polar coordinate basis had a rotation
with respect to the horizontal and vertical coordinate bias. We map the actual polar
coordinate basis to the horizontal and vertical coordinate bias by product the R matrix.
Thus HP can be written as:

HP ¼ AðhYÞ � RðhY Þ ð7Þ

2.2.4 Rotate Around the X Axis
As show in Fig. 1.d, the transmit antenna had a rotation around the Z axis with respect
to the ideal position. The similar method we adopt in analysis the situation that antenna
rotates around the Y axis. We conclude:

HP ¼ AðhXÞ � RðhXÞ ð8Þ

2.2.5 Synthesis
When it comes to the situation that the antenna has rotation around all directions
hX ; hY ; hZð Þ and a Parallel angle hP. We still describe the antenna matrix HP ¼ A� R.

HP ¼ AðhAÞ � RðhRÞ ð9Þ

where hA is the angle between actual propagation direction and the ideal propa-
gation direction. hR is the angle between the actual polar coordinate basis and the
horizontal and vertical coordinate bias.

hA ¼ ar cosðcosðhXÞ cosðhYÞ cosðhZÞÞ
hR ¼ arcosðcosðhXÞcosðhYÞcosðhPÞÞ

ð10Þ
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3 Symbol Error Rate Analysis

In this section, we introduce an index—symbol error rate (SER) to evaluate the
communication system performance under different situation. First, under the influence
of synthetic rotation angle hR, there only is a rigid rotation on the whole constellations.
Because the power and relative position of constellation points remain unchanged,
R won’t contribute the loss of information. For the sake of simplicity, we will omit R in
the following calculation of SER. Denote the constellation structure described by
PT
i

� �
i¼ 1M , and the distance between adjacent constellation points by disT . If the

transmitted SOP is Pi with the hypothesis that the channel is AWGN, the joint prob-
ability distribution is accorded with the function:

f ðti; /iÞ ¼ 1
4p

sintiðe�SNRð1�costiÞ=2Þ½1þ SNRRð1 þ costiÞ=2� ð11Þ

Where is the coordinates of a spherical reference system which have its polar axis
aligned with in Stokes space. The SER of M-POLSK on the condition of AWGN can
be written as:

SERM ¼ 1
M

XM
i¼1

pie ð12Þ

Rp
p�h0

R2p
0
f ðti; liÞdlidti þ

Rp�h0

h0

f ðti; liÞdlidti M ¼ 2

PJ
j¼1

Rp
h1ij

Raðh0;h1ijÞ

0
f ðti; liÞdlidti þ

Rh1ij
h0

Raðh0;tiÞ

0
f ðti; liÞdlidti

" #
M[ 2

8>>>><
>>>>:

ð13Þ

pie is a function of received constellation point, as show in Eq. (13). Where h0 is half of
the distance of adjacent received constellation points. h1ij is the distance between
received constellation point PR

i to the jth vertex of its decision region [15]. a h; tð Þ is a
function:

aðh; tÞ ¼ 2arcosðtanh=tantÞ ð14Þ

4 Simulations

In this section, the simulations based on MATLAB and experiments based on GNU
Radio software platform [16] are performed to evaluate POLSK scheme’s symbol error
and security performance.
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4.1 Symbol Error Rate Simulations

Figure 2 plots the PSK and POLSK modulation of the bit error rate curve. It can be
seen that for the PSK and POLSK modulated signals of the same order, the PSK
performance is better, and the signal-to-noise ratio advantage is about 3 dB compared
with POLSK [7].

4.2 Direction Sensitivity Performance

The simulation results are presented in Fig. 3. It is obvious that the performance of
communication is sensitive to the communication direction, which will introduce
tremendous advantage of secure communication. The most popular method of directed
communication is direction modulation which reinforce the pattern in the direction
while suppressing the pattern in most of others directions by modulating the transmitted
signal with antenna array of different phase offset. However, transmitting same
information in every array element cause huge waste of energy. In contrast, the gain
imbalance in undesired direction and the characteristic of POLSK enable that polar
modulation communication system can achieve secure communication in desired
without any other sacrifice. Assume the channel is AWGN channel and SNR is 10 dB.
Compared to traditional PSK modulation, the relative directional sensitivity of polar
modulation communication system is greater about 5 to 50 times.

Fig. 2. SER performance curves for MPSK and M-POLSK
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5 Conclusion

In this paper, we have developed a wireless dual-polarized channel model to analysis
the relationship between antenna posture and communication performance. This
direction-sensitive feature can be used for secure communication at the physical layer.
Due to the special constellation mapping mechanism, POLSK achieved better perfor-
mance in the aspect of security than traditional modulation.
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Abstract. In view of the problem that it is difficult to supervise and improve the
attention level of teenagers in class in education and teaching activities, based on
multi-source data correlation, we combine with big data technology to analyze
and research the attention level of teenagers in class. This paper analyzes the
collected eye characteristics data of students in the classroom and other per-
sonalized related data to conduct a correlation analysis. Then, we derive a set of
theoretical models to remind students of concentration improvement, as well as
intervention of teachers’ teaching activities. Finally, the proposed theoretical
model can improve the teaching quality ultimately.

Keywords: Smart education � Educational big data � Data correlation analysis �
Classroom attention

1 Introduction

In the wake of developments in big data, artificial intelligence, Internet and other
technologies, educational informatization faces a trend of intelligence, ubiquity, per-
sonalization, openness and synergy [1]. Smart education advocates using the power of
information technology to create a smart (such as perception, reasoning, and decision-
making aid) learning space-time environment [2]. The smart learning spatio-temporal
environment has the following basic feature. Specifically, the results of data mining and
in-depth analysis of learners’ learning related data can be used to evaluate the learning
process, predict the future performance, find the potential problems, and the intervene in
the learning process, which contributes to achieve personalized learning services.
Therefore, personalized adaptive learning according to big data will turn into a signif-
icant component of the intelligent learning environment [3]. In the teaching activities of
education, students’ distraction in class is a common problem, students’ attention level
in class will directly affect their academic performance. In the current stage of teaching
activities, students’ classroom attention levels are mainly improved by optimizing
teaching design and changing teaching methods. This method, which solves problems
from the perspective of teachers, is only effective for some students. During the course
of teaching, teachers need to observe students’ performance all the time. If some stu-
dents are not focused to the lecture, the teachers usually remind the students. This will
result in the interruption of the teaching process, wasting teaching time, distracting other
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students and will do harm to the student’s self-esteem. Overall, traditional teaching
method makes against the development of students’ physical and mental health.

This study collects eye characteristics data and other personalized data of students
during class. Then, this study analyzes the data to predict the attention level of students
in class. According to the prediction and data analysis results, intervening students and
teachers to improve students’ attention and teaching quality in teaching activities.

2 Data Acquisition and Correlation

Data acquisition means the process of retrieving the original data out of the authentic
object. The way of data acquisition depends on the physical characteristics of the data
source, and also depends on the target of data analysis, mainly including the way of log
file and the way of sensor [4]. The log file is generated by the data source system and
records events in the specified file format for subsequent data analysis. The sensor
method is usually used to measure physical quantities, then transform them into
readable data signals for handling [5].

2.1 Variable Acquisition

The aim of this paper is to improve the students’ attention level in class. It needs to
collect the physical data of students during class. The study sets that each student in the
classroom has an eye tracker and a signal indicator in front of him. The eye tracker is
used to collect the corresponding student’s eye characteristics data, including three
variables: pupil deflection angle, pupil diameter, and the number of blinks. Through
research and analysis, it is found that pupil deflection angle is related to the student’s
position in the classroom. Pupil diameter and blink times are affected by the student’s
gender, age, and degree of refraction. Therefore, it is also necessary to obtain the
information of students’ position information, gender, age and degree of refraction.

2.2 Target Parameter Value Determination

The study sets the target parameter values of pupil deflection angle, pupil diameter, and
the number of blinks, which are compared with the relevant data collected in the real
environment. The target parameter values are set according to the position of students
in the classroom, the information of students’ gender, age and refractive degree.

1. Pupil deflection angle target parameter setting
The setting of the pupil deflection angle target parameter value is related to the stu-
dent’s position in the classroom. As shown in Fig. 1, firstly, the front of the classroom
is selected as the reference axis. The connection between the student’s right eye
position and the left corner in front of the classroom is line1, the angle between line 1
and the reference axis is the threshold value of the student’s left viewing angle, such as
angle a; the connection between the student’s left eye position and the right corner in
front of the classroom is line2, the angle between line2 and the reference axis is the
threshold value of the student’s right viewing angle, such as angle b.
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2. Pupil diameter target parameter setting
After investigation, it is found that the normal range of pupil diameter of human eyes is
about 2.5–4 mm, and there are differences due to gender, age, and refractive. Among
them, men are lower than women; adults are lower than teenagers, and puberty’s pupil
diameter is the largest among teenagers; the myopia pupil diameter is larger than the
normal pupil diameter, and the hyperopia pupil diameter is smaller than the normal pupil
diameter. The target parameters of pupil diameter are shown in Table 1 and Table 2. For
example, if a 12-year-old male student has normal vision, corresponding to the third row
of the third column in Table 1, his normal pupil diameter is 2.2–5.0 mm.

Blackboard plane

a

Baseline

b

Line1 Line2Left w
all plane of the classroom

R
ight w

all plane of the classroom

Fig. 1. Schematic diagram of pupil deflection angle.

Table 1. Pupil diameter parameters of male students.

Refractive (degree) Age(year old) (18, 40) [6, 12] (12, 18]

Myopia greater than 300 (1.8, 4.6) (2.0, 4.8) (2.2, 5.0)
Other (2.0, 4.8) (2.2, 5.0) (2.4, 5.2)
Hyperopia greater than 300 (2.2, 5.0) (2.4, 5.2) (2.6, 5.4)

Table 2. Pupil diameter parameters of female students.

Refractive (degree) Age (year old) (18, 40) (6, 12) (12, 18)

Myopia greater than 300 (2.0, 4.8) (2.2, 5.0) (2.4, 5.2)
Other (2.2, 5.0) (2.4, 5.2) (2.6, 5.4)
Hyperopia greater than 300 (2.4, 5.2) (2.6, 5.4) (2.8, 5.6)
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3. Blink times target parameter setting
After investigation, it is found that the blinking frequency of normal people is about 14
times per minute, which has a certain relationship with the gender and refraction of
students. Relevant reports indicate that the blinking frequency of women is higher than
that of men, and that people with abnormal refraction is higher than that of people with
normal refraction. The setting of specific target parameter values are shown in Table 3.
For example, a female student with a nearsightedness of 500° has a range of 4–6 blinks
within 20 s.

3 Data Analysis and Intervention

Data analysis means the process of data research, through data analysis to find useful
information such as patterns, correlations, etc. [6], which is an essential stage of big
data value chain [7]. As the data analysis is completed, it is necessary to visualize the
data and intervene the original environment, so that data processing can be effectively
applied to the practice.

3.1 Data Analysis and Intervention in Class

By comparing and analyzing the eye characteristic data and the target parameter value,
it is determined whether the students are attentive.

The specific judgment process is shown in Fig. 2. If the student’s eyes are not
detected, record the number of times that they are not detected. If the number of times
that the student’s eye is not detected more than 5 times within 20 s, the student is
considered to be inattentive. After students’ eyes are detected, changes in pupil
deflection angles, pupil diameter and the number of blinks are recorded every 20 s. If
the pupil deflection angle exceeds the corresponding target parameter value more than
5 times within 20 s, the student is considered to be inattentive; if the average pupil
diameter is greater than the corresponding target parameter value within 20 s, and the
number of blinks is less than the corresponding target parameter value, the student is
considered inattentive; if the average pupil diameter is less than the corresponding
target parameter value, and the number of blinks is greater than the corresponding
target parameter value, the student is considered to be fatigued, also seen as inattentive.
When a student is judged to be inattentive, the signal indicator light equipped with the
student will be on to remind the student. If there are too many indicators are on in the
classroom at the same time, the teacher needs to temporarily change the teaching
method to attract the student’s attention.

Table 3. Number of blinks in 20 s.

Refractive (degree) Gender Male Female

Myopia/Hyperopia greater than 300 (3, 5) (4, 6)
Other (4, 6) (5, 7)
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3.2 Data Analysis and Intervention After Class

According to the results of data analysis of the students’ data produced in the teaching
activities, targeted intervention is carried out in the teaching activities. So as to com-
prehensively improve the students’ attention level in class and the teaching quality. The
data of statistical analysis mainly includes two points, one is the number of times that
each student’s inattention in each lesson, the other is the time points that the whole
class of students are inattentive.

Count the number of each student’s inattention in each lesson. The students with
high times of inattention in one lesson need to have a heart-to-heart talk after class. If
the students are inattentive due to the difficulty of the teaching content, they should be
given personalized homework assistance after class, and be urged to review and pre-
view in time; if the students are inattentive due to personal attitude problems, teachers
need to educate them after class to correct their learning attitude.

Count the time points when the whole class of students are inattentive in each
lesson, and group them every three or five minutes. Then draw a histogram to visualize
the number of students with inattention during every point in time in a data visual-
ization manner. Extract the time periods when the students are inattentive, and contact
the teacher to find the corresponding teaching knowledge points. If this knowledge
point is difficult, the teacher needs to change the teaching plan and explain the
knowledge point in more detailed. If this knowledge point is not difficult, but a large
number of students are inattentive, the teacher needs to change the teaching method to
attract students’ attention, in order to enhance the teaching quality.

Detecting student 
eyes

Whether the 
eye is 

detected

Record the change of 
pupil deflection angle in 

20s

Record the change of 
pupil diameter in 20s

Record the 
blinking times in 

20s

Yes

No

Times> 5

Record the number of 
times not detected in 

20s

Exceeded 
threshold> 5

Mean 
diameter > 
Threshold

Mean 
diameter < 
Threshold

Other 
situations

No No

Start

Determine the student's 
inattention

End

Blink times < 
Threshold

Blink times > 
Threshold

Yes Yes
Yes

Yes Yes

Yes

Fig. 2. Attention determination flowchart.
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4 Conclusion

In this paper, we collect the eye characteristic data of students in class, and set the
target parameter values of eye characteristic data. The setting of the target parameter
values according to the students’ location information in the classroom, the gender, age
and refractive of students. By comparing the collected parameter values and the target
parameter values, teachers can determine whether the students’ attention is focused. By
giving real-time reminders to students and intervening in the teaching after class, to
enhance the students’ attention and the teaching quality. Educational informatization
has transitioned to the stage of smart education driven by big data and other tech-
nologies. Smart education has become the trend of educational informatization
development in the world, it is also a hot research direction [8]. Education and big data
need to be deeply integrated, with the concept of data-driven education, use new
technologies to improve teaching quality. We will combine our study with future 5G
networks and other advanced technologies in the future [9–25].
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Abstract. 5G NSA networks are now distributed in many nations all over the
world. However, telecom operators have limited ways, like Drive Test, to
analysis the network’s performance. In this situation, we will introduce a
supervised machine learning based approach to predict the 5G NSA network
coverage and performance in a specific area. Our solutions will use the 4G MDT
data as the eigenvalue. We firstly use the ML algorithms to analysis the accuracy
between 4G MDT data and 4G DT data. Then, select the most important index
by analyzing the impacts of 5G NSA coverage and performance. Finally, we
will get the rules by training the supervised machine learning model between 4G
MDT data and 5G NSA coverage and performance outcomes. The results
indicate that the supervised machine learning based approach works well.
Telecom operators can use it for the further development of 5G networks.

Keywords: 5G NSA � MDT � Supervised machine learning � Coverage �
Performance

1 Research Background

Smart phone users and global cellular data traffic have grown rapidly in the last decade,
and they are expected to grow by nearly 20,000 times in next decade. 4G network can’t
stand this heavy traffic load. 5G network offers prospects for the development of this [1,
2]. Telecom operators are now distributing 5G NSA network which is the first stage of
5G network in this situation. In 5G network, users will acquire better quality of service
with the larger capacity, higher data rate and decreased latency [3].

However, operators’ wireless maintenance departments have been confront with a
new problem: The coverage and performance of 5G NSA is hard to analysis for lacking
data. In 4G network, Drive Test(DT) and Minimization Drive Test(MDT) are used to
analysis the network’s coverage and performance. In the current period time, 5G DT is
too inefficient to analysis the whole network and 5G MDT is not prepared for analysis.
For tackling this weakness, a supervised machine learning based approach will be
introduced to analyze the coverage and performance of 5G NSA network [4–6].
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2 4G MDT Performance Analysis

Before we analysis the supervised machine learning based 5G MDT(SML-based 5G
MDT), we will firstly analysis the performance of the supervised machine learning
approach by compare 4G MDT data and 4G DT data.

Minimization of drive test (MDT), which contain the measurement reports of the
UE and also have the user’s geographical location information, will be sent to their
serving base station (BS). MDT data doesn’t contain SINR or Throughput information
so it can’t describe the performance of 4G network directly. Table 1 shows the contents
of 4G DT data and MDT data we will used in this paper.

Figure 1 shows the DT data and MDT data in a specific area measured by
RSRP. MDT data is reported by all user equipment so it can be seen as a two-
dimensional data which can analysis the 4G RSRP of an area. DT data is reported by a
user so it is a linear data which can describe the 4G performance of a road. We can also
find that the RSRP value between the MDT and DT in same area is very similar. MDT
data contains neighbor cells’ information, like ECGI and RSRP. According to Shannon
theorem, Throughput is calculated by SINR, and SINR is influenced by noise and
interference which has a strong correlations with neighbor cells’ RSRP, so we assume
that there exist rules between MDT’s data and DT’s SINR and Throughput data in the

Table 1. 4G DT data and MDT data contents.

Data
type

Abbreviation Note

MDT Longitude Measurement reports’ location information
Latitude
S_ECGI Serving cell’s E-UTRAN Cell Global

Identifier
S_RSRP Serving cell’s Reference Signal Receiving

Power
ECGI_1, ECGI_2, ECGI_3,
ECGI_4

Neighbor cells’ E-UTRAN Cell Global
Identifier

RSRP_1, RSRP_2, RSRP_3,
RSRP_4

Neighbor cells’ Reference Signal Receiving
Power

DT Longitude Measurement reports’ location information
Latitude
S_ECGI Serving cell’s E-UTRAN Cell Global

Identifier
S_RSRP Serving cell’s Reference Signal Receiving

Power
S_SINR Serving cell’s Signal to Interference plus

Noise Ratio
S_Throughput Serving cell’s throughput
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same location. In this condition, we use the supervised machine learning algorithm to
test and verify this rules and predict the MDT’s SINR or Throughput. Figure 2 shows
the flowchart of 4G MDT SINR and Throughput Predict system. Considering the
experiment efficiency, the location information will be grouped by grid. Meanwhile, we
will use the Random Forest algorithm as the learning model. The features of the
algorithm will not be illustrated in this paper, details can be found in [7–19].

The supervised ML model need a input data which from the labeled and splitted
data in Fig. 1, then computing a lot of complex algorithm,the training data is used for

Fig. 1. DT data and MDT data in a specific area measured by RSRP

Fig. 2. The flowchart of 4G MDT SINR and Throughput Predict system
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the supervised ML model to learn the patterns/features. After all of this progress, the
model will be established and the most specific and accurate outcomes is acquired.
After the ML algorithm has been deployed, we choose another district to analysis the
accuracy of the patterns as showed in Fig. 3. The results show the high accuracy of the
predicted MDT SINR compare with DT data. And this indicates that by using 4G MDT
data, supervised machine learning based 5G MDT is available.

3 Supervised Machine Learning Based (SML-Based)
5G MDT

3.1 The Eigenvalue of 5G NSA Coverage and Performance

In 5G NSA network, the antennas of the 5G BS are shared the same basic parameter
with 4G BS. All of them have the same orientation angle and inclination angle, most of
them have the same altitude. So in this network, there exists a strong correlation
between the 4G network coverage and the 5G coverage. In this situation, the 5G
measurement reports in the location also have a strong correlation with the 4G mea-
surement reports. So does 5G MDT. Based on this, the flowchart of 5G MDT SINR
and Throughput predict system is similar to the 4G’s. The eigenvalue of the training
data is the 4G MDT data and the label data is the 5G DT data.

3.2 SML-Based 5G MDT Performance Analysis

Figure 4, 5, and 6 shows the RSRP, SINR and Throughput results by using the
supervised ML model, Random Forest algorithm. We can conclude from the results
that our SML-based 5G MDT can describe the performance of 5G network accurately

Fig. 3. The SINR of DT data in left and predicted 4G MDT data in right
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as well as the DT data. Besides, SML-based 5G MDT data can indicates the whole area
5G network performance compared to DT data. Operators’ wireless maintenance
departments will use this data for the development the 5G network.

Fig. 4. The RSRP of DT data in left and SML-based 5G MDT data in right

Fig. 5. The SINR of DT data in left and SML-based 5G MDT data in right
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4 Conclusion

In this paper, we introduce a supervised machine learning based approach to predict the
5G NSA network coverage and performance in a specific area. By using supervised
machine learning algorithm, we can analysis the coverage and performance of the 5G
NSA network efficiently in 5G NSA networks. Our work enhance the ability of telecom
operator’s wireless maintenance departments and widely used in 5G development
project.
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Abstract. In this paper, an improved method of mobile terminal location based
on Gaussian Markov random model is proposed to reduce the influence of radio
wave propagation environment on the location accuracy of existing positioning
methods. Through the simulation analysis of the actual data, it can effectively
improve the reliability and accuracy of the existing location algorithm.

Keywords: Location � Velocity � Gauss-Markov � Accuracy

1 Introduction

With the uprising of big data processing ability and the development of communication
technology, accurate user localization technology is deemed as a useful optimization
scheme to improve service quality for mobile communication network operators [1].

Generally, the localization of the mobile station [2] in the wireless communication
network mainly includes two methods. One is to use the characteristics of the wireless
signal transmitted between the BS and MS to locate the mobile station(MS) [3].
Another approach is to use the built-in GPS receiving module of MS [4]. Compared to
the first method, GPS has higher accuracy, but it requires the hardware support of
mobile station and needs to make the function always turn-on. In some specific sce-
narios, like indoors or full-multipath and/or occlusion area, mobile station is difficult to
capture signal. Therefore, the current wireless communication network commonly use
the first localization method based on the received signal strength, signal arrival time
and signal wave direction or a mixture of multiple methods.

Existing localization method mentioned above, localization accuracy is limited by
the radio wave propagation environment. The error of localization is mainly caused by
the multipath effect and non-line-of-sight (NLOS) transmission. Due to the lack of
sufficient knowledge of the multipath and NLOS propagation model and the resulting
error probability statistical characteristics, there is no effective way to solve this problem.
Now, some algorithms are used to offset some multipath and NLOS error to improve the
accuracy of the positioning, but the level of accuracy improvement is still limited. In this
paper, an optimization algorithm for localization of MS based on Gauss-Markov
stochastic model is proposed to reduce the impact of the radio wave propagation.
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2 Scheme Introduction

2.1 Gauss-Markov Model Introduction

The Gauss-Markov process [4] is a stochastic process with zero mean, which has been
applied in many industries, for example signal estimation and economic prediction
theory. By using the Gaussian-Markov mobility model, the essential characteristics of
mobile users’ speed correlation can be captured in time. More importantly, Gauss
Markov model can indicate more types of user mobility states by adjusting the
parameters in the model, so it is a universal user mobility model [5], such as random
walk mobility, fluid flow model, and random way point model. In the Gauss-Markov
model, the velocity of a mobile station is assumed to be time-dependent. For a con-
tinuous period of time, if a stationary Gaussian process VðtÞ satisfies the autocorre-
lation function, it is called a Gaussian Markov process.

RVðtÞ ¼ E VðtÞVðtþ sÞ½ � ¼ r2e�b sj j þ l2 ð1Þ

where, r2 is the variance of VðtÞ, l is the mean, b[ ¼ 0 is the degree of memory.
We define the discrete mobility velocity model as Vn ¼ VðnDtÞ. The discrete

Gauss-Markov process can be expressed as the following recursive implementation:

Vn ¼ aVn�1 þð1� aÞlþ r
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a2

p
Zn�1 ð2Þ

where, Zn is an uncorrelated Gaussian process with zero mean and unit variance and is
independent of Vn, a ¼ e�bDt is the memory level. There is a parameter set a; l; rð Þ
from the model above. By adjusting these parameters, you can duplicate more mobility
patterns, including the model used commonly mentioned above.

2.2 Gauss-Markov Model Application Flow

The mobility of MS belongs to individual behavior and has temporal correlation to a
certain extent [6]. In this paper, the Gauss-Markov model shown in the above Eq. (2) is
used as the mobility model to predict the mobility speed and position of the user in real
time by collecting historical data and parameter estimation. And then based on the
predicted value to correct a localization algorithm to estimate the terminal position, and
ultimately estimate the terminal to be the highest probability location. By further
optimizing the existing localization method, the accuracy of the existing localization
scheme can be improved. The following is a process of using the Gauss-Markov model
as a mobility model for mobile station location.

Step1: Determine the position information of the N reference times in a given
length of time before the localization time of the mobile station. N is an integer greater
than 1.In chronological order, the N-th reference time is the last moment.

There are at least two ways to determine the position information of the N reference
times within a given length of time before the localization time of the mobile station.
One is to use the built-in GPS receiving module of mobile station, and another is the
sampling location using the characteristic parameters of the wireless signal propagating
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between the BS and MS in the wireless communication network. For example, use the
algorithm shown in the following Eq. (3).When / x; yð Þ takes the minimum value, the
value of (x, y) is the location coordinates of the MS at the K-th reference time,
1�K �N.

/ðx; yÞ ¼
Xm
i¼1

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xiÞ2 þðy� yiÞ2

q
� DRSRP;iÞ2 þð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x1Þ2 þðy� y1Þ2

q
� DTAÞ2

ð3Þ

where, (x, y) is two dimensional plane coordinates where the mobile station needs to be
determined; (xi, yi) is the plane coordinates of the known serving cell and the neighbor
cells; (x1, y1) is the plane coordinates of the known serving cell where the MS belongs
to. The distance DRSRPi between MS and the i-th cell can be obtained by the reference
signal reception strength. The distance DTA between MS and the serving cell can be
obtained by the signal propagation time. M is the number of cells that the mobile
station can receive the signal strength.

Step2: train the Gauss Markov model according to the position information of the N
reference moments. And use the position information of the N reference moments to
determine the velocity information of the mobile station at each reference time; and
then train the parameters (l, r, a) in the Gauss-Markov model according to the
velocity information.

Where,

l ¼ 1
N

XN
i¼1

Vi ð4Þ

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

Vi � lð Þ2
vuut ð5Þ

a ¼
1;when r � 0

max 0;
1
N

PN
i¼1 Vi � lð Þ2

1
N�1

PN�1
i¼1 Vi � lð Þ Viþ 1 � lð Þ

( )
8>><
>>: ; in other cases ð6Þ

Step3: the position information of the mobile station at the localization time is
determined based on the trained Gauss-Markov model and the position information of
the mobile station at the N-th reference time. The position information at the local-
ization time is determined based on the velocity information at the localization time and
the position information at the N-th reference time. The new positioning algorithm used
the Gauss-Markov model is introduced in original localization algorithm mentioned in
the Eq. (3) as shown in the following Eq. (7).
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/ðx; yÞ ¼
Xm
i¼1

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xiÞ2 þðy� yiÞ2

q
� DRSRP;iÞ2 þð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x1Þ2 þðy� y1Þ2

q

� DTAÞ2 þð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x0Þ2 þðy� y0Þ2

q
� DvÞ2 ð7Þ

Where, (x0,y0) is the plane coordinate of the MS at the N-th reference time, DV is the
relative distance between the localization time and the Nth reference time calculated by
the Gauss-Markov model.

3 Scheme Application

In order to further explain the implementation of the above localization method, we will
present a detailed description in conjunction with existing positioning method, such as
using measurement report (MR) [7] in the Long Term Evolution (LTE) system.

Step1: As shown in Fig. 1, by identifying the mobile terminal’s identification, the
network can obtain all the measurement reports in a given length of time before the
localization time 2:00am. The measurement reports that UE reports include the reference
signal receiving power (RSRP) and the time advance (TA) from the serving cell and the
RSRP from its neighbor cells. The given time include 9 reference intervals, that is, 10
reference times are determined. Generally, each reference interval is determined
according to the report period of themobile station, for example, 5120 ms in LTE system.

Step2: In LTE system, the distance DRSRP1 between the MS and the serving cell,
and the distance DRSRP2 between MS and the neighbor cells can be calculated based on
the RSRP of the serving cell and the neighbor cells in the K-th reference time from the
MR. In addition, by the TA of this reference time,the distance DTA can be obtained
between MS and the serving cell, where, 1�K � 10. DRSRP1, DRSRP2 and DTA of the
other reference time are all determined by the same way.

Step3: According to the Eq. (3), the position information of the MS can be cal-
culated at the K-th reference time. The position determination method at the other
reference time is the same as the K-th reference time.

Step4: Based on the calculated position information of the mobile station at 10
reference times, the position information is represented by Sk ¼ ðSxk; SykÞ. The velocity
information for each reference time is calculated by using the Eq. (8) based on the

Fig. 1. Time axis
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reference time interval t and the position information, which is represented by
Vk ¼ ðVx

k ;V
y
k Þ.

Vx
k ¼ Sxk � Sxk�1

t
;Vy

k ¼ Syk � Syk�1

t
ð8Þ

Step5: According to the Eq. (4), (5) and (6), the parameters (l, r, a) in the Gauss
Markov model are determined, and then the trained Gauss Markov model is obtained.

Step6: Assuming that the current localization time is the T1, it is the latter moment
with a time interval t after the 10th reference time T0. The position and speed of mobile
station at T0 time are the position and velocity information of the 10th reference time
which have been calculated in step 4. The calculated velocity information is V0 ¼
ðVx

0 ;V
y
0Þ and the position information is S0 ¼ ðSx0; Sy0Þ at time T0 according to step 4.

Based on this, the velocity information VT1 ¼ Vx0
T1 ;V

y0
T1

� �
of the Gauss Markov model

at T1 time is obtained by using step 5. Through the velocity information at T1 time and

the position S0 at T0 time, the position information Sx
0
T1 ¼ ðSx0T1 ; S

y0
T1Þ can be calculated at

T1 time. And the distance between T1 and T0 is Dv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vx0
T1 � t

� �2 þ Vy0
T1 � t

� �2
r

.

Step7: According to step 2, at T1 time, the distance DRSRP1 between the MS and its
serving cell and the distance DRSRP2 between the MS and its neighbor cells can be
calculated through RSRP in MR. These values can be calculated from the path loss
model. And the distance DTA between the MS and the serving cell can also be cal-
culated by TA in MR.

Step8: Using the Eq. (7), more accurate position information ST1 ¼ Sx
0
T1 ; S

y0
T1

� �
at T1

time can be calculated and the velocity information VT1 ¼
SxT1�Sx0

t ;
SyT1

�Sy0
t

� �
at time T1

can be calculated based on the position information.
Step9: As time goes by, the memory window is moved forward over time. The

velocity information of the first reference time is removed from the 10 reference
velocity information in step 4 and the velocity information contains the new velocity
value just calculated in step 8. The parameters (l, r, a) of the Gauss Markov model get
update.

Step10: By analogy, as time goes on, the steps are repeated to calculate the velocity
and position information at any subsequent moment.

4 Scheme Application Effect

The computer simulation is used to evaluate the accuracy improvement of the existing
positioning methods by introducing the Gaussian Markov mobility model. The simu-
lation results are shown in Fig. 2 below, the horizontal axis is the localization accuracy,
and the vertical axis is the cumulative probability distribution.
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Simulation results show that the average value of localization accuracy can be
increased by 10%compared with the existing algorithm. From the Fig. 2, the blue curve
obtained by the algorithm mentioned in this paper is smoother than the red curve
obtained by the existing algorithm. It is shown that the proposed algorithm not only
improves the positioning accuracy, but also can effectively reduce the random deviation
of the positioning accuracy of the mobile station caused by fast fading and multi-path
in the radio propagation environment.

5 Conclusions

Accurate mobile station location information can be applied to network optimization,
service delivery and many other areas of business [8]. The Gauss-Markov mobility
model is introduced in this scheme to solve the MS positioning issue. This model can
suppress the influence of radio wave propagation environment and signal randomness
with the localization accuracy. Moreover, this proposed scheme can be used to com-
bine with a sort of existing localization algorithms to further improve the accuracy.
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Abstract. As 5G Massive MIMO achieves accurate coverage through 3D
beamforming, the measurement and evaluation of coverage changes from “cell
level” to refinement to “beam level”, which poses a new challenge to network
coverage optimization. Therefore, in this paper, the coverage interference and
path loss are modeled based on DT data with the help of big data processing
methods, and the optimal coverage optimization method combination of Pat-
tern + RF is finally solved through accurate coverage interference prediction
and iterative optimization algorithms. This method can improve the accuracy of
Massive MIMO coverage optimization, and achieve the most accurate opti-
mization, the highest efficiency, the best performance, and the most cost-
effective.

Keywords: Communication network � 5G � Coverage optimization � Massive
MIMO � Big data

1 Introduction

Massive MIMO is a gordian technique to improve system capacity and spectrum
utilization in 5G [1]. However, from the perspective of network optimization, Mas-
sive MIMO also brings complex beam changes, which brings new challenges to 5G
network optimization. How to solve the optimal combination of traditional RF opti-
mization means and Massive MIMO broadcast beam pattern option, and achieve the
best comprehensive coverage optimization cost and optimization result, has become a
problem.

Therefore, this article summarizes the previous wireless network coverage expe-
rience, comprehensively analyzes the 5G wireless network coverage environment, the
cost, effectiveness and limiting factors of coverage optimization methods. Finally,
based on big data modeling prediction and high-dimensional iterative optimization, a
method for 5G Massive MIMO accurate coverage optimization based on big data was
designed and implemented. This method optimizes the combination of 5G network

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. Wang et al. (Eds.): Signal and Information Processing, Networking
and Computers, LNEE 677, pp. 924–934, 2021.
https://doi.org/10.1007/978-981-33-4102-9_111

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_111&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_111&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4102-9_111&amp;domain=pdf
https://doi.org/10.1007/978-981-33-4102-9_111


coverage optimization methods, effectively improves the optimization efficiency of 5G
network coverage, and reduces network optimization costs.

2 Overview of 5G Massive MIMO

Compared with 4G, the biggest change in 5G Massive MIMO is the increase in the
number of antennas and the expansion of the signal coverage dimension. Mas-
sive MIMO can reach 64/128/256 channels. The dimension covered by the signal
introduces the vertical dimension on the basis of the horizontal dimension, realizing the
improvement from 2D Beamforming to 3D Beamforming.

2.1 The Main Advantages of 5G Massive MIMO

The increase in the number of 5G Massive MIMO antennas and the expansion of the
signal coverage dimension have resulted in higher multiplexing and diversity gains,
higher energy efficiency, and higher spatial resolution. This has more obvious technical
advantages in increasing coverage and capacity [2].

Massive MIMO supports full-channel beamforming, which can greatly increase
antenna gain and extend coverage distance. Massive MIMO supports full channel
beamforming such as PBCH, SCH, CSI-RS. Compared with the LTE wide beam, the
control channel coverage is significantly improved, the system coverage is improved,
and the control channel coverage is enhanced, thereby increasing the cell radius.

Massive MIMO uses narrow beam scanning to transmit, which can effectively
reduce interference and improve SINR. Massive MIMO improves the wide-beam-
based broadcast mechanism in the LTE era, and uses narrow-beam polling scan cov-
erage. By properly designing narrow beams through beam management, and selecting
appropriate time-frequency resources to send narrow beams, Massive MIMO can direct
the transmission energy to the target user, thereby improving the demodulate SNR of
the target user, meanwhile improving the transmission success rate. It is especially
suitable for high-frequency transmission [3].

Massive MIMO supports 3D beamforming, which can cope with various coverage
scenarios such as squares and high-rise buildings, and allows custom beams. The
broadcast beam supports 17 cell-level scene-based beam schemes, which can meet
different coverage requirements. It also supports custom beam scenarios, and supports
the definition of the inclination and azimuth of each beam individually to form a new
broadcast beam pattern [4].

Massive MIMO significantly increases the number of SU-MIMO/MU-MIMO
streams with higher spatial resolution. Through independent narrow beam coverage of
different users in the coverage space, the spatial freedom of Massive MIMO can be
used to simultaneously transmit data of different users on the same time-frequency
resource. This achieves a substantial increase in spectrum efficiency under the premise
of constant base station density and bandwidth, thereby doubling network capacity [5].
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2.2 5G Massive MIMO Antenna Gain

5G coverage performance is an important indicator of 5G network performance eval-
uation and a decisive factor for ensuring stable and reliable service perception for users.
Considering that 5G network coverage optimization requires comprehensive compar-
ison and analysis of 5G coverage capabilities, this article conducts a simple analysis of
antenna gain based on 5G Massive MIMO technology.

Assume that Massive MIMO is composed of M arrays, each array is composed of
N array elements, and each array element contains T dual polarization arrays. The
antenna’s gain calculation formula is as follows:

GainMIMO ¼ GainZY þGainZYF þGainBF þGainDP ð1Þ

Where: GainZY is the array element gain, GainZYF is the diversity gain of the array
element, GainBF is the shaped gain of the antenna, and GainDP is the dual polarization
gain of the array.

Take 64-channel MIMO as an example, M = 8, N = 4, T = 3, then the overall gain
of the downlink channel is:

GainMIMO ¼ 6þ 10 logN � T þ 10 logMþ 10log 2ð Þ = 28dB ð2Þ

and for the uplink control channel, due to the lack of GainBF ¼ 10log 2ð Þ = 3 dB, the
overall channel gain is 25 dB. Similarly, if the number of channels is 256, the uplink
and downlink channel gains are 31 dB and 34 dB [6].

3 Major Challenges for Massive MIMO Coverage
Optimization

Massive MIMO has its two sides. On the one hand, more antennas bring greater system
capacity, and refined 3D beamforming also provides favorable conditions for accurate
coverage. On the other hand, from the perspective of network optimization, it also
means more complex beam management and beam control, which greatly increases the
difficulty of network optimization.

3.1 Data Network Optimization is More Complicated

Compared with 4G, 5G Massive MIMO has increased the vertical dimension, and the
network has evolved from 2D planar coverage to 3D stereo coverage, with greater
spatial freedom. But this also means that network optimization tasks such as neigh-
borhood configuration, network parameter adjustment, and optimization of new vertical
dimensions will be more complicated. 5G Massive MIMO can realize the adaptive
ability of dynamic beam parameter combination in 3D space, but the accompanying
parameter combination is also very much, and it is impossible to tune it based on
manpower and traditional experience.
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3.2 How Does Coverage Optimization Take into Account SSB & CSI

Both SSB and CSI-RS have a significant impact on the user experience of 5G net-
works. During network planning and optimization, the coverage and interference of
SSB and CSI-RS need to be considered at the same time.

The main functions of the SSB are downlink synchronization, cell signal quality
measurement, and transmission system broadcast. SSB RSRP and SINR reflect the
quality of the broadcast channel, affect the initial access and handover performance of
5G terminals, and determine the coverage of the cell on the road and the entire network.
From the perspective of coverage issues, the poor quality of the SSB is generally
dropped, handover failures, and frequent handover issues.

The main functions of CSI-RS are CM, BM, TRS (Tracking RS), RRM/RLM
measurement. CSI-RS RSRP and SINR reflect the quality of the service channel, affect
the CQI report, MCS selection, RANK, etc. of 5G terminals, and determine the user’s
experience rate. From the perspective of coverage issues, CSI-RS quality is generally
low MCS, low RANK, and low rate issues.

SSB and CSI-RS have different beam gains, different beam widths and directions,
and SSB coverage cannot completely replace CSI. The SSB beam is sent at the cell
level poll, and the sub6G supports a maximum of 8 beams. CSI-RS beam is user level,
64T supports 32 beams. As shown in Fig. 1 below. (see Fig. 1).

3.3 How Does Coverage Optimization Take into Account Both Cost
and Effectiveness

Since the 5G network is evolved from the 4G network, the coverage optimization
method of the 5G network is similar to 4G. The optimization idea is to analyze the
basic test data, combine the network topology, basic industrial parameters, and
parameter configuration to conduct an in-depth analysis of the problems caused by
network coverage, and finally formulate corresponding optimization solutions. 5G
network coverage optimization methods can be divided into four aspects: engineering
parameter adjustment, parameter configuration optimization, beam management opti-
mization, reconstruction and new construction.

Engineering Parameter Adjustment. The content of engineering parameter adjust-
ment includes mechanical downtilt, mechanical azimuth, AAU antenna hanging height,

Fig. 1. SSB and CSI-RS beam gain
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AAU position adjustment, etc. From the perspective of optimization cost, due to the
need for manual site adjustment, the cost is higher; from the perspective of optimization
effect, it can take effect on SSB and CSI.

Parameter Configuration Optimization. Parameter configuration optimization
includes optimization of basic parameter configuration such as frequency, power,
PCI/PRACH, neighbor cell, and switching threshold. From the perspective of opti-
mization cost, remote adjustment through the background network management plat-
form has lower cost; from the perspective of optimization effect, it can take effect on
SSB and CSI. Among them, the power adjustment can be controlled separately, but
subject to the maximum transmit power constraint, there is a problem of power pre-
emption between channels.

Beam Management Optimization. Broadcast beam management optimization
mainly involves wide-beam and multi-beam polling configuration and beam-level
weight configuration optimization [7].

For the wide-beam and multi-beam polling configurations, under a certain power
configuration, the multi-beam polling has an overall coverage gain of 3–5 dB com-
pared to the wide-beam configuration. Multi-beam polling has the advantages of
accurate and strong coverage and interference. Not only can different shaped beams be
generated by different weights to meet more accurate coverage requirements, but it can
also reduce broadcast channel interference and improve SINR through time division
scanning. In the early step of 5G construction, during the engineering optimization
step, considering the convenience of coverage testing and optimization adjustment, it is
recommended to use a wide beam configuration to carry out coverage optimization.

Beam-level weight configuration optimization achieves beam-level coverage control
by optimizing digital ESC beam weight configuration. The beam information is con-
trolled by multiplying the RS signals of different channels by different weights, so the
optimization of the coverage can be achieved through optimization of beam weight
configuration [8]. However, beam configuration optimization involves beam time
domain position, beam azimuth offset, beam tilt, horizontal beam width, vertical beam
width, beam power factor, etc., and its configuration options can reach 5000 + . How to
choose the optimal configuration and effectively combine traditional RF optimization
methods to achieve the best combination of cost and optimization results has become a
difficult problem for 5G Massive MIMO coverage optimization. (see Fig. 2).

Reconstruction and New Construction. For coverage problems that cannot be solved
by optimization methods, it can be fundamentally solved through antenna height
reconstruction, antenna position reconstruction, new AAU, site adjustment, new macro
station, and new room separation system, but the cost is relatively high.
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4 Method of Accurate Coverage Optimization for 5G
Massive MIMO Based on Big Data

At present, 5G is in the optimization stage and the initial commercial stage. Mas-
sive MIMO coverage optimization is mainly based on DT data. The method of 5G
Massive MIMO accurate coverage optimization based on big data relies on real-time
collected DT big data, and uses technology such as big data modeling and iterative
optimization algorithms to comprehensively consider the coverage optimization cost
and optimization effect, and quickly and effectively formulate Pattern + RF The best
combination solution.

4.1 Accurate Prediction of Massive MIMO Coverage Interference Based
on DT Data

The accurate prediction of Massive MIMO coverage interference based on DT data is
divided into two steps: big data modeling and accurate prediction.

Coverage Interference Modeling and Path Loss Modeling. The DT data is raster-
ized with 5 m accuracy to build a level matrix model from each NR cell to each grid, and
an SSB coverage interference relationship model is established based on the NR cell
information on the grid. The path loss matrix is composed of cell information, location
information, and level information in data such as DT/frequency sweep/MDT, and is a
key factor in predicting the level of coverage change after the antenna feed adjustment
[9]. There are two types of road loss modeling: “fixed road loss” and “non-fixed road

Fig. 2. Digital ESC combination statistics
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loss”. Under the “fixed road loss” scheme, the change in coverage is predicted before
and after RF adjustment. Under the solution, based on the Beam Trace ray tracing mode,
the multipath propagation information of the wireless signal in space before and after RF
adjustment is calculated to obtain more accurate path loss changes (see Fig. 3).

Accurate Prediction of Coverage Interference. First, the initial path loss in space is
obtained based on the DT measured data. Then, during the iterative optimization
process, based on the 3D antenna file and the path loss transmission mode, calculate the
changes in antenna gain and path loss after adjusting RF or Pattern parameters, and
accurately predict the RSRP of each cell on each grid after adjustment. Finally, the
optimized SINR and overlapping coverage index are predicted based on big data
modeling. The coverage prediction formula is:

RSRPafter ¼ RSRPbefore þMantennagain � Mpathloss ð3Þ

4.2 Iterative Optimization Algorithm for High-Dimensional Solution
Space Based on Pattern + RF Combination

The main process of this algorithm includes beam scene selection and optimization
direction judgment, high-dimensional iterative optimization, network quality scoring,
and gain prediction. First, by identifying cells that are strongly related to the problem
area, the parameters and adjustment directions for the cell to be adjusted are determined
according to the type of problem. Then, the multi-dimensional parameters such as
“Pattern, physical RF, power” are gradually fine-tuned, and the impact of the adjust-
ment plan on the problem area and overall quality is evaluated from the aspects of
coverage and interference according to the set optimization target threshold and weight.
Finally, the optimal solution matching the optimization goal is output.

The main purpose of beam scene selection is to determine the adjustable range of
horizontal and vertical wave width based on the terrain height and width. The judgment
of the optimization direction is divided into two parts: one is to determine the adjustment
direction of vertical wave width, digital inclination and mechanical inclination based on
the type of problem; the other is to determine the optimization direction of horizontal
wave width, digital azimuth, and azimuth based on the SSB Beam Id distribution.

Fig. 3. Path loss matrix
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High-dimensional iterative optimization is to search the best values of Pattern and
RF parameters of each cell based on the set parameter adjustment priorities. Normally,
the parameter adjustment priorities are Beam Scenario, Digitial Tilt, Digital Azimuth,
Mechanical Tilt, and Mechanical Azimuth.

The network quality score and gain prediction are based on the optimization goal
and weight calculation for network quality scoring, calculating the score changes
before and after adjustment, predicting the optimal gain, retaining the positive gain and
continuing to optimize, and the negative gain regressing.

Fitness calculation formula is:

Fitness ¼ wrsrp � SSBRSRPf þwoverlap � Overlapf þwsinr � SSB SINRf ð4Þ

Gain calculation formula is:

Gainforecast ¼ Fitnessnew � Fitnesscurrent ð5Þ

4.3 Optimized Process of 5G Massive MIMO Coverage Based on Big
Data

This process mainly includes four steps: data input, data rasterization evaluation,
automatic optimization, solution output and result display(see Fig. 4).

Data Input. Massive MIMO coverage problem analysis requires a large amount of
data, including industrial parameters, DT data, electronic maps, antenna files, etc. The
specific requirements are as follows: (1) Industrial parameters and DT data. The
integrity and accuracy of the data of the industrial parameters and DT data are critical to
the accurate coverage optimization results of 5G Massive MIMO. During the data
collation process, it must be ensured by means of site surveys and configuration ver-
ifications, otherwise it may bring gains. Unexpected or even negative gain. To obtain

Fig. 4. Schematic diagram of accurate optimization process for Massive MIMO coverage
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the latest NR cell engineering parameters, the integrity and accuracy of the NR cell
information must be guaranteed. Obtain the latest base station configuration to check
the accuracy of cell configuration parameters in the industrial parameters, including
power, PCI, frequency, and pattern configuration. The DT test should be performed in
accordance with the specifications to ensure the rationality of the test route and speed.
(2) Electronic map. To obtain an electronic map within one year, the format is required
to be Planet format with an accuracy of 5 m. At least Clutter, Heights, Vector, and
Buildings layers must be included, and a Buildvector layer is required when used in
combination with ray tracing simulation. (3) Antenna file. The 3D antenna file can
characterize the antenna gain of the AAU or passive antenna in all directions (hori-
zontal 0 * 359°, vertical-90 * 90°, step 1°) in 3D space, and is an important input
for coverage prediction.

Data Rasterization. First, the DT data is rasterized with 5 m accuracy. Second, the
grid is used as the basic unit to decompose the network coverage index data of the cell
dimension into corresponding grids. Finally, the coverage evaluation, interference
evaluation, overlap coverage evaluation, and cross-region coverage evaluation are
performed by means of grid fitting and grid scoring.

Automatic Optimization. The main purpose of iterative optimization is to compre-
hensively consider maximizing network coverage and minimizing optimization costs,
using grid tabu optimization algorithms to perform optimization, and finding the
optimal coverage optimization method combination. The process is mainly divided into
three steps: goal setting, automatic problem grid recognition & problem area aggre-
gation, and iterative optimization.

First, set goals. At present, 5G is in the optimization stage and the initial commercial
stage. Massive MIMO coverage optimization is mainly based on SSB. The main
indicators of coverage optimization include SSB RSRP, SSB SINR, SSB Overlapping,
and Overshooting Coverage.

Secondly, find and identify problem grids based on optimization goals, including
weak coverage grids, overlapping coverage grids, and SINR poor quality grids. Based
on the geographic distribution of the grids, the problem grids are aggregated through
the CFDP clustering algorithm and aggregated into problem areas. The boundary of the
problem area is extracted by the AlphaShape algorithm, and circle selection is com-
pleted based on algorithms such as convex hull extraction and ellipse fitting of least
squares, and the polygon boundary of the problem area is automatically generated.

Finally, based on the grid tabu optimization algorithm and expert experience, the
parameters of the problem cell are adjusted and the optimal gain is predicted. If the
fitness of the prediction result meets the standard, then the optimization is ended, and
the parameter tuning result and prediction gain are output. If the fitness is not up to the
standard, then the next round of iterative optimization is performed until the optimal
parameter result and prediction gain are iterated.
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Solution Output. At present, 5G Massive MIMO is in the Cluster engineering opti-
mization stage. It is recommended to divide the physical RF parameter optimization
and pattern parameter optimization into two rounds for coverage optimization. By
formulating different optimization target thresholds and weights, the Massive MIMO
Pattern parameters are optimized to obtain two sets of optimization schemes and
prediction results.

The first round was optimized for physical RF parameters. For coverage problems,
the mechanical antenna feed parameters should be adjusted first. If necessary, the
installation position of the antenna feed can be rectified. For example, the antenna feed
angle at the same station is too small, the coverage direction of the antenna main lobe is
severely blocked, Orientation does not match the planning and design, planning
machinery tilt is too large or too small, etc. Considering the implementation cost and
optimization efficiency, the proportion of the plots adjusted by mechanical antenna feed
parameters is generally controlled within 15%.

The second round is for pattern parameter optimization. Based on the first round of
optimization, fine-tuning is mainly based on the optimization of broadcast beam pat-
tern. The purpose is to control the main service cell of each road section to the optimal
and reduce unnecessary handover.

5 Conclusion

This paper analyzes the current 5G Massive MIMO coverage optimization through
multi-dimensional analysis and uses big data processing methods to find the optimal
coverage optimization method combination. It can guide the precise optimization of
network coverage and save network optimization costs. It has important reference
significance for 5G network coverage optimization. Through big data technique to
analysis the network optimization methods is an important way for operators to refine
their management [10], and it is also an effective method to enhance their network
competitiveness.
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Abstract. C-band is the most used frequency resource for the 5G development
in the worldwide. However, fixed satellite service (FSS) is also deployed in this
frequency band in many countries, which will suffer adjacent channel interfer-
ence from 5G. In this article, we evaluate the interference in the real network
deployed by China Unicom. The interference level is determined by network
deployment parameters such as the load level of the 5G gNB, the location of the
5G terminals, and the angle between the gNB and the FSS antenna. To avoid the
interference, the isolation between satellite and 5G should be improved by
increasing the distance or the performance of transceiver. On the other hand, we
also need to ensure the flexibility of 5G network deployment. Thus, the method
that adding a filter to the FSS receiver is proposed. We test the suitable passband
of the filter in the lab environment and verify the effective of this method under
the most serious interference in the practical network. Tests have shown that
when the filter has 45 dB suppression in the 5G frequency band, the isolation
distance can be reduced to 90 m. Therefore, in the actual 5G network envi-
ronment, the isolation distance between the 5G gNB and the FSS earth station
can be further reduced, and a large number of 5G network coverage holes will
be avoided.

Keywords: C-band � 5G � FSS � Interference mitigation � LNB filter

1 Introduction

The demand of frequency spectrum is increasing but available spectrum is very limited.
For example, C-band (around 3.5 GHz) is the most popular frequency band to deploy
5G networks. Many mobile network operators (MNOs) in Asia, Europe and Latin
America have been declared that 3.5 GHz is the first option to deploy their 5G systems
[1–4]. Meanwhile, C-band was widely used by Fixed Satellite Service (FSS). A typical
spectrum division method is shown in Fig. 1 [5]. However, the low noise block
downconverters (LNB) of most FSS receivers may not have an exact C-band filter, thus
it will receive the signal from the whole band of 3400–4200 MHz, which will cause
severe interference to FSS.
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The FSS receives useful signal from satellite, also it receives interference from gNB
which are close to the FSS. Several works [6, 7] have been focused on the interference
assessment and interference mitigation. The author of [6] proposed an interference
model and analyzed three kinds of interference scenarios in C-band between HAPS and
FSS. It’s proved that the interference would be influenced by the distance of receivers
and beam direction. However, the interference model proposed in [6] is only derived by
theoretical formula and cannot completely reflect the real interference situation in the
actual system. Also, the parameters of HAPS are different from 5G network.

The author of [7] evaluated the interference of the FSS and the fixed service in the
extended C-Band frequency by software SPECTRAemc and proposed interference
mitigation method where FSS and fixed service are separated or the beam angle of FSS
stations is changed to the direction of less interference. However, gNB is densely
deployed in the NR network, which means the FSS is inevitable close to gNB. At the
same time, the beam direction of the gNB is aligned with the UE, when the FSS in the
NR network receives interference in all direction’s beams. Above all, the effective
interference evaluation and interference mitigation methods between NR and FSS are
lack in the current research.

This May, in order to push the 5G deployment, Ministry of industry and infor-
mation technology (MIIT) in China led a trail to verify the feasibility of co-existence of
5G and FSS. Both mobile network operators and satellite operators participated in the
test. Based on the trail, we accurately measured the interference of 5G network to FSS
earth station in a practical 5G network using 3.5 GHz in Beijing University of Post and
Telecommunication (BUPT) deployed. We also analyzed the impact of different NR
parameters on interference to FSS. Then the interference mitigation method of adding a
filter to LNB is conducted. Last we verified the feasibility of 3 filters with different pass
bands.

The remainder of the paper is organized as follows. Section 2 describes the test
scenario. The test methods and different cases are proposed in Sect. 3. After shown the
test results in Sect. 4, we propose a recommendation to MNOs in C-band in Sect. 5.

Fig. 1. Example spectrum utilization plans for the 3.4–4.2 GHz range in APT region
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2 Scenario

The test was carried in BUPT that is a typical urban hotspot. There are 17 5G cells
operating in the band of 3500–3600 MHz which are deployed by China Unicom based
on practical service demand and network planning. The maximal output power is
200 W and the average inter-site distance is about 200 m. Other detail parameters are
listed in Table 1.

The FSS receiver with a filter between LNB and feeder was set on the ground in the
surrounding of 5G cells. Figure 2 shows how the LNB filter installed. 2 typical TV-
Receive-Only (TVRO) dishes in China with sizes of 1.8 m and 3 m were used. As is
show in Fig. 3, Cell A is in the sight of FSS earth station.

In order to verify the effectiveness of LNB filter under strong interference, this filed
test built a scenario with extremely strong interference from 5G. The interference
power PI is as following.

PI ¼ Pt�5G þGt�5G � PLþGr�FSS ð1Þ

First, the output power of cell A pointing at the FSS receivers Pt�5G is maximum.
As is shown in Fig. 3, two 5G CPEs belonging to cell A are near FSS receiver and they
are with full-buffer services and occupying all the frequency resources. Second, the

Table 1. Characters of 5G gNBs

Parameters Value

Transmit frequency band 3500–3600 MHz
Maximal output power of 5G base station 53 dBm
Bandwidth of Public Channel 7.2 MHz
Unwanted emission in 3650–3700 MHz 26 dBm/MHz
Unwanted emission in 3700–4200 MHz 47 dBm/MHz

Fig. 2. LNB filter installation Fig. 3. 5G system and FSS receivers
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beamforming gain of 5G cell Gt�5G is maximum because the antenna direction and tilt
of cell A was changed to straightly point at the satellite dish. As shown in Fig. 4, the
major interfering cell was 17 m high up the ground with a physical tilt of 4o and an
electronic tilt of 6o. Third, the path loss PL is extremely low because the LOS distance
between FSS receiver and cell A is less than 90 m, and the pathloss is close to the free
space pathloss. Last, the FSS receive antenna gain Gr�FSS is superior because the FSS
receiver dishes try to align with cell A rather than the satellite.

3 Test Method and Cases

3.1 Interference Criterion

The interference criterion in this field test was whether the LNB worked in its dynamic
range, and according to [8], the total incoming power 10 dB below the 1 dB com-
pression point was used as a threshold. Meanwhile, for most LNB, the maximal
incoming power is about -60dBm.

3.2 Laboratory and Field Test

In this test, 3 LNB filters from different companies were verified. The pass bands of
filter A and filter B are 3700–4200 MHz, while the pass band of the filter C is 3625–
4200 MHz that aims for Tracking Telemetry and Command (TT&C) station. The
maximal incoming power before LNB filter and the filter performance were determined
in lab with a CW signal and a simulative 5G signal, as shown in Fig. 5.

The steps of the test are as follows.
Step 1: Connect the components according to the test diagram without filter.
Step 2: Determine the incoming power P1�w=o with 1 dB compression point. Then

the maximal incoming power for the LNB without filter P2�w=o equals P1�w=o � 9 dB.
Step 3: Connect the components according the test diagram with the filter.
Step 4: Determine the incoming power P1�w with 1 dB compression point. Then

the maximal incoming power for the LNB with filter P2�w equals P1�w � 9 dB.
Therefore, the rejection of filter in the frequency band of 3500–3600 MHz is

P2�w � P1�w.

Fig. 4. Locations of the major interfering
cell and FSS receivers

Fig. 5. Test diagram in lab
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After determined the coexistence condition using the maximal input power
obtained in lab, we focus on factors determining the received interference power lever
in the actual network.

The first factor is the load of 5G cells, as the power spectrum density of 5G cell is
stationary, the load of 5G cells decides the transmit power level. 3 different load levels
of the major interfering cell were considered in the test: only public channels, half load
and full load. The half load means half of 5G frequency for DL slots are scheduled. The
full load means all the 5G frequency for DL slots are scheduled.

The second factor is the location of 5G CPEs, it has a direct influence on the
received interference power lever because 5G beams always point at its UE. 3 different
5G CPEs locations were considered in the test: 0 m, 10 m and 28 m away from FSS
receiver.

The third factor is the angle between the antennas of 5G cell and FSS receiver, the
antenna gains of both 5G cells and FSS receiver are determined by the angle between
the antennas of 5G cell and FSS receiver, the angel range of 5o–50o was considered in
the test.

The last factor is the aggregation of multiple 5G cells. In the test, 17 5G cells were
considered, one cell is the main interfering cell with full load, and the other 16 cells
were always with half load.

4 Test Results

4.1 The Impact of Network Deployment on Interference Power

In the test results, we consider the impact of network deployment on interference power
in the following aspects. Meanwhile, the worst case is considered as the baseline for
each aspect.

The first aspect is the load of 5G cell, Table 1 shows that the heavy load causes
serious interference, and the interference power in full load is more than 24 dB higher
than only public channels.

The second aspect is the distance between the CPE and FSS, Table 2 shows that
shorter distance causes serious interference. When CPE is in the same position with
FSS earth station, the interference power is 6 dB higher than when the CPE is 28 m
away from the gNB.

The third aspect is the angle of antennas between gNB and FSS, Fig. 6 shows that
when the angle between the beams is less than 12°, increasing this angle can decrease

Table 2. Load impact on interference

The load of gNB The average relative interference power from gNB

Full load 0 dB
Half load −3.45 dB
Only public channels −24.73 dB
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the interference. When the angle between the beams is greater than 12°, the relationship
between the beam angle and the interference power is not obvious. From Fig. 7, we can
conclude that only when the angle value is within certain ranges will the interference
power be affected.

4.2 The Performance of Different Filters

In this section, we discuss the filter performance and maximal input power before LNB
filter. The 5G signal power was rejected by 45 dB. The maximal input power before
LNB filter was at least −20 dBm. The performance of different filters is shown in
Fig. 8.

4.3 The Aggravation of Multiple 5G Cells

In this scenario, there was only one 5G cell in the sight of FSS receiver. Comparing
with only one cell active, the interference power increased less than 0.5 dB when all
5G cells were active.

4.4 Interference Mitigation Effect

Here is the co-exist conditions in the worst cases with full load, CPEs near the FSS
earth stations, aggregation of 17 5G cells. The minimal off-axis angle list in the
Table 3.

Fig. 6. The angle between 5G cell and FSS receiver antenna (degrees)

Table 3. Distance impact on interference

The distance between CPE and FSS The relative interference power from gNB

0 m 0 dB
10 m −2 dB
28 m −6 dB
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In a word, when the isolation distance between 5G gNB and FSS is 90 m in the
worst case, the two systems can co-existence when the angle between gNB and FSS is
larger than 100−30 with a filter (3700–4200 MHz) rejecting 45 dB in 5G frequency.
For TT&C station, because the guard band is very narrow (25 MHz), the co-existence
condition is much stricter.

Based on the above description, adding a filter to the FSS receiver can effectively
suppress the interference power from the gNBs. Moreover, the load of 5G cells and the
location of 5G CPEs significantly influence on the received interference power level.
Besides, the 5G cells in the sight of FSS receivers dominate the interference power.
Therefore, multiple interference cancellation strategies can be applied according to the
practical environment to ensure operators have greater flexibility in 5G deployment.

5 Conclusion

This paper describes the trial of adding a filter to the FSS earth station for mitigating
adjacent channel interference and saturation interference from 5G cells in the 3.5 GHz
band in China. Three filters were used in the test. The passband of one filter is 3625–
4200 MHz to protect the TT\&C Stations.

First, the laboratory obtained the average suppression of the filter in the 5G band
(3500–3600 MHz) and the maximum incoming power for the FSS. It can be seen that
the filter with 45 dB suppression can increase the maximum incoming power of the
LNB/LNA to more than 15 dBm.

Second, in the practical 5G network deployment environment, an extreme inter-
ference scenario is built by changing the direction of 5G cells to verify the performance
of the LNB filter. The conditions of deployment are as follows:

• Almost free-space-path between FSS receiver and major interfering 5G cell
• Maximal 5G beamforming gain
• Maximal 5G output power pointing at FSS receiver

Table 4. The performance of different filters

Filter Name The Rejection signal of 5G (dB)

Filter A 47.62
Filter B 48.37
Filter C 44.87

Table 5. The effect on the off-axis

Filter Minimal off-axis angle

A 13°
B 10°
C 16°
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The field test shows that in this situation, the 45 dB suppression filter can reduce
the isolation distance of cells to 90 m that can ensure the flexibility of 5G network
deployment. When the gNB is in half-load, the interference received power will be
reduced by 3 dB, which is a more common scenario in the practical network. When the
terminal is 10 m and 28 m away from the FSS earth station, the interference receiving
power will also be reduced by 2 dB and 5–7 dB respectively. When the angle between
the normal pointing of the cell’s antenna and the FSS antenna is less than 12°,
increasing the off-axis angle can also reduce the interference power. However, when
the off-axis angle is greater than 12°, the off-axis angle does not significantly affect the
interference power. Therefore, when the MNOs deploy 5G network, the LNB/LNA
filter with a suppression degree greater than 45 dB can be added, which can protect the
FSS earth station in most scenarios and ensure the flexibility of 5G network
deployment.
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Abstract. With the continuous expansion of communication network scale, the
cost pressure of mobile operators is further increased. As an important measure
to reduce cost and increase efficiency, energy conservation and emission
reduction are paid more and more attention by operators. From the perspective
of LTE base station energy saving, this paper introduces various technical
principles and applicable scenarios of base station power saving, and presents
the evaluation method and application suggestions of power saving effect.

Keywords: LTE � Base station � Shut-off � Energy-Saving � Energy
consumption

1 Introduction

In wireless access network, the increasing energy consumption of base station occupies
the vast majority of the whole network. The data shows that the energy consumption of
base station equipment accounts for more than 60% of the total energy consumption of
mobile communication network. The high cost of electricity has a great challenge to the
operating cost of mobile companies. Therefore, the research of base station energy-
saving technology is very important for mobile operators.

2 Energy Saving Technology Research

Considering the structure of the base station main equipment, LTE base station is
divided into two parts: BBU and RRU. In general, the RRU consumes a lot of energy,
accounting for about 70–80% of the total base station main equipment consumption,
which is the key to base station energy saving project. ETSI, 3GPP and other inter-
national standardization organizations have carried out standardization projects for
energy conservation of communication networks and equipment. Major domestic
telecommunication operators have also established their own green energy-saving
departments and corresponding equipment specifications.
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At present, the main energy-saving functions of base station are symbol shut-off,
channel shut-off and carrier shut-off [2]. By turning on the switch and configuring the
corresponding parameters, the power saving function can be effective. Cell shutdown is
to sleep the cell by issuing the deactivation instruction,which can be used for coop-
erative energy saving among multi-layer networks [3].

2.1 Symbol Shut-off

Symbol shut-off is an energy saving function on base station [4]. The power con-
sumption of the system is reduced by the PA shutdown. When the base station detects
that some downlink symbols have no data transmission, the RF hardware will be shut
down in this cycle. When data scheduling is detected, the RF hardware will be started
to restore to normal.

2.2 Channel Shut-off

RF channel shut-off refers to the shutdown some transmission channels of the cell if
there is no service or the service load is low when the cell reaches a certain time.
Because the RF channel shut-off is to close part transmission channels of the cell, the
channel shutdown function only works in the scenario that the cell is configured as
multi-channel transmission.

3. Bitmap Indication Ack

BBU RRU

2. Bitmap Indication

4. PA shutdown on specific symbol  on 
indication subframe

1. Bitmap generation

Fig. 1. A flow chart of symbol shut-off

Fig. 2. Principle of channel shut-off
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2.3 Carrier Shut-off

By identifying and defining the signal’s coverage layer and capacity layer, the carrier
shut-off means that the capacity layer cell is shut down in low traffic period, and the non-
coverage layer is shut down intelligently [5]. This function is mainly used in the scenario
that the cell is configured with the same station’s different frequency neighbor cell. When
the load of the current cell and the different frequency neighbor cell of its base station is
low, and the relevant parameters such as PRB utilization rate of carrier frequency intel-
ligent shutdown meet the threshold, the current cell users will be switched to a different
frequency neighbor cell on its base station. When there is no user in the current cell, the
carrier frequency of current cell will be closed. When the load in the adjacent area of the
station is high, the carrier frequency of the current cell will be automatically turned on.

2.4 Cell Shut-off

Network level power saving is a cooperative power saving between multi-mode and
multi-band networks [6]. On the basis of the power saving function provided by the
base station equipment itself, the cell is shut down by issuing instructions, and the cell
dormancy in idle time is used to achieve the energy saving effect [7]. Cell shut-off can
be applied to equipments either co-station or non co-station, to different BBU of one
equipment manufacturer, and to equipments from different manufacturer.

The process of cell shut-off is as follow:

1) Based on engineering parameters and MR data [8], the common coverage cell of
multi-layer network is defined, and the energy-saving cell and basic coverage cell
are determined.

2) Based on the historical performance data, relevant performance indexes such as the
utilization rate of upstream and downstream PRB and the maximum number of
users are extracted at the granularity of 15 min or hours. Combined with the real-
time performance indexes, the traffic volume is predicted to determine the energy-
saving cell shutdown and opening time.

3) According to the power saving area and time, the cell on and off commands are
generated and executed automatically.

4) Count the success rate of cell shut-down and opening, then analyze the failure
reasons.

Fig. 3. Principle of carrier shut-off
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The algorithm that applies for cells in the same coverage based on engineering
parameters is as follows:

The same sector must contain two or more frequency bands F, D and FDD cells,
among which the F, D, A and FDD cells have the same longitude and latitude, and the
azimuth deviation is less than 20 degrees. The priority of blocking power saving cell
goes as FDD1800 > D > A > FDD900 > F (Fdd1800 as NSA anchor cell needs to be
considered separately). Based on the MR measurement report of the cell [9], the
common coverage cell is defined, which has high accuracy but large amount of data
acquisition. According to the MR data of the original cell, the neighbor cell value is
obtained, and the sampling points of each neighbor cell measurement are summarized.
The sampling points of each neighbor greater than -90dBm are calculated; over 80%
neighbor cells are taken as the overlapping coverage neighbor cell.

3 Effect Verification

There are two methods to evaluate the electricity: electricity meter and statistics of
energy consumption indicators of equipment. Generally, the electricity meter installed
in the whole base station room includes all electrical equipment. It has many
influencing factors and is not accurate enough to evaluate the energy saving effect. The
method of connecting DC meters in series at the front end of the base station can be
adopted to measure the power consumption of the base station separately. Although
this method is more accurate, it requires to install the meter equipments, which is
difficult to implement in large areas.

The way of network administrator power consumption statistics is to use the energy
consumption data provided by network administrator of equipment manufacturers. The
manufacturer’s network administrator system can output the average power of each
network element (BBU/RRU) device by taking 15 min as the granularity in the north
interface data, and then calculate the power consumption.

4 Comparison and Verification of the Energy-Saving
Technology

According to the energy-saving principle of various energy-saving modes, the energy-
saving time is strongly related to the traffic of base station [10]. After the carrier is
turned off, the power consumption of power amplifier, baseband and RF signal in RRU
can be all saved, but in the case of multi carrier in RRU, the power saving effect is not
obvious when only one cell is turned off. Channel shut-off is equivalent to closing half
of the channels in RRU. After channel shut-off, the power consumption of power
amplifier in RRU equipment can be reduced by half, but the power consumption of
baseband and RF signal still exists, and the power saving effect in the same time is not
as good as that of carrier shut-off. The effect of cell shut-off and carrier shut-off is
similar to that of power saving, both of which are related to whether the carriers share
the RRU settings
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In order to compare the different power saving methods, we selected equipment
from some manufacturers in the network for verification.

From the verification results, the power saving of various power saving methods is
consistent with the theoretical analysis. In unit time, the power saving of symbol shut-off
is the lowest, but it can be opened all day, and the accumulated power saving of all day is
large. The power saving of channel shut-off is better than symbol shut-off in unit time, and
the effect of carrier shut-off and cell shut-off is equivalent. In order to verify the effective
threshold of channel shut-off and carrier shut-off functions of eachmanufacturer, we have
carried out the network verification of channel shut-off and carrier shut-off functions for a
large number of cells, and compared the carrier shut-off and cell shut-off functions. Take
the test data of some equipment from two manufacturers for example:

Table 1. Power saving degree per cell per hour

Power Saving Mode Symbol
shut-off

Channel
shut-off

Carrier
shut-off

Cell
shut-off

Power saving per hour per cell
(degree)

0.008 0.02 0.08 0.08

Table 2. Verification of channel shut-off

Equipment
Manufacturer

Cell Name Turn off PRB
threshold (%)

Turn on PRB
threshold (%)

Average daily effective
time of channel shutoff
(hours)

Manufacturer A Zhongqiao
Finance Building
2-HLSE1-0

30 50 1.5

Gaoying South 2-
HLHD1-0

30 50 22.8

Sanmenxia North-
HLHF-1

10 20 2.4

Sanmenxia North-
HLHF-3

10 20 7.2

Manufacturer B Tiantai
International
Hotel-ZLH-3

15 30 8.3

Hengchuan Mall-
ZLH-3

15 30 8.9

Jaizhang Village
Northeast-
ZLHF1-2

30 60 0.4

Automobile
maintenance
plant-ZLHF_1

30 60 6.2
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The test results show that channel shut-off and carrier shut-off can be applied 24 h a
day. The actual energy-saving effect of carrier and channel power-off is strongly related
to the setting of PRB utilization and other parameter thresholds. It’s related to the cell
traffic as well. With the reasonable increase of the parameter threshold and the low load
cell, the actual effective time of power saving is relatively longer. In addition, due to
different internal energy-saving mechanisms of different manufacturers, the optimal
threshold and effect of energy-saving are also different.

By observing the performance indicators of the energy-saving cells, the indicators
of the cell that apply channel shut-off function will slightly decrease on high load,
which has impact on the area with poor coverage. Carrier shut-off has little effect on all
day performance index, cell shutdown and high sensitivity of enabling. Compared with
cell shut-off with timing switch, it is more effective to ensure network quality.

5 Suggestions on Application of Power Saving Strategy

In practical application, in addition to the key support areas, the whole network can
turn on the symbol shut-off function in full time. The channel shut-off function is
recommended to be turned on in the scenario with good coverage and low traffic
volume. In the multi-layer network scenario, the cell with the condition of applying
carrier shut-off is preferred to use the carrier shut-off function all day, otherwise, the

Table 3. Verification of carrier shut-off

Equipment
Manufacturer

Cell Name Turn off PRB
threshold (%)

Turn on PRB
threshold (%)

Average daily effective time
of carrier shut off (hours)

Manufacturer A Tuxian
Village-
HLHD_1

20 30 2.8

Tuxian
Village-
HLHD_1

50 60 3.3

Pailesi-
HLHD_2

20 30 1.2

Pailesi-
HLHD_2

50 60 14.3

Manufacturer B Huangyeyu-
ZLHD1-1

5 50 23.9

Huangyeyu-
ZLHD1-1

25 50 23.1

College
Area2-
ZLHD3-2

5 50 4.8

College
Area2-
ZLHD3-2

25 50 10.3
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cell shut-off is used to save power at night or during low traffic time. At the same time,
according to the different scene network coverage, user behavior characteristics, net-
work utilization distribution and other factors, we can establish the intelligent power
saving system of sub scene, develop the power saving scheme of sub scene, and
achieve the maximum power saving effect.

The suggestions for different sites are as follow:
On high-speed railway and subway: High-speed railway and subway require

lower dispatching delay, so symbol shut-off technology should be used catiously. In the
case of multi-layer network, the capacity layer can turn off the carrier, the base layer
can turn off the channel, and can also lock all cells when there is no train passing
according to the train opening time.

Mall and Office Building: Malls and office buildings are mostly divided into
rooms and districts, which can be closed by symbols, not by channels, and with
obvious tidal effect. They can be closed by districts at night.

Gymnasiums and Stadiums: Most gymnasiums and stadiums have multi-layer
networks, which can turn off symbols and channels, and the shut-off time of carrier is
longer than that of cell.

Urban Area: There are many multi-layer networks in the common urban area,
which can be switched off by symbol, carrier or cell in the capacity layer, and channel
in the base layer.

Rural Area:Most of the rural areas just have single-layer networks. It’s possible to
switch off the symbols. However, the channel shut-off has impact on the edge users, so
it needs to be opened carefully. Multi layer network can apply carrier shut-off and cell
shut-off.

6 Conclusions

The research of base station energy-saving technology is of great significance to the
emission reduction of operators. This paper introduces several equipment and network
level energy-saving technologies, tests several energy-saving technologies on the
network, summarizes the energy-saving strategies in different scenarios, and gives the
evaluation method of energy-saving effect. In the future, we will further explore the
intelligent algorithm of threshold configuration of carrier shut-off and channel shut-off
parameters. Through reasonable threshold configuration of parameters, we can ensure
the original performance indicators in good condition, longer effective power saving
time and maximized energy-saving effect.
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Abstract. Deploying LTE and NR n41 band at 2.6 GHz can resolve both 4G
capacity crisis and 5G coverage shortage, and also can accelerate rapid network
construction and deployment. Meanwhile, TDD system means a time division
system, in which the time slot synchronization needs to be configured precisely
in the network. The transmission ratio of the uplink and downlink sub-frame is
the same. Also, the uplink and downlink conversion points need remain same.
Current 4G network load and handset penetration also need be concerned. In

this paper, the network capacity planning in the process of NR n41 in 2.6 GHz
band and cooperative LTE-NR networking is analyzed. This paper further plans
the time slot alignment to be considered when sharing Active Antenna Unit
(AAU) solution in collaborative networking is offered. Meanwhile, the time slot
alignment is further planned to achieve NR and LTE interference coordination
when the AAU is shared by the cooperative network.

Keywords: Collaborative networking � Spectrum planning � Timeslot
alignment

1 Introduction

5G defines two frequency bands, one is below 6 GHz, called FR1, and the other one is
the millimeter wave frequency band, called FR2. Frequency range allocation of FR1 is
sub 6 GHz, FR2 is 24 GHz to 52 GHz. 3GPP defines different frequency bands, and
Table 1 illustrates the frequency band definition of FR1. Generally, the working fre-
quency of 4G is generally called BAND **, and is renamed as n** in 5G with the same
number. For example, BAND 41 is from 2496 MHz to 2690 MHz, the same frequency
band is defined as n41 frequency band in 5G.The BAND 41 in 2.6 GHz frequency
band has the great advantages of low frequency band, excellent coverage, large
bandwidth, and flexible deployment with continuous 160 MHz. Relatively, the indoor
coverage will be increased roughly 6 dB in n41 compared to n77 frequency band in
3.5 GHz, and the relative cell coverage radius is increased by about 30%. After LTE is
gradually stepped down from the network in the middle and late stages of 5G, 5G can
be deployed with 160 MHz spectrum in the 2.6 GHz frequency band with better user
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experience than higher frequency band. Deploying NR (New Radio, New Air Interface)
and LTE at 2.6 GHz can relieve 4G increasing capacity and remedy 5G coverage
shortage, in order to achieve the purpose of rapid network construction[1].

This paper introduces the network capacity planning in n41 and LTE cooperative
networking, and further plans the time slot alignment to be considered when sharing
AAU (Active Antenna Unit) in collaborative networking. Meanwhile, the time slot
alignment is also considered when the AAU is shared by the cooperative network,
which can be further planned to achieve NR and LTE interference coordination.

2 Capacity Planning

2.1 NR and LTE Spectrum Planning

In BAND 41, 2575 MHz—2635 MHz was allocated to China Mobile to launch TD-
LTE network. The bandwidth of each frequency point in the LTE system is 20 MHz.

Table 1. Frequency band (part)

Uplink
(MHz)

Downlink
(MHz)

n1 1920–1980 2110–2170
n3 1710–1785 1805–1880
n8 880–915 925–960
n40 2300–2400 2300–2400
n41 2496–2690 2496–2690
n77 3300–4200 3300–4200
n78 3300–3800 3300–3800
n79 4400–5000 4400–5000

Fig. 1. NR and LTE spectrum planning in n41
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Therefore, there are 3 frequency points in total. When NR n41 frequency band allo-
cation finished, it needs migrating the original TD-LTE frequency band [2].

If Option 1 to be selected, the original TD-LTE frequency band is used, and NR
uses the 100 MHz frequency band at the head and tail, there will be interleaving of NR
and LTE frequency bands, as shown in Fig. 1. The advantage is that the current stock
4G terminal can use the original frequency band, which is not affected. Meanwhile, the
disadvantage is that if the NR uses a split frequency band, the terminal chip does not
support uplink CA (Carrier Aggregate, carrier aggregation), resulting in a decline in the
uplink peak rate [3].

If Option 2 is adopted, NR can use the continuous 100 MHz frequency band, and
the peak and downlink peak rate can reach the standard of 5G. The advantage of the
2.6 GHz frequency band is also better than that of competitors. The disadvantage is
that LTE existing frequency bands need to be shifted. It is requested to calculate
whether the LTE band can meet the business needs of existing 4G users. In addition,
we need to consider the mutual interference of LTE and NR during frequency shifting
process.

As shown in Table 2, every 20 MHz from 2575 MHz to 2635 MHz is planned as a
frequency Number in LTE, which are defined as D1, D2, and D3 frequency points,
respectively. Similarly, the frequency band 2515 MHz—2575 MHz is defined as D4,
D5, D6 frequency points, and the newly expanded frequency band 2635 MHz—
2675 MHz is defined as D7, D8 frequency points.

According to the statistics of the TOP26 terminals in 4 Tier1 cities in China, 35% of
the 4G terminals on the existing network can support the three frequency points of the
original LTE frequency band (2575 MHz–2635 MHz), and can also support LTE
mobile After the frequency (2615 MHz–2675 MHz) 3 frequency points. 60% of the
4G terminals on the current network can support the two frequency points after LTE
frequency shifting, and 5% of the 4G terminals do not support LTE frequency shifting,
and they can migrate to the 1.9 GHz frequency band of LTE by optimizing and
adjusting the residence algorithm[4, 5].

Table 2. 4G terminals in the 2.6 GHz band

Band39 Band41

New extend 60 MHz 60 MHz existing
Frequency

New extend
40 MHz

Rate

F band 2515–
2535

2535–
2555

2555–
2575

2575–
2595

2595–
2615

2615–
2635

2635–
2655

2655–
2675

Y Y Y Y 35% Y Y Y Y 35%
Y – – Y 60% Y Y Y – 60%
Y – – – 5% Y – – – 5%
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2.2 The Impact of Unlimited Data Plans on LTE Capacity

At present, 4G users of one telecom operator are growing rapidly in China. As of
August 2019, 4G users reached *90 million, and 4G user penetration rate reached
83.1%. After introducing the scheme of unlimited data packages, LTE traffic is in a
period of rapid growth. According to the operator’s financial report data, mobile
Internet traffic in the fourth quarter of 2017 was 4418 kTB, up to 5165 kTB in the first
quarter of 2018, an increase of 16.91%, and up to 7054 kTB in the second quarter of
2018, an increase of 36.57%.

However, the financial report data shows that the telecom-operator unlimited
subscribers are only 69 million, and the unlimited user penetration rate is only 12.5%.
There are still a large number of 4G users who will move to unlimited data plans in the
near future. From this, it is expected that the DoU (Dataflow of Usage, average monthly
Internet traffic per household) value of another telecom operator unlimited data plan
users will increase rapidly, as shown in Fig. 2.

In general, 5G construction should also take into account the 4G capacity devel-
opment needs. As the current LTE traffic growth rate is too fast, the high network load
may affect the user experience. The D3 frequency point used by LTE can enable
Massive MIMO solution after NR deployment to achieve 64T64R, which can increase
the LTE network capacity [6].

Fig. 2. DoU growth trend based on unlimited data plan
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3 Interference Avoidance

3.1 Spectrum Analysis of NR 2.6 GHz Band

The operator needs to perform a spectrum scan on the entire frequency band from
2515 MHz to 2675 MHz. If the frequency band is allocated to different operators in the
early stage, it would match up with the relevant equipment requirements. Spectrum
analysis on the pilot area should be planned for 5G to avoid the overlapping inter-
ference between the last 40 MHz band out of NR continuous 100 MHz interference
and the existing LTE network [7].

3.2 Cross-Slot Interference Between NR and LTE

In the case where the NR 2.6 GHz cell and the LTE 2.6 GHz cell share the 2.6G
frequency band for networking, the sub-frame structures are different, and the receiving
and sending time slots are inconsistent, causing the downlink of the NR cell to directly
interfere with the uplink of the LTE cell, or the LTE cell. The downlink directly
interferes with the uplink of the NR cell, as shown in Fig. 3.

Based on the perspective timeslot of NR and LTE, the interference of NR towards
LTE is less than the interference of LTE towards NR. Broadcast signal: LTE continues
to transmit in a wide beam, and NR supports up to 8 narrow beams for polling
transmission, randomizing interference. Reference signal (pilot): LTE CRS is sent
continuously, but NR has no CRS, and it is sent only when there is user scheduling,
which greatly reduces co-channel interference. Data subcarriers: LTE is consistent with
NR, and data subcarriers are sent only when there is data transmission [8, 9].

In the 5G trial, NR sites in urban areas are continuously networked (with more than 30
base stations) to achieve NR continuous 100 MHz bandwidth. The average network load
in the trial area is roughly 30%. When NR load is less than 5% and with no isolation, the
downlink speed will decrease 5%. Moreover, decrease will be vanished if isolation is
implemented. When NR load is 30%, it’s no download degradation at any time,
regardless of the presence or absence of the isolation zone, the impact can be ignored.

Due to NR’s CRS-free, narrow beam, light load and other characteristics, the
impact of NR on LTE interference is smaller than that of LTE on NR interference. It is
recommended that it is consider to be set up isolation bands in the NR demonstration
area in order to acquire the best demonstration performance of 5G. It is not necessary to
set up isolation bands for large-scale commercial deployment [10].

Fig. 3. Cross-slot interference between NR and LTE
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4 NR and LTE Timeslot Alignment in Sharing AAU Mode

4.1 LTE Wireless Frame Structure

LTE supports two different duplex mode as FDD and TDD and two different wireless
frame structures, named Type1 and Type2 frame structures. Both Type1 and Type2 are
with the frame length of 10 ms. For FDD working mode, Type 2 is used for TDD.
In TDD mode, 2 half frames with a length of 5 ms form 1 radio frame of 10 ms
furthermore, 5 sub-frames with a length of 1 ms form 1 half frame.

LTE TDD supports 5 ms and 10 ms uplink and downlink sub-frame switching
cycles and there are 7 different uplink and downlink time ratios. The specific config-
uration is shown in Table 3. The LTE network can be flexible according to the char-
acteristics of the traffic, to adopt the suitable configuration. Generally, the mode 2,
which DL: UL is 3: 1 is adopted in the majority existing TD-LTE network [11]. The
TD-LTE radio frame is the same as TD-SCDMA, both are 10 ms, but the time slot
length is different. The special sub-frames of TD-LTE can have multiple configurations
to change the length of DwPTS, GP and UpPTS. The special sub-frame configuration
of TD-LTE and the uplink and downlink time slot configuration have no restrictions
and can be configured relatively independently. The special sub-frame configuration
used in the LTE 2.6 GHz band of the existing network is Mode 7, which is 10: 2: 2.

4.2 NR Wireless Frame Structure

5G NR uses multiple different carrier spacing types, which differs from 4G in that it
uses a single 15 kHz carrier spacing. 5G NR will use the parameter l to express the
subcarrier spacing. For example, l = 0 means 15 kHz equivalent to 4G. At present, NR
testing area uses l = 1, that is, the subcarrier spacing of 30 kHz is used, as shown in
Table 3. Under ordinary CP, NR 100 MHz carrier can support 275 subcarriers.

In the time domain, 5G uses the same radio frame (10 ms) and sub-frame (1 ms) as
4G. It is defined in 5G different slots in each sub-frame, meanwhile, a different number
of symbols on each time slot. The symbols vary according to the type of slot config-
uration. NR supports 15 special sub-frame ratios, and currently uses mode 10, that is,
DL: GP: UP is 6: 4: 4.

Table 3. NR different subcarrier width and CP configuration (part)

Subcarrier width Number of slots/frame Number of slots/sub-frame

15 kHz 10 1
30 kHz 20 2
60 kHz 40 4
120 kHz 80 8
240 kHz 160 16
480 kHz 320 32
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4.3 NR and LTE Time Slot Synchronization

The NR testing area uses a subcarrier spacing of 30 kHz, as well as DL: UL = 8: 2 time
slot ratio. In order to use the same AAU NR and LTE to avoid interference, it is
necessary to align the UL and DL slot in both NR and LTE, meanwhile, the UL and DL
transition points of the gap structure remain the same.

The ratio of NR 8: 2 timeslots is two complete periods within 10 ms, that is, the
timeslots of each 5 ms period are configured as DDDSUDDDSU, where D represents a
downlink time slot, S represents a special time slot, and U represents an upstream time
slot. Only when the frame structure of NR and LTE-TDD is consistent with the uplink
and downlink conversion points, that is, 3 ms can be added to the frame offset of LTE-
TDD to avoid mutual interference. NR can be achieved. Synchronize with LTE time
slot to avoid cross interference, as shown in Fig. 4.

At present, the NR side time slot configuration is 8: 2, and the special sub-frame
configuration needs to be configured in conjunction with the LTE special sub-frame.

When the D-band LTE side special sub-frame ratio configuration is SSP7 (10: 2: 2),
the NR configuration is SS54 (6: 4: 4); D-band LTE side special sub-frame ratio
configuration is SSP6 (9: 3: 2), the NR configuration is SS56 (4: 6: 4); D-band LTE
side special sub-frame ratio configuration is SSP5 (3: 9: 2), the NR configuration is
SS518 (6: 18: 4).

5 Conclusion

TDD system means a time division system, in which the time slot synchronization
needs to be configured precisely in the network. The transmission ratio of the uplink
and downlink sub-frame is the same. Deploying NR and LTE at 2.6 GHz can fulfill
both 4G capacity and 5G coverage requirements and also accelerate rapid network
construction. According to the test statistics of the NR trial area, the deployment of NR
and LTE at 2.6 GHz needs to consider the LTE network traffic load. The support ratio
of 4G terminals for different frequency points of 2.6 GHz needs also to be paid
attention. Also, time slot synchronization to avoid the NR and LTE adjacent frequency
interference, and the interference of downlink signals from other networks upon the
uplink of the terminal should be considered at the stage of coexistence of LTE and NR.

Fig. 4. NR and LTE time slot synchronization configuration method
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Abstract. In reviewing the development of extended range forecast, it is not
only a complicated scientific problem, but also a technical difficulty, which is
challenging in meteorological research. The grid weather operational forecast
system for extended range at National Meteorological Center in China is
introduced. Based on the ECMWF ensemble prediction system, 5-km grid
forecast operational system is developed with these methods including back
propagation neural network-self Memory method (BP-SM), Delaunay triangu-
lated method and moving window ordinary kriging method (MWK). Compared
daily maximum 2-m temperature forecast of the extended range with ensemble
mean and BP-SM method at 2454 stations over China in summer 2018, the
results show that the calibrated daily 2-m temperature forecast is significant with
the BP-SM method especially over the regions of complex topography. The
prospect of research for calibrated technology and development trend in
extended range forecast are discussed.

Keywords: Extended range � Ensemble forecast � Neural network

1 Introduction

It is difficult to the improvement of the 11*30 days forecasts skill, as the influence of
initial fields is weakened and the force factors appear. There is two weeks theoretical
limit for the uncertainty of the atmospheric motion [1]. The trend of weather elements
mean state and prediction of persistent circulation anomalies were analyzed as the
research object in the long range. Using dynamical and statistical method, the opera-
tional extended-range forecasts system (EFS) was set up in the National Meteorological
Center of China. During the same period, the different operational extended-range
forecasts system was applied in the National Climate Center and Academy of Mete-
orological Sciences of China. The further investigation and operation practice are based
on the works above.

The development of atmospheric General circulation Model promotes the extended-
range forecast. The blocking trend was successfully predicted by Miyakoda [2].

Monthly-Scale Dynamical Extended Forecast Experiments were carried out in many
country’s numerical prediction center since the early nineteen eighties(DERF) [3, 4].
Based on DERF, many methods were applied to improve extended-range forecast skill
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since 1990’s in China, including digital recursive filter, empirical orthogonal function,
self memory, nonlinear time series, et al. [5]. It is well known the importance of ISO
(Intra-seasonal oscillation of atmosphere) to the weather and climate forecast, especially
the relation between the MJO(Madden-Julian Oscillation) and precipitation in the East
China [6]. The combination method between statistical method and the various scale
ISO is a major direction to develop the extended-range forecast.

The ensemble forecasting system is a powerful tool to show the uncertainty from
the initial condition and periodic boundary condition. However, there were initial error
and model error in numerical model. According to the historical observation and
numerical forecast, the method to calibrate forecast bias is the key factor in the
operational forecast production.

For the intelligent grid forecast system of National Meteorological Center in China,
5º � 5º grid forecast of extended-range for daily meteorological element has been
predicted every day. The calibration of ensemble forecast which can picture the
uncertainty of forecast by the post-processing method is the important goal of the
intelligent grid forecast. Using the statistical features of ensemble product, the forecast
accuracy in extended-range is improved. Firstly, the data used in the operational forecast
is introduced. Secondly, the modeling method in post-processing and implementation of
grid principal are described. Thirdly, the comparison between ensemble mean and BP-
SM method by the verification of 2-m maximum temperature forecast is discussed [7].
Finally, outlook on the prospects of the daily forecast in the extended-range is given.

2 Data and Method

Based on the ECMWF EPS(ensemble prediction system), there are two types of data:
medium forecast (12 h interval, 51 members, 1*15 d lead) and monthly forecast(6 h
interval, 51 members, 16*46 d lead) released twice a week. These two types of data
are utilized to calibrate forecast bias in the 10*30 d lead forecast respectively.

The EFS consisted of eight modules: statistical analysis of EPS, dataset of historic
and real-time numerical prediction, dataset of historic and real-time observation, multi-
model method, the element forecast at station, the gridding of discrete forecast, the
evaluation of grid forecast, system monitoring. The two models include multi-model
method and the gridding of discrete forecast supply important role in the EFS. Take 2-
m daily maximum temperature as an example, it will be introduced the method of
modeling and gridding.

The temporal and spatial distribution of atmosphere motion has nonlinear charac-
teristic. Compared with linear statistical models, BP Neural Network method presents
the character of nonlinear fitting. Furthermore, the prediction precision is approved
through BP method without any knowledge of the prior distribution.

The defect in the use of BP algorithm is disadvantage on the generalization per-
formance, since traditional BP algorithm tends to be trapped into the local minimum.
On the other hand, the forecast error also came from the imperfect model and nonlinear
character of atmosphere movement. The BP algorithm-self memory method (BP-SM)
was used to solve this problem. According to statistical analysis of the autocorrelation
coefficient of prediction error, self memory method as autocorrelation function is a
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necessary complement algorithm to the BP Neural Network. The concrete steps to
build and test are listed. The first step to prepare predict factor is to calculate the
statistic feature of ensemble forecast including ensemble mean, maximum, minimum,
tri-sectional quantiles, ensemble spread. The second step is to establish the train set
using the historic statistic feature. The third step is to construct 6-15-1 neural network
of which the input layer consists of seven characteristic variables of ensemble forecast
and output layer is forecast error. Fourthly, using the BP neural algorithm, the cali-
bration of the ensemble forecast can be calculated. Finally, on the basis of self memory
method, the re-calibration could be attained to improve the forecast accuracy.

Gridding module refers to how to build up grid through discrete station. The
module consists of two parts include analysis of topological structures and optimization
of interpolation algorithm [8].

The method to select reference points has been one of the critical issues in gridding
process. The Delaunay triangulate method in computational geometry is applied to get
reasonable nearest point. The neighbor points select algorithm play an important role in
the gridding to reduce interpolation error, especially in the region with densely stations
around the grid. 1) the interpolation accuracy is related to the appropriate number of
neighbor points. Interpolation error increases dramatically when the number of select
points exceeds the threshold level, since the redundant points will cover the real infor-
mation. 2) TheDelaunay triangulatemethod solve the trouble brought by the uneven point
distribution, as interpolation errorwill increase in such situation as densely select points at
certain directions or the inappropriate distance between the grid and station selected. 3)
the excess point selected in interpolation will bring a heavy burden for computer. Using
the Delaunay triangulate method, the topological structures between the scattered point
and grid solve the difficulty in the neighbor nearest points selected.

The optimization algorithm is applied in interpolation. The experimental semi-
variation of the Moving window ordinary kriging(MWK) in geo-statistic’s basic the-
ories is studied quantitatively. Using the parameter attained by this experiment of semi-
variation function, interpolation error reduced and accuracy grid field can be achieved.
In the operational gridding, Delaunay triangulate method is applied in the selection of
scattered point, then, grid value can be calculated through MWK algorithm.

3 Verification

The difference between the calibrated forecast by BP-SM method and direct model
output(DMO) that refers to ensemble mean forecast is analyzed for the 2-m daily
maximum temperature at 2584 station of China in summer 2018. The result shows that
the accuracy of calibration is significantly improved. As shown previously, the trainset
used in 11*14 d lead and 15*30 d lead forecast is different: the middle-range(1*15 d)
forecast of ECMWF is took as samples to establish BP-SMmodel of 11*14 d lead time
at the same time in two years(2016, 2017), while the extended-range(16*46 d) forecast
of ECMWF is took as samples for BP-SM model of 15*30 d lead time in 2017. The
samples to train for 11*14 d model is adequate, since the products of middle-range
(1*15 d) forecast are released daily. While the product of extended-range forecast
released twice a week, there are fewer training samples.
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The comparison of forecast error between BP-SM and DMO is presented in
Table 1. For 11*14 d lead, the system error of DMO is large with −5 °C, while the
system error of BP-SM method is small within −0.065*0.076 °C. For 15*30 d lead,
the DMO forecast error reaches 1.8*2.0 °C, the BP-SM forecast error is 0.1*0.4 °C.
The system error is dramatically reduced by the BP-SM. The absolute errors for DMO
and BP-SM in 11*14 d lead is 5.4 °C and 2.5 °C respectively. In lead 15*30 d, The
absolute errors for DMO and BP-SM are 3.3*3.4 °C and 2.6*2.8 °C respectively.
The accurate rate is defined the rate of absolute error below 2 °C. In lead 11*14 d, The
accurate rate for DMO and BP-SM is 0.18 and 0.48 respectively. The rate between
DMO (0.34*0.37) and BP-SM (0.44 * 0.4) is different in lead 15 * 30d. The result
shows that the calibration method can improve the daily forecast accuracy significantly
in the extended range.

Figure 1 depicts the spatial distribution of absolute error and accurate rate of DMO
and calibrated forecast (BP-SM). The average absolute error with huge regional dif-
ferences is closely related to the topography, especially over the Tibetan Plateau. The
absolute error of DMO for 11 day forecasts reached 5 °C in most parts of China and 9 °
C in Tibet and Southeast part of China (Fig. 1a), meanwhile, the absolute error of BP-
SM substantially reduced to 3 °C (Fig. 1b). The accurate rate of DMO and BP-SM in
11 day forecasts is 0.2 (Fig. 1c) and 0.5 (Fig. 1d) respectively that indicates the validity
of the BP-SM. The spatial distribution of daily forecast error and accurate rate in the
extended range has the same character. For the regions of complex topography include
Tibet, Yunnan-Guizhou Plateau, Northern Xinjiang and hills in the Eastern China, the
absolute error is big and above 6 °C in local areas. In the complex topography region,
the calibration of BP-SM reduced forecast error significantly. There is approximately
2 °C*3 °C for absolute error in the Tibet and Yunnan-Guizhou Plateau. Compared
with DMO, the accurate rate for BP-SM has higher value with 0.6*0.8 in these
regions such as Eastern Tibet, Northern Xinjiang, central and southern China.

Table 1. Comparisons of Ensemble mean and BP-SM for seasonal mean of daily maximum
temperature prediction for extended range at 2454 stations over China in Summer 2018

Lead time(day) 11 12 13 14 15 16 17 18 19 20

Bias (°C) DMO −5.175 −5.06 −4.965 −4.896 −2.027 −1.945 −1.798 −1.777 −1.961 −1.962

BP-SM -0.065 0.009 0.051 0.076 0.093 0.332 0.405 0.117 0.099 0.2

Absolute error (°C) DMO 5.499 5.403 5.344 5.338 3.431 3.296 3.378 3.406 3.434 3.39

BP-SM 2.489 2.538 2.544 2.594 2.646 2.608 2.819 2.853 2.799 2.8

Accurate rate (<2 °C) DMO 0.167 0.179 0.182 0.181 0.348 0.363 0.362 0.359 0.349 0.359

BP-SM 0.487 0.477 0.481 0.475 0.47 0.477 0.449 0.448 0.452 0.451

Lead time(day) 21 22 23 24 25 26 27 28 29 30

Bias (°C) DMO −1.887 −1.904 −1.956 −1.823 −1.76 −1.962 −1.952 −1.905 −1.918 −1.881

BP-SM 0.296 0.302 0.315 0.498 0.393 0.382 0.495 0.372 0.338 0.442

Absolute error (°C) DMO 3.34 3.379 3.269 3.307 3.349 3.418 3.32 3.366 3.401 3.31

BP-SM 2.764 2.807 2.736 2.868 2.857 2.801 2.781 2.817 2.791 2.752

Accurate rate (<2 °C) DMO 0.371 0.363 0.377 0.375 0.37 0.353 0.372 0.363 0.357 0.367

BP-SM 0.464 0.456 0.459 0.447 0.449 0.453 0.457 0.457 0.459 0.456
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Fig. 1. The seasonal mean distribution of absolute errors and accurate rate of daily maximum
temperature prediction at 2454 stations over China (a)*(d) absolute errors and accurate rate at
lead time 11 d, (e)*(h)absolute errors and accurate rate at lead time 15 d, (i)*(l)absolute errors
and accurate rate at lead time 20 d, (m)*(p)absolute errors and accurate rate at lead time 25 d,
(q)*(t)absolute errors and accurate rate at lead time 30d
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4 Conclusions and Discussion

Development of EPS leads to the progress of 11*30 days forecast that evolved from
weather process forecast to high resolution forecast such as daily forecast. The main
characteristic of extended range forecast is nonlinear, big forecast error, and one of the
challenging scientific issues in atmosphere science. All these put forward higher
request for post-processing technical used in the operational extended range forecast. In
order to improve the calibration of daily forecast in extended range, several technical
difficulties are discussed as follows.

BP-SM method has significant effect in the calibration for DMO in 11*30 days
forecast. The improvement of forecast accuracy lies on the statistical downscaling of
temperature forecast based on ensemble forecasts in complex terrain such as Tibet,
Yun-Gui plateau, hills and mountains over eastern China.

There are several aspects to be investigated in the field of the neural network
method applied in the post-processing. In order to perfect the generalization capability
of neural network, study on the structure of three-layer network including the number
of nodes in the input layer, middle layer and output layer respectively. On the other
hand, the calibration is sensitive to the predictor, and the appropriate factors could be
selected through sensitive experiments. The neural network optimization algorithm
should be designed to improve the efficiency of computation and convergence.

It is well known that Intra-Seasonal Oscillation (ISO) is the important predictability
in the extended weather forecast. After filtered high frequency, the ISO can explain
trend of temperature and precipitation in China. Therefore, based on the low frequency
of ISO, dynamic statistic model should be developed for operational forecast in
extended range.
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Abstract. This paper investigates on the problem of fragmentation of a large
number of device terminal data faced in precision marketing. We propose a
cross-screen tracking algorithm based on user activity data, and realize the
Internet business need of identifying different terminal devices of the same user
with the user id. The proposed algorithm optimizes the data preprocessing
process. More specifically, when the user’s position coordinates are mapped to a
manually divided geographic grid, the micro-grid method is used to supplement
the semantic characteristics of the position, thereby reducing the loss of infor-
mation during the transformation of space-time point coordinates. Through the
cross-screen tracking algorithm based on user behavior, the proposed algorithm
can avoid the dependence of existing technologies for user login behavior or a
large amount of third-party platform data. The proposed algorithm can improve
the amount and accuracy of cross-screen tracking data, and will reduce exposure
costs and increase commercial ROI (Return on Investment) and provide optimal
marketing decision support for commercial services.

Keywords: Big data � Cross-Screen tracking � Commercial advertising

1 Introduction

With the advancement of the mobile Internet era and the development of 5G technology,
it has entered the digital era of moving from a physical society to a virtual world [1–4].
The smart terminals connected to the network are not limited to mobile phones, com-
puters, tablets and e-readers, but also wearable devices, smart home, etc., as shown in
Fig. 1. The human society is entering the era of all things connection [5, 6].

Cross-screen tracking based on big data is to accurately identify each independent
Internet user through big data analysis, and identify multiple device terminals of the
same user to a unique user ID (Identification). Hence, the accuracy of personalized
recommendations will increase as the user’s analyzable data increases. At the same
time, a threshold for the recommendation frequency of all devices under the same user
ID should be set, and then match different advertising schemes according to different
terminal types. Ultimately, it provides optimal marketing decision support for business
services, reduces exposure costs and improves ROI (Return on Investment).
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Dentsu Aegis Network’s advertising forecast predicts that mobile advertising will
be expected to grow by 17.6% in 2020 in China, accounting for 77.5% of total digital
advertising spending. Programmatic advertising is expected to grow by 45.7% in 2020.
According to statistics from CNKI (China National Knowledge Infrastructure), as of
2019, most existing researches on cross-screen tracking have been applied in the film
and television communication industry. In fact, precision marketing has huge potential
value in online shopping, social networking and reading.

Authors of [7–10] prove that telecom big data based user activity is not easy to
forge and can record the user’s CSB (cross-screen behavior) accurately where geo-
graphic location label can be published. Authors of [11] divide the entire map into
many grids, and uses the PV-DM model to extract the position access sequence features
in the user trajectory, but the algorithm does not consider the semantics of the grid on
the map when dividing the small grids. Authors of [12, 13] design the novel telecom
data analyze architecture. Through the upgrade of architecture, we can achieve a higher
ad arrival rate. Privacy-preserving trajectory data publishing is studied especially in
telecom operation [14, 15], hence, the application research of operator data in the
Internet advertising industry is valuable.

In this paper, a cross-screen tracking method based on user trajectory and position
semantics is proposed. The original time-space data is gridded and the semantic fea-
tures of the position are superimposed to minimize the loss of information after grid-
ding. This paper will focus on the step of preprocessing the user’s activity trajectory
data in Sect. 2, which includes gridding and rasterization. Section 3 introduces the
proposed algorithm, including the extracting model description, the similarity calcu-
lation, the cross-device user identity. In the Sect. 4, we will analyze the application
scenarios of the big data cross-screen tracking method in the field of advertising.
Section 5 summarizes the full paper.

......

Fig. 1. Examples of smart terminals for individual users.
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2 Data Preprocessing

Through the acquisition of network terminal data, the user activity trajectory formed by
the latitude and longitude points of the GPS with time stamps is obtained. This paper
denotes the latitude and longitude coordinates to (x, y), where x represents the latitude
and y represents the longitude. It means that each trajectory can eventually be trans-
formed into a different scattered point in the two-dimensional coordinate plane. In order
to recognize multiple trajectories under the same user identity, it is necessary to match
multiple trajectories with a large number of scattered points.

Due to the sparseness of the coordinate point samples, we need to further grid the
original time and space coordinate points to obtain the relatively dense training sam-
ples. At the same time, we can control the division size of the grid to achieve different
requirements for algorithm efficiency or accuracy. The following two methods can be
used for gridding.

Method I. Using the latitude and longitude line as the reference, the expression of
ddd.dddd° (Degree format) is adopted, in which the decimal fraction precision is at
least 4 digits, and then the area can be further divided into equal span grids. Three types
of precision division methods can be considered as the grid span: 0.0005°, 0.001° or
0.002°. Each small grid is identified by ‘left longitude_upside latitude’ or ‘lon_lat’, and
any scattered GPS coordinates (lon, lat) can correspond to a small grid.

It should be noted that in this division method, each grid has the same longitude
line and latitude line span. Due to the influence of the shape of the earth, the north area
of the grid is actually smaller than the south area. However, the analysis and evaluation
of the same city will not affect the conclusion.

Method II. Based on the fixed distance on the ground, we use the calculation
method of equal distance. Compared with method I, method II can divide the city into
uniform and fixed grids which areas are the same.

After selecting the area and obtaining the latitude and longitude range, the longi-
tude of any scattered GPS (lon, lat) is between (lonmin, lonmax), and the latitude is
between (latmin, latmax). Set the grid span to L km, and the grid id of the GPS (lon, lat)
is calculated according to the following method:

id ¼ x; yð Þ ð1Þ

x ¼ lon� lonmin
L

ð2Þ

y ¼ lat � latmin
L

ð3Þ

The symbol ‘ . . .b c’ in formula (2) and (3) represents rounding down, and the value of
L will affect the degree of division of the area. Both method I and method II convert the
location points into signs under some standard, but the ground surface area is divided in
different ways. In this paper, method I is adopted, as shown in Fig. 2.
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3 Cross-Screen Tracking Algorithm

Recently, most existing algorithms use the grid method and ignore the semantic fea-
tures of the map location, resulting in different coordinate points contained in the same
semantic location may be divided into different grids, and the loss of data information.
In this paper, a micro-grid of urban geography is superimposed on the grid.

Micro-grid division is to divide each core urban area into multiple closed-loop
structures according to the functional characteristics of the area. This can fully consider
the terrain, user aggregation features and architectural features to make the scene with
semantics. This paper takes roads or rivers as micro-grid boundaries, and then tries to
divide the ground into quadrilaterals. The area with similar characteristics of users or
buildings is divided into one micro-grid that the classification may include colleges,
exhibition centers, transportation hubs, shopping malls, hotels, troops, residences, etc.,
as shown in Fig. 3. The micro-grid fully considers the semantic position on the map,
and the information loss after data training is minimal.

Any scattered point can be mapped to the area delineated by the micro-grid method
according to coordinates (lon, lat) to obtain the corresponding semantics. According to
the above two processes of grid and micro-grid, the scattered points are converted into
(lon, lat, S).

Next, the model is introduced to extract the features of position access sequence in
the user trajectory:

This paper establishes a sample of time and space domain. Then, this paper sets the
unit time to divide the 24 h of the day into several cells, and then correspond the
location micro-grid id obtained to each time period according to its timestamp. Fully
consider the time and position association attributes of mobile data, and combine time
and space to obtain position sequence training samples.

Fig. 2. A 2 km scale grid division method of two-dimensional geographic plane.
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The model is used to extract user trajectory features, for example, the PV-DM
model in the paragraph2vec algorithm is used to extract position access sequence
features in the trajectory sequence to obtain a vector representation of the user tra-
jectory [11].

Finally, this paper calculates the similarity between the trajectories to obtain the
cross-device user identity. In addition, this paper calculates the similarity between
tracks, and identify devices with similarity exceeding a certain threshold under the
same user ID.

4 Application Scenario

Recently, the common technical method of cross-screen tracking is to identify different
devices under the same user ID through a strong association method. Common
application scenarios are user-based software or cloud synchronization technology
scenarios that require user registration and login. As exemplified in Table 1, examples
are widely used in e-commerce Taobao, JD, QQ, We Chat, etc., and users log in to the
same account through different terminals to associate these terminals.

The enhanced account method is an extended matching method based on the above
account identification method. It analyzes cookies to identify users and associate them
with historical behavior.

Fig. 3. Schematic diagram of a 1 km scale micro-grid in a two-dimensional geographic plane.
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The above methods have high matching accuracy, however, these methods need to
rely on the user’s registered login behavior and the support of a large number of third-
party platforms. Search, browse or push-type websites will lose a lot of user data
without user registration and login, and the data integration of third-party platforms still
faces security risks, as shown in Table 1. Therefore, this paper proposes a cross-screen
tracking technology based on user behavior.

When an advertisement is loaded, the number of times that the same advertisement
appears on all devices under one user id does not exceed N times (e.g., N = 3).
Advertisement will not cause over-exposure to users, and at the same time will achieve
precise marketing within the advertiser’s budget.

Another application of the algorithm is to set crowd clustering conditions based on
the information that individuals stay at various locations. For example, when the target
user for commercial advertising is a family member, the clustering characteristics of the
crowd can be obtained according to the data in the same grid from 0 to 6 o’clock, and
the advertisement can be pushed corresponding to the cluster.

5 Conclusion

This paper aims at the problem of fragmentation of a large number of device terminal
data faced by precision marketing in the Internet era, this paper proposes a cross-screen
tracking algorithm based on user activity data to identify different terminal devices of
the same user, which provides a powerful way for commercial advertising. Aiming at
the problem that the existing algorithms do not consider the semantic characteristics of
positioning, this proposed algorithm optimizes the data preprocessing process, and
supplements the semantic characteristics of the position when the user’s position
coordinates are mapped to the geographic grid. Thereby, the proposed algorithm can
reduce the loss of information during the transformation of coordinates.

Acknowledgement. This work was supported in partially by National Key R&D Program of
China under Grant 2018YFB1800800. This work was also supported in partially by Ministry of
Industry and Information Technology of P.R.China - Big data industry development pilot
demonstration project: Integrated heterogeneous data and deep learning based civil big data
innovative application and pilot demonstration.

Table 1. Current cross-screen tracking methods and their advantages and disadvantages.

Association
method

Example Advantages Disadvantages

Account
method

User-oriented software:
Taobao, WeChat Cloud
synchronization technology:
Baidu cloud disk

High
matching
accuracy

The method depends on the
user’s login behavior and
needs to integrate a large
amount of third-party
platform dataEnhanced

account
method

Analyze cookies
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Abstract. Aiming at the problem of virtual link priority mapping, the paper
proposes a novel candidate path ranking algorithm. The proposed algorithm
converts the problem of candidate path ranking into a machine learning binary
classification problem. More specifically, the proposed algorithm evaluates the
probability that the virtual link is successfully mapped onto the candidate path.
All candidate paths are sorted according to probability, and the path with the
highest probability of success is selected. The simulation shows that compared
with virtual link priority mapping algorithm based on the shortest path, the new
algorithm has better blocking rate performance.

Keywords: VON � Virtual link � Map � Machine learning

1 Introduction

In the process of network virtualization, network resources must first be abstracted in
order to allocate reasonable resources to users when user’s traffic arrive. The controller
of the network can have an efficient resource allocation algorithm for the virtual optical
network (VON) traffic according to the requests of multiple users that are time-varying
[1, 2]. The significance of this is that whether it is a point-to-point or point-to-
multipoint service, or a multipoint-to-multipoint virtual optical network traffic, the
physical network resources can be flexibly allocated and easily managed [3].

So far, two problems have emerged in network virtualization what are how to
abstract network resources and how to allocate abstract resources. How to abstract
network resources is how to set up a resource management architecture to abstract the
distributed, heterogeneous, autonomous and dynamic underlying network resources to
form virtual resources that can be uniformly deployed and managed. In today’s net-
works, the separation of roles between infrastructure providers and network service
providers has become a trend. The second question, how to allocate abstract resources,
is the content of this paper’s virtual optical network mapping algorithm [4]. Through an
efficient virtual optical network mapping algorithm, virtualized resources are allocated
to users to meet user’s bandwidth and computing resources requirements. Because
resources are limited, if operators have a more reasonable and efficient mapping
algorithm, they can provide services for as many VON traffic as possible for the
purpose of increasing income [5].
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2 Problem Description

2.1 Problem Statement

The algorithm of virtual link (VL) priority mapping should be used in the mapping
process which places more emphasis on the request for the link resources. In the current
virtual link priority mapping algorithm, the bandwidth request of virtual links is usually
sorted. The principle of maximum bandwidth priority mapping is applied to prefer-
entially process virtual links with larger bandwidth request which will be mapped to the
shortest candidate path. The mapping of the entire traffic will be gradually completed
[6]. The above algorithm does not pay attention to the situation of network’s overall
resources during the mapping process, which may cause the virtual link mapping to
fail. Therefore, a new strategy is studied in this paper, which can consider node
requests and link requests at the same time, and establish more scientific candidate path
ordering rules for more efficient mapping [7].

2.2 Physical Network Model

For a single-layer and single-domain optical network, it can be simply abstracted as a
network composed of physical links and physical nodes [8]:

GðfNi : CRNig; fLði;jÞ : BRLði;jÞgÞ ð1Þ

where fNi : CRNig represents the correspondence between the physical nodes and their
node resources and CRNi is the computing resources (CR) of physical node
Ni.fLði;jÞ : BRLði;jÞg shows the correspondence between the physical links and their
spectrum resources and BRLði;jÞ means bandwidth resources (BR) in Lði;jÞ (Fig. 1).

Figure 1 shows the model of the underlying physical network. Each node has
virtualized resources which represented by the numbers in the rectangular box. The
rectangular string on the link represents the frequency slot [9]. Blank frequency slots
represent unoccupied.

CA

B

300km
250km

450km

6

6 6

Fig. 1. Physical network model
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2.3 VON Model

Each virtual optical network traffic can be abstracted into a virtual topology, as shown
in (2):

VONðfVNi : CRVNig; fVLði;jÞ : BRVLði;jÞgÞ ð2Þ

where the pair fVNi : CRVNig represents the correspondence between the virtual node
(VN) and its request node resource, and fVLði;jÞ : BRVLði;jÞg represents the correspon-
dence between the virtual link and its requested link resource. The mapping of a series
of VONs is essentially a problem of the allocation of abstract resources. Through the
mapping algorithm, the VON traffic obtains the underlying network resources (Fig. 2).

Figure 2 is a VON traffic. The larger box and the letters in it represent a virtual
node. The numbers inside the small rectangles beside the virtual nodes represent the
CR. The connection between the VNs indicates that there is the transmission
requirement between the VNs. The number on the wire represents the VL’s BR.

2.4 VON Mapping Process

Use mapping can be expressed as (3):

VON ¼ fVNs;VLsg ! G ¼ fNs; Lsg ð3Þ

This paper describes the process of allocating appropriate resources for different VON
traffic in the network, namely VON mapping. The VON mapping process ensures that
every VN can only be mapped to a network node. The same physical node can accept
multiple virtual node mappings for the VONs. The process includes two phases which
are VNs mapping and VLs mapping. The VNs will be mapped to the network nodes
that satisfy their CRs. The VLs will be mapped to the network path which must meet
BRs of VLs.

3 Mapping Algorithms

When there is a set of candidate paths, we want to choose the candidate path to which
the virtual link is most likely mapped successfully. So we need to rank this set of
candidate paths according to their probability of success. At this time, the probability of
success needs to be obtained from the known situation of the candidate path. This paper
abstracts this problem as a binary classification problem.

a b 33 50Gbit/s

Fig. 2. VON model
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This paper uses path score to represent the VL success probability of this path for
the current VON. In the machine learning classification algorithms, the trained model
can predict the probability of the data’s label being 0 or 1. The classification algorithm
can convert a set of data of different dimensions into a value between 0 and 1 which can
transform the known information of the candidate path and virtual link into the suc-
cessful probability of mapping.

When the appropriate features which are from the candidate path or VL are selected
as training data, the success or failure of the past VL is used as the label to be learned.
Through the xgboost algorithm, the machine learning model can learn the current
candidate path’s success probability for the current VL.

3.1 Machine Learning Model

(1) Generate Training Set

The training set used in this paper is generated from the virtual link priority
mapping algorithm based on the shortest path. As the virtual link is gradually mapped
into the network during the mapping process, and the virtual node is also mapped into
the network, the candidate paths of the unmapped virtual link will change. So the
mapping of the virtual node needs to be updated in each iteration, as shown in
Algorithm 4-1.

Algorithm 4-1 Standardize the format of the candidate set of VNs at the VL’s ends 

input: ivn , jvn , ,i jvl , iCN , jCN ,network topology G 
output: normalized candidate set of virtual nodes: iNCN  and jNCN

1: check the mapping of ivn  and jvn

2: if ivn  is not mapped to a physical node: 

      get ivn 's whole mapped node candidate set iCN , iNCN = iCN

   else: 
      let ivn 's candidate set be [ in ], iNCN =[ in ]

3: if jvn  is not mapped to a physical node: 

      get jvn 's whole mapped node candidate set jCN , jNCN = jCN

   else: 
      let ivn 's candidate set be [ jn ], jNCN =[ jn ]
4: return iNCN , jNCN

   end 

At the beginning of the mapping, neither the VNs nor the VLs are mapped. To find
candidate paths for the virtual link, searching the candidate nodes of the virtual nodes
are to be performed, where Algorithm 4-1 is used. And finally the paths in the can-
didate set are arranged in order of the path’s distance. Algorithm 4-2 illustrates the
specific algorithm steps.
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Algorithm 4-2: Generate candidate path set based on shortest path 
input: iNCN , jNCN ,network topology G 
output: path_sorted which is sorted candidate path set 
1: path_set=
2: for in  in iNCN

       for jn  in jNCN

           use KSP algorithm to select the shortest 3 paths between ( in , jn )
           add these 3 paths in path_set 
3: arrange all the path in path_set in the order of distance to get path_sorted (step *) 
4: return path_sorted 
  end 

As a baseline, the specific process of the virtual link priority mapping algorithm
based on the shortest path is described in Algorithm 4-3, which calls Algorithm 4-1 and
Algorithm 4-2.

Algorithm 4-3 Virtual link priority mapping algorithm based on shortest path 
input Currently arriving virtual VON traffic, network topology G 
output The status of the current VON traffic: is_success (True or False) 
1 G_copy = copy.deepcopy(G) 
2 according to the BR, sort all the VLs in reverse order to get the sorted virtual link set 
VLs_sorted 
3 according to the principle of maximum bandwidth first mapping 
    for ,i jvl VLs_sorted

       get the end points of ,i jvl , namely ivn  and jvn
       according to algorithm 4-1, get iNCN  and jNCN

       according to the algorithm 4-2, generate the candidate mapping path set path_cand 
       on the G_copy, check whether there is a path that satisfies the ,i jvl ’s bandwidth 
request in path_cand 
       if this path exists
           set spectrum occupancy on G_copy, and record the corresponding relationship 
between virtual link mapping and virtual node mapping. 
       else
           is_success=False 
           return is_success 
4 if all the physical nodes which has been selected by virtual nodes have enough resources 
requested by the virtual node: 
       set the node resource occupation and link resource occupation in G 
       is_success=True 
       return is_success 
   else
       is_success=False 
       return is_success 
   end 
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In the virtual link priority mapping algorithm based on the shortest path, during the
mapping phase of the virtual link, a set of candidate paths is generated between the two
candidate node sets. After that, spectrum allocation is performed, and the information
of virtual link and the current candidate path is recorded whether the mapping is
successful. This generates a set of initial data. A large amount of initial data constitutes
the training data of this paper.

(2) Feature Engineering

Combining the knowledge of telecommunication, the paper uses the feature
importance method in xgboost to filter features where the label is set as 1 if the VL
could be mapped to the path successfully or label is set as 0.

The features involved are shown in Table 1.

(3) Model Generation

A 3-fold cross-validation is used to randomly divide training and test sets and train
the model. Then, the proposed algorithm saves the xgboost model after the model
training.

3.2 Overall Algorithm Description

The overall steps are similar to Algorithm 4-3. The change is that when the Algorithm
4-2 is called, the (step *) is changed to that the candidate path are sorted according to
the score given by the xgboost model’s evaluation.

Table 1. Features

Features Data format

CRVNi ,CRVNj float
CRVNi
CRNi

,
CRVNj

CRNj

float

the distance of the path float
the num of the hop of the path int
is the VNi mapped, Is the VNj mapped int
the average spectrum utilization of the path float
the max spectrum utilization of the path float
BRVLði;jÞ float

BRVLði;jÞ /the average remaining spectrum num of the path float

BRVLði;jÞ /the least remaining spectrum num of the path float
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4 Experiments and Result

4.1 Simulation Traffic

When generating a single random VON traffic, one of the regular graph, the random
graph, and the small world graph will be selected with equal probability. Then the
network structure of random topology is generated:

After the network structure of the VON traffic is determined, the virtual node and
virtual link requests are randomly generated. The CR request of each virtual node is an
integer, randomly generated from [1, 10] * 10, and the interval is 10. The BR request
for each virtual link is randomly generated from [1, 32] * 12.5Gbit/s with an interval of
12.5Gbit/s.

When generating a set of dynamic traffic, the arrival time of each traffic is subject to
a uniform distribution, and the servicing time is subject to a negative exponential
distribution, and then the leaving time can be expressed as (4).

leaving time ¼ arrival time þ servicing time ð4Þ

The arrival rate of each group of dynamic VON traffic is {10, 20, 30, 40, 50}. The
observation time is 100 s, and the servicing rate is 1.

4.2 Simulation Network

This paper takes the 14-node topology model in Japan as network, as shown in Fig. 3.
There are 300 frequency slots on each link, and 2500 computing resources on each
node (Fig. 3).
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Fig. 3. 14-node topology in Japan
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4.3 Simulation Result

As the baseline algorithm, VL-SP (the virtual link priority mapping algorithm based on
the shortest path) has the worse blocking rate. That demonstrates the lower resource
allocation efficiency. In the boosting tree model saved by xgboost, the blocking rate of
VL-XGB algorithm is better than VL-SP. From Fig. 4, it can be seen that through the
machine learning model, the success probability of the virtual link mapping in the
candidate path can be learned. This makes the VL-XGB algorithm’s blocking rate
lower and resource utilization more efficient. Our future work will integrate this paper’s
work with future 5G networks and multiple application scenarios [10–22].

5 Conclusion

The paper proposes a novel VON mapping algorithm which converts the ranking
problem of candidate paths into a machine learning binary classification problem.
Through machine learning models, the algorithm learns success probability of the VL
mapped to the current candidate path. Results demonstrate the algorithm proposed has
better blocking rate performance, compared with the baseline algorithm.
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mation Technology of P.R.China - Big data industry development pilot demonstration project:
Integrated heterogeneous data and deep learning based civil big data innovative application and
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Abstract. In the progress of digital transformation of enterprises and even
industries, data plays an increasingly important role. Specifically, business
generates data, data feeds back business, and the cooperation between business
and data is constantly getting closer. Therefore, we need to do data governance
continuously, collect and connect data cross domains, form a piece of standard
and accurate data, thus to break the isolated island of data. On this basis, we
need to research key business scenarios and demands, mine the value of data,
build powerful public capabilities, and support more diverse front-end appli-
cations to empower business value with data flexibly and efficiently. In order to
achieve above goals, this paper puts forward the concept of big data ecological
platform. Furthermore, this paper designs the architecture and introduces the
construction practice in the telecommunication operators. Relying on big data
ecological platform, it can comprehensively improve the digital collaborative
operation level of the enterprise even industry, and gradually realize the trans-
formation the role of data from supporter to enabler to driver for business.

Keywords: Big data ecological platform � Data capability � Algorithmic model
capability � Unified and public data service � Enable for business scenarios

1 Introduction

In the past, isolated IT systems are widely used by telecommunication operators. This
isolated construction mode results in multiple data storage and repeated capacity
building. When data needs to correlate to each other, chaotic network relationships are
formed. Therefore, data is difficult to connect, front-end experiences are inconsistent,
and demand response is slow. This brings business problems, as well as waste both
computing and storage resources.

We propose and design big data ecological platform. It can plan, govern and
process the core data of enterprise uniformly, depending on the big data technology. It
can transform the isolated data into the comprehensive data, accurate data and
understandable data, through defining a set of processing calibers based on a piece of
standard data, centralized storing and computing, and precipitating into the reusable
capabilities. Meanwhile, it can encapsulate the capabilities as the unified and easy-to-
use services, and provides the front-end application with the logic concept of business
value.
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Different from the previous data warehouse and big data platform, big data eco-
logical platform is closer to the business. After processing, standard data carrying
business attributes and experiences, forms high-value data that is easier to understand,
provides intelligent data services to applications, and responds to business demands
agilely. It will create an ecological mechanism that all the people in the enterprise can
understand and use data easily. Furthermore, capabilities can be co-constructed and
shared in the whole enterprise.

2 Objective and Orientation of Big Data Ecological Platform

To our best knowledge of the current situation of the industry, there is no standards in
the big data ecological platform, which needs to be planned, designed and constructed
according to the digital level and business requirement of the industry/enterprises.

For telecommunication operators, they need digital transformation urgently, and
their business growth mostly depends on the online support. Hence, the objective of big
data ecological platform is driving all business represented by data and producing new
business opportunities by data smartly. It needs to enable applications, business and
market staff, and data analysts to realize more intelligent ideas for business. This can
support innovative development and promote the digital collaborative operation level
comprehensively in the whole enterprise. The orientation of big data ecosystem in
telecommunication operators includes the following four centers.

a) Data Governance Center

As enterprise-level data governance center, the big data ecological platform manage
the life cycle of all data in a unified way and master the situation of data distribution
and usage. It organizes, utilizes and recycles data in an orderly manner, in order to
realize the data capitalization as well as maximize of data value.

b) Data Centralized Processing Center

As data centralized processing center, the big data ecological platform collects,
stores, calculates, and processes the massive data in a centralized way, to form a set of
unified data standards and specifications. The data covers all domains of enterprises,
which include Business, Operator, Management, Electronic-Commerce etc., to realize
cross-domain data fusion, ensure data consistency, mine and improve the data value.

c) Data Capability Convergence Center

As data capability convergence center, the proposed platform considers the existing
and future requirements and scenarios for data together, precipitates public data
capabilities, provides atomic data capabilities with smallest size, and supports flexible
orchestrations, to enable the front-end applications in creating more diverse scenarios.

d) Data Service Sharing Center

As data service sharing center, the big data ecological platform encapsulates public
data services, provides services from one point, and shares services with many parties.
The big data ecological platform will build an open ecosystem of data services, form a
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framework in thick capabilities and thin front-end applications, to meet variable
requirements from business agilely.

3 Big Data Ecological Platform Architecture Design

3.1 Architecture Design

Big data ecological platform, collects necessary data of each domain in a unified way
for centralized processing, connecting, and integrating, precipitates public data capa-
bilities and encapsulates public services. Based on that, big data ecological platform
will connect processes, data and capabilities, to enable marketing networks, service
networks, delivery networks, product networks and digital infrastructure networks, to
promote the construction and sustainable growth of a new Internet based ecosystem.
Big data ecological platform is located in PaaS layer of cloud computing framework. Its
architecture is showed in the figure below (Fig. 1).

Big data ecological platform mainly includes two core capabilities, including the
data capability and the algorithm model capability. Based on the two core capabilities,
big data ecological platform encapsulates data service layer and capability export layer.
In addition, there are a set of data support systems, which run through the whole
process of data collection, storage, calculation, processing and service providing.

3.2 Core Capability: Data Capability

Data capability is an important foundation for enabling all business scenarios and front-
end applications. Firstly, useful data needs to be collected to the big data ecological
platform. Secondly, data is cleaned, transformed, correlated, fused, and processed.

Fig. 1. Architecture of big data ecological platform
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Thirdly, massive data produces extracted high-value data, which is subject-oriented
label framework, covering all domains in the enterprise.

Data capability provides services for two types of objects, including applications
and people. Firstly, by encapsulating all kinds of extracted high-value data into ser-
vices, it is available for applications and other systems. Secondly, by providing visu-
alized data interactive exploration tools, it supports business and market staff, and data
analyzer to mine the data value conveniently and self-help, reducing the threshold of
discovering data and meeting various business requirements agilely (Fig. 2).

Data capability includes three layers: basic data layer, public data layer and extraction
data layer. The three layers cooperatively achieve scenarios-driven data integration and
agile response to the diversified requirements of front-end applications(Fig. 3).

Fig. 2. Core capability: data capability

Fig. 3. Architecture of data capability
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Basic data layer indicates the detail dataset layer. Because the source data is stored
in different databases and different IT systems, this layer needs to transform unstruc-
tured data to structured data, integrate cross-domain data, store the data extracted from
multiple sources, and keep consistent with the source system in terms of data structure
and logical relationship.

Public data layer defines standard indicators and dimensions from the perspective
of business and constructs based on the framework of business entity, business process
and analysis dimension. Public data layer needs to be unified, atomized, orthogonal,
reusable and shareable, and to construct more stable core dataset. Therefore, this layer
can achieve the goal of high cohesion and low coupling.

Extraction data layer, which is around business scenarios, connects and integrates
data closely related to specific objects (customers, products, channels, base stations,
etc.) across business segments and data domains, to form an object-oriented global
label system, i.e. theme data view. The theme data view, with the object as the core,
links its features, behaviors and relationships, fuses and extracts the scattered data,
forms a complete label system, and then launches a comprehensive data analysis
around several themes. The objects can be people (natural person, customer, family,
enterprise, etc.), things (terminal, base station, etc.), relationships (social relationship,
subscription relationship, use relationship, etc.). The same object exists in multiple
domains and systems, and its identifications are likely to be different. Hence, it sets
Super-ID for each object in the extraction data layer, and connects the identifications of
the same object with this Super-ID. Therefore, this layer can realize the complete fusion
of data.

3.3 Core Capability: Algorithmic Model Capability

Algorithmic model ability empowers the generation of new extracted high-value data
continuously. It can make various ideas from front-end business and market staff
collide with massive data, to discover the value of data for business, and inspire more
creative ideas to promote advanced development of business.

Fig. 4. Core capability: algorithmic model capability
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In the big data ecological platform, there are massive data of the whole enterprise,
and model incubation center which supports model training environment and tools.
Following training and parameter adjustment, algorithmic model is born via using
various data mining algorithms (e.g., machine learning, deep learning, etc.) to build
model. When the algorithmic models reach a certain scale, the ability is formed.

The completed models can be deployed to the big data ecological platform,
transforming into various tasks of data calculation and analysis. The basic layer or
public layer data is used as the input of the models, and the results of models precipitate
to the extraction data layer as high-value data.

Meanwhile, various completed models can be opened and shared through the
model shop. More teams can directly use the existing models, or combine their own
requirement scenarios to do iterative optimization based on the existing models, and
finally produce more high-value data to meet diversified business requirements.
Algorithmic model ability can be precipitated by all of the teams and business units.
Meanwhile, both the algorithmic models and result datasets can be shared in the whole
enterprise.

3.4 Data Service Layer

Data service layer provides encapsulation and aggregation of various capabilities, and
is opened through the upper unified capability export layer to achieve the sharing and
using of capabilities. According to the description in the previous section, data service
layer encapsulates the data capabilities to each capability center.

a) Data querying and interacting service center

As the unified service export for data capabilities, it provides multiple data service
encapsulation methods such as APIs, files, message queues, and SQL, to support
services such as inventory data retrieval, bulk data retrieval and push, message sub-
scription and notification for applications.

b) Real-time data processing and scenarios triggering service center

For real-time scenarios triggering applications, it encapsulate the subscription of
real-time data processing results and message triggering services, such as when cus-
tomers access to certain bustling area, it will immediately notify application which
subscribe this scenario.

c) Geographic data analyzing service center

On the basis of common map service capability, integrating the data of buildings,
network resources, customers subscription and product usage. It forms business and
spatial database of telecommunication operator self, builds spatial big data analysis and
presentation capability, and encapsulates them into services for front-end applications.

d) Data insight and analysis service center

It provides thematic analysis and insight services such as customer insight, product
insight, channel insight and network insight through interactive exploration, self-
service data obtaining, etc. Thus, the threshold for discovering the value of data is
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reduced. Business and market staff, data analysts, even everyone can make flexible and
rapid exploration and analysis of data to achieve agile data delivery.

e) Data authentication service center

It establishes data open and data access authority credentials, that uses block chain
technology capabilities to store data subscription record, approval records, authoriza-
tion records, access records, etc., and provides tamper-proof and non-repudiation
credential services, to effectively guarantee the security and compliance when data is
necessary to open and share.

f) Model incubation center

It is designed to create a machine learning and deep learning environment and tools,
which are used in model research, training and product incubation of development
teams, business units, even everyone in the enterprise. Meanwhile, it realizes the
accumulation, sharing and reuse of models through in model shop.

3.5 Data Support System

Data support system is responsible for management and support of the full data life-
cycle. It includes four subsystems, which are data governance, data security, and data
quality and data operations.

Data governance subsystem collects metadata and sample data of all cross-domain
data assets for full-view, transparent management and full life-cycle management.

Data security subsystem, establishes a unified data security mechanism and stan-
dards, provides capabilities of sensitive data discovery, data desensitization or
encryption, and big data tracking and traceability, and output capabilities in multiple
services, such as PaaS, SaaS and FaaS.

Data quality subsystems builds a unified end-to-end data quality assurance mech-
anism from the perspective of technology, organization, process, regulations, etc.

Data operations subsystem learning from DevOps, builds a process-oriented
automation method for data development/operation and realizes in data development
IDE.

4 Big Data Ecological Platform Construction Practice

4.1 Implementation Route

As the most innovative telecommunication Operator in China, China Unicom takes the
leading role in constructing big data ecological platform, focusing on full-scale cus-
tomer value operation, end-to-end customer experience improvement, network preci-
sion construction, taking data connectivity and integration cross all domains (B/O/E/M)
as the most important objective, building data sharing capacity and ecosystem, to
support high-quality and sustainable development of business. The construction is
implemented in three stages.
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(1) Driven by key and emergency demand scenarios, selecting typical data capabilities
for pilots, and verifying the availability of the platform.

(2) Guided by the business effectiveness of data products, improving the capabilities in
the platform.

(3) Expanding the supporting objects and scenarios, building an internet based
ecosystem, and comprehensively enabling the high-quality development of
business.

4.2 Construction Effect

(1) Platform Capability: there are 9 categories of theme data view by integrating data
in all domains deeply. These are the view of natural person, family, government
and enterprise customer, product, channel, device, community/building, base sta-
tion, and internet of things. For each theme object, we draw 360 degree portraits,
and release about 5000 labels. There are hundreds of models related to customer
marketing, customer maintenance, product value improvement, network quality
evaluation, and so on. The average recall rate of the model is 57%, and the
precision rate is 75%. We optimize and iterate each service center, strengthen the
output of scenario capability, and pay attention to the delivery effect. The data
support systems work basically. We master the distribution and blood relationship
of 60% data in enterprise and realize sensitive data discovery, hierarchical clas-
sification and data output protection.

(2) Data Enabling Business: Focusing on key business scenarios such as 5G traction to
improve value, 2nd card slot operation, activation of silent users, promotion of cross
domain product bundling, and accurate portrait of on natural person, we analyze
target customers based on theme data views and models, trigger corresponding
marketing strategy based on data service centers, and achieve outstanding business
results. Revenue retention rate increases by 1.3 pp and user churn rate decreases by
0.99 pp.

(3) Ecological Operation Mechanism: we are building an open data ecosystem rely on
this platform, making data capability, technical capability and internet coordination
mechanism work together, to form a closed loop of operation, iteration and opti-
mization through open ecology, hierarchical operation, platform empowerment,
etc. This mechanism can enable business departments and subsidiaries to achieve
close linkage between business and data, thus to promote the efficiency of whole
enterprise.

5 Conclusion

In the era of intelligence, data becomes a new means of production, a new form of
capital, which will dominate the market competition in the future. Therefore, the
construction of big data ecological platform becomes the strategy of the enterprise. This
is a huge and complex project, which needs the cooperation of data providers, capa-
bility builders and data users. For telecom operators, the construction of big data
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ecological platform will make data assets more clear, data development more simple,
data service more agile, data application more flexible, and data operation more effi-
cient. The ecosystem will be formed gradually. Data and business will be more closely
related. Driving data application with business value, it will promote business under-
standing and deep insight into new opportunities through data intelligence and data
innovation, make more efficient business decisions, open up new channels and bring
new business increments. With the construction, promotion, using and sharing of big
data ecological platform, the enterprise and even industry will gradually break the
previous functional model, carry out process reengineering. It will fully cooperate,
gather strength and resources, respond to business demand in an agile manner, so as to
gradually promote the transformation of the enterprise to a platform based and sym-
biotic organization.
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Abstract. User lifetime value assessment is complex but important which
requires continuous observation of users’ behavior with massive time and
resource consumption. To overcome the difficulty, this paper improves the RFM
model to realize behavior observation and proposes an evaluation model from
the perspective of market segmentation based on AHP method. Under real
conditions, the model can be used to analyze the comprehensive value of users
in two cities as well as the difference of regions and market segments. Results
prove that proposed model performs remarkably and has practical significance
for service providers.

Keywords: Precision marketing � Consumer segmentation � Lifetime value �
Indicator framework

1 Introduction

As the big data era, precision marketing and intelligent operations have been effectively
applied in increasing industries. It is no doubt that customer segmentation based on
user lifetime value is paramount which is mainly used in a single product or enterprise
[1]. However, evaluating users in traditional industries such as the automotive industry
from the perspective of lifetime value requires large investment, since these products
have a long life cycle and involve multiple sub-sectors. As telecommunication provi-
ders, operators can access richer data [1, 2], this paper improves RFM model from the
last access time (Recency), visit frequency (Frequency) and flows (Monetary) to get
user’s behavior and proposes indicators framework based on AHP method and oper-
ators’ data considering user’s lifecycle [3–5]. In the coming era of 5G, user lifetime
value has attracted widespread attention in the industry and academia [6, 7].

Automotive industry is taken as an example in this paper. Sample of China Unicom
in two cities is selected to analyze the validity of proposed indicator framework and
model. The analysis found that service providers in City1 should adopt marketing
strategies for high-value users and providers in City2 have to market to all users [8].
Further attention to the cars market and automotive aftermarket, it can be found that
cars market is dominated by low-value users while 90% of non-value users are in the
automotive aftermarket. Furthermore, results emphasize the regional differences and
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provide important reference for service providers to develop regional and marketing
strategies.

This paper attempts to use APP data to reflect the user’s life cycle, which enriches
related research and provide new insights for future theoretical research. In addition,
indicators framework in this paper provides ideas for the analysis of industry’s pros-
perity and regional differences.

2 Proposal of the Integrated Value Evaluation Model

2.1 Indicators Framework of the Integrated Value Evaluation

The main objective of evaluating the lifetime value of users comprehensively is to
provide suggestions for future precision marketing and user lifecycle management.
AHP method can establish the level of all elements (including non-quantified and
quantified), clearly showing the relationship between each level, each criterion and
each element. We take the automotive industry as an example to develop indicator
framework based on AHP [8]. The automotive industry is divided into four categories
based on users’ behavior at different lifecycle: Drivers’ Education, Cars Market, Hiring
Cars and Automotive Aftermarket. Furthermore, because of both cars market and
automotive aftermarket including multiple segments, we propose sub-principal level
for further analysis.

Integral indicator framework is as follows in Fig. 1. Based on the principles of
objectiveness and comprehensiveness [9, 10], 150 APPs that are available and quan-
tifiable are selected as program level to monitor users’ value. Finally, the improved
RFM model is applied in the sub-program level to achieve the quantification [11].

2.2 Method of Weight Calculation

Considering that the principal level and sub-principal level are influenced by industry
experience, AHP method is applied to determine the weight of these indicators [8, 11,
12]. In program level, APP weights are equal as the specific functions of the APPs are
highly similar [12], for example, both Guazi and Uxin can achieve the purpose of
second-hand car transactions. Finally, since that Recency, Frequency and Monetary
contain a large difference in information, this paper uses the entropy weight method to
determine their weight [13].

2.3 Indicators of Sub-program Level

RFM model dynamically displays the entire outline of one user, accurately determines
the long-term value (even lifetime value). RFM model is the first letter of three indi-
cators: Recency (last consumption), Frequency (consumption frequency) and Monetary
(consumption amount) in e-commerce. It has been optimized and improved in this
paper as deputy of user value for one APP.

According to the experts in the field of operator data analysis [14–17], last visit
time can be selected as Recency(Ri,j) reflecting users’ activity [18]; Frequency (Fi,j) is
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the average successful visits of the APP by the user in a fixed time which mainly
reflecting the users’ historical value; Monetary (Mi,j) mainly reflects the users’ con-
tribution, which can be represented by the average flows over a period of time [19].

Ri;j ¼ T0 � ti;j ð1Þ

Ri,j represents the recency of APP j and user i. T0 is a base date, the value is May
4,2020. ti,j is the recent time when user i visits APP j.

Fi;j ¼
PT

t Fi;j;t

T
T � 7ð Þ ð2Þ

Fi,j is the frequency of APP j and user i. T is the sample period of APP j. Fi,j,t is the
successful visits that user i visited APP j in time t.

Mi;j ¼
PT

t Mi;j;t

T
ð3Þ

Similarly, Mi,j represents the monetary of APP j and user i. T is the interval of APP j.
Mi,j,t is designated as total flows when user i visited APP j in time t.

3 User Case of the Value Model

3.1 Sample Selection

To verify the validity of improved RFM model and indicator framework, we randomly
selected 50,000 users of China Unicom in two cities respectively. Then we tracked their
behavior from April 28 to May 3,2020. Regarding relevant APPs, we chose 150 APPs

Fig. 1. Indicator framework in automotive industry.
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based on their downloads in app market which can be related to the market in the
indicator framework [20].

3.2 Normalization of Indicators

Min-max method is used to map indicators to the interval [0, 1] [21]. For Ri,j, the
normalized formula is as (5). For Fi;j and Mi;j, (4) is applied. All the values are between
0 and 1 after normalization, and the distribution maintains the same.

X̂i;j ¼
Xi;j �min

I
XI;j

max
I

XI;j �min
I

XI;j
i ¼ 1; 2; . . .; n j ¼ 1; 2; . . .;mð Þ ð4Þ

X̂i;j ¼
max

I
XI;j � Xi;j

max
I

XI;j �min
I

XI;j
i ¼ 1; 2; . . .; n j ¼ 1; 2; . . .;mð Þ ð5Þ

In (4) and (5), n and m is the number of sample and indicators respectively. X̂i;j

represents values after normalization. Xi;j represents indicators before normalization.
I means the data set Xj.

3.3 Weight of Indicators

Weight at Principal Level. We get the weights following the AHP method introduced
in Sect. 2.2. Result shows that the consistency test is valid and the weights are 45.66%,
38.52%, 10.47% and 5.35%, respectively. It can be seen that cars market is still the
most important part in overall automotive industry.

Weight at Sub-Principal Level. For cars market, in spite of new cars are about 1.7
times used cars1, they have declined for two consecutive years, it is finally determined
that the weight of new cars and used cars is 60% and 40%, respectively. Besides, this
paper uses AHP method to obtain final weight of automotive aftermarket and the
weight of vehicle maintenance is the highest, reaching 33.9%.

Weight at Sub-Program Level. Section 2.2 proposes that entropy weight method is
suitable for determining the weight of Recency, Frequency and Monetary in sub-
program level. Figure 2 illustrates the performance. In City1, it is necessary for service
providers to pay more attention to loyalty of users as average weight of Frequency is
the highest. That is, Frequency contains more information about user preference, fol-
lowed by Monetary. In contrast to City1, average weight of Monetary in City2 is higher
than Frequency and Recency. Thus, service providers in City2 have to take strategies to
attract users to spend more attention on the service.

1 According to statistics from the China Association of Automotive Manufacturers, sales of new cars
in 2019 are approximately 25.77 million and used car are 14.92 million.
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3.4 Model Performance

Integrated Value Performance. High-value users are in a small part and users in
City1 are more concentrated. While the gap of user values in City2 is smaller, 30% of
users are higher than 0.01(see Fig. 3(a) and Fig. 3(b)). Therefore, it is more effective
for service providers in City1 to adopt marketing strategies for high-value users, such
as telemarketing. While service providers in City2 is suitable for adopting a wider
strategy, such as placing TV ads.

Performance at Principal Level. Whether in City 1 or City 2, user value of cars
market is much higher than the other three. In addition, it is worth noting that the user
value of the cars market in City 2 is more important than City1 (See Fig. 4).

Performance at sub-principal level. Since user value of the cars market is the
highest, we discuss the distribution of these users in two cities [22]. It is evident that
users in both cities are significantly stratified. Figure 5(a) and Fig. 5(b) show the
stratification results for users while Table 1 shows the proportion of each category.
From the results, it can be illustrated that about 70% of users are concentrated in
category 2 that is less important. We can further discuss the APP usage characteristics
of high-value users, such as successful visits and preference pages. Therefore, service
providers can develop marketing strategies scientifically and systematically.

Automotive aftermarket is chosen as another representative. 90% of users in City1
and City2 have approximately no value. It can be explained that automotive after-
market is dominated by offline service so that overall online behavior of users are not
such significant. Nonetheless, the proportion of Category 1 in City2 is slightly lower
which is because of better Internet service (Fig. 6).
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Fig. 2. Average weight of recency, frequency and monetary indicators in two cities
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4 Conclusion

This paper improves traditional RFM model and proposes an indicator framework
systematically based on the AHP method to evaluate the lifetime value of users. Then
authentic sample data provides verification. Results show that improved RFM model in
this paper can more accurately characterize the user’s behavior so as to distinguish
high, medium and low-value users. Thus, Better marketing strategies of service pro-
viders can take. In addition, value of automotive industry in different regions as well as
segments can be formulated so service providers have more objective insights when
carrying out industrial and regional strategic blueprint.
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(Grant 2018YFB1800800). This work was also supported in partially by Ministry of Industry and
Information Technology of P.R.China - Big data industry development pilot demonstration
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Table 1. User classification in cars market at principal level

Category City1 City2
Interval Users Interval Users

C1 0 1718(3.4%) 0 1508(3.0%)
C2 (0,0.01) 38119(76.2%) (0,0.01) 33428(66.9%)
C3 [0.01, 0.015) 3946(7.9%) [0.01, 0.015) 6933(13.9%)
C4 [0.015, 0.02) 3287(6.6%) [0.015, 0.02) 3495(7.0%)
C5 [0.02.0.04) 2515(5.0%) [0.02, 0.03) 3150(6.3%)
C6 [0.04, ∞) 415(0.8%) [0.03, ∞) 1486(3.0%)

(a) (b)

Fig. 6. (a) Users distribution in City1, (b) Users distribution in City2
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Abstract. In recent years, telecom operator builds mobile networks infras-
tructure worldwide, as well as deploys a series of relevant systems/platforms to
management the mobile networks and telecom customers. These
systems/platforms can generate a huge amount of data resources. In order to
effectively access these systems/platforms and make use of the valuable data
resources, this paper designs a novel multi-source heterogeneous data (MSHD)
system for telecom operator. The MSHD system contains data access module,
data pre-processing module, data storage and management module, data appli-
cation and visualization module. The MSHD system can assist telecom internal
application as well as the vertical industry application.

Keywords: Telecom operator � Heterogeneous data � Mobile networks

1 Introduction

In the past decade, mobile networks experience fast evolution [1–3]. Telecom operators
constructed millions of 4G base station (BS) and are now building 5G networks
worldwide [4–6].

Through the 4G/5G networks, telecom operator can serve millions of users and
collect a huge amount of data [7–9]. These data becomes the valuable resources and
engine for telecom operator. Recently, telecom big data becomes a hot topic in both the
academics and industries [10–12]. In [13], telecom data is used for mobile network
planning. In our previous works [14–16], telecom data is used for mobility load bal-
ancing optimization. In [17], authors employ telecom data to protect the environment.

Since the data is from multiple sources and there are a series of different data types,
this paper tries to deal with these challenges. We propose a new multi-source
heterogeneous data (MSHD) system for operator, and our aim is effectively utilizing
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the data resources. The proposed MSHD system includes four modules, including data
access module, data pre-processing module, data storage and management module,
data application and visualization module.

2 Multi-Source and Heterogeneous Data

In order to manage and optimize the mobile networks as well as manage telecom
customers, telecom operator constructs a large number of systems and platforms. For
the network side relevant systems, telecom operators build wireless network man-
agement system, core network management system, carrying network management
system etc.

For the telecom customers, telecom operator builds customers billing system,
customers complaint and handling platform etc. Besides, for the mobile terminal and
telecom service, telecom operator also builds a series of systems correspondingly. In
addition, there are also a large number of relevant data from vertical industries and
Internet.

From above systems and platforms, telecom operators can obtain a huge amount of
data. Generally, these data could be categorized into seven categories:

1) O domain data: O (operation) domain data is relevant to mobile networks,
including measurement report (MR), key performance indicators (KPI) of wireless
network/core network/carrying network, network element parameters, network
alarming data, engineering configuration, routing test data, network counter etc. [1].
2) B domain data: B (business) domain data is relevant to telecom customers. The
typical data includes telecom customer’s basic information, telecom customer’s
service set, telecom customer’s tariff, monthly/yearly bill of telecom customers,
voice details of telecom customers, data service details of telecom customers [18].
3) Terminal data: Terminal data includes International Mobile Equipment Identity
(IMEI), Tracking Area Code (TAC), location information of terminal etc.
4) Grid data: Typical grid data includes grid data of the province, as well as grid
data of the city, according to the telecom operator’s grid configuration.
5) GIS data: GIS data includes map layer data of provinces and cities.
6) Industry application data: This refers the application data from relevant indus-
tries, for example, data from financial, data from transportation, data from gov-
ernment and other industrial data sources.
7) Internet data: This refers the Internet crawler data, third party APP data etc.

Overall, the data of/for telecom operator has the following characteristics [18]
(Table 1):
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3 Data Access

This paper designs a multi-source heterogeneous data (MSHD) system for telecom
operator. Figure 1 illustrates the MSHD system architecture, which includes four
modules.

Data access module is the basis of telecom operator’s MSHD system, and this
module supports the upper modules. In the MSHD system, the accessed data are from
the following six types of data sources:

Table 1. Data characteristics and descriptions

Characteristics Descriptions

Multi-source The data source is from multiple systems/platforms of telecom operator, as
well as from vertical industries and Internet

Heterogeneous The data has heterogeneous structure, e.g., MR and KPI are with table
structure, Internet crawler data is not with table structure. GIS is with map
structure

Volume The data volume is large, since operator deploys millions of BS or telecom
equipment to provide services

Velocity Telecom operator requires timeliness data processing capability with high
efficiency

Veracity Data faces many problems itself, including data missing, data noise, data
error, data redundancy etc.

Value Employing data analysis and mining, the data of/for telecom operator is
extremely valuable

GUI The data analysis and mining results should be visualized via GUI, in order
to be displayed and easily understood

Fig. 1. Basic architecture of multi-source heterogeneous data system.
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1) Network side relevant systems include wireless network management system,
core network system, carrying network system, wireless network operation and opti-
mization system, core network operation and optimization system, carrying network
operation and optimization system, specific network equipment operation systems,
mobile edge computing (MEC) management platform, etc.

2) Telecom customers relevant systems include customers billing system, business
management system, customers complaint and handling platform, etc.

3) Mobile terminal relevant systems include terminal tracing control system, ter-
minal statistic and analysis system, terminal registration and management platform, etc.

4) Telecom service relevant systems include service analysis systems, service
registration and management platform, service optimization system, etc.

5) Vertical industries: Systems and platforms from vertical industries, e.g., finance,
business, transportation, meteorological, civil administration, etc.

6) Internet: Data through Internet crawler, and data from third party APP, etc.
From above analysis, there exist multiple data sources. Meanwhile, above data is

with the heterogeneous characteristic. Therefore, the designed data access module
supports various access ways, including real-time access, periodic access and aperiodic
access. Meanwhile, the designed data access module supports access from all types of
data structures, as well as different data sizes and interfaces.

In addition, the designed data access module supports a series of collection
methods, including FTP, SOAP, MQ, ODBC, JDBC, distributed system interface,
distributed flow data collection, Internet crawler based collection, etc. [19]. Further-
more, telecom operator also requires the BS field survey, telecom customer ques-
tionnaire survey, telecom file sharing. Hence, our designed data access module can
collect these data via manual conversion, online filling and offline import.

Since the systems/platforms of multiple data sources may have different databases,
MSHD system can access various types of databases to collect data resources,
including rational database, non-rational database, Hadoop relevant database, full-text
index database, MPP database, etc. [20].

In order to transmit and dispense data without landing, the designed data access
module supports distributed memory data calculation, and this module reads different
interface files in parallel in the manners of multi-process pipeline. Specifically, each
interface file is calculated via blocks in the way of key < value > . After calculation,
the aggregation results on each node are summarized to the memory pool and then
loaded to different databases.

The designed data access module also has the capability of high availability cluster
and load balancing. More specifically, HAProxy is supported in the server, and the
primary server of the server is determined via the server election algorithm. When the
primary server meets a problem, the alternative server will work immediately. Mean-
while, it supports the agent cluster, and the primary server manages the agent cluster to
allocate and schedule tasks on the basis of the host resources.

The data access module tries to synchronize the data with multiple data sources’
systems/platforms through four types of methods, including programing assisted syn-
chronization, publish/subscribe assisted synchronization, SQL job assisted synchro-
nization, message queuing assisted synchronization.
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Overall, data access module is the foundation of telecom operator’s MSHD system,
and this module supports the upper data pre-processing module, data storage and
management module, data application and visualization module.

4 Data Pre-Processing

Following the data access module, the designed data pre-processing module deals with
the collected data. It has four key functionalities, as shown in Fig. 2.

4.1 Data Cleaning

The data cleaning functionality indicates the cleaning of the collected multi-source
heterogeneous cross domain data. The data cleaning capability mainly focuses on three
types of data. For the incomplete data, it cleans the missing and incomplete data. In
addition, some systems/platforms are with low robustness, and these systems/platforms
store the data directly without checking the collected data (e.g., incorrect date format,
out of range date, etc.). Hence, the data cleaning functionality will clean above-
mentioned wrong data. Meanwhile, the collected data may suffer the duplicated
problem, and the data cleaning functionality will resolve the duplicated data and
records.

4.2 Data Transforming

The data transforming functionality mainly transforms three types of data [20]. The first
type is inconsistent data, and the data transforming functionality will converse the
inconsistent data into the consistent data (e.g., converse rr123, ds123, rq123 to mm123).

The second type is the transformation of data granularity. To our knowledge, some
accessed systems and interfaces of telecom equipment store and upload extremely
detailed data with tiny granularity, whilst the MSHD system is used for telecom
analysis and does not need extremely detailed data. Therefore, data transforming
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Fig. 2. Key functionalities of data pre-processing module.
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functionality will aggregate the raw data, which is extracted from the data source, to the
transformed data according to the specific granularity.

In addition, different data sources’ systems may have different business rules. This
will result in different dimensions and rules for different data. The MSHD system
employs the certain business rules/dimensions to calculate and transform these raw
data.

4.3 Data Loading

The data loading functionality will follow the data table structure defined by the
physical data model, and then load the data to the target data warehouse and databases.
The data loading functionality allows the manual intervention. Meanwhile, this func-
tionality can provide error reporting, loading log, loading recovery functions.

4.4 Data Association

From Sect. 3, the accessed data derive from a series of source systems and platforms.
The data association functionality is to correlate different data via key fields. The process
of data association includes the correlated key-value generation, intra-group association,
inter-group association, parallel association, and other relevant processing logic.

5 Data Storage and Management

Following the data access module and data pre-processing module, the proposed data
storage and management module will store the data from the accessed systems,
including network side relevant systems, telecom customers relevant systems, mobile
terminal relevant systems, telecom service relevant systems, vertical industries, Inter-
net. This will become the basic telecom database of the MSHD system, as shown in
Fig. 3. Both HDFS and MPP are employed to store the basic telecom database.
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Fig. 3. Basic telecom database and telecom data resource catalog
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Then, the data storage and management module integrates the basic database, and
further builds the telecom data resource catalog, including O domain data, B domain
data, terminal data, grid data, GIS data, industry application data, Internet data.

In order to control the user access for above data resources, the data storage and
management module employs the user access authority management functionality.
More specifically, users can access the specific telecom data resources via unified user
authority management. This functionality is oriented by resource authorization and
security control in order to protect the security of telecom data. In addition, data access
log is used to reach the audit tracking and early warning prompt of abnormal behaviors.

Since telecom data resources are the key of the MSHD system, the data storage and
management module also has the data backup functionality, in order to deal with the
disaster recovery and backup. For example, HDFS employs the distributed storage.
Therefore, HDFS disperses the data to each node in the cluster by block, and one block
has a series of copies, this can guarantee the high disaster tolerance.

In addition, the data storage and management module also monitors both the
database and designed system, as well as detects the alarm, as following:

1) Data abnormal alarm: This sub-functionality alarms the abnormal fluctuation of
data.

2) Task operation alarm: This sub-functionality is used to alarm the fault and the
interruption in the process of task execution.

3) System performance alarm: This sub-functionality alarms the system operation
overload and other relevant performance warning conditions.

4) System resource monitoring: This sub-functionality monitors the increased
number of tables and relevant objects in the database, as well as the data increases per
hour.

5) System performance monitoring: This sub-functionality monitors CPU, memory
condition and other relevant performance.

6) System space monitoring: This sub-functionality monitors storage space.

6 Data Application and Visualization

On the basis of above-mentioned three modules, the MSHD system employs telecom
data for application and visualization. Specifically, this module supports telecom
internal application, and the vertical industry application, as well as the GUI visual-
ization. For the telecom internal application, MSHD system can be used for the fol-
lowing scenarios:

1) Telecom infrastructure scenario: Telecom infrastructure planning, Telecom
infrastructure construction, network performance analysis and optimization, etc. [21–
24].

2) Telecom customer management scenario: Customer portrait drawing, customer
preference analysis, customer relationship research, customer marketing, etc. [25].

3) Telecom service management scenario: Telecom service analysis, service cus-
tomization, telecom service recommendation, etc. [26].

4) Telecom business operation scenario: Indicator-system designing, business
operation monitoring, operation report generating, market monitoring, etc.
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For the vertical industries application, the designed MSHD system can be used for a
series of relevant industries. For example, telecom customer portrait can be used for
advertisement and insurance [27]. Government can employ the customer location
information for city area planning, as well as disaster monitoring. Transportation
department can use telecom data for the road design and traffic guidance, etc. [28].

7 Conclusions

This paper designs a novel multi-source heterogeneous data (MSHD) system for
telecom operator. The MSHD system consists of four modules, including data access
module, data pre-processing module, data storage and management module, data
application and visualization module. The MSHD system can assist telecom internal
application as well as the vertical industry application.

Acknowledgement. This work was supported in partially by National Key R&D Program of
China under Grant 2018YFB1800800. This work was also supported in partially by Ministry of
Industry and Information Technology of P.R.China - Big data industry development pilot
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Abstract. The intelligent detection of network coverage problems based on the
clustering algorithm can automatically, quickly, and accurately locate network
coverage problems by analyzing the running data of the existing network,
ensuring continuous and high-quality communication services for users.
Dynamic AP clustering and DBSCAN clustering algorithms are introduced to
analyze MDT data, automatically locate coverage problems, and implement
geographic aggregation, reducing labor costs and improving network efficiency.

Keywords: Artificial intelligence � SON � Network coverage

1 Background

With the development of wireless networks, multiple advanced technologies and a
large number of micro base stations are introduced, and network device virtualization
and intelligence bring a large amount of maintenance and optimization work, which
further complicates network management [1]. Under this background, the self-
organizing network (SON) is a key field of combining the wireless system and the
artificial intelligence technology, has attracted more and more attention [2]. The pur-
pose of the self-organizing network is to cut down the maintenance cost, optimize the
network efficiency and stability, so as to achieve three objectives: self-configuration,
self-optimization, and self-healing [3]. Self-configuration refers to the deployment of
automation on newly accessed network elements and the determination of proper
parameter configurations for these network elements. Self-optimization contains the
optimization of coverage, capacity, and user experience when the network is running
without manual intervention, such as mobile load balancing, handover optimization,
automatic neighbor relationship, coverage and capacity optimization and so on [4, 5].
Self-healing refers to the automation of fault management and fault rectification to
ensure normal network running. In the early stage of network construction, the self-
configuration technology can implement plug-and-play of base stations. As the network
operation data increases, self-optimization and self-healing can be implemented to
some extent by using the artificial intelligence algorithm.

Minimization of Drive Test (MDT) is a key technology of the SON [6]. It analyzes
network performance based on measurement reports from UEs or other measurement
data on the network side to reduce network optimization and maintenance costs. In the
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2020 planning of 3GPP Release 17, MDT in SON is one of the top-priority matters in
Q2, Q3 2020, with its important application is to implement intelligent coverage
optimization. Currently, the MDT data used is the original MR data with longitude and
latitude prospective [7].

This paper focuses on how to use the MDT data and clustering algorithm to achieve
intelligent detection of the coverage problems in the network self-organizing
technology.

2 Intelligent Detection of Coverage Problems

The purpose of intelligent detection of coverage problems is to locate problems on the
network and obtain the geographical location of the problems by using the artificial
intelligence algorithm based on the data that can reflect the coverage on the network
[8]. There are two phases. In the first phase, the MDT data is used for clustering to
obtain coverage problems threshold. In the second phase, the coverage problem points
are clustered based on the longitude and latitude to obtain the areas with denser
geographical coverage, so as to suggest priority for solving the problems. In the two
phases, different clustering algorithms are used according to different target
requirements.

Common clustering algorithms can be classified into the following types:
a) Partition-based clustering method: Divide a data set into K groups, and each

group is a class. Most partition-based clustering algorithms are based on the similarity
between samples. Objects in the same class are as close as possible, and objects in
different classes are as far away from each other as possible. The most typical partition-
based clustering method is the K-means algorithm.

b) Density-based clustering method: The density-based clustering algorithm is
based on the density instead of the distance between sample points. In this way, the
density relationship in the data set can be found. The most typical density-based
clustering method is the DBSCAN algorithm.

c) Model-based clustering method: Assume that each cluster matches the distri-
bution of a model, and then search for a data set that meets the model. The most typical
model-based clustering algorithm is the Gaussian mixture model.

In this paper, the coverage problem detection based on the clustering algorithm is
intended to obtain sampling points with poor performance, based on the coverage
indicator of sampling points. Therefore, the similarity-based partition clustering
method is used. For the geographical clustering with poor coverage, the density-based
clustering method is selected if the region with poor coverage or dense areas is found.
The following sections describe the two phases of intelligent detection of coverage
problems.

2.1 Coverage Problem Detection Based on Clustering Algorithms

As the network topology becomes more complex, it is inappropriate to set absolute
thresholds for different scenarios, areas, and services to simply divide sampling points
into two categories (good coverage and bad coverage) or four categories (excellent,
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good, fair and poor) [9, 10]. Therefore, it is difficult to evaluate the coverage quality
based on the collected raw data by using a theoretical absolute threshold. As the
number of data sources for network running increases, evaluation criteria can be
extended in addition to RSRP and RSRQ. In this way, network coverage can be
evaluated based on user experience such as the speed rate and multi-dimensional data.

The original purpose of the clustering algorithm is to aggregate data without prior
knowledge. Therefore, the RSRP and RSRQ in MRs are used as the dimensions of the
clustering input vector to cluster the original MR sampling points to obtain the sam-
pling points with poor coverage in the target area. We use the clustering algorithm to
automatically divide sampling points into several types, calculate the evaluation
coefficient of the clustering result, and determine the final clusters number of coverage
sampling points. It allows the network intelligently and automatically detects the rel-
ative weak coverage points in the area.

The Affinity Propagation (AP) algorithm discovers clusters by transmitting mes-
sages between data points and discovers clustering results with lower errors in a short
time [11]. It uses the distance between each two data points as the input to exchange
information between data points until an optimal class represents the point set and
cluster.

For a given data set, the similarity matrix between the points is calculated. The
similarity between any two points is a negative number of the square of the Euclidean
distance between two points. The self-similarities s(k, k) are set to be a certain value as
a parameter and the parameter will influence the final clustering numbers. A larger
initial value s(k, k) indicates a higher probability that the corresponding data point is
selected to be the class middle. It is assumed that all data points have the same
possibility of being selected as class middle, that is, s(k, k) takes the same value. There
are two calculated parameters exchange in the algorithm, namely, the responsibility r(i,
k) and availability a(i, k). The r(i, k) matrix describes the degree to which a data point
k fits to be a class sample of the point i. The effect degree matrix describes the
possibility of the data point i selecting k in the same class. The AP algorithm cyclically
iterates and has updated two types of messages. The formula is described:

rði; kÞ  sði; kÞ �
X

s:t:k0 6¼k
aði; k0Þ þ sði; k0Þf g ð1Þ

aði; kÞ  min 0; rðk; kÞþ
X

s:t:k0;i6¼k
max 0; rði0; kÞf g

( )

ð2Þ

aðk; kÞ  
X

s:t:i0 6¼k
max 0; rði0; kÞf g ð3Þ

In order to avoid oscillation during the iteration process and to promote convergence, a
damping coefficient k is introduced.
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The whole algorithm can be viewed as searching over optimal configuration of
exemplars and minimizing the following function.

E cð Þ ¼ �
Xn

i¼1
s i; cið Þ ð4Þ

Where c means the class middle of the data point i, s is the similarity between data
point and its class middle. When the algorithm converges (that is, the energy function is
minimized) or reaches the maximum iteration times, the algorithm stops and outputs
the clustering result.

The number of clusters output by the AP algorithm depends on the input parameter
p. However, for a given data set, which p value can be used to obtain the optimal
clustering quality is unknown. Therefore, we introduce the adaptive AP algorithm to
determine the optimal classification. First, the search range of the parameter p is
determined, and the corresponding classification results are that all data points are
classified into one class and all data points are classified into several classes. Two
adjustment steps are set: one is used to avoid flapping and the other is used to adjust the
number of categories. The algorithm starts from the max value of p. Further, the value
p is decreased by two different step widths in order to escape from oscillations and to
obtain different clustering numbers and results.

After the clustering is complete, the Calinski-Harabasz score is used to evaluate the
quality of different clusters. The evaluation formula is as follows.

sðkÞ ¼ TrðBkÞ
TrðWkÞ �

N � k
k � 1

ð5Þ

In the formula, Bk represents the average value of inter-class covariance, Wk is the
intra-class covariance, Tr represents the trace of the matrix, N is the quantity of samples
of clustering, and k is the quantity of classes obtained through clustering algorithm.
Therefore, for the evaluation formula, the higher score indicates the better the classi-
fication effect. By adjusting the parameters p of the AP clustering algorithm, the
original sampling points are classified into several classes. The classification is optimal
when the original sampling points are classified into several classes through the
Calinski-Harabaz score evaluation.

2.2 Geographic Clustering of Coverage Problems

After the coverage problem points in the network are obtained by using the clustering
algorithm, scattered points are displayed on the map based on the longitude and lati-
tude. It is hard to find the distribution density of problem points in each area by naked
eyes. Therefore, it is difficult to provide a priority for comprehensive optimization.
Therefore, we cluster the longitude and latitude of coverage problem points to obtain
the areas with dense weak coverage problem points in the concerned areas [12].

In the clustering algorithm based on division, density, and model mentioned above,
the objective of clustering is to find the dense area of sampling points. Therefore, the
DBSCAN algorithm is selected to cluster the weak coverage sampling points [13].
The DBSCAN algorithm can find all the dense regions of sample points and gather
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them into a class. Other sparse points will be classified as noise points. The advantage
of DBSCAN is that it is robust to the noise points far away from the density core. The
number of clusters can be found without knowing the number of clusters [14].

Two parameters need to be set for the DBSCAN algorithm: E (neighboring region)
and MinPts (minimum sample point). The basic concepts of the algorithm are as
follows:

a) Neighborhood E: For any sample i and a given distance E, a neighborhood E of
the sample i is a set of all samples whose distances from the sample i are not greater
than E.

b) Core object: If the E neighbor domain of the sample i includes at least MinPts
samples, i is a core object.

c) Density direct: If the sample j is in the neighborhood of the sample i, and i is a
core, it is said that the sample j is directly reached by the sample i density.

d) Density reachability: For the sample i and j, if the sample sequence p1, p2…pn
exists, where p1 = i, pn = j, and pm is directly reached from the density of p(m − 1), it
is said that the sample i and j are reachable.

e) Density connection: For a sample i and a sample j, if there is a sample k that
enables density reachability of both i and j from k, i is connected to density of j.

Based on the above concepts, DBSCAN defines a class as a set of samples con-
nected by the maximum density derived from the density reachability relationship.

3 Simulations

Based on the two phases of intelligent detection for coverage problems described in the
preceding section, we use the actual MDT data on the network for data analysis.
The MDT data in key scenes of Haidian District in Beijing is introduced to produce the
weak coverage threshold and geographic aggregation. The MDT data is divided into
different grids and each grid is an area of 50 m * 50 m.

First, the RSRP and RSRQ in the data form a vector. By adjusting the parameter in
the AP clustering algorithm, the sampling points are clustered into 2 to 10 classes. The
Calinski-Harabaz evaluation algorithm is used to evaluate the clustering effect by
dividing the sampling points into different numbers of classes. Figure 1 shows the
score of the Calinski-Harabaz coefficient in different clustering results. The larger value
of the selected clustering evaluation index indicates higher clustering quality, that is,
more compact within a class and higher separable between classes. Therefore, the data
vectors formed by RSRP and RSRQ sampling points collected on key scenes of
Haidian District in Beijing are classified into six categories as an optimal classification.

Based on the optimal classification, vectors formed by RSRP and RSRQ are
classified into six types. In this way, we obtain a class of sampling points with poor
coverage in the target area we’ve analyzed, which are the worst RSRP and RSRQ
cluster in the six types. In the second phase, we will shift our focus on the denser areas
of sampling points with poor coverage.
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Firstly, the spherical distance between longitude and latitude is calculated as the
input of similarity matrix of DBSCAN clustering algorithm. The distance E and the
minimum number of samples MinPts should be set at first. Since the middle longitude
and latitude between neighboring grids is 50 m, in order to find continuous weak
coverage grid, the parameter E is set to be 50 m and MinPts is set to be 2. All the
continuous weak coverage grids can be clustered.

As shown in Fig. 2(1), all weak coverage grids are distributed in the Haidian
District of Beijing. The red squares are the isolated points, that is to say weak coverage
grids far away from other weak coverage points. These grids attract lower attention.
Other points in color in Fig. 2(2) are effective points obtained through clustering,
which suggested the areas with continuous weak coverage points need to be prefer-
entially rectified. In order to find the priority, we can count the numbers of different
clusters, that is to say, the more points the cluster contains, the bigger the weak
coverage area which should be paid more attention.

Fig. 1. The Calinski-Harabaz score coefficient in different clustering numbers.

Fig. 2(1). The weak coverage grid in different clusters scattered on the satellite map.
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Usually we do not use evaluation coefficients to evaluate clustering algorithms, as
common clustering algorithms are generally used to evaluate clusters based on con-
vexity, instead of evaluation of clusters based on density. On the other hand, the
DBSCAN algorithm can control the area density obtained by clustering, and to
determine the size and density of the rectified area in regards to the requirements of
frontline optimization personnel (Fig. 3(1) and 3(2)).

Fig. 2(2). The weak coverage grid in different clusters scattered on the satellite map, and each
cluster contains 2 continuous weak coverage grids at least.

Fig. 3(1). The weak coverage grids in different clusters scattered on the satellite map in a
specific area.
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4 Conclusion

After introducing SON and MDT technologies, this paper firstly proposed the classi-
fication of coverage problem based on the clustering algorithm. The MDT data in grids
is used to find coverage problems, and the AP clustering algorithm is used to
dynamically adjust coefficients to obtain different classification results. Then, the
evaluation formula is utilized to examine the clustering results to obtain the optimal
classification. Based on the optimal classification, the coverage problem points in the
network are found. Based on the longitude and latitude of the coverage problem points,
it uses the DBSCAN algorithm to cluster the longitude and latitude. With the maturity
of 5G network data, this algorithm can be used to extended application with more data
sources on the network, thus improving the accuracy of fault locating and the efficiency
of network maintenance and optimization.

Acknowledgement. This work was supported in partially by National Key R&D Program of
China under Grant 2018YFB1800800. This work was also supported in partially by Ministry of
Industry and Information Technology of P.R.China - Big data industry development pilot
demonstration project: Integrated heterogeneous data and deep learning based civil big data
innovative application and pilot demonstration.

Fig. 3(2). The weak coverage grids in different clusters scattered on the satellite map in a
specific area and clusters contain more than 2 continuous grids.
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Abstract. China Unicom has a global data aggregation and management center,
which aggregates rich resource capability, computing capability,model capability,
and data capability. In order to meet the demands of enterprise mixed reform and
double innovation, the paper adoptsmainstreambig data technology routes such as
Kubernetes, Docker, Hadoop to build a multi-scene capability construction and
open platform for large-scale heterogeneous data. The platform encapsulates
various capabilities and services, making them open to the outside world. The
platform also provides a one-stop container cloud environment for application
development and deployment, and supports multiple big data application sce-
narios. At present, the platform has been promoted and used throughout China
Unicom. Besides, it introduced external partners such as Tencent and Merchants
Union Consumer Finance Company Limited, involving more than ten industries
such as finance, e-commerce, automobile, Internet and real estate. Practice has
proved that the construction of this platform can effectively solve the problems of
internal capability sharing, intensive management, intelligent scheduling, and
maximum utilization, and has important reference value for the construction of the
industry’s capability opening system.

Keywords: Open platform � Multi-scene capability � Service catalog � Big
data � Kubernetes

1 Introduction

China Unicom has a global data aggregation and management center, after years of
construction and operation, it has accumulated large-scale cluster resource capacity,
massive data capacity and rich model capacity [1, 2]. At the same time, it also faced
some development bottlenecks such as how to achieve internal capability sharing,
intensive management, intelligent scheduling, and maximum utilization, and how to
enable partners to apply innovations and to promote realization of data value [3, 4].

In order to solve the above problems, after sufficient preliminary research [5–7], the
paper adopts the mainstream big data technology route to build a multi-scene capability
construction and open platform for large-scale heterogeneous data. The paper provides
detailed solutions to effectively solve the problems of how to share externally in a safe
and controllable state under the operator’s scenario, and how to intelligently and
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efficiently manage internal capabilities. These solutions can help to achieve the goal of
online opening and secure sharing of complex and heterogeneous capabilities. At the
same time, we optimizes and transforms the industry-leading technology to form an
architectural solution suitable for the scenario in this paper, which provides new ideas
and effective references or the industry’s construction of capacity open ecology. In
addition, the economic benefits and social value created by the use of multiple com-
panies and enterprises prove that the solution proposed in the paper has practical
application value, and has a strong demonstration in the construction of big data
ecology and the integration of online and offline supporting capabilities.

2 Related Work

2.1 Construction Goals

The multi-scene capability construction and open platform for large-scale heterogeneous
data introduced in this paper is based on enterprise-level intelligent data platform, which
aims to be the first in the industry to realize the heterogeneous big data capability
construction and open platform for operators in multiple scenarios, innovatively solving
the problems of building and delivering PB-level heterogeneous computing resources
and big data capabilities, and exploring complex cross-industry data opening integration
methods. The specific construction goals of the platform are as follows:

Firstly, the platform realizes intelligent management, dynamic scheduling and
elastic scaling of China Unicom’s resource capacity of data center. Besides, the plat-
form opens up online big data processing, relational database, column database,
memory database, data integration tools and other cloud services, and provides light-
weight container cloud environment and micro service development framework to help
enterprises build big data platforms, innovate big data applications and products, and
provides development and container deployment environments for various applications
or services.

Secondly, the platform realizes efficient and real-time processing of massive data,
provides self-service and customized scenario analysis and real-time data opening
capabilities, and supports API, message queues, subscription notifications, files and other
data sharing methods to support business decisions and digitalization transformation.

Thirdly, the platform provides tools, environment and sharing space for data model
training, which deeply cultivates new scenarios of data services, and releases new value
of data. The platform provides mining, modeling and development applications
through sample data and label data, to explore new models for cross-industry data
fusion and sharing, to promote the demonstration effect of data value mining and cross-
industry data fusion.

Fourth, the platform supports provincial companies, subsidiaries, and innovation base
businesses to go to the cloud, to launch new Internet-based operations and to introduce
tenants in industries such as finance, ecommerce, automotive, Internet, and real estate.
Also, it provides them with resource capability, data capability, model capability, and
one-stop heterogeneous capability delivery for the deployment environment, building
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innovation space for cross-industry data integration and new ecosystem for operators’ big
data Internet operations.

2.2 Technical Difficulties and Innovations

In the design and construction of the platform, we encountered some technical diffi-
culties. We studied corresponding solutions to overcome them and achieved innovative
achievements in some areas. It mainly includes the following aspects:

Firstly, the platform achieves unified management, scheduling and online delivery
of large-scale heterogeneous resources across data centers. The platform utilizes con-
tainerization and virtualization technologies integrates the storage resources and
computing resources which are underlying heterogeneous, complex, large-scale and
cross-data center into the resource pool for scheduling and management. On this basis,
it provides resource allocation, security and process isolation for upper applications and
services, enabling a software stack with data center-level flexibility. The platform has
established a secure and controllable multi-tenant system, with the ability to deliver
heterogeneous resources online, and ensure the security and stable operation of the
cluster through the self-developed monitoring system.

Secondly, the big data platform is provided externally as a containerized service.
This platform solves the problem of service splitting after Hadoop containerization and
ensures to compute the localization problem. The platform makes full use of the
characteristics of Kubernetes and Hadoop, splits the Hadoop cluster into the smallest
units according to components, ensuring independent deployment and flexible opera-
tion. On the other hand, we use Kubernetes’ affinity and anti-affinity scheduling
algorithm to ensure that services of the same cluster can be deployed reasonably. At the
same time, we have also made targeted modifications to ensure that computing
localization can still be conducted after containerized deployment of Hadoop.

Thirdly, we build a unified service integration framework and quickly integrate
various types of PaaS capabilities related to big data, and plug-inly register into the
platform to support tenant self-service ordering. We have adopted the industry’s
advanced Open Service Broker specification. Through standardized interfaces, we
quickly docked various capacity component, formed a technological ecosystem, and
empowered users. At the same time, based on Kubernetes Service Catalog, we adopt
Kubernetes to extend API and custom resources to realize the full life cycle manage-
ment from service activation to subscription cancellation.

Fourth, the platform achieves polymorphic openness, cross-industry integration and
sharing of big data capabilities. China Unicom took the lead in establishing a large-
scale mashup architecture big data platform among telecom operators. We have
accumulated the most massive data. The current storage capacity has reached 100 PB.
The platform provides multiple self-service data ordering methods. At present, there are
more than 100 data API, more than 4,000 items of label data, and more than 1,000
standardized products, covering areas such as identity authentication, credit reporting,
location, preferences, travel, transportation, and fraud prevention, supporting cross-
industry data fusion and business innovation with partners.

Fifth, we build an industry-leading real-time big data processing cluster. It is the
first platform in the telecommunications industry to achieve unified convergence,
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analysis, and realize capabilities of real-time and quasi-real-time data for all B/O/E/M
domains of the entire network. This platform aggregates and converges all types of
real-time and quasi-real-time data of operator B/O/E/M domains, achieves efficient
processing through technologies such as big data real-time stream processing and in-
memory computing, and optimizes and transforms the open source stream processing
engine. The stream processing cluster delay can be as low as 10 ms. The normalized
data forms various “real-time scenarios” according to the scenario attributes, providing
self-service, customized scenario analysis and real-time data opening capabilities.

Sixth, we put forward innovative hierarchical flow task design which is special in
the big data real-time processing area and guarantee the implementation of design.
Through simple step-by-step business rule configuration, it automatically completes the
planning of the flow task architecture and instantly starts the all levels flow tasks. The
platform uses the hierarchical tree flow task design that splits the original complex flow
task into multiple hierarchical simple flow tasks, and realizes the layered reuse of flow
tasks, so that the cluster’s computing resources and data can be more efficiently used.
At the same time, implementation of the split-level flow tasks can be summarized into
several fixed operations, it is easy to be developed and results reused conveniently.

Seventh, we achieve the full scenarios’ desensitization and precise traceability of
sensitive data based on artificial intelligence to ensure open sharing development of
data is secure. The platform implements strict management and control of all links,
reviews customer information and use of data layer by layer, and builds a safe and
green data sharing ecosystem. It uses artificial intelligence technology to classify the
sensitive data, and automatically draws the data map and blood line map to achieve
desensitization in the full life cycle of sensitive data. The data water-marking method
we invented does not depend on any file carrier, and hides traceability information in
big data without affecting the use of data, with a trace-ability rate of over 90%, that
effectively establishing a data leakage accountability system which actively defends
customer privacy and guarantees national information security.

3 Platform Construction Plan

3.1 Architecture Design

Based on the operator’s multi-scene big data usage requirements, the platform inte-
grates B/O/E/M data to create an integrated capability construction and open plat-form
which combined resource, data and model. The platform supports intensive manage-
ment and intelligent scheduling of large-scale cluster resource, achieves the efficient
processing and diversified opening of massive real-time data, and builds a model
incubation and co-construction space to meet the ready capabilities. The plat-form is
open to all business departments of provincial branches, subsidiaries, and groups in the
form of cloud services. It supports tenant self-service applications, one-click pull-up to
complete big data platform construction, big data processing, model training, appli-
cation and micro-service development and deployment, and other innovative applica-
tions. The functional architecture of the platform is shown below (Fig. 1).
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The platform takes Kubernetes and Docker as the technical route and creates a
unified service integration framework (Kubernetes Service Catalog) to realize the
unified management, automatic pulling and destruction of heterogeneous service
components. It follows Open Service Broker API (OSB API) to dock and manage
various capacity component in standard way. The above-mentioned capabilities are
used as Service Brokers, and connected to the unified integration framework by
implementing OSB API. Based on this, tenants can self-check the capability catalog,
order and automatically pull up capability components. The architecture of the platform
is open, and various capabilities can be connected to the platform as long as the

Fig. 1. Functional architecture of platform

Fig. 2. Technical architecture of platform
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OSB API is implemented according to the standard capability integration specification.
The technical architecture of the platform is shown in Fig. 2.

3.2 Key Module Design

Management and Scheduling of Heterogeneous Resources. China Unicom has
massive computing resources and storage resource. In response to the problems may be
encountered in various usage scenarios, the platform has made targeted modifications
to the common big data technologies in the industry such as Kubernetes, Docker and
Hadoop. It achieved storage management, network management, scheduling manage-
ment, fault recovery management, security management, load balancing, resource
isolation and other functions of large-scale heterogeneous resources. It has opened up
storage resources such as physical machines, virtual machines, and containers to enable
them to communicate with each other and work together, ensuring the durability of
stored data and the stability of running tasks above resources.

Construction of Computing Capacity. The platform provides Cloudera’s Distribution
Including Apache Hadoop (CDH), Transwarp Data Hub (TDH), containerized mid-
dleware database products, and deep learning framework, which includes dozens of
common big data components and combined services such as data warehouse, real-time
calculation and information retrieval. It supports the development and deployment of
micro-services, and meet tenant-less application scenarios.

Construction and Opening of Model Capabilities. The platform provides more than
100 types of containerized data mining components, to build a unified enterprise-level
AI application platform. Tenants can use sample data for data pre-processing, data
analysis and mining, model management, API deployment, work-flow scheduling and
other functions according to the needs of analysis. The quality models and results data
obtained can be directly provided to tenants in the form of API, and also can be
exported and deployed on their own big data related platforms, to help business
innovation and transformation in the era of enterprise AI.

Construction and Self-service Opening of Data Capabilities. The platform com-
pletes real-time stream processing, scene rule configuration, context processing and
storage of massive real-time stream data, and integrates static data. According to the
custom scene rules, the data capabilities and interfaces are packaged through files,
database tables, data Interfaces and other methods to tenants. Tenants can self-order
API data, message data and standard data products on the platform, effectively sup-
porting internal and external big data applications such as precision marketing, man-
agement, decision-making and maintenance.
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4 Platform Operation Practice

4.1 Usage Scenarios

The platform supports the following usage scenarios:

– Tenants build a big data platform by themselves. Tenants can build their own
exclusive big data production platform on the open platform. They only need to apply
for resources as needed, and select big data-related service components or processing
frameworks and data required by business. The platform supports deployment and
installation, one-click pull, and online delivery of big data platforms, which can
achieve physical isolation from the resources and data of other tenants.

– Providing capacity components, combined with tenant’s own application scenarios.
Tenants can order capacity components and business-related data on the open
platform, and perform data processing, combine with their own applications, opti-
mize application functions, and improve customer perception.

– Providing modeling environment and sample data to empower business innovation
by tenants. Tenants can order big data mining and analysis related service com-
ponents and modeling tools on the open platform, extract sample data, conduct
model training, and incubate innovative businesses. High-quality models can be
deployed to big data production platforms to analyze data across the entire network,
and can be promoted within nationwide.

– Containerized deployment of tenant applications. Tenants can implement con-
tainerized deployment of applications on the open platform, and arrange with various
service components provided by the platform for local integration or external access.

– Open sharing of data capabilities. Tenants can order various real-time data and
batch data through multiple form of database tables, API interfaces and messages.

4.2 Operational Effectiveness

Relying on the platform’s advanced technical architecture, we have completed cross-
industry data integration and business innovation with our partners such as Tencent and
Merchants Union Consumer Finance Company Limited, the overall utilization rate of
online products is as high as 90%.

• We constructed a big data-driven anti-fraud ecology, used real-time analysis of
more than 50 data models and 850 million daily bills of call data record to open the
information of deceived users in 31 provinces of the country to public security
organs, promoting the “Internet and Police” business in the detection mode,
assisting public security organs to discourage users from accumulating 2 million
times, to avoid potential economic losses of about 962 million yuan. We have
awarded the annual China Internet + Top Ten Excellent Cases and Top Ten
Innovative Solutions for Central Enterprise Network Security.

• We completed the integration and model construction of operator data and financial
data, provided credit scoring services for 400 million users, and supported the
precise marketing and handling of their consumer financial services. The user
registration rate for the products operated by Merchants Union Consumer Finance
Company Limited is as high as 80%, and the user order rate is 20%.
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5 Conclusion and Future Work

The paper describes the architectural design ideas and construction process of China
Unicom multi-scene capability construction and open platform for large-scale hetero-
geneous data in detail. Next, the platform will further enhance the ease of use,
robustness, and scalability of existing capability components, expand data service
scenarios, and better support tenant production and operation. At the same time, we
will optimize the platform front-end and management framework for tenants and
projects to enhance user’s experience.

It has been proved by long-term operation practice that the platform can effectively
solve the out-of-the-box problems of resource capability, data capability and model
capability, break through the bottleneck of complex cross-industry data open and
integration, build an innovation space for big data and cloud computing, and empower
application incubation and innovative exploration of various partners. The achievement
of the platform would have a great significance to establish a new big data opening and
sharing ecosystem across the enterprises which is industry-leading, safe, controllable,
standardized, coordinated, and win-win cooperated.
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Abstract. In the era of Big Data, more and more Big Data technologies and
Big Data products are emerging. Organization of a Proof of Concept
(PoC) testing is important for an enterprise to choose proper Big Data products.
This paper introduces typical Big Data vendors and their products, and analyzes
the process of preparing a PoC testing. It also illustrates how to design test cases
for a PoC testing. In conclusion, it emphasizes that testers should have a deep
understanding of business requirements and business processes in order to
organize an effective PoC testing program.

Keywords: Big Data � Proof of Concept (PoC) testing � Test cases

1 Introduction

1.1 Category of Big Data Products

Big data presents 4 V characteristics: large amount of data (Volume), different types of
data (Variety), low value density (Value), and fast processing speed (Velocity) [1]. The
processing system for Big Data used to be divided into data fetching, data prepro-
cessing, data mining, and data analysis. In the field of Big Data, vendors make products
regarding to infrastructure, processing, analysis, and applications.

There are two kinds of infrastructure, hardware and software. Big data hardware
refers to a series of hardware devices related to the big data industry and used for data
fetching, data collecting, data storage, data processing, and data applications. It
includes sensors, mobile terminals, transmission devices, storage devices, servers,
network devices, and security devices [2]. Big data software refers to all kinds of
software used for data collection, storage, analysis, mining and visualization, including
big data computing software, big data storage software, data query software, data
platform software, data management software, system tool software and Big data
application software, etc.

Through ETL (Extract, Transform, and Load) process, unstructured source data are
integrated to temporary intermediate layer, transformed into a structured format, and
finally loaded into the target database or data warehouse to support online analytical
processing and data mining.

Big data analysis products reveal problems and trends related to business
requirement through data mining, data analysis and visualization of stored data. Big
data application products solidified business knowledge, users can operate and use such
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products, and use the value generated by big data in different business scenarios, such
as, applications in the fields of marketing, finance, media, security etc.

1.2 Typical Big Data Vendors and Their Products

Typical Big Data vendors and their products are introduced as follows.

a. Infrastructure

Hardware Manufacturers: IBM, HP, DELL, Huawei, Lenovo, Inspur, ZTE.
Software Manufacturers: Vendors that provide cloud services based on big data

infrastructure include Amazon Web Service Elastic MapReduce, Google Big Query,
Microsoft Windows Azure, and VMwarevSpher virtualization platform. In China, there
are Alibaba Cloud, Tencent Cloud and Huawei Cloud.

b. Data Processing

ETL Tools: Informatica is one of the most commonly used big data ETL tools, and
other similar tools include DataStage and Kettle.

c. Data Analysis

Data Analytical Solutions: Cloudera and Hortonworks provide enterprise-level
Hadoop distributions. These two companies merged in October 2018. On August 5,
2019, HPE (HP) announced the acquisition of MapR to enhance its big data platform
capabilities. HP’s Vertica, EMC’s GreenplumHD, and IBM’s Big Insights are big data
analysis platforms that support Hadoop. The major domestic big data solution provi-
ders include Huawei and Transwarp Technology.

Data Visualization: Tableau, IBM(Cognos), Google(Charts), Microstrategy,
Timeline, Dygraphs, CartoDB; techstar, digihail, Haiyun data, Haizhi BDP etc.

d. DataBase

Oracle supports Hadoop distributed architecture. Teradata is a well-known MPP
database. MongoDB, Pivotal Redis, Cloudera Impala, Neo4j, Apache HBase, Green-
plum, GBase, Vertica, Memsql, PostgreSQL are well-known databases based on dif-
ferent data structure. The main domestic database vendors include Dameng, GBase and
Kingbase.

e. Applications

BI: BI products mainly include SAP Business Objects, Microsoft Power BI, IBM
Congnos, SAS, QlikView, etc. These products usually have analysis and visualization
capabilities. Domestic vendors include yonyou, fanruan and Yonghong Technology.

Industrial Applications: In the field of big data retail, Bloom Reach helps leading
online companies discover the highest quality and most relevant content that their
customers are looking for. In the field of big data financial credit, ZestFinance makes
use of big data for financial risk management and control. Domestic big data media
application include Toutiao, Douyin, etc. Big Data e-commerce companies include
Amazon, Taobao, JD.com, etc. LinkedIn is a Big Data Social network for business
customers. CareCloud is the application in the field of Big Data Medical. It provides
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practical management, Electronic health records (EHR) and clinical tools designed for
supporting doctors work process.

2 PoC Testing

Since there are many big data vendors and products, enterprises often organize PoC
(Proof of Concept) testing to verify product or vendor capability at the stage of
choosing proper big data products.

The big data testing has several characteristics: distributed architecture, large-scale
cluster, large data volume, scalability, high availability (stable and safe), and high
performance [3].

Before the PoC testing is conducted, some preparations include: building a server
cluster, pre-installing the software or components (such as databases and logging
systems), connecting the network, and ensuring that there are enough CPU and
memory to handle the test; Preparing enough storage to store the appropriate level of
test data in typical scenarios, including tables, files, objects, etc.

In addition to the requirements of data volume, the test data also focuses on the
comprehensiveness of covering business scenarios. Enterprise business experts need to
fully communicate with testers to determine the test requirements, including functional
requirements, performance requirements, and reliability requirements.

The main contents of PoC testing generally include:

1. Verify the qualification of the big data enterprise;
2. Verify whether the product function is perfect;
3. Verify whether the product performance meets the requirements;
4. Verify the platform-independence of products;
5. Verify the completeness of product documentations;
6. Verify the effectiveness of the supplier’s technical implementation.

The process of PoC testing in enterprise can be summarized as follows:

1. Build a PoC testing team.
2. The members of the test team fully communicate with the enterprise business

experts to determine the key functional requirements and performance requirements
of big data products.

3. Members of the test team investigate suppliers and products and select potential
suppliers and their products carefully.

4. Prepare test cases; prepare test work description documents, such as test plan, test
result form, test score form, test review form, confidentiality agreement, etc.; pre-
pare test environment, such as servers and network.

5. Business representatives make formal invitations to suppliers for PoC testing.
6. Confirm testers and suppliers who will attend the PoC field testing.
7. Verify the functions and performance of the supplier’s products; Verify vendors’

qualification and business capabilities.
8. Organize a PoC testing review; analyze and summarize this PoC testing.
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3 Test Cases

Test cases refer to a group of test descriptions for a specific software product and
designed for a specific test target. It generally includes a set of test input, pre-condition
of execution and expected test results, in order to determine whether the user’s specific
requirements are met [4].

The frequently used testing methods include black box testing, gray box testing,
and white box testing. Black box testing aims to test software function. It focuses on
input and output, no needs to consider the code. White box testing aims to test software
structure, based on a internal logical structure of the software. Gray box testing is in
between.

To check the functional integrity of big data products from the user’s perspective,
black box testing can be used. If a company wants to verify the correctness of big data
product architecture, data processing results, and data analysis algorithms, white box
testing or gray box testing can be chosen.

Before designing test cases, testers need to fully communicate with enterprise
business experts to effectively extract requirements and convert them into key software
functions [5].

Methods frequently used for organizing functional testing cases include equiva-
lence class, boundary value. The equivalence class testing method refers to that the
input data is a subset of the input domain, which is equivalent to the error in the
inspection program. The equivalence class method can change the infinite test into a
limited test. The boundary value testing method focus on boundary conditions of
various inputs or outputs, and more errors can be detected. In the era of big data,
various new technologies and new products are constantly emerging. Therefore, it is
appropriate to adopt multiple testing methods in order to meet testing requirements [6].

As testers, they must understand the internal architecture of the system, such as:
database, computing engine, message queue, etc. On the other hand, it is also necessary
to use a variety of testing methods according to business scenarios and business flows,
such as scenario method, error guessing method, causality method, orthogonal test
method, etc.

Taking a big data sharing platform as an example, before writing PoC testing cases,
testers need to understand the system architecture, business types, data fetching
methods, data processing tools, data modeling and sharing, and data management
requirements. For example, a business requirement is described as follows (Table 1):

Table 1. Business requirement form.

Business scenario Business
indicators

Expected
performance

Test script

Statistics on the number of
different IMSI users in
Beijing, single-table query,
the data volume is 50
million rows

Count the
number of
users in a
single
province

Response
time is less
than 1 min

SQL script: select distinct
user_id from
schema_name.table_name
where province_id = ’010’

1030 D. Runsha et al.



Under specific software, hardware and network environment, PoC testing cases for
this big data sharing platform can be classified as follows (Table 2):

Each specific test case generally contains the following elements: test case number,
test item, test purpose, preconditions, test steps, test script, expected results, test results,
remarks etc. An example is given as follows, (Table 3)

Table 2. PoC test contents

Test category Number Content

System management TestCase1.1 System usability
TestCase1.2 Data integration and job management
TestCase1.3 Job scheduling
TestCase1.4 Visualization of operations

Users and authority TestCase2.1 Authority and management of login security
TestCase2.2 Isolation of tenant resource

Data processing TestCase3.1 Configuration of data source
TestCase3.2 Database compatibility testing
TestCase3.3 TPC-DS standard test (batch data import and

query)
TestCase3.4 TPC-DS standard test (real-time data import and

query)
TestCase3.5 Data cleaning and conversion (deduplication

processing)
TestCase3.6 Data cleaning and conversion (comparison

processing)
TestCase3.7 Data output
TestCase3.8 Job management of flow computing
TestCase3.9 Flow on window test
TestCase3.10 Flow calculation back-pressure test
TestCase3.11 OLAP modeling
TestCase3.12 User-defined function for database
TestCase3.13 Query performance test
TestCase3.14 Regular expression test

Fault-tolerant
capability

TestCase4.1 System fault tolerance

Scalability TestCase5.1 Expansion and contraction of cluster
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Before the test cases are written and officially used, they need to be submitted to the
relevant reviewers to check. Test case reviewers are generally project/product man-
agers, project developers, IT technicians, business experts etc. [7]. The main review
contents include:

1. Whether it covers all required functions;
2. Whether the performance requirements are reasonable;
3. Whether the description of each item in the test case is clear;
4. Whether the test case is redundant;
5. Whether the score points of the test cases are reasonable;
6. Whether it contains enough negative test cases, that is, possible abnormal points
of the product.

Testers need to avoid reviewing the test cases written by themselves, modify the
test cases according to the review results, and verify the revised version in time.

4 Conclusion

This paper illustrates a study on PoC testing, including process, precautions and test
cases. Since there are various big data products with diverse architectures and complex
technologies, only when testers with considerable coding skills have a deep

Table 3. PoC test case

Test case
number

TestCase1.1

Test item System usability
Test purpose 1. Easy to deploy and install, no need to install additional third-party

software or plug-ins
2. Good web compatibility
3. Support stand-alone and cluster online upgrade

Preconditions The test machine should install various mainstream browsers in advance
Test steps 1. Check whether the platform system requires the installation of third-party

software or plug-ins when deployed
2. Open the system management page by mainstream browsers (IE11,
chrome, Firefox, 360 browsers)
3. Check whether it supports stand-alone and cluster online upgrade

Test script None
Expected
results

1. Easy to deploy and install, no need for additional third-party software or
plug-ins;
2. the management page can be open by mainstream browsers,
3. Stand-alone and cluster online upgrade are allowable

Test results 1.Pass( ), Fail( )
2. Pass( ), Fail( )
3. Pass( ), Fail( )

Remarks None
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understanding of business requirements and business processes, can they design an
effective PoC testing program. In future, more work can be down considered different
Big Data testing scenarios [8–17].

Acknowledgement. This work was supported in partially by Ministry of Industry and Infor-
mation Technology of P.R.China - Big data industry development pilot demonstration project:
Integrated heterogeneous data and deep learning based civil big data innovative application and
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Abstract. Along with the development of digital economy and Internet of
Thing (IoT), the value network has been instead of traditional business mode,
and brings enormous economic parties even some smart devices. The parties
need to quickly get the trust from others to accelerate the business trading.
Meanwhile each party may have a large numbers account to manage and
maintain. This impacted the current identity system. This paper focuses on
designing a next generation identity platform, which is un-centralized, data
sovereignty, credit system ready and suitable for digital era. Then this paper
describes the platform architecture and discusses the key techniques. At the end
of the paper, some potential scenarios are introduced which will be implemented
in China.

Keywords: Identity � Digital economy � Blockchain � Characteristics

1 Identity in Digital Era

Along with rapidly increasing electric business and developing of information tech-
nology, we have entered the era of information interconnection from traditional
industrial era. That means, the barrier between producer (service provider) and con-
sumer (customer) has been basically broken. The sales and consumption process of
product/service has been started online [1]. Due to the increasingly personalized needs
of customers and the inherent equality of information in the digital economy, more and
more participants join the entire transaction process. the producer-wholesaler-reseller-
customer chain has change to a complex value network [2]. Each party participates
equally in the value network, interacts with each other to create and exchange value,
realizing interconnection of value.
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In the digital world created by the interconnection of values, the digital identity
plays more and more important role in business. The party of value network should
have its digital identity, which represents its own participation in various activities of
the digital economy. The digital identity can be roughly defined as the mapping of
party from the real world. All characteristics of this party such as social id, digital asset
can be represented by a specific set of data in the digital world, and these data can be
regarded as the digital identity of this party too. The authorization, operation and
charging of digital identity is the authorization, operation and charging of real-world
party, and the digital economic activities the real-world economic activity. According
to the prediction of the G20 summit, the digital economy in 2020 will bring about 3.7%
of GDP growth in China, and will also introduce 1.5 billion new participants in the
digital economy [3, 4]. These newly added parties should successfully join the digital
world and quickly gain the trust of others. Meanwhile the application of digital identity
is becoming more and more extensive to penetrating all aspects of people’s life, study,
work, and entertainment, such as physical assets, real money, etc. Digital identities
have become larger and more complex. ITProPortal has point out about 50% of users
need to manage more than 10 accounts and passwords in 2015, and this number will
surge to 200 by 2020. how to manage the increasing number of accounts is a difficult
task in front of party. Besides, the IoT will bring billions of devices into the value
network which will require an identity for value network activities [5]. In short, a new
identity platform is needed for digital economy.

The rest of this paper is organized as follows: Sect. 2 introduces the design of the
next generation identity platform. Section 3 explains the system framework and related
technologies. Section 4 is typical implementation, respectively. Section 5 gives the
conclusion.

2 The Next Generation Identity Platform

2.1 Requirements of Identity Platform

Considering the requirement of the digital economy identity and comparing current
identity platform, we expect the next generation of digital identity platform should have
following features:

High security: to provide a complete security solution to ensure the security of
digital assents, as well as the important transactions. Ease to use: everyone may have a
large amount of accounts/identities even IoT identities which need to be managed.
Platform should a unified and single interface to allow user easily manage all accounts
and characteristics. Credit system: In order to promote activities of digital economy,
each participant of the value network needs to be quickly identified and trusted by each
other requiring an effective and fast trust system.

The credit system is the most important part for next generation identity platform.
The digital economy has the inherited feature of fast, low cost, and highly innovative
with the shortage of the lacking of trust. Building credit in the value network among
various parties requires greater courage(risk) and cost. And fraud, forgery, and infamy
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have always trapped the digital world. Similar to the real world, people expect to easily
verify the information through endorsement or proof form authority.

At present, we have Certificate Authority (CA) system for digital credit. Precisely
with the trust relay of the third party, any two entities may able to establish contacts
safely. Digital certificate (Public Key Infrastructure) is the carrier of trust relationship in
the digital world. Depending on the digital signature of a third party, users can confirm
the authenticity of a public key offline.

However, CA system has its shortcoming. Centralized third party facing many
sniffing and DDOS attacks, which may cause the certificate to be unavailable. The cost
of issuing a certificate from a CA is high. In extreme cases, CA’s malicious activities
are more harmful than hackers.

In the design of the new identity platform, we should avoid the problems of
centralized third-party intermediaries. A distributed and data-sovereign system will be
introduced to platform. Each party in the platform should have full control of its
identity. This will avoid the most malicious third-party issues and give each party the
equal rights to deal with its data in the platform. Then we need to build a credit system
as the real word. party can claim the characteristic and others can proof/attest it. Party
can share its information to other with the attestation according to his wish to get the
credit as soon as possible. This will accelerate the trust process between two parties.
The next we should enhance the security of the identity with a well-designed recovery
method to avoid asset lost. At last, the platform should be anonymous in default. Only
if the party allowed, the other can get the detailed data while all operation must be
recorded. A party identity designed as Fig. 1 shows:

2.2 Identity Master Key and Avatar

In identity platform, party in real world, such as individuals, enterprises/organizations,
and smart devices (IoT), can register Identity Master Key (IMK) in the platform as
player of value network. This IMK is a high-quality 32-byte random code, which is
only remembered and maintained by user, and will not be shared in any way from the

The Next Generation Identity Platform
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user’s terminal/device due to security rules. SQRL protocol will be adopted as register
and one recovery method with ECC 25519. FASSKEY protocol can be used as the
transmission encryption [6].

According to isolation and privacy protection, as well as the need to manage a large
amount of account/password, the platform has adopted an avatar mechanism. Persona
Identity (PID for short) is a unique pair of keys generated by IMK and application’s
unique name. PID represents the user’s application identity, the hash of the Public Key
(PK) will be the avatar for the application. All avatars are sent to service provider as
anonymous login credentials for users, and the SK/PK is used to verify the ownership
of the avatars, as shown in the following Fig. 2:

The advantages of avatars are anonymity, security, and isolation, while reducing
the burden of a large amount of accounts. For the service providers, the avatar is better
than original account/password system in security. They only record the avatar which
cannot be used to determine the real user. All the service can be supplied under
complete anonymity. For example, the online game service only required a same ID.
The user can choose to associate the avatar with the original identity to enjoy better
services.

For individual users, avatars can replace a large amount of original account names
without any memorizing and regularly modifying. Only using mobile terminals can
easily maintain all accounts. In addition, the platform will generate a dedicated inde-
pendent avatar for each application. The compromise of a certain service provider
cannot take the serious consequences as a large-scale collision with the database after
the traditional account/password leak. The multiple recovery strategy tries best to help
user to completely replaces all avatars and recovers the relevant data when they feel
that the key or identity is leaked, based on the blockchain smart contract and DHKA
algorithm [7]. In the future, the user also can obtain a global name for easy memory and
use. The global name can be parsed to find the user’s identity by blockchain smart
contract.
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2.3 Characteristic Claim and Attestation

The IMK and avatar mechanism ensure that users can anonymously and safely access
the service, but it have not solved the problem, that all parties quickly trust each other
with less data exchange in digital transactions. The platform introduces the concept of
party’s characteristic. The characteristics are a series of data that are declared by the
users and describe their traits, resumes, relationships. Through the sharing of these
data, all parties in digital economy can quickly establish trust. According to WEF
study, the characteristics can be roughly divided into the following types [8]:

• Traits, used to describe the internal attributes of an entity, regardless of the external
environment, only determined by the entity itself, such as: the age, biological
features, date of birth, the type of enterprise, industry type, etc.

• Curriculum vitae, refers to information that changes as the entity changes with time,
and is used to record the entity’s behavior or the attributes determined by the
behavior, such as: health profile, work experience, operation records, etc.

• Attachment, contrary to traits, refers to information that is not related to the internal
of the entity, but is attached due to the influence of the external environment.
Generally, this information is not determined by the entity itself, but by other
entities, such as: traditional communication Address, certifications, etc.

In the real world, when the parties start trading, the first thing they should done is to
trust the counter-party of the trade. Each party can provide materials and information to
proof his trustworthy. But the information provided by the parties themselves is not
credible. There is even the possibility of fraudulent deception. The materials submitted
by the parties require the endorsement or certification of other authoritative third
parties, and each party of the transaction also needs to verify and validate of these
materials before finally reaching a consensus to complete the trading.

Considering the trading process as reference, combing with the daily operation
habit, the identity platform should also have the claiming and verifying process. When
a user claims a characteristic, he needs other party to proof his statement. The proof of
the characteristic, we defined it as attestation which refers to the confirmation or
endorsement by third parties or authoritative organizations. For example, operator can
provide attestation for cell number via short message. A characteristic can have
multiple-attestations to gather higher credibility. In order to prevent modifying the
characteristic and attestation from parties, blockchain was introduces to provide irre-
vocable and non-repudiation capability. The hash and sign of characteristic and
attestation will be record in blockchain. When the service provider or other party
received the characteristic and attestation, it will verify the integrity of the characteristic
and attestation (not modified after claiming), the affiliation of characteristic and
attestation (signed by authority) via smart contract to build the trust quickly [9].
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For example, as Fig. 3 shows, a customer wants to rent a car with well discount. He
told the rental company he was a good driver but without any proof. It may not work.
In identity platform, he can claim the no penalty record characteristic besides his driver
license. He can ask traffic management department to attest his claim and push the
result into the blockchain. He even can claim “a good driver” characteristic with rental
company customers’ attestations. Then he can send the two characteristics and attes-
tations to company. The company can verify and validate the information and deter-
mine whether give discount or not. All the process of authorization and validation are
automatically via SDK to reduce the trust cost of the digital economy.

The result of characteristic and attestation will be encrypted and stored in the user’s
personal data storage. The basic feature of the blockchain will ensure that the data
cannot be tampered with and non-repudiated. Users can maintain these data and
generate the new characteristics via “subscribe” to realizes data rights.

2.4 Attestation Trust Network

The platform can have completed access and verification mechanisms for root authority
party such as bank, government. With the verification mechanism for attestation
authority, the platform can prove authority trust chain instead of CA system. At the
same time, a single characteristic may have different attestation by several providers.
The claimer may play the attestation role for other party, so a trust network will be
established. Characteristic may have its credit score and level to reduce the cost of
trading. Each authority attestation provider has its own unique signature key pair, and
at the same time has its own position in the trust chain, like Fig. 4 show. The signed of
attestation result can be traced, verifiable and non-repudiated. We also can trace the
authority and third party to the root to get the high-level trust.
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3 Architecture of the Platform

According to the designing of next generation identity platform, we make the archi-
tecture of next generation identity platform as Fig. 5 shows:

Blockchain brings distributed ledger and smart contract to the platform. Distributed
Ledger will record the hash and signature of the key data to build irrevocable, non-
repudiated system such as business contract, parties’ characteristics, and attestations.
Because the platform has added a lot of verify process than before, good-designed
smart contract can obviously reduce the negative perception of user by executing the
process automatically. Ethereum will be a potential solution. But we accept the ECC
25519 as our core IPK which is different form the account system in Ethereum. The
default consensus protocol in Ethereum is Proof of Work which will cost a lot power
than proof of state. Finally, we developed a set of alliance blockchain system based on
Ethereum to meet our need [10].

The bigdata infrastructure is expected to realize anonymous data exchange service.
In the platform, there is no centralized database, user should manage and control his
own data. The data exchange in the platform is conducted between both users. Before
the data is obtained, the data user must be authenticated or authorized. Due to the
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anonymity and security of the platform, we introduced a message mechanism (Smart
Data Engine) as an intermediary to complete data sharing. The SDE can verify the
characteristic of both users and support transmission encryption automatically. Besides,
a set of bigdata analysis tools will introduce to user to mine his own data [11–16].

The core service of the platform can be barely divided three part. Identity man-
agement, to realize the IMK and avatar management. Characteristic and Attestation
management, to manage and maintain the own data of user. Privilege and Access
management, to control the access and data request, and OpenID will be the preferred
interface.

4 Economy System with Identity Platform

The identity platform is not only an identity service, but also a matching platform.
Users can enjoy various services through digital identities, and become service pro-
viders in the platform at the same time to accelerate the business activity [17]. Here are
some application sample in the platform.

4.1 Food Quality Tracking

Restaurant food quality is important matter for civils. Because of the large number of
the restaurant and low participate will, it is hard to build a food tracking system for
government with reasonable cost.

Our alliances design a food tracking application in our platform cooperation with
regulatory authorities. They build a value evaluation system to encourage all parties in
the catering chain of food safety. For customers, they can evaluate the quality and give
the start in the application to earn points which mean discount. For restaurant, they can
show their food source, invoice and other evidence which will be attested by other
party, to win credit point which will be preferential policy or more customer. For
government, it can easily evaluate the credit point and have low cost to support food
quality. This application helps to prove the upstream and downstream food safety
information, improve the food safety traceability chain, and build the food safety credit.

4.2 Online Rehabilitation Assistance for Disabled Children

Applying for rehabilitation assistance for the disabled children is an important guar-
antee system. When children with disabilities need rehabilitation training or treatment,
the government provides certain funding to reduce the burden on disabled families.
According to relevant regulations, applicants need to apply for rehabilitation funding
every six months on site. During each business operation, the guardian needs to fill in
three application forms, most of which are the identity information of the applicant and
the agent, and it is relatively cumbersome for guardian.

In order to simplify the process and improve the experience of guardian, we built
the online application under the full support of local government which makes the
applying simple and easy, finally allows the guardian to apply online rehabilitation
assistance without having to go to the one-site office. The guardian needs to request a
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permission for rehabilitation assistance in the application after claiming characteristics
about applicant and guardian’s information. The designated hospital will send the
medical report under the authorization of the guardian. The government will attest the
permission with on-site process at the beginning to judge if it meets the rehabilitation
funding conditions. After that the guardian can refresh the permission online ever six
months to get the funding easily than before.

5 Conclusion

The digital economy has become the core strategy of country. The identity platform has
been the important part, which will provide fast trust system to the value network to
promote economy. This paper proposes a novel identity platform suitable for digital
trading, and researches the architecture and some scenarios to support concurrent
business process transfer.
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Abstract. With the implementation of big data strategy in many countries of
the world, the data organization and analysis technology has become the main
methods for data application and data governance capability. Since data is
always organized by specific rules, how to organize information and construct
the consolidated rules of data has become an important issue of big data
application. However, at present, there is no mature theory of rule and rulebase
construction, lack of high-level general rulebase model, and there is no efficient
evaluation criteria system for the quality of rule base, which affects the estab-
lishment and high-quality management of rulebase. This paper studies how to
model and management the rulebase of information resources. First, this paper
analyses types of rules and rule relationships according to their functions and
semantic properties. Then we propose the requirements for harmonization of
rules in the same context. Second, we propose the metamodel of rulebase, and
describe the classes and associations of rulebase metamodel. We introduce the
internal identifier and composite identifier for rules. Thirdly, we define six
measurements for quality control and propose the process of rulebase version
control.

Keywords: Rulebase � Rule � Metamodel � Information resource �
Standardization

1 Introduction

Many countries regard big data as an important strategic resource, and take big data
strategy as a national strategy. Countries expect to use data to promote national eco-
nomic development, improve social governance, and enhance government service and
regulatory capacity. For example, when novel coronavirus outbreak recently, China has
achieved data sharing between different systems such as logistics system, transportation
system and medical system through big data technology. Since data is always orga-
nized by specific rules, how to organize information and construct the consolidated
rules of data has become an important issue of big data application. Especially in
standardization area, a lot of international standards are written using a rule-based
approach, and these rules will also be repeatedly referenced and reuse by other stan-
dards. Therefore, it is necessary to study the types of rules and methodologies of rules
organization and management for information resources, so as to realize the application
of rule-based method and the organization and reasoning of knowledge
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The concept of rulebase is defined as the consolidated lists of the rules and asso-
ciated guidelines which interwork and identified in ISO/IEC 15944 standards [1].
Rulebase is a kind of database, which is also used in knowledge management, data
governance, expert system, ontology and so on.

The current research on rules and rulebase mainly includes the rules relationships,
formal expression of rules, the method to construct a rulebase in terminology and
information areas [2–11]. However, there are few researches on the categories of rules,
rulebase metamodel, methodology of establishment and management of rulebase. This
paper will proposes the categories of the rules and their relationships in information
resources, then propose the metamodel for rulebase, and finally analyze the quality
control and version control methodology of rulebase.

2 Types of Rules of International Standards

Through the research and analysis of existing rule-based information resources, this
paper propose that rules can be classified as requirement, recommendation, permission,
possibility and capability types by their functions and semantic properties.

2.1 Requirement Type

The rules of requirement type propose objective and verifiable criteria to be met. If the
requirements are consistent with the documents, deviation from these standards is not
allowed. The preferred verbal forms are “shall/shall not”. In order to effectively dis-
tinguish document requirements from external constraints, “must” and “may not”
cannot be used instead of “shall” and “shall not”.

2.2 Recommendation Type

The type of recommendation for a rule is considered to give appropriate advice, pos-
sible options or action plans without mentioning or excluding other options or action
plans. The verbal forms of rule as recommendation are “should/should not”.

2.3 Permission Type

The type of permission for a rule is to express consent or opportunity to do something.
The verbal forms of rule as permission are “may/may not”. “Can”, “might”, “possible”
or “impossible” cannot be used instead of “may” and “may not”.

2.4 Possibility and Capability Type

The rule of possibility type is to express the expected or imaginable material or causal
results. Ability type rules express the ability, fittingness, or quality necessary to
accomplish or accomplish a specific task. The verbal forms of rule as possibility and
capability are “can/cannot”. Do not use word “may” instead of “can” in the context.
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3 Relationships Between Rules

The rules in information resource are organized according to various relationships. The
relationship between rules can be classified as equivalence relationship, associated
relationship and custom relationship:

Equivalence relationship. Rules which having the same content, reusing in dif-
ferent information resources and specify the same requirements are in equivalence
relationship.

Associated relationship. Rules which have the same subject, and are usually in the
same context of the information resource are in the associated relationship.

Custom relationship. Other relationships of rules as needed, such as sequential
relationship, causal relationship etc.

Harmonization of rules in the same context
The most important, in the same context, rules shall meet the following

requirements:
— Consistency: there is no rule semantic conflict with others;
— Simplicity: there are no duplicate rules or redundant rules in the same context;
— Integrity: all rules in the same context can constrain all requirements of the

subject.

4 Rulebase Metamodel

4.1 Overview of Rulebase Metamodel

Lots of information resources including international standards are using rule-based
method. The rulebase is the consolidated lists of the rules and associated guidelines
which interwork and identified. The rulebase would be very useful for data organi-
zation, reasoning and reusing applications.

The metamodel is the data model that specifies one or more other models, such as
data models, process models, ontologies, etc. The metamodel is independent of the
specific database technology, application and hardware and software environment.
Therefore, the metamodel need not be physically implemented exactly as specified. The
purpose of the rulebase metamodel is to describe rulebase, rules and various relations
which might hold among rules. The metamodel of rulebase is a conceptual mode,
which can provide basic design requirements for specific rulebase construction.

According to the research and applications of rulebase in information technology,
this paper propose a rulebase metamodel as illustrated in Fig. 1. The metamodel is
specified using the Unified Modelling Language (UML).
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4.2 Classes in the Rulebase Metamodel

Rulebase class
Rulebase is a class each instance of which models a rulebase, a set of rules with
associated guidelines structured according to the relations among them. A minimal
Rulebase could be simply be a sets of rules in the same context which specify the same
subject. The most elaborated Rulebase is the full consolidated set of rules from all
information resources. A Rulebase has 5 attributes. A Rulebase shall/may participate in
rulebase_rule_membership, rulebase_rule_source, rulebase_reference, rulebase_im-
portation and rulebase_relation_inclusion associations.

Rule class
Rule is a class each instance of which models a rule. Rules are statement governing
conduct, procedure, conditions and relations. A Rule has 8 attributes. A Rule shall/may
participate in rulebase_rule_membership, rulebase_rule_source, rule_guideline and
rule_relationship associations.

Guideline class
Guideline is a class each instance of which models a guideline. Guidelines are non-
mandatory information leading to a compliant solution for the related requirement.
Guidelines are always used to provide guidance for the specific Rule. A Guideline has 3
attributes. A Guideline shall participate in rule_guideline associations.

Guideline

Rulebase

+rulebase_title: String[0..1]

rulebase_rule_membership

Rule

rulebase_rule_source

+rulebase_subject: String[0..1]
+rulebase_abstract: String[0..1]
+rulebase_version: String[1]

+rule_internal_identifier: String[1]

+rule_statement: String[1]
+rule_source_part_number: String[1..N]
+rule_number: String[1]
+rule_clause_number: String[1]
+rule_subject: String[0..N]
+rule_keyword: String[0..N]

+guideline_statement: String[1]

Rule_relation

+rule_relation_name: String[1]

+rulebase_rule_number: Integer[0..1]

+guideline_identifier: String[1]

+guideline_number: String[1]

rubase_importation +imported_rulebase
0..*

+importing_rulebase
0..*

rubase_reference

+referenced_rulebase
0..*

+referencing_rulebase
0..*

+including_rulebase    1..*

+member_rule    1..*

+source_rulebase    1

+sourced rule    1..*

rule_guideline

+specified_guideline
0..*

+source_rule
1

rubase_relation_inclusion

+relation_including_rulebase    
1..*

+included_relation    0..*

rule_relaitonship
+relation_about

0..*
+rule

2..*

+arity: Natural_range[1] +rule_composite_identifier: String[1]

Fig. 1. Rulebase metamodel
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Rule_relation class
Rule_relation is a class each instance of which models a relation among rules, a sense
in which rules may be connected via constituent relation roles. A Rule_relation has 2
attribute. A Rule_relaiton shall/may participate in rulebase_relation_inclusion and
rule_relationship associations.

4.3 Associations in the Rulebase Metamodel

rulebase_reference association
The rulebase_reference association specifies the reference of zero or more referenced
Rulebase by zero or more referencing Rulebase.

rulebase_importation association
The rulebase_importation association specifies the importation of zero or more
imported Rulebase by zero or more importing Rulebase. Such importation specifies that
all Rules and associated Guidelines included in the imported Rulbase are also to be
included in the importing Rulbase.

rulebase_rule_membership association
The rulebase_rule_membership association specifies the inclusion of one or more
Rules in one or more Rulebases.

rulebase_rule_source association
The rulebase_rule_source association specifies the Rulebase that is the source of a
Rule. Each Rule shall have exactly one rulebase speicified as its source.

rulebase_relation_inclusion association
The rulebase_relation_inclusion association specifies the inclusion of zero or more
Rule_relations in one or more Rulebases.

rule_guideline association
The rule_guideline association specifies the Rulebase that is the source of a Rule. Each
Guideline shall have a rule_guideline association with exactly one Rule.

rule_relationship association
The rule_relation association specifies the use of one or more Rules in one or more
Rule_relations.

4.4 Identifiers for Rules

Within these rulebases, each of the rules shall be assigned a unique identifier inde-
pendent of the information resource which is its source. According to different appli-
cation purpose, there are two kinds of identifiers: internal identifier and composite
identifier.

The internal identifier of rules could be an internal sequence number. Any subse-
quent, i.e., new, entry to the consolidated set of rules shall be assigned the next
available sequential number. Once an internal identifier is given, it is considered always
in effect and cannot be reassigned if it has retired.
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Composite identifiers are mainly used for external reference aims. The compound
identifier of a rule is mainly composed of two data elements with different functions,
including: 1) the unique identifier assigned by information resource authority organi-
zation; 2) the internal identifier of the rule in the information resource referenced.

5 Management and Maintenance of Rulebase

5.1 Quality Control

At present, there is no research on the quality of rulebase. This paper propose the six
important quality control requirements as follows:

1) Normalization: Check whether the description methods of rulebase and rules meet
the requirements of metamodel of this paper;

2) Accuracy: Check whether the statement of rules in the rulebase is consistent with
the source;

3) Completeness: Check if all relevant rules are included in the rulebase;
4) Consistency: Check whether there is conflict between rules;
5) Conciseness: Check rules for redundancy or logical loops;
6) Validity: Check whether all rules in rulebase are from existing valid information

resources.

5.2 Version Control

The most important function of version control is to track changes of configuration item
(e.g. rulebases, rules, guidelines). It faithfully recorded information such as when and
who changed the contents of the configuration item. Besides, another important
function of version control is parallel development. Rulebase development is often a
collaborative work of many people. Version control can effectively solve the problem
of version synchronization and development communication between different devel-
opers, and improve the efficiency of collaborative development.

This paper propose the basic process of version control as follows:

1) Create configuration item. According to the configuration management plan,
project members create configuration items within the scope of their tasks in the
configuration library. At this time, the status of the configuration item is draft, and
its version number format is initialized.

2) Modify configuration item with draft status. Using the check in/check out
function of the configuration management system, project members modify the
configuration items in the “draft” state and the version number format.

3) Technology approval. Technical approval passes.
4) Official release. After the configuration item passes the technical approval, Con-

figuration item status changes from draft to release, and the version number format
is changed.

5) Revise. The modification of configuration items in the status of “official release”
must be carried out in accordance with the version control process.
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6 Conclusions

Base on the existing research theory of rule and rulebase, this paper studies how to
model and management the rulebase of information resources. First, this paper analyses
types of rules and rule relationships according to their functions and semantic prop-
erties. Then we propose the requirements for harmonization of rules in the same
context. Second, we propose the metamodel of rulebase, and describe the classes and
associations of rulebase metamodel. We introduce the internal identifier and composite
identifier for rules. Thirdly, we define six measurements for quality control and propose
the process of rulebase version control.
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Abstract. Through the deployment of hardware SDN network under Kuber-
netes, to verify the container environment can rely on hardware SDN network
speed limit in the underlying network collaborative, network QOS, network
virtualization functions, etc., which could be better filling container network. At
the same time. When deploying private cloud, which involves traditional IT
infrastructure, IT cloud and container mixed cloud, hardware SDN performs
better in network connection during them, meanwhile it can effectively fuse the
underlying network and virtualization, and cloud network cooperation. Kuber-
netes clusters develops rapidly in recently years, it has been deployed in various
scenario and has great effect. In most Kubernetes clusters, SDN technology is
required only when the enterprise has specific security or configuration
requirements. Kubernetes container network requirements can be implemented
by using other straightforward technologies. SDN is an additional option to
address specific technical issues. In the future, container clouds have a chance to
replace traditional clouds.

Keywords: Kubernetes � SDN Controller � Cloud Network Cooperation

1 Background

SDN refers to “software defined network”, it is a concept of network architecture
direction rather than a network protocol technology [1]. Through developing for years,
the formation of products is varied and those products are mainly divided into two
categories: software SDN and hardware SDN. Generally, hardware SDN is primarily to
manage the hardware network, software SDN depends on the software unit to imple-
ment the network function [2].

Docker is a lightweight container technology, which only provides environment for
software operation. Compared with virtual machines, the disk utilization rate is greatly
reduced. Kubernetes is the most popular container scheduling management system. it
has provided a huge impetus for the popularity of container technology [3].

When the container scenario of lightweight flexible deployment meets the heavier
and less flexible hardware SDN, the deployment of vendor hardware SDN in the
Kubernetes environment might complement some functions of container network, and
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it might be better integrated and collaborative than OpenStack [4]. Therefore, we have
the following functional exploration practices.

2 Architecture

2.1 Function design

Figure 1 shows the architecture of SDN network.

Deploy Spine & Leaf network structure to get through the underlying underlay
network. The overlay network is got through by VxLAN technique [5].

Deploy a Kubernetes cluster in the above of a physical or virtual machine for
container resource management.

Other than management hardware network, hardware SDN controller is docking
with NODE plug-in to realize automatic pod online and network management.

The vSwitch is deployed in the node to realize the network intercommunication
between the container network and the external network. Figure 2 shows the function
of SDN network.

Fig. 1. Architecture of SDN network

Fig. 2. Function of SDN controller
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2.2 Configuration

Firstly, create a network object in the SDN controller, configure the vSwitch and the
underlying hardware network channel;

Pod is created by Kubernetes, and the tenant ID and network ID are specified
through the Label;

Node kubelet service transmits Pod network information to Node CNI Plugin;
The Node CNI Plugin then requests port creation from net-agent;
Node net-agent notifies Master Node net-master to apply for Port through API

message;
Master node net-master notifies SDN controller to create Port;
Net-agent creates the Port in the vSwitch and the corresponding forwarding flow

table.
After the container is started, ARP message is sent to the vSwitch and then through

the VxLAN tunnel to the opposite end.

3 Deployment

Figure 3 explains how to deploy a Kubernetes & SDN environment.

Deploy the Kubernetes cluster environment
Deploy SDN controller cluster
Deploy the Spine & Leaf switch, as well as the hardware load balancing device to

connect the underlying network
Install and deploy the vSwitch service on all Kubernetes node nodes, integrate the

SDN controller cni-plugin and net-agent, and integrate the SDN controller net-master
on the master node.

Fig. 3. Deployment
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4 Verification

4.1 The linkage between container POD network and SDN network
to realize inter-network communication during PODs
and the network communication between POD and the underlying
network

The controller creates the vSwitch and VxLAN tunnel, as shown in Fig. 4.

After associating the node, as shown in Fig. 5.

Create a virtual subnet, POD network segment, as shown in Fig. 6.

Enter the container after the POD of the corresponding subnet is created in
Kubernetes through yaml file, verify the normal business communication with ping
command. It can achieve POD communication with the same host, the same network
segment and different network segments of different hosts, and even achieve virtual

Fig. 4. Controller creation

Fig. 5. Node associated

Fig. 6. Network creation
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machine network communication with the underlying network and OpenStack when
mixed deployment.

4.2 The real rate of POD network is guaranteed by the underlying
network QOS

Depending on vSwitch’s virtual network QOS policy, the speed limit rate and network
policy can be specified, as shown in Fig. 7.

Using the IPERF tool to send packets from the virtual port. the test can realize
bidirectional real speed limit, which can enable the more important POD business flow
to obtain sufficient network bandwidth guarantee in the underlying network, as shown
in Fig. 8.

4.3 Load shedding among PODs is achieved by hardware load balancing
virtualization, which makes business safer

The controller creates vSwitch, VxLAN tunnel and subnet sub1 and then assigns them
to POD1 and POD2

Create vFW and vLB service resources through SDN controller, as shown in Fig. 9.

Fig. 7. Network rate

Fig. 8. Network strategy
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Add a server group in load balancing, subnet is sub1, and the load balancing
method is polling, as shown in Fig. 9.

Create a virtual server, specify virtual IP in the virtual server and add real server
members, aswell as addmechanismparameters suchashealth checks, as shown inFig. 10.

Fig. 9. vFW & vLB

Fig. 10. vLB

Fig. 11. Virtual machine
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Create an external network, add a floating IP, bind the port to create a VLB
resource associated with it, as shown in Fig. 11.

The floating IP bound to the VIP port configured with SSH through the external
network device, as shown in Fig. 12. Since the configured load balancing mode is
polling mode, the first member pod is the first login, and the second one is the second
member pod.

5 Summary

Through three functional practices in the scenario of container cloud Kubernetes and
SDN collaboration, it provides the technical architecture guidance significance for the
future mixed deployment of OpenStack cloud [6], container cloud and hardware SDN
controller, mainly including the following points:

The linkage between the SDN controller and Kubernetes can not only realize the
deployment of the SDN graphical interface, but pull the POD network and the
underlying network together, and even pull the virtual machine network together when
the OpenStack cloud is deployed [7].

The real QOS speed limit of the underlying hardware network controlled by the
SDN controller, which can enable the relatively important POD traffic to obtain suf-
ficient network bandwidth guarantee in the underlying network [8].

Hardware network functions controlled by SDN controller, such as FW and LB,
can provide corresponding network functions and services for container POD, which
are relatively more stable and have better performance [9].

The network includes the underlying hardware network and the overlay layer
virtual network, which are interdependent. The integration of the two functions should
be integrated to achieve the real meaning of cloud network collaboration[10].

Fig. 12. External network
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Abstract. As a key infrastructure in “new infrastructure”, 5G is changing all
aspects of society. In the early stage of 5G construction, it is mainly reflected in
the ability of enhanced mobile broadband (eMBB). Firstly, in order to verify
how fast 5G real speed, a scheme of 5G speed test platform was proposed. Then,
the principle of speed test was simply analyzed, Finally, through the analysis of
the speed test log using Tableau visualization tools, we found some statistical
features from the datasets, and the 5G average uplink and downlink rate of ten
cities in China were revealed, which help us estimating the progress of the NR
construction and 5G business development of some operators.

Keywords: 5G � Data visualization � Speed test � Platform

1 Introduction

When it comes to 5G, many people’s first reaction must be “fast”. In recent years, the
new infrastructure represented by 5G, big data, artificial intelligence, industrial internet
and internet of things, is changing all aspects of social governance, manufacturing
production, and people’s life, etc. Digital capability represented by “cloud + AI + 5G”
is becoming an indispensable “water, electricity and coal” for high-speed operation of
society. As a key infrastructure in “new infrastructure”, 5G has three advantages:
extremely high speed, extremely low delay, and great capacity. In 2015, the Interna-
tional Telecommunication Union (ITU) released “IMT vision: 5G architecture and
overall goal”, defining three keywords: enhanced mobile broadband, ultra reliable low
latency communications, massive machine-type communications [3, 4]. Faster and more
reliable mobile broadband is the basic ability of 5G network. Even under the condition
of a weak signal, its data transmission rate must be at least 100 Mbps. 5G must have
enough low delay to support real-time applications, such as scenario of auto driving and
so on. 5G must provide large scale connectivity to support application of IoT [3, 4].

In the early stage of 5G construction, it is mainly reflected in the ability of eMBB.
In order to verify how fast 5G real speed, we built a 5G network speed test platform,
and used tableau visualization tools to analyze the speed test logs, so as to intuitively
show the uplink and downlink speed of 5G network and the progress of the NR
construction and 5G business development of some operators can be roughly calculated
based on the index of uplink rate, downlink rate and test times.
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2 Introduction to Tableau Visualization Tools

Tableau software is based on Stanford University’s breakthrough research results,
which meets all the characteristics of data visualization tools in big data analysis, the
contents are as follows [5, 7].

1) It’s easy to use, without programming, just using simply intuitive drag and drop
operations, and some simple settings, the analysis results could be graphically
displayed.

2) It supports a variety of data sources, such as excel table, text, JSON, database,
Hadoop, etc. Besides, it can publish the analysis results through Internet.

3) It supports real time update for data source, which obtain the latest data through
real-time connection, or automatic update according to the established schedule.

4) It provides multi-dimensional analysis and mining function, and rich chart
display function. Through the module of dashboard and story, multiple data views can
be integrated for richer in-depth analysis.

5) It provides some abilities of fast analysis and instantaneous sharing, which help
us able to generate beautiful charts, geographical maps, dashboards and reports in a few
minutes.

Tableau includes desktop software installed by personal computers and server-side
software for internal data sharing of enterprises. Through the cooperation of desktop
and server, it can realize the whole process of report from making, publishing, sharing,
and then to automatic maintenance.

3 The Scheme of 5G Speed Test Platform Design

3.1 Overview of 5G Network

In the era of 5G, the diversification of business to promote the diversification of
communication networks, which leads to the generation of slicing technology. In order
to support network slicing, the network elements need to be able to move flexibly, and
the connections between the network elements need to change flexibly. In order to
solve these pain points, the function of BBU of 5G access network is split, and some
functions of the core network is sank. 5G access network is no longer composed of
BBU, RRU and antenna, but is also reconstructed into three functional entities: cen-
tralized unit (CU), distributed unit (DU), active antenna unit (AAU). 5G core network
evolves to the re-separation architecture. Firstly, 5G core network completely separates
the control surface and the user surface, so that the function of the user surface can get
rid of the “decentralization” constraint. It help us could deploy flexibly in both the core
network and the access network. Secondly, Network functions are separation by
absorbing design ideas of network functions virtualization (NSF) and adopting service-
based architecture (SBA). The traditional network element is divided into multiple
network functions (NF). Each NF is independent and autonomous, whether it is new,
upgraded or modified, it will not hinder other NF.

5G NR has two deployment modes: SA (Standalone) and NSA (non-Standalone).
At present, NSA is the preferred networking mode when building 5G network in many
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countries, and also NSA is the basic networking mode adopted by the three domestic
communication operators. In NSA mode, a base station depends on another base station
so that it can provide control channel. It supports 5G signals by integrating gNB and
eNB. Its advantages are obvious, and the investment of base station construction is
small. It is believed that 4G and 5G will coexist in communication network for a long
time in the future. Firstly, 5G construction process will not be so fast. Secondly, 5G
frequency band is set at ultra-high frequency, and it is difficult to achieve full wireless
coverage, so it needs to cooperate with 4G in networking.

3.2 The Scheme of 5G Speed Test Platform Design

In the process of 5G network construction, uploading and downloading tests of data
service are often needed in order to verify how fast 5G real speed, which is used in 5G
peak demonstration, key road driving test, concurrent performance test, and other
scenes. The topology of 5G speed test platform is shown in Fig. 1.

As shown in the figure above, the servers are deployed in the external network,
which is convenient for 5G terminal to conduct packets filling test through the firewall.
Filling test is a method which sent a large amount of data packets forcedly to the server
to report network performance index, such as bandwidth, jitter of delay, packet loss
rate, etc. In addition, the Ookla Speedtest software tools can be used to test the upload
and download rate of 5G network quickly. The requirements of server hardware
specifications are as follows:

1) High transmission bandwidth is required to support 5G high transmission rate.
Considering load balancing and routing backup, we used wide-bandwidth transmission
link of 2 * 20 Gb to connect the server to the public network through a 10GE switch.

2) Hard disk requirements of the server are higher. The storage capacity and read-
write capacity of the hard disk are highly required. It must be solid-state disk
(SSD) with enough capacity.

3) High concurrency: Each server peak needs to support 20 groups of test terminals
to test at the same time.

Fig. 1. Topology of 5G speed test platform
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The platform software environment, based on security considerations, follows the
principle of minimum service and minimum installation. It only installs necessary
software services and opens necessary ports. The platform mainly provides SFTP
service, Speedtest service, etc. In daily operation and maintenance, software patches
need to be updated in time, and medium and high-risk vulnerabilities need to be
consolidated in time. The logs of all equipment operation, traffic usage and user access
records in the platform are included in the network operations and maintenance center,
so as to unify management, audit and monitoring. 5G speed analysis

3.3 Principle of Speed Test

Ookla server is the rank first network speed test tools. Without too many fancy
functions, it’s intuitive and easy to use, which can automatically select a best speed test
point. After finished a test, it can show index of ping time, downlink rate and uplink
rate, etc. In addition, it provides real-time charts to show the stability of the connection.
Its principle is through process of uploading and downloading data packets from
terminals to the speed test servers. The data packages are randomly generated by the
terminal when uploading, or by the server when downloading.

Take the download test as an example. The terminal uses the multi-threaded con-
nection mode to download the data packages from the remote speed test server to the
local end. The size of the data package is appropriate, and the test time is not too long.
The time it takes is just to make sure that enough accurate results can be obtained.
Furthermore, to avoid the impact of package caching, the terminal clears the cache
before each test and appends random strings to avoid false test. Samples are taken 30
times per second. They are then aggregated into 20 slices. Then part of slices are
discarded, in which the fastest 10% and slowest 30%. The remaining slices are aver-
aged to calculate as the average downlink rate [6, 7].

The reasons of excluding fastest 10% and slowest 30% slices are as follows:
1) First effect factors are potential protocol overhead, multi-layers cache among

data transmission routes, and CPU usage cause the throughput surge. Because of these
factors, the fastest 10% and last 10% of the slices need to be excluded.

2) Secondly, in order to have a good user experience, the default time of speed test
is short, and there is a climbing period at the beginning of the test, so 20% slices of the
climbing period need to be excluded.

For upload test, the process and processing mechanism are similar.

3.4 Analysis of Speed Test Log

At present, there are more than 20 speed test points of 5G in China registered on the
Ookla website, for examples, name as “China Unicom 5G Shanghai”, “ChinaUnicom-
5G TianJin”, “Chinamobile-5G Shanghai”, “China Mobile jiangsu 5G Nanjing”,
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“China Mobile Zhejiang 5G Ningbo”, “ChinaTelecom 5G Guangzhou”, “China
Telecom JiangSu 5G Suzhou”, etc. “China Unicom 5G Shanghai”, as a better speed
test point of 5G, its test log has certain reference value for estimating 5G network
construction and business development of all over the country. We gathered the past six
months android terminal test log accessed through NR to the point of “China Unicom
5G Shanghai” [6], Through some cleaning rules (such as excluded the records of
downlink rate of less than 100 Mb or uplink rate less than 20 Mb), we had discard the
records that may be test failures or garbage data.

Using the Tableau visualization tools, we can easily find some statistical features
from the datasets of logs. It is found that the urban distribution connecting to speed test
points of “China Unicom 5G Shanghai” is very widely, it is shown in Fig. 2a. The
distribution of cities according to number of tests is shown in Fig. 2b. The rank top ten
cities are Shanghai, Jinan, Hangzhou, Suzhou, Guangzhou, Wuxi, Beijing, Jiaxing,
Chongqing and Shenyang.

Using the Tableau visualization tools, we can easily fulfill data drilling analysis
from the datasets of logs. 5G average rate of ten cities is shown in Fig. 3. It could be
seen that Shanghai Unicom and Shanghai Mobile have the equivalent test times in
order of magnitude, which are 42900 and 35500 respectively. It results were more
representative. For Shanghai Unicom, 5G average downlink rate is 608.2 mb/s, and 5G
average uplink rate is 86.80 mb/s. For Shanghai Mobile, 5G average downlink rate is
448.4 mb/s, and 5G average uplink rate is 49.25 mb/s.

Fig. 2. a. Geographic distribution of NR access b. NR access test times city rank
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The distribution of 5G data buckets of Shanghai Unicom and Shanghai Mobile is
shown in Fig. 4. The NR construction and 5G business development of some operators
can be roughly calculated based on the index of uplink rate, downlink rate and test
times.

Fig. 3. Ten cities’ uplink and downlink average rate of 5G android terminal

Fig. 4. Uplink and downlink rate data bucket distribution of 5G Android terminal
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Figure 5 shows the test of 5G download rate of Shanghai Unicom in the last seven
days, including the average, maximum, median, etc. It shown that 5G download rate of
Shanghai Unicom could reach 1300 Mb/s. Compared with 4G, 5G provides at least ten
times the peak speed of 4G.

4 Conclusions

In 5G era, the network is more and more efficient and convenient. Based on the simple
description of 5G frameworks and networking mode, a scheme of 5G speed test
platform was proposed. Through the research of test logs by using the Tableau visu-
alization tools, we found some statistical features from the datasets, which helps us
understanding intuitively of 5G construction of some domestic operators.

Looking to the future, with the advancement of SA independent networking, the
transmission delay of 5G at millisecond level and the connection capacity of one
million per square kilometer will be further reflected. Driven by the “new infrastruc-
ture” advocated by the state, 5G network will surely develop rapidly. On the one hand,
5G is changing the public network behavior, and also, 5G is reconstructing intelligent
entertainment and intelligent living. On the other hand, it will promote the industrial
Internet development, which will enable traditional industries such as agriculture,
manufacturing, retail and so on, connecting online and offline, digital economy and
traditional industries more precisely.

Fig. 5. Comparison daily of 5G downlink rate of Android terminal
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Abstract. Traditional mobile communication network plan depends on simple
data analysis and manual judgment, which is easily influenced by the personal
experience and ability. To fully use the data and avoid manual error, intelligent
plan becomes the trend. The paper proposes an intelligent mobile communication
network plan method with insight big data. With call record, personal position
and measurement report data, machine learning method is adopted to design the
network. From the collected data, it can be summarized into 7 dimensional
insight big data, including service coverage rate, communication capacity,
business income, complaint hot topics, user distribution and occupancy rate.
With the final target, mobile sensitive algorithm, LSTM based call traffic pre-
diction and suppressed traffic recognition, accurate site planning, XGBoost based
5G user profile and other methods are adopted. It has been successfully applied in
the 5G communication network plan of Shandong Unicom. 2466 5G stations
have been established and the efficiency has been increased significantly.

Keywords: 5G communication network � Insight big data � Intelligent plan �
LSTM � Shandong Unicom

1 Introduction

The plan of communication network plays an important role in the design of mobile
service. A good plan can attain better service quality with the same equipment and cost.
Traditional mobile communication network plan depends on simple data analysis and
manual judge. The mechanism can work well for the simple situation. However, for the
age of data explosion, manual judge based on simple data analysis is almost
unavailable. For example, there are only 13 kinds of combinations of antenna
parameters in 3G communication, which can be easily selected by experts’ experience.
For 4G communication, several hundreds of combinations of antenna parameters are
emerged. It is hard for manual judge, even for an experienced expert. Unfortunately, in
5G age, the number of combinations increases into thousands. It is definitely impos-
sible for manual judge based on experience. Therefore, automatic and intelligent
method for mobile communication network plan should be studied.
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Some achievements have been made in the intelligent design of mobile commu-
nication network, especially for 5G. Agyapong et al. proposed the architecture with two
layers, including a radio network and a network cloud, for 5G mobile networks. To
face the capacity and data rate challenges, ultra-dense small cell is deployed on licensed
and unlicensed spectrum, within control/user plane split architecture. NFV and SDN
are integrated to accomplish flexible network deployment and operation. The proof of
concept evaluation is also given to demonstrate the proposal’s potential [1]. Elshaer
et al. studied the notion of Downlink and Uplink Decoupling (DUDe), in which the
downlink cell association is based on the downlink received power while the uplink is
based on the pathloss, for the growth of heterogeneous networks. The simulation result
shows that Vodafone’s LTE field trial network produces a high resolution ray-tracing
pathloss prediction [2]. Marsch et al. provided an overview of the 5G RAN design
guidelines, critical design considerations, and functional innovations. The key func-
tional design considerations for the 5G RAN, mentioning the difference to legacy
systems such as LTE-A and the implications of the overall RAN design was also
proposed [3]. Chen presented the components of 5G communication and analyzed the
critical issues about 5G mobile communication network planning [4]. Guo pointed out
that 5G communication could provide low time delay and high connection ability,
which would promote the digital infrastructure in all kinds of industries [5].

From the efforts above, we can conclude that intelligent communication network
plan for 5G plays an important role in the developing of mobile service. The paper
proposes an intelligent and automatic design method based on insight big data. The rest
content of the paper is arranged as following. Section 2 describes the main process of
the method. The application of the method and the advantages are presented in Sect. 3.
At last, we conclude the paper and point out the future work.

2 Method

2.1 The Main Process

The main process of proposed method is shown in Fig. 1. At first, the insight data of
current communication network is collected and stored into the database. Then, the data
is analyzed from different aspects. Based on the analysis result, intelligent mobile
communication plan is executed and produces the design parameters. The communi-
cation network for 5G is established quickly according to the plan. The network will be
evaluated and may be adjusted when the performance is not satisfied.

Big data 
analysis

Quick
establishing

Intelligent
plan

Insight data 
collection

Network
evaluation

Optimal
adjusting

Fig. 1. The main process of proposed method.
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Personal position indicates the position of a mobile. The mobile is associated with a
user. For a user or potential user of 5G service, the position reflects the area he/she
appears. The principle is to cover the areas with 5G communication network to
improve the user’s satisfaction degree.

Measurement report (MR) refers to the signal strength measurement report obtained
by the base station. The network sends measurement control information to the mobile
terminal, which sends the measured parameters back to the sender. Measurement report
can monitor the whole network in real time, evaluate and analyze the optimized net-
work environment more comprehensively and accurately. MR data includes reference
signal receiving power (RSRP), RSRQ, angle of arrival (AOA), power headroom
report (PHR), and so on.

User’s profile records the data of the user. It includes the background of a user and
the feedback of the mobile service. Personal background consists of the name, birthday,
address, career and other information. The feedback of the mobile service reflects the
behaviors and attitude to the service provider, like complaint call.

2.2 Big Data Analysis

From the collected data, it can be summarized into 7 dimensional insight big data,
including service coverage rate, communication capacity, business income, complaint
hot topics, user distribution and occupancy rate.

Service coverage rate can explore the geographical area with low or high service
quality. Reducing the area with empty service will significantly improve the users’
satisfaction. The geographical location of the new station should be determined by the
service coverage.

Communication capacity indicates the ability of the network. The lack of capacity
may decrease the service satisfaction. The capacity is more important for the crowded
environment, such as shopping mall or temporary large exhibition. The communication
network plan must reserve enough capacity for the future crowded situation.

Business income shows the business value of the network. Usually, different
communication stations contribute different business income. The normal strategy is to
deployment lower capacity for the low business income station.

Complaint hot topics reflect the key issues under the users’ expectation. The topics
may be the quality of network, the service coverage problem or others. The new
planned network must try to overcome the disadvantages of the former networks.

User distribution describes the different characteristics of the users, according to
which the users will be treated with different strategy. For example, when 5G mobile
begins to be used, the price of cell phone and communication service will be obvious
higher than 4G/3G mobile. Thus, the new planned network must try to cover the users
with high consuming capability.

Occupy rate is an overall data for the service provider. When plan a new network,
the service provider must determine the target of the occupy rate. Obviously, the more
good quality network are established, the higher occupy rate will be. But the cost must
be considered to keep a healthy business situation.

With the result of insight big data analysis and the target of the mobile service
provider, the new 5G mobile communication network can be planned.
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2.3 Intelligent Plan

Usually, the target of the mobile service provider includes coverage target, capacity
target, speed target, user satisfaction target and financial target. The plan must fulfill all
the targets with the lowest cost. Here we give several key techniques of the intelligent
mobile communication network plan.

1) Mobile sensitive algorithm

To make an accurate statistic upon the user and service requirement geographic
distribution is the key for intelligent network plan.

As shown in Fig. 2, the network collects the MR (measurement report) and CHR
(call history record) while providing any mobile service. The MR/CHR contains key
information about cell information, receiving signal level, basic service type, the
mobility information (wether user was moving during the service), the handover (from
which cell to which cell), the neighbour cell configuration and so on. Some mobile
phones support to report GPS information, and some users allow there mobile phone to
report GPS to network. According to this project, about 20% user report their GPS
information together with MR, that enables the algorithm to build a RF finger print for
every grid on the digital map and locates all other MRs without GPS information. Then
the algorithm can build up a whole map of accurate coverage quality and user service
requirement distribution.

2) LSTM based call traffic prediction and suppressed traffic recognition

LSTM (Long-Short Term Memory) method, one of popular machine learning
model, is adopted to predict the call traffic, shown in Fig. 3. The existing network data
such as call record, MR data and probe data, is taken as training set. After training, the
traffic prediction model is obtained. Combined with social events, tariff packages,
urban functional areas and other special scenarios, the model can be used for prediction
and continuous feedback correction, which can accurately predict the traffic. At the
same time, the traffic demand that may be suppressed is predicted. According to the

Fig. 2. Basic idea of mobile sensitive algorithm.
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traffic prediction and suppressed traffic recognition results, 5G traffic can be estimated,
thus providing the reference value of capacity for mobile communication network plan
and determining the relevant configuration parameters.

3) Accurate site planning

According to coverage, capacity, speed and other goals, analyze and evaluate the
gap between existing network status and goals. Use the accurate site planning method
to establish base stations on the accurate area according to the business value. Use the
combination means of adjusting sector and carrier strength to configure the parameters
that meet the requirements. Through iterative optimization and parameter adjustment,
the goals of coverage, capacity and rate can be achieved.

(4) XGBoost based 5G user profile

Based on the user information in current mobile network, 5G user profile can be
made. Aiming at the way that potential 5G users stay in the base station to associate
coverage data, XGBoost method can give the exact user profile. The potential 5G users
are listed and precise marketing is implemented through various online channels to
support 5G user development. Figure 4 shows the potential 5G users found by
XGBoost in different cities of Shandong Province.

Fig. 3. The structure of LSTM used in our method.

Fig. 4. The number of potential 5G users in different cities of Shandong Province, China.
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2.4 Fast Network Establishing

The investment of 5G site is larger than 4G. According to the 5G network planning
method above, 5G site can be built fast. The new site can be configured quickly with
the planned parameters.

To fully use the performance of the new network, 5G pattern optimization is
executed. 5G pattern optimization evaluates and analyzes the cell beam parameters
through the automatic optimization algorithm. Based on the principle of space path loss
invariance, pattern optimization uses the path loss matrix algorithm to simulate and
evaluate the impact of each adjustment scheme. From the aspects of overall coverage,
quality, capacity and other parameters, guarantee the network being on the best status.
Through the adjustment of cell beam parameters, the network coverage, capacity and
user perception are optimized comprehensively, while reducing the adjustment cost of
antenna and feeder and improving the optimization efficiency.

3 Application and Advantages

With the intelligent mobile communication network plan method, Shandong Unicom
has planned 2466 5G stations. The method is also adopted in Beijing, Shanghai,
Zhejiang and other provinces.

Due to the intelligent planning and construction process, the activity status in the
construction process can be attained in time. The planning period of a station is
decreased from 7 days to 3 days. All the resources needed can be arranged and installed
at one time. The construction period of is reduced from the previous 30 days to current
20 days.

The joint construction and sharing station site selection process is reduced from 5
days to 3 days, improving the efficiency by 160%. The primary station and AI
acceptance effectively reduce the secondary station, and the single station construction
efficiency is optimized from 10 man days to 5 man days, increasing the efficiency by
200%. Compared with the traditional simulation planning and optimization adjustment
mode, the pattern optimization scheme, taking Jinan as an example (scale of 1000
stations), shortens the period from 200 man days to 80 man days, improving the
efficiency by 250%.

Since the intelligent mobile communication network plan is operated, single station
traffic has increased by 25% compared with the traditional mode, and improves single
station revenue. In 2019, Shandong Unicom has saved CAPEX by 300 million RMB
and OPEX by 03 million RMB per year.

4 Conclusion and Future Work

Intelligent mobile communication network plan is the future trend. The method can
increase the efficiency of station building and decrease the cost. The application in
Shandong Unicom has shown the advantages of the method.
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The future work will focus on the application of new AI algorithms and deep
learning models. It is expected to bring more benefit.
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Abstract. Electronic toll collection (ETC) is an electronic non-stop toll col-
lection system for expressways which brings drivers huge convenience when
vehicle passes through the toll gates without stopping. Recently, China has a
huge market and its credit card business has greatly contributed to the retail
business of banks. Therefore, accurate marketing for the potential users is very
important for the banking business. Users can be fully portrayed to explore the
characteristics of potential ETC users based on telecom big data. Under such
situations, we propose an advanced K-means clustering algorithm in view of
silhouette coefficient which can distinctly increase the accuracy of clustering and
improve the performance of k-means clustering. By applying this advanced
algorithm in the precision marketing scenario of ETC credit card, the key ele-
ments, which affect customers’ ETC processing, can be obtained. This method
brings new ideas and new momentum to the development of vertical industries.

Keywords: Data mining � K-means � Precision marketing � Silhouette
coefficient � Telecom big data

1 Backgrounds

Recently big data technology gradually becomes the new driving force of the industry
business. Meanwhile, the big data of telecom operator shows its importance with the
advantage of its huge user scale, wide coverage space, and time continuity, which can
be conclude as 4vs, namely “volume variety value velocity” [1, 2]. Through the
operator’s big data, we can obtain information on business behavior, time position,
usage preferences, and terminals to form 360° portraits of users, bringing new ideas and
new momentum to vertical fields [3, 4].

Electronic toll collection (ETC) is an electronic toll collection system on highways.
ETC system allows vehicles to identify and read/write information through dedicated
short-range communication technology when vehicle passes through toll nodes, and
automatically deducts the corresponding fees from the bound financial IC card and
bank account. Therefore, it brings drivers lots of convenience as they drive through the
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toll gate quickly without waiting in lines and hand in money. The ETC industry is the
fastest growing segment in the field of intelligent transportation in these years. Due to
the vigorous promotion of policies, ETC is developing very fast and its credit card
business has greatly contributed to the retail business of banks. Based on the operator’s
big data and machine learning algorithms, we can gain deep insights into the charac-
teristics of ETC users and intended users, transform potential customers into actual
customers, and increase bank business income. Due to this process, it is important to
divide user groups based on customer characteristics and further obtain the key factors
that affect the intent rate and conversion rate [4]. Clustering algorithm is a common
method to solve such group division problems.

The K-means algorithm is a classic clustering algorithm. This algorithm employs
the distance between samples as an index to measure the similarity of the samples.
First, it is assumed that the cluster is composed of samples with similar distances.
Through the optimization of cluster division, the sum of the distances within the
clusters is minimized. Therefore, the K-means algorithm can be used to cluster credit
card users and potential user groups. Based on the characteristics of each cluster, ETC
credit card promotion is more targeted.

2 Business Understanding and Feature Engineering

2.1 Introduction of Operator Big Data

Operator data is mainly divided into two categories: BSS (Business support system)
domain and OSS (Operation Support System) domain data. The BSS data comes from
the business support system, which mainly involves billing, business conditions,
accounting and customer service information. For example, our communication bill is
taken from the BSS domain data. On the other hand, the OSS data comes from the
operation support system and involves the core network circuit domain, packet domain,
and wireless network basic data. The content of OSS data is more extensive and
professional, including wireless network core network performance indicators, detailed
signaling, etc.

Through multi-dimensional operator big data, especially OSS domain data analysis,
user’s identity information (WHO), time information (WHEN), location information
(WHERE), terminal information (WHICH), behavior information (WHAT), and per-
ception experience (EXPERIENCE) are obtained to form the dynamics of each user’s
tag library to complete holographic portraits of users [1].

Through the six dimensions, we collect 7 days of operator XDR data, including the
following form and corresponding fields. Then we obtain the location information
through the base station and cell code associated with the parameter. Furthermore, we
get the current mobile phone brand and the user’s IMEI related terminal library model
by the interfaces as follow Table 1 and Table 2.
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2.2 General Idea

In order to accurately locate potential ETC users, we should first filter out some user
characteristics. For example, the user may like shopping, as well as have the habit of
using credit card or Internet loan App. Else, the user may own a car or have the
intention to buy a car.

According to these characteristics, we can find some user’s features match with
them and accurately locate users that have more possibilities to apply for ETC business.

2.3 Feature Engineer Building

By the analysis of the features of every user and the K-means clustering model, each
clustering feature can be visually characterized, and this can effectively support the
accurate ETC credit card marketing. Under the business scene that the bank needs to
find potential ETC customers, we can provide them useful information.

Based on business analysis, the types of apps that have strong relevance to car
owning shows as the follow table. Each type of app contains several types of apps that
can be classified as Table 3.

Table 1. IUCS interface data

IMSI (International Mobile Subscriber Identity)
IMEI (International Mobile Equipment Identity)
MSISDN (Mobile Subscriber International ISDN number)
Starting time
End Time
Calling/called
Base station cell identification

Table 2. S1UHTTP interface data

IMSI
IMEI
MSISDN
Starting time
End time
APP category
APP name
Upstream traffic
Downstream traffic
Base station cell identification
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Based on the data exploration, we integrate the 7-day XDR data and correlate the
industrial parameters to build the characteristics shown in Table 4.

Table 3. Different app preference features of car user groups

Related user groups APP preference Features

Car owner Car maintenance
Car refueling
Car payment

New car owner
(download in 7 days)

Car maintenance
Car refueling
Car payment

Intent to buy a car Car evaluation
Already have ETC ETC service
Intent to have ETC

Table 4. Enumeration of clustering features

Voice business
behavior

7-day average daily call duration and count
Weekday call duration and count
Rest day call duration and count
Day call duration and count
Night call duration and count
Daily average text massages

SMS Daily average traffic
Daytime and nighttime traffic
During workdays Data traffic

APP preferences Number of apps used in seven days
Number of apps used daily
Total number of apps used daily
The number of fashion/video/banking/online loan/financial
management/stock and financial information/automotive/home
improvement/news/office/parent/shopping/sports games/promotional
discounts/travel/decoration APP used within 7 days
The number of daily users
The total number of daily users
The daily traffic of each type of app

Mobility Time spent passing through toll booths
Terminal
information

Current terminal price
Current terminal brand
Current terminal type
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2.4 Data’s Pre-processing

After picking all the features above, we should pre-process the data. Here, we take
daily average traffic as an example.

First, we classify each feature as continuous and discrete feature. For example,
daily average traffic is a continuous feature.

Second, we use Bin method to turn continuous data into discrete data. There are
many bin methods like Equal-width binning method, equal-frequency binning method
and binning method based on K-means clustering. Equal-width binning divide the
value range of the variable into several equal-width intervals, and each interval is
regarded as a binning. Equal-frequency binning arranges the observation values in
order (from small to large), and divides into several parts according to the number of
observations where each part is regarded as a binning. As for binning based on K-
means clustering, the K-means clustering method is used to cluster the observations
into several categories. However, it is necessary to ensure the ordering of the binning
observations from small to large during the clustering process. For the continuous
features in this passage, we use the equal frequency bin method to discretize them.

Third, we encode all features via one-hot encoding. Specifically, one-hot encoding,
which can also called one-bit effective encoding, encode N states by using N-bit status
register. Every state has an own register bit, and at any time just one bit is valid.

3 User’s Clustering

3.1 Existing K-Means Clustering Algorithm

The K-means algorithm is a classic clustering algorithm which is widely-used in many
occasions. Its fundamental goal is to minimize the sum of the distances within the
clusters by optimizing the partitioning of the clusters. Suppose there are N individuals
in the set Yf g: y1; y2; . . .; yn. The clustering goal is to divide N individuals into k
clusters, expressed as U ¼ u1; u2; . . .; ukf g. Therefore, in the results, the distance
between individuals in the cluster is the smallest. The steps are as follows [5, 6]:

a) In the set Yf g, select k nodes u1; u2; . . .; uk as the initial cluster head.
b) Allocate other N-k non-cluster head nodes to k clusters, so that the sum of the

distances between each node and the cluster head is minimized.
c) Update k cluster heads based on the classification result in step b) as shown in

formula (1).

ui ¼ 1
Ni

X

Y2yYi y ð1Þ

Among them, Ni represents the i-th individual in cluster Yi, and u
0
i represents the

i-th cluster head after update;
d) if u

0
i 6¼ ui i ¼ 1; 2; 3; . . .; kð Þ, return to step b); otherwise we can output the clus-

tering results.
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According to these steps above, it can be told that in the K-means clustering
algorithm, the first step is to select k initial nodes as the centers of k clusters. In the
subsequent evolution, the center of each cluster is updated according to the position of
the nodes in the cluster. After a certain evolution, if the ratio of the distance between
the clusters to the distance in the clusters does not change, then the iteration ends.
Therefore, the initialization of k cluster centers has a large impact on the clustering
results [7]. If the randomly generated k cluster centers are not reasonable, the clustering
effect may be poor.

3.2 Advanced K-Means Clustering Algorithm Based on Silhouette
Coefficient

The silhouette coefficient integrates the clustering cohesion and separation to assess the
effect of clustering which turns out to be a value between −1 and 1. When the value is
larger, the clustering effect is more significant. Some specific calculation method is as
follows:

a) For the i-th element xi, we can compute the average distance between xi and all the
other elements in the same cluster, denoted as ai. This step is used to quantify the
extent of cohesion in the cluster.

b) Then we select another cluster named b outside xi, and compute the average
distance between xi and all points in b. We traverse over all the clusters and find the
smallest average distance and record it as bi which is used to quantify the sepa-
ration between clusters.

c) For element xi, the silhouette coefficient si can be calculated through (2).

si ¼ bi�ai
max ai; bið Þ ð2Þ

Through the above steps, we calculate the contour coefficients of all x, and find the
average value is the overall contour coefficient of the current cluster.

From the above formula, it is not difficult to find that if si is less than 0, the average
distance between xi and the elements in its cluster is smaller than the nearest other
cluster, which indicates that the clustering effect is not good. If ai tends to 0, or bi is
large enough, then si tends to be 1, indicating that the method gains better clustering
effect.

3.3 An Example for Advanced K-Means Algorithm

For the traditional K-means and the k-means algorithm with the introduction of contour
coefficients, the “liquor quality” data set and another two-dimensional lattice data set
were used to simulate and compare performance [8].

In order to prove that the K-means algorithm with the introduction of silhouette
coefficient has better effect than the traditional K-means, we selected the “liquor
quality” data set from the UCI database and another two-dimensional lattice data set to
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verify the k-means algorithm of edible fungus of the bacteria. Both data sets can be
used to verify the clustering effect [9]. We can see detailed information in Table 5.

Among them, “liquor quality” has 11 types of indicators such as pH and alcohol
[10, 11]. The types, which get the same final score, are classified into one category.
Although the scoring standard is from 0 to 10, the actual data set only has the score
among 3 to 9. Therefore, we set the number of clusters (K value) into 7. The Two-
dimensional lattice has an obvious contrast to the clustering algorithm. The optimal
clustering result of this data set should be as shown in Fig. 1. But the result is easily
affected by the selection of the initial point and falls into a local optimal situation,
which is shown in Fig. 2.

We choose whether it turn out to be the local optimal solution as the evaluation
index of the test, and test the K-MEANS algorithm based on foraging bacteria and the
traditional K-MEANS algorithm through twenty repeated experiments. We can see the
results shown in Table 6.

Table 5. Dataset introduction

Table name Data dimension Number of data Number of clusters (K) Data source

Liquor quality 11 4898 7 UCI database
2D dot matrix 2 80 4 network

Fig. 1. Global optimal Fig. 2. Local optimal

Table 6. Comparison of two algorithms on two-dimensional data clustering

Method Global optimal
solution times

Local optimal
solution times

Correct
rate

K-MEANS algorithm based on
foraging bacteria

46 4 92%

K-MEANS algorithm 42 8 84%
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Compared with the traditional k-means algorithm, the improved algorithm has
better performance and better clustering effect. In order to prove that the division will
be more effective, we use the “liquor quality” data set to perform ten tests to verify the
accuracy of the division, in which foraging bacteria for ten iterations. The detailed
results are revealed in Table 7.

Compared with the traditional K-MEANS algorithm, K-MEANS with the intro-
duction of contour coefficients is more accurate in the division of the “liquor quality”
data set. The effect of random points is smaller, and the accuracy of clustering will be
better.

3.4 Simulation and Results

As above examples show significant improvements, we use k-means algorithm which
introducing contour coefficients to cluster users. First we divide 100,000 users into 6
clusters based on the above feature engineering. We call the proportion of people who
clicked the referral link as R1 and the proportion of people who get credit cards
successfully through bank review as R2 in this passage. Due to space limitations, only
R1 and R2 are marked in Table 8.

It can be seen from the above table that R1 of cluster 1 and cluster 2 is higher,
reaching more than 9%; R2 of cluster 5 is higher, reaching more than 4‰.

The common characteristics of clusters 1, 2, 5 are: the characteristic indicators
related to traffic are higher than those of the other three clusters. It can be seen that the

Table 7. Accuracy comparison of two algorithm clustering

Number K-MEANS accuracy rate K-MEANS accuracy with
introduction of silhouette coefficient

1 81.2% 87.5%
2 80.4% 86.5%
3 82.3% 86.3%
4 84.2% 82.5%
5 79.1% 81.4%
Lowest accuracy 79.1% 81.4%
Highest accuracy 84.2% 87.5%
Average accuracy 81.4% 84.8%

Table 8. Clustering result

Marketing effect Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

R1 11.4% 9.2% 2.7% 4.6% 8.1% 6.3%
R2 2.7‰ 3.6‰ 0.5‰ 1.76‰ 4.5‰ 1.2‰
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business activity levels of these three types of users are higher than the average. The
apps related to automobiles (including car owners, new car owners, users who intend to
buy cars and users who intend to handle ETC) are used more frequently than the other
three clusters.

In addition, the free features of each cluster are as follows:
In cluster 1, the number of online loan apps used during 7 days and the average

number of daily uses of online loan apps are significantly higher than other clusters.
The index of shopping apps is higher than other clusters. And the number of passing
through communities during work days or rest days is low. Therefore, cluster 1 can be
summarized as people who have a habit of applying for online loans and a strong desire
to shop, and may not own a fixed job.

In cluster 2, the average number of daily uses of bank and payment apps is sig-
nificantly higher than other clusters. The percentages of young fashion apps among all
apps used in 7 days, and the average daily use and traffic of young fashion apps are
higher than other clusters. The index of online loan apps is higher than other clusters.
The number of passing communities on weekdays is low and the number of passing
communities on rest days is high. Therefore, the people in cluster 2 may be price-
sensitive users. Obtained through the mobility indicator, the proportion of students in
school in cluster 2 may be higher.

In cluster 5, the index of online loan app is significantly lower than cluster 1 and
cluster 2, but the number of passing communities on weekdays and rest days is higher,
and the number of financial app used during 7 days and the percentages of financial
apps used among all apps during 7 days is much higher than other clusters. At the same
time, office, stock and financial, parent, home improvement, and travel app indicators
are slightly higher than the average. Besides, it can be seen that cluster 5’s R2 is higher,
and users in this category have characteristics that are significantly different from
clusters 1 and 2. They have certain deposits or assets, so they are more likely to have a
formal work. And they may have a large-scale consumer demand, such as travel or
home improvement in the near future.

Based on the above clustering results, we can obtain key features that affect R1 and
R2 of the credit card. So that accurate credit card marketing can be more targeted.

4 Conclusion

This paper raises an advanced K-means clustering algorithm based on silhouette
coefficient. Through the demonstration of examples, we applied the advanced algo-
rithm in the credit card precise marketing scenario, and obtained the key elements of
the proportion of people who get credit cards successfully through bank review, so as
to explore potential users more effectively. Through the method, we can precisely
position the group of people who is likely to become an ETC user and market ETC
credit card towards them. As a result, it makes contribution to both bank business and
traffic construction.
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