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n 2020, the world has faced unprecedented challenges in
human history with the Covid-19 pandemic, but communi‑
cation systems and technologies have helped tremendous‑
ly for teleworking and teleconferences. The progress of
new technologies, particularly for satellite communication sys‑
tems and applications, is facilitating the global coverage. The
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significant development of satellite communications has been
made in the recent years, including high throughput satellites
(HTS), large-scale low earth orbit (LEO) satellite constella‑
tions with more than thousands of, even tens thousands of, sat‑
ellites in each constellation, as well as medium earth orbit
(MEO) constellations. Integration between satellite and terres‑
trial networks has been considered as an important part of the
development of 5G mobile communication systems, but chal‑
lenges remain on delivering 5G application scenarios over sat‑
ellites for enhanced Mobile Broadband (eMBB), massive Ma‑
chine Type Communications (mMTC) and Ultra Reliable Low
Latency Communications (URLLC). Applications have also
ZTE COMMUNICATIONS
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been developed to exploit the benefit of the global coverage of
satellites and enable integration of communication systems
with position and navigation services to serve the remote areas
where it is impossible or not economical to reach by tradition‑
al terrestrial communication networks.
It has been recognised by the international communities
and international standardisation bodies including ITU, ETSI
and 3GPP that satellites will play an important role in the fu‑
ture global information infrastructure (GII). The emerging 6G
systems are considered as the main part of future communica‑
tions and network architecture. Research has been carried out
in these areas and related standards have been under develop‑
ment. Satellite communications have become a hot topic of re‑
search and development and many related articles have been
published in various international conferences, journals, maga‑
zines and newspapers. Therefore, it is timely for this journal to
recognise these new developments and publish the latest re‑
sults in the subject areas. We have carefully selected eight
peer-reviewed papers to publish in this issue, covering the top‑
ics in the space-and-terrestrial integration for IoT, resource al‑
location strategy for satellite networks, security for spacebased network, slicing technique for satellite network, IP rout‑
ing for LEO networks, space laser communications, satellite
trajectory prediction, and medium access control (MAC) pro‑
tocol for satellite access.
In the first paper“Space-Terrestrial Integrated Architec‑
ture for Internet of Things”, a method for space-terrestrial
based IoT (ST-IoT) system is proposed. A reliable identifica‑
tion procedure, an integrated access and communication pro‑
cedure and a clustering cooperative transmission strategy are
also discussed.
The second paper“Resource Allocation Strategy Based on
Matching Game”presents a new resource allocation scheme
based on the many-to-many matching game scheme to im‑
prove the resource utilization efficiency and quality of experi‑
ence (QoE).

02
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The third paper“DDoS Attack Detection Method for SpaceBased Network Based on SDN Architecture”introduces a
method to prevent distributed denial of service (DDoS) attacks
for space-based networks based on SDN architecture. Ma‑
chine learning algorithms are used to reduce the DDoS detec‑
tion time.
In the fourth paper“Satellite E2E Network Slicing Based
on 5G Technology”, a novel scheme is proposed for satellite
end-to-end (E2E) network slicing based on 5G technology to
support flexible network deployment between satellite and
ground segments.
The fifth paper“Adaptability Analysis of IP Routing Proto‑
col in Broadband LEO Constellation Systems”provides evalu‑
ations of IP protocols on efficiency and reliability of various
network services based on the two LEO constellation systems
developed in China.
The sixth paper“Advanced Space Laser Communication
Technology on CubeSats”reviews the state-of-the-art laser
technologies and current progress on the CubeSats, and high‑
lights the characteristics of laser link on the CubeSat and the
key techniques for laser communication terminals (LCT) and
related design.
The seventh paper“Feasibility Study of Decision Making
for Terminal Switching Time of LEO Satellite Constellation
Based on the SGP4 Model”presents an LEO satellite trajecto‑
ry prediction model based on the terminal handover tech‑
nique. The related validation was made using the measure‑
ment data from operational satellites.
Finally, an MAC layer random access scheme is proposed
in the eighth paper“M-IRSA: Multi-Packets Transmitted Ir‑
regular Repetition Slotted Aloha”, allowing transmission of
multiple packets per user with pre-coding procedure.
Overall, a good range of papers are presented to you. We
look forward to the future development of satellite communica‑
tion systems and applications and hope you all enjoy this spe‑
cial issue.

Space‑Terrestrial Integrated
Space‑
Architecture for Internet of Things

ZHANG Gengxin, DING Xiaojin, QU Zhicheng
(Telecommunication and Networks National Engineering Research Center, Nanjing University of Posts and
Telecommunications, Nanjing 210003, China)

Abstract: To realize the ultimate vision of Internet of Things (IoT), only depending on ter‑
restrial network is far from enough. As a supplement and extension of terrestrial network,
satellite network can offer powerful support to realize the depth and breadth of the cover‑
age. However, existing satellite networks are usually designed for particular purposes.
Moreover, traditional satellite networks and terrestrial networks are developed and operat‑
ed separately, consequently they cannot meet the need of network flexibility required by
IoT. In this paper, a space-terrestrial architecture is conceived for constructing a spaceterrestrial based IoT (ST-IoT) system. Additionally, a reliable identification procedure, an
integrated access and communication procedure, as well as a clustering cooperative trans‑
mission strategy are also presented.

DOI: 10.12142/ZTECOM.202004002
http://kns.cnki.net/kcms/detail/34.1294.
TN.20201111.1431.003.html, published
online November 11, 2020
Manuscript received: 2020-09-25
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1 Introduction

W

ith the deployment of 5G networks and the devel‑
opment of the Internet of Things (IoT) technology,
information transmissions have been expanded
from people-and-people to people-and-things as
well as things-and-things[1]. Therefore depending on pure ter‑
restrial network can hardly satisfy the depth and breadth of
the coverage required by the Internet of Everything. Mean‑
while, space information network (SIN) [2–3] has received in‑
creasing research attention as a benefit of its ability of ex‑
ploiting both satellite network and terrestrial network to ex‑
pand the depth and breadth of the coverage.
There are two kinds of designs for SINs. First, space nodes

are supported by terrestrial network, which is the most mature
architecture represented by Inmarsat, Intelsat, wideband glob‑
al satcom (WGS)[4–5], etc. Under this architecture, space nodes
of SIN merely serve as transparent transmitting channel, and
globally distributed terrestrial network will provide services
by processing the receiving data. In this way, system complexi‑
ty can be reduced by simplifying space equipment, and it is
convenient for maintenance and upgrade. However, this archi‑
tecture has a poor invulnerability since the core elements of
SIN are deployed on the ground. As an alternative, spacebased network, represented by iridium and advanced extreme‑
ly high frequency (AEHF) [6–7], is an architecture to establish
an independent SIN through inter-satellite links (ISLs). This
ZTE COMMUNICATIONS
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From Ref. [10], the architecture of space-based access net‑
work is shown in Fig. 1. According to this architecture, as
satellite based IoT is the supplementary and extension of ter‑
restrial IoT, the compatibility between two systems should be
considered in architecture design. From the aforementioned
background, a space-terrestrial integrated architecture is
conceived for ST-IoT, which is depicted in Fig. 2, and can
be used in the space-terrestrial integrated network [10] and sat‑
ellite Internet[11]. The whole system consists of space back‑
bone network (SBN), space access network (SAN), terrestrial
access network (TAN) and core network (CN). To be noticed,
from the aspect of space-terrestrial integration, ST-IoT
shares the identical CN with the terrestrial system. Following
of this section mainly focuses on illustrating the space part of
the architecture.
In ST-IoT system, the space section aims at user address‑
ing, access control and session management. Therefore, in
Fig.2, core access and mobility management function (AMF)
and session management function (SMF) have been extended
into space part. Meanwhile, space system has unique re‑
source allocation and management mechanisms, thus these
two function nodes can be integrated with space-terrestrial
integrated manage-control center (STIMCC). This integration
is recognized as the terrestrial section of control plane
(TSCP), i. e., space-terrestrial integrated control gateway

ed
er
li
Fe nk
ed
er
lin
k

2 System Architecture

(STICGW), which aims to transmit CN control commands
and space resource allocation commands to the space control
plane (SCP). In this architecture design, SCP consists of both
SBN and SAN nodes. In view of the platform ability, spacebased controllers (SBC) deployed on SBN nodes mainly uti‑
lize the broadcasting beam on geosynchronous earth orbit
(GEO) satellite to efficiently transmit control commands to
the low earth orbit (LEO) satellite and IoT terminals within
the coverage area. As the supplementary and back-up of the
former kind of SBC, SBC deployed on SAN nodes focuses on
hot-zone and areas that SBN cannot cover. As shown in Fig. 2,
the N2(S) reference point (RP) is used to transmit control sig‑
nals between two kinds of SBC, in order to perform resource
allocation in SAN. Meanwhile, to match TSCP, SBC has onboard AMF and SMF, and receives resource control com‑
mand through resource control unit (RCU).
Moreover, as shown in Fig. 2, for controlling IoT terminals,
the N1(S) RP may be used to transmit access control and re‑
source control information to the terminals. Meanwhile, parts
of connection oriented (CO) IoT terminals can also utilize
their N1(S) RP to make access request to SBC. When the re‑
quest has been approved, the IoT terminal can initiate data
transmission to the corresponding access node. In the data
plane, data converged from SAN and TAN will be sent to CN
via space-terrestrial integrated data gateway (STIDGW).
Then, we will introduce the procedures belonging to the
space part. Specifically, the procedure of the control plane for
ST-IoT is shown in Fig. 3. AMF and SMF of CN may be acti‑
vated to transmit control information to STICGW, and
STIMCC may be also utilized to transmit space resource con‑
trol information to STICGW. The control information will be

ISL

Fe

architecture highlights the SIN nodes’capabilities of process‑
ing, exchanging, and controlling. On the one hand, it enhances
systems’invulnerability compared with the former architec‑
ture. On the other hand, the increasing capabilities may sharp‑
ly raise the complexity of space equipment as well as the cost
of construction and maintenance. Moreover, in Ref. [8], in or‑
der to decrease the delay and enhance the reliability, the au‑
thors designed a new IoT routing mechanism in the presence
of small-world characteristics, and explored the reliability and
delay models with the aid of Cayley graphs.
As a further development, space-terrestrial integrated net‑
work (STIN) has also been designed[9], which can combine
the advantages of the aforementioned two architectures.
Within this framework, the space network is applied to real‑
ize global coverage and the terrestrial network takes charge
of most managing and controlling functions. Differing from
Ref. [9], an architecture of a space-terrestrial based IoT sys‑
tem is conceived in this paper. Moreover, the procedures of
control plane for space-terrestrial based IoT (ST-IoT), reli‑
able identification as well as integrated access and communi‑
cation are designed.
The rest of this article is organized as follows. In section 2,
we briefly introduce the whole system architecture design. In
section 3, three procedures are proposed to satisfy system
features. Section 4 concludes this article.

Terrestrial
nodes
Terminals
GEO: geosynchronous earth orbit

ISL: inter-satellite link

LEO: low earth orbit

▲Figure 1. Architecture of space based access network.
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SAN: space access network

SBC: space-based controller
SBN: space backbone network
STICGW: space-terrestrial integrated control gateway
STIMCC: space-terrestrial integrated manage-control center

▲Figure 3. Procedure of control plane for space-terrestrial based IoT (ST-IoT).

Nudm

SMF

N2

N3

N4
UPF

N6

DN

CH

UE

Naf
AF

STISC

Applications

STIDGW: space-terrestrial integrated data gateway
STIMCC: space-terrestrial integrated manage-control center
STISC: space-terrestrial integrated service center
TAN: terrestrial access network
UDM: unified data management
UE: user equipment
UPF: user plane function

▲Figure 2. Conceived architecture for IoT.

CN

UDM

Nsmf

IoT devices

AF: application function
AMF: access and mobility management function
AUSF: authentication server function
CH: cluster head
CL: control Link
DL: data Link
DN: data network
IoT: Internet of Things

STIMCC

STICGW

SAN

Space‑based
controller

RCU

N1

)

N 1 (S

N 1 (S

N2

(S

)

)

(S )

N2(S)

SMF(S)

converged and transformed in
STICGW, and then transmit‑
ted to SBC via control link.
Due to the current deployment
limitation of STICGW, the con‑
trol information will be trans‑
mitted to SBC on SBN nodes.
While SAN nodes are flying
across SBN coverage areas,
SBC on SAN nodes will utilize
N2(S) RP to receive control in‑
formation. After that, SBCs be‑
longing to different networks
will operate predefined rules
to transmit access control in‑
formation via N1(S) RP to IoT
terminals.
For IoT terminals, since
several deployment areas
like aerial, maritime and
some remoted land locations
are not covered by TAN, ter‑
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minals in aforementioned areas can only transmit through
SAN. When an area is covered by both TAN and SAN, IoT
terminals can choose appropriate network according to fac‑
tors like traffic requirements and device ability. The main
features of IoT terminals are listed in Table 1.

(CW) to generate encoded control message (ECM). CW is a
group of random numbers used to encrypt data stream and to
decode data in the receivers. Meanwhile, CW is also used to
initiate the pseudorandom sequence generator (PRSG) to
scramble the access control information (ACI), which mainly
contains SAN nodes’condition, system parameters, and oth‑
er control commands initiated from network side. It is gener‑
ated by SBC and CN.
Step 4: SBC utilizes multiplexer to multiplex ECM, EMM
and encrypted ACI into transmission stream. To be noticed,
EMM will be penetrated into the stream every 6–8 seconds.
To decode CW from ECM, terminals should be proven that
they have been registered.
Step 5: At the receiver, IoT terminals use demultiplexer to
demultiplex data stream, and use UK to decode encrypted
EMM to achieve SK. Then, SK can be used to decode en‑
crypted ECM, thus achieving CW. Finally, IoT terminals use
CW to get full ACI and continue the follow-up operation.

3 Highly Efficient and Reliable Procedure
Design
3.1 Reliable Identification Procedure Design
ST-IoT system faces numbers of challenges including mas‑
sive access, lack of on-board and frequency resources. Due
to these problems, it is significant to make sure that only cer‑
tified terminals can get access to the system. Therefore, in
this sub-section, an identification procedure is discussed,
which is depicted in Fig. 4. The procedure is divided into
five steps, which will be illustrated as follows.
Step 1: When users pay for registering their IoT terminals,
the unified data management (UDM) function node in CN
will send registration information to authentication server
function (AUSF) via RP N13. After that, UDM and AUSF
will report terminals’registration information to AMF(T) via
RP N8 and N12, respectively.
Step 2: AMF(T) utilizes service key (SK) to encrypt regis‑
tered user’s key (UK) to generate encoded manage message
(EMM), and then sends SK and EMM to SBC.
Step 3: AMF(S) in SBC will encrypt SK with control word

▼Table 1. IoT terminals features: (a) AN types; (b) Device types
AN Type

3.2 Integrated Access and Communication Procedure
The common features of IoT traffic can be summarized as
random access, high concurrency, and short burst. However,
the wide coverage, long latency, high dynamic feature of
LEO satellites will bring huge challenges to design ST-IoT
transmission mechanisms. In ordinary access process, before
traffic data transmission, numbers of operations should be
finished by terminals. Under the restraints of LEO satellites,
the access process has to satisfy the demands of low control
(a)

Operation Mode

Operating Procedure

Corresponding Terminals

ACIO

SBC broadcast access control information, IoT terminals ac‑
cess to SAN nodes via random access scheme

Regular IoT terminals deployed in aerial, maritime, remote
areas; Low QoS demand terminals in hot-zone.

CO

IoT terminals initiate access request to SBC, SBC response
request with specific resources (time, frequency, access
node). IoT device transmit data to corresponding access node.

Converging cluster head terminals; High QoS demand
terminals.

SAN

TAN

IoT

Terminals in TAN coverage areas.

(b)
Device Type

Amount

Typical Application

Data Rate

Operating Mode

Traffic Feature

Typical Environment

AN node

Regular device

Large

Collecting, tracking

Low

ACIO/CO/TI

Short burst

Aerial, maritime, land

SAN/TAN/Cluster
head

Converging cluster
head terminals

Low

Converged collecting

High

CO

Long packet

Land

SAN

High QoS terminals

Low

Monitoring

High

CO/TI

Stream

Aerial, land

SAN/TAN

High security
terminals

Low

Sensitive data trans‑
mission

Low

ACIO

Short burst

Sensitive areas

SAN

ACIO: access control information oriented
AN: access network
CO: connection oriented
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QoS: quality of service
SAN: space access network

SBC: space-based controller
TAN: terrestrial access network
TI: terrestrial IoT
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3.3 Clustering Cooperative
Transmission Strategy
In ST-IoT system, SAN coex‑
ists with TAN, which means that
multi-mode terminals can access
both SAN and TAN in co-cover‑
age areas, where TAN usually
has higher access priority. How‑
ever, when concurrent access re‑
quests exceed TAN’s capacity, it
is necessary to coordinate TAN
and SAN in order to realize load
balance between two networks.
Considering the different deploy‑
ing locations of terminals, the
possible network coverage situa‑
tion can be categorized as follows.

UDM

AUSF

and less coordination. The most significant problem that ST(1) Multi-network coverage area, where network coordina‑
IoT faces is massive concurrent uplink access requests
tion is required to maintain concurrent access requests and en‑
caused by wide coverage. According to aforementioned illus‑
sure load balance between TAN and SAN;
tration, frequent interactive control mechanism does not sat‑
(2) Single-network coverage area, where IoT terminals will
isfy the demand of ST-IoT system. Therefore, in this subsec‑
attempt to access in available network.
tion, an integrated access and
communication procedure is pre‑
sented, which is depicted in Fig.
AMF(S)
SBC
5. This procedure mainly focuses
ACI
on massive regular IoT terminals,
ACI
which have relatively low quality
CW
Descrambler
Scrambler
of service (QoS) requests and are
CW
insensitive to time-latency. At
the beginning of the procedure,
ECM
ECM
ECM
ECM
IoT terminals will be awakened
Multiplex‑
Demulti‑
SK
er
plexer
by their built-in triggers and then
SK
EMM
EMM
EMM
EMM
turn into monitoring mode. Once
a terminal receives ACI from an
UK
UK
SBC (following the frame illus‑
AMF(T)
trated in Section 3.1), it will
UK
package its own ID with traffic
storage
data and then transmit the
N12
N8
packed data to its corresponding
SAN node. After these opera‑
Register
N13
IoT
tions, the IoT terminal will imme‑
devices
diately turn into sleep mode for
saving energy purposes. User da‑
ACI: access and communication information
CW: control word
SBC: space-based controller
ta will be converged and recov‑
AMF: access and mobility management
ECM: encoded control message
SK: service key
function
EMM: encoded manage message
UDM: unified data management
ered in SAN earth gateway sta‑
AUSF: authentication server function
IoT：Internet of Things
UK：user’s key
tion (EGS), and then EGS,
STIDGW and CN will finish the ▲Figure 4. Procedure of reliable identification.
similar terrestrial IoT traffic pro‑
cedure (3GPP Rel-13), where
IoT devices
SBN nodes
SAN nodes
SAN EGS
STIDGW
CN
EGS represents terminals and
STIDGW represents eNodeB.
1. Trigger to awake
2. Broadcast ACI
3. Monitor ACI

5. Turn into
sleep mode

4. ID and traffic data transmission

6. User data
transmission
via feed link
7. Receive and demodulate
user date
8. Terrestrial IoT traffic procedure

ACI: access and communication integration
CN: core network
EGS: earth gateway station
IoT: Internet of Things

SAN: space access network
SBN: space backbone network
STIDGW: space-terrestrial integrated data gateway

▲Figure 5. Integrated flow of access and communication.
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In the first case, assuming that at time t, there are N IoT ter‑
minals, and J available access networks, as shown in Fig. 6.
Considering K factors (e. g., distance, number of terminals,
channel state information, etc.), multiple attribute decision
making [12] can be utilized to perform the matching among IoT
terminals and available networks. In the second case, a satel‑
lite-coverage-area, as shown in Fig. 7, due to the limitation of
spatial resolution and frequency resources, IoT terminals with‑
in a single beam cannot avoid collisions in the presence of
massive connections . To reduce colliding probability, a clus‑
tering transmission strategy is introduced in this section. This

1

1

2

2

︙

︙

N

J

▲Figure 6. Multi-terminal and multi-network matching.

strategy has two steps, namely cluster head election and termi‑
nals access.
It is necessary to clarify that the amount of cluster head
within a single beam is up to C, which further divides the
coverage area into C grids. Assuming that there are N IoT de‑
vices in grid m, the cluster head in this grid can be elected
via the following function:

(

c m = arg i,i =max
f h i ,n i ,e i
1,2,...,N m
s.t.

)

e i ≥ 0.5E
n i ≤ D,

where c m is the ID of elected cluster head node, and h i,n i, and
e i represent the link condition, node amount in coverage ar‑
ea, and battery level of node i, separately. Besides, E is the
maximum energy of a node, and D is the node amount upper
bound that a cluster head node can afford.
For cluster head election, link condition, battery level and
node location are the essential factors to be considered. After
cluster head election, IoT terminals will choose to access ap‑
propriate head, relying on the attributes of distance, node
amount in coverage area, and link condition.

4 Conclusions

In this paper, we investigated a space terrestrial integrated
network oriented IoT, where massive IoT terminals can ac‑
cess both the space network and the terrestrial network. We
conceived a space terrestrial integrated architecture for sup‑
porting massive connections. Moreover, we also discussed
some technical issues of ST-IoT, including reliable identifi‑
cation method, access and communication integrated flow,
and clustering cooperative transmission strategy. To further
improve the tolerable number of IoT terminals, more efforts
should be devoted in both innovative fundamental theory and
sophisticated experiments.
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Abstract: With the development of satellite communication technology, the traditional re‑
source allocation strategies are difficult to meet the requirements of resource utilization effi‑
ciency. In order to solve the optimization problem of resource allocation for multi-layer satel‑
lite networks in multi-user scenarios, we propose a new resource allocation scheme based on
the many-to-many matching game. This scheme is different from the traditional resource al‑
location strategies that just consider a trade-off between the new call blocking probability
and the handover call failure probability. Based on different preference lists among different
layers of medium earth orbit (MEO) satellites, low earth orbit (LEO) satellites, base stations
and users, we propose the corresponding algorithms from the perspective of quality of experi‑
ence (QoE). The simulation results show that the many-to-many matching game scheme can
effectively improve both the resource utilization efficiency and QoE, compared with the oneto-one and many-to-one matching algorithms.
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1 Introduction

T

he rapid development of satellite communication tech‑
nology has facilitated the provision of multimedia ser‑
vices with high speed, low latency and large capacity.
In satellite communication systems, the radio resource
management focuses on improving the resource utilization and
satisfying the quality of experience (QoE) for different users.
In addition to the traditional channel allocation strategies for
satellite beams, the existing algorithms for radio resource man‑
agement in satellite communication systems include the con‑
vex optimization algorithm[1], greedy algorithm[2] and matching
game algorithm[3], among which the algorithm based on game
This work was supported in part by National Natural Science Foundation
of China under Grant No. 61871422.
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theory is widely used.
The matching game is one of the game theories, whose
founder, Alvin E. Roth[4], won the Nobel Prize in 2012 for his
contribution. The original purpose of matching game is to deal
with unstable market economy and maximize economic bene‑
fits. It usually involves the matching relationship of two sets,
such as students and schools, female and male marriages, and
employees and companies, which are related to preference
lists. There are one-to-one[5], many-to-one[6] and many-tomany[7] matching relations. Nowadays, the matching game has
widely been used in the field of wireless communications to
solve the optimization problem of wireless resource allocation.
In response to the joint up/down link subcarrier allocation
problem, ELHAJJ et al. [8] proposed a new resource allocation
algorithm named Bilateral Stable Matching Strategy. Com‑
pared with the traditional resource allocation algorithms, this
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strategy significantly improves the performance of subcarrier
allocation in terms of the average utility value of each user. At
the same time, the simulation results also show that the pro‑
posed method has fairness in improving the subcarrier re‑
source allocation[8]. ZHOU et al. [9] adopted an iterative method
to jointly allocate spectrum and power, combined with a manyto-one matching game algorithm, and the simulation results
verified effectiveness and superior of the algorithm in solving
resource allocation problems for D2D communications. In or‑
der to improve system throughput, ZHAO et al. [10] proposed a
many-to-many matching game to solve the problem of D2D re‑
source allocation. The algorithm can be converged to bilateral
exchange stable matching within a limited number of itera‑
tions and it is proved that the performance of this algorithm is
significantly better than the one-to-one matching algorithm[10].
In addition, YAO et al. [11] fully considered user fairness on
how to achieve effective matching between users and network
resources and used two-layer many-to-many and two-layer
many-to-one matching games to solve the problem, which ver‑
ifies that the algorithm has good convergence, effectiveness
and feasibility. SHI et al. [12] proposed a two-layer many-to-one
matching game algorithm. The research results show that the
algorithm can stabilize resource matching, effectively solve
the resource allocation problem in the storage system, and ef‑
fectively reduce the system delay. Then, in order to further op‑
timize the resource allocation problem, a two-layer many-tomany resource allocation scheme was proposed, which shows
that the algorithm can further reduce the system delay and im‑
prove social satisfaction[12].
The main contribution of this paper is to study resource allo‑
cation based on the matching game algorithm. In the case of
limited satellite resources and large number of users, how to
achieve reasonable scheduling and allocation of resources is a
problem that we have to solve. The existing resource alloca‑
tion technology is difficult to meet system requirements in
terms of resource utilization improvement, because this tech‑
nology is nothing more than a trade-off between the blocking
rate of new calls and the failure rate of handover calls and the
service quality of the satellite system has reached to the ex‑
treme. In addition, it can be seen from the research status at
home and abroad that most matching game algorithms in the
communication field mainly solve the problem of ground net‑
work resource allocation and have not set foot in the satellite
communication field. Therefore, we have established a model
of medium earth orbit (MEO) satellites, low earth orbit (LEO)
satellites, base stations and users in a multi-user scenario,
which is used to effectively solve the multi-layer wireless re‑
source allocation problem. Existing representative works, such
as the fixed channel reservation scheme and the dynamic
channel reservation scheme, mainly use the new call blocking
rate, handover call failure rate and system service quality
(QoS) for comparison. The proposed work is mainly to simu‑
late the matching game algorithm for the QoE. The simulation

results show that the multi-layer many-to-many matching
game can effectively improve the resource utilization rate and
the overall utility of the system.

2 System Model of Matching Game

The matching game involves several important concepts
and performance parameters.
(1) Utility function. In order to measure the satisfaction of
all participants in the matching game process, it is necessary
to set an appropriate utility function U, which directly reflects
the resource utilization rate and participant satisfaction degree
through the specific utility function value.
(2) Preference list. The ultimate goal of matching game is to
achieve the best matching state of resources. The preference
list is made for each participant in the current set by referring
to each factor of all participants in the relative set, and the
preference list of each participant is different.
(3) Matching stability. Although the utility of participants is
improved in the process of matching, there will always be un‑
matched objects due to the difference of preference list. How‑
ever, no single or a pair of participants are allowed to partici‑
pate during the matching or destroy the stability of the match‑
ing game. Therefore, when the utility value is constant for a
specified number of consecutive times, the match will eventu‑
ally tend to be stable.
(4) Matching validity. A group of participants are supposed
to be allocated resources. From one allocation state to another,
at least one participant becomes better without changing any
participants, which means that there must be an increase in
the total utility value during the matching process.
(5) Matching uniqueness. Because the preference list of
each participant is different and independent, there is only
one matching mapping when the matching reaches a stable
state, which can be verified by induction.
(6) Matching convergence. All participants send matching
connection requests to the most preferred object according to
their own preference list. After a few exchange matches within
a limited number of iterations, all participants can complete
the matching and reach a stable state. The values will inevita‑
bly converge to a certain fixed value.
In the multi-layer network scenario, we assume that the
number of MEO satellites is R, which is denoted by M =
M 1 , M 2 ,..., M r .The number of LEO satellites is S, which is de‑

{

}
noted by L = {L , L ,..., L }. The number of base stations is T,
which is denoted by B = {B , B ,..., B }, and the average num‑
1

2

s

1

2

t

ber of users is I per base station. The system model is shown
in Fig. 1.
The matching process is divided into three stages. The first
stage is the establishment of an inter-satellite link between the
MEO satellite layer and the LEO satellite layer. This LEO/
MEO double-layer satellite network can not only take advan‑
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tage of short delay and low propagation loss, but also simplify
the structure of LEO satellites and reduce their construction
costs. The second stage is the establishment of a satellite-toground link between satellites and ground base stations. Here
we suppose that all users are connected to base stations and
then the base stations are connected to LEO/MEO satellites.
The satellite and the ground network are connected by satel‑
lite-ground optical links. In this process, we can take advan‑
tages of wide satellite coverage and large capacity for the ter‑
restrial communication network. Their mutual complementa‑
tion can enhance the viability of the whole network. The third
stage is the matching between base stations and users. Be‑
cause the coverage areas of base stations have overlapping
parts and the distribution of users is uneven, we regard all
base stations as a large resource pool to simplify the layer
matching model; all users can use their resource blocks,
which simplifies the allocation model to a certain extent. The
result of the matching game affects the result of matching deci‑
sion. The matching framework is shown in Fig. 2.
In this system model, three problems need to be solved. The
first one is the establishment of inter-satellite links between
different orbits, the second one is the establishment of links
between satellites and ground base stations, and the third one
is the resource matching between base stations and users.
The main impact factor of the inter-satellite links is the loss
of free space propagation, which can be expressed as:
L ML = 92.44 + 20lgd + 20lg f,

each MEO satellite is Q, and the average power allocated to
the LEO satellite is denoted by p r, which is expressed as:
pr =

∑

Q

R
r=1

x rs

r = 1, 2,..., R.

(4)

On the other hand, the average power allocated to the LEO
satellite is denoted by p s r, which is expressed as:
ps r =

∑

Q

R
r=1

x rs

s = 1, 2,..., S.

(5)

We assume that M r is the r-th MEO satellite, L s is the s-th
LEO satellite. If M r successfully establishes a link with L s,
x rs = 1; otherwise, x rs = 0. Then the signal-to-noise ratio
(SNR) of the received signal from the MEO satellite to the
LEO satellite is as follows.
γr =

∑

p r G rs

x p r G rs + N 0
s = 1 rs s
S

,

(6)

MEO layer

(1)

where d is the inter-satellite distance, f is the carrier frequen‑
cy of transmitter, and L ML denotes the free space propagation
loss between MEO and LEO satellites. In addition to the free
space propagation loss, the satellite-to-ground link propaga‑
tion loss includes an additional loss. Therefore, the total loss
of satellite-to-ground links can be formulated as:
L LG = 92.44 + 20lgd + 20lg f + L f ,

(2)

where L f is the additional loss. Besides, the links between
base stations and users are modeled as Rayleigh fading where
the channel impulse response follows the independent com‑
plex Gaussian distribution. Therefore, the channel gain can be
expressed as:
2

G BM = βd -η | h | ,

(3)

where β is the channel parameter, d is the distance between
the user and base station, η is the path fading exponent, and h
denotes the complex Gaussian channel parameter that follows
h ∼ CN (0,1)[11].
In the many-to-many matching model, each MEO satellite
can establish links with multiple LEO satellites. At the same
time, each LEO satellite can establish links with multiple
MEO satellites. We assume that the total transmit power of
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LEO layer

BS layer
User layer

BS: base station

LEO: low earth orbit

MEO: medium earth orbit

▲Figure 1. Model of network based on matching game.
The first layer of
matching
MEO⇌LEO

BS: base station
LEO: low earth orbit

The second lay‑
er of matching
LEO⇌BS

The third layer
of matching

MEO: medium earth orbit
MT: mobile terminal

▲Figure 2. The matching framework.

BS⇌MT

Resource Allocation Strategy Based on Matching Game

Special Topic

DENG Xu, ZHU Lidong

where G rs is the gain from M r to L s. In order to facilitate the cal‑
culation, we assume that G rs = G sr, where G sr is the antenna
gain from L s to M r. Therefore, we can get a similar formula of
the SNR of the received signal from the LEO satellite to the
MEO satellite:
γs r =

p s r G rs

∑s = 1 x rs p r G sr + N 0
S

,

(7)

where N 0 is the noise power of the receiver. Based on the
Shannon Theory, we can get the data rates of M r and L s as:
v r = B ML log 2 (1 + γ r ),

(8)

v s r = B ML log 2 (1 + γ s r ),

(9)

where B ML is the transmission bandwidth between MEO satel‑
lites and LEO satellites. In the matching game, we usually use
the sum of data rates to reflect the overall satisfaction degree
of participants. We describe U total1 as the overall utility of the
link between the MEO and LEO satellites, which can be de‑
noted as:
U total1 = ∑r = 1 U r = ∑r = 1 ( v r + ∑s = 1 v s r ).

(10)

∑x

rs

∑x

rs

R

R

S

In addition, there are some restrictions on the above formu‑
las, which can be expressed as:
R

r=1

S

s=1

≤ p max ≤ R

∀s,

(11)

≤ q max ≤ S

∀r,

(12)

x rs ∈ {0,1} ∀r, s ∈ {1, 2,..., S} ,

(13)

x rs γ s r ≥ x rs γ s r min

(14)

γ r ≥ γ r min

∀r.

∀r, s,

(15)

Eqs. (11) and (12) show each LEO satellite can connect
with up to p max MEO satellites and each MEO satellite can con‑
nect with up to q max LEO satellites respectively, where R is the
maximum number of MEO satellites and S is the maximum
number of LEO satellites. Eq. (13) indicates that the value of
x rs can only be 0 or 1. Eqs. (14) and (15) show that SNRs of
the received signal cannot be lower than the minimum SNRs
γ s r min and γ s min.
The second layer is the establishment of the link between
satellites and base stations. Similar to the first layer, we can

build a many-to-many matching game mathematical model
and finally get the overall utility value U total2,which can be de‑
noted as:
U total2 = ∑s = 1 U s = ∑s = 1 ( v s + ∑t = 1 v t s ).
S

S

T

(16)

In addition, we can get some restrictions similar to the first
layer, as we have mentioned before.
The third layer is the establishment of the link between
base stations and users. Since the coverage area of each base
station and the distribution of users in the cell are different, it
is very complicated to model it as a whole. Therefore, we sim‑
plify the problem to a single base station covering multiple us‑
ers. Based on this problem, we construct multiple simplified
models and integrate them to obtain the final result without
considering user switching among the base stations. Assuming
that there are J ( J < Q) users in a cell covered by a base sta‑

{

}

tion B t, MT = MT 1 , MT 2 ,..., MT J represents the set of J us‑
ers. Similar to the first layer, we finally get the overall utility
value U total3,which can be denoted as:
U total3 = ∑t = 1 U t = ∑t = 1 ( v t + ∑i = 1 v i t ).

(17)

U = U total1 + U total2 + U total3 .

(18)

T

T

I

In addition, we get some restrictions similar to the first lay‑
er, as we have mentioned before. Therefore, the maximum util‑
ity of this three-layer matching model can be finally expressed
as:

3 Algorithms of Matching Game

The matching game usually involves the matching relation‑
ship between two sets. MEO satellites, LEO satellites, base
stations and users are regarded as four different participants
in the match game, and they are independent of one another.
In the first-layer matching game, MEO and LEO satellites
are considered as two parties. The data transmission requires
the establishment of an inter-satellite link between them. Not
only can each MEO satellite establish inter-satellite links with
multiple LEO satellites for data transmission, but also each
LEO satellite can establish multiple links to connect with
MEO satellites. Therefore, the matching model can be regard‑
ed as many-to-many matching. In the matching game model,
we use ≻ to indicate the degree of preference of participants to
another group of participants. The preference list is compre‑
hensively based on the distance between participants, the
speed of movement and the transmission environment. If
L 1 ≻ L 2, the M r prefers to establish a link with the L 1.
μ 1 is the mapping from M ∪ L to 2 M ∪ L. For ∀M r ∈ M and
L s ∈ L, we can come up with the following conclusions:
(1) μ 1 ( M r ) = L 1 , L 2 ,..., L s , μ 1 ( M r ) ≤ S, μ 1 ( M r ) ∉ R,

|

μ 1 ( M r ) = M r;

| {

} |

|
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{

}

(2) | μ 1 ( L s )| = M 1 , M 2 ,..., M s , | μ ( L s )| ≤ I, if μ 1 ( L s ) ∉ M,

μ 1 ( L s ) = L s;
(3) If and only if μ 1 ( M r ) = L s, μ ( L s ) = M r.
Conclusions (1) and (2) indicate that MEO and LEO satel‑
lites can establish many-to-many links and μ 1 ( M r ) = M r
shows that M r has no link connection. Conclusion (3) implies
that, if M r matches with L s, L s matches with M r. The secondlayer matching game is similar to the first layer, which can al‑
so be seen as a many-to-many matching.
In the third-layer matching game, in order to further simpli‑
fy the calculation, the total channel resources in all base sta‑
tions B = B 1 , B 2 ,..., B t are regarded as a resource pool, which

{

}

can be expressed with RB = { RB 1 , RB 2 ,..., RB I }. Each mobile
terminal can use one or more resource blocks, but one re‑
source block can only be used by one mobile terminal at the
same time. Therefore, the matching model can be regarded as
many-to-one matching. μ 3 is the mapping from RB ∪ MT to
2 RB ∪ MT, MT = { MT 1 , MT 2 ,..., MT J } . For ∀RB i ∈ RB and
MT j ∈ MT, we can come up with the following conclusions:
| μ ( RB i )| ≤ 1.
(1)
| μ ( RB i )| = MT 1 , MT 2 ,..., MT j ,
If

{

}

{

}

μ ( RB i ) ∉ MT, μ ( RB i ) = RB i;
(2)
| μ ( MT j )| = RB 1 , RB 2 ,..., RB i ,

| μ ( MT j )| ≤ J.

If

μ ( MT i ) ∉ RB, μ ( MT j ) = MT j;
(3) If and only if μ ( RB i ) = MT j, μ ( MT j ) = RB i.
Conclusions (1) and (2) explain the nature of many-to-one
matching with mathematical formulas. Conclusion (3) implies
the bidirectional matching between RB i and MT j.
Based on the above analysis, we establish a corresponding
many-to-many matching game algorithm between the MEO
and LEO satellites, as shown in Algorithm 1. First of all, ac‑
cording to the preferences, we assume a list of preferences for
M r is β s, whose quota is Q L. Similarly, the preference list of L s
is β r, whose quota is Q M. Then M r sends a request to the LEO
satellite according to its preference list and let x rs = 1. After
that, L s chooses its favorite M r to accept or reject other re‑
quests. If L s has extra connection space at this time, which
means that ∑s = 1 x rs < Q L, it will remain in Θ 1. Otherwise it
will be deleted from Θ 1. At last, we calculate the current utili‑
ty U total1.

Algorithm 1. The many-to-many matching algorithm at the
first layer
Input: β s, β r, Q L, Q M.
Output: the utility value is U total1.
1: an unmatched set of Θ 1 = M 1 , M 2 ,..., M r .

{

2: while Θ 1 ≠ ∅ do
3: for all M r ∈ Θ 1 do
4: M r sends a request to LEO satellites.
5: x rs = 1, remove preference elements.
6: end for
7: for all L s ∈ L do
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}

8: if∑r = 1 x rs > Q M
9: L s selects Q M according to β r,
10:
L srejects others, x rs = 0.
11: else
12: L s establishes connections with MEO.
13: end if
14: end for
15: for all M r ∈ Θ 1 do
16: if∑s = 1 x rs > Q L
17: M r is removed from Θ 1.
18: end if
19: end for
20: calculate the utility value U total1.
21: end while

The second-layer matching game is similar to the first-layer
matching game, so we then focus on the third-layer matching
game. In the process of resource matching at the third layer,
the definition of preference list is different from the first two
layers. Each resource block establishes its own preference list
according to the priority of various users, while the users sort
each resource block according to the required type and SNR,
as shown in Algorithm 2.
Algorithm 2. The many-to-one matching algorithm at the
third layer
Input: β i, β j, Q J.
Output: the utility value is U total3.
1: an unmatched set of Θ 3 = MT 1 , MT 2 ,..., MT j .

{

2: while Θ 3 ≠ ∅ and∑i = 1 x ij < Q J do
3: for all MT j ∈ Θ 3 do
4: MT j sends a request to RB.
5: x ij = 1, remove preference elements .
6: end for
7: for all RB i ∈ RB do
8: RB i selects Q J according to β i,
9: RB irejects others, x ij = 0.
10: end for
11: for all MT j ∈ Θ 3 do
12: if∑i = 1 x ij > Q J
13: MT i is removed from Θ 3.
14: end if
15: end for
16: calculate the utility value U total3.
17: end while

}

At the beginning, the preference lists of resource blocks RB
and MT are initialized as β i and β j, where the quota of MT j is
Q J. Then MT j sends a request to its favorite RB i, removes it
from the preference list β j, and let x ij = 1. After that, each RB i
assigns it to the specified MT j according to the preference list
β i and rejects other requests. At last, we calculate the current
utility U total3.
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Sum of data rate/(Mbit/s)

In this paper, we use Matlab for simulation analysis and
comparison. In order to verify the effectiveness of the threelayer many-to-many matching game algorithm, we also adopt
some of the parameters of the satellite and terrestrial commu‑
nication system[11–17]. At the first layer, we assume that d ML =
10 355 km, f ML = 30 GHz, and B ML = 100 MHz. The maximum
inter-satellite transmission power is 27 W, the inter-satellite
total gain of the receiving and transmitting antenna is 68 dB,
and the quota of MEO satellites is 2. At the second layer, we
assume that d LG = 1 414 km, f LG = 14.5 GHz, B LG = 32 MHz,
and L rest = 2 dB. The maximum transmission power of LEO sat‑
ellite is 30.72 dBW, the receiving and transmitting antenna
gain for satellite-to-ground link is 19.5 dB, and the quota of
LEO satellites is 2. At the third layer, we assume that B BM =
10 MHz, the maximum transmission power of BS is 23 W, the
quota of base stations is 2, the cell radius r = 500 m, α = 4,
β = 0.02, and the noise power of user receiver is -134 dBm.
The quota of users is 2, the maximum number of iterations is
30 and the receiving and transmitting antenna total gain from
ground is 17.5 dB.
Fig. 3 shows the total utility varying with the number of
MEO satellites when S=6, T=10, and I=20. Fig. 4 shows the
total utility varying with the number of LEO satellites when R=
3, T=10, and I=20. Fig. 5 shows the total utility varying with
the number of base stations when R=3, S=6, and I=20.
It can be seen from Figs. 3 to 5 that the overall utility of the
system is improved with the increasing number of MEO satel‑
lites, LEO satellites or base stations. Because the participants
will get more diversity gains and have more opportunities to
get resource allocation as the number of MEO satellites, LEO
satellites or base stations increases, the total throughput of the
system improves. Moreover, as the number of iterations in‑
creases, three curves increase continuously, which means that
the utility value of individual will increase after participating
in the exchange. At the same time, after the three curves in‑
crease with the number of iterations increasing for a period of
time, the total utility value becomes stable, which means that
the system utility value will be stable when there is no block‑
ing pair. The three figures well prove the effectiveness and sta‑
bility of the matching game.
According to the figures, the average number of iterations
required for stable matching can be accurately obtained. In ad‑
dition, as the number of participants increases, the preference
lists become more complex, which will bring more connection
opportunities for each participant as well as increase average
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Because the basic algorithms of the second and third layers
are similar to that of the first layer, we can easily calculate
their utility U total2 and U total3 through the corresponding algo‑
rithm respectively.
Finally, we can obtain the total utility according to Eq. (18).
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In this paper, in order to effectively solve the problem of ra‑
dio resource allocation based on data services, we propose a
new resource allocation strategy based on the matching game.
The matching game includes many-to-many matching between
MEO satellites and LEO satellites, many-to-many matching
game between LEO satellites and base stations, and many-toone matching game between base stations and users. Based on
the proposed multi-layer many-to-many matching game model
among MEO satellites, LEO satellites, base stations and users,
the corresponding matching game algorithms are designed
from the perspective of utility function QoE and we use total
data rates to reflect the performance. The simulation results
show the effectiveness and stability of the proposed matching
game compared with the many-to-one matching and one-toone matching games, and the results also show that the manyto-many matching game makes communication systems more
efficient with higher resource utilization.
However, the matching game algorithm proposed in this pa‑
per has limitations, without considering the impact of the
movement of the MEO and LEO satellites relative to the
ground on resource allocation. Therefore, the future research
will focus on matching games in the environment with dynam‑
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iterations required.
Fig. 6 shows the total data rates of three matching game al‑
gorithms varying with different LEO satellites when R=4, T=
10 and I=20. Fig. 7 shows the total data rates of three match‑
ing game algorithms varying with different base stations when
R=3, T=4 and I=20. It can be seen from these two figures that
as the number of LEO satellites and that of base stations in‑
crease, the data rates of the three algorithms are positively cor‑
related, which proves the validity of the matching game. Be‑
sides, we can also see that the total data rate of the three-layer
many-to-many matching game is always higher than those of
the others, which shows that the many-to-many matching game
may improve the resource utilization of the communication
system.
Fig. 8 shows the total data rates of the three matching game
algorithms varying with the average number of users per base
station when R=3, S=4 and T=10. We can see that the total da‑
ta rate of three algorithms is gradually decreasing with the
number of users increasing. This is because when the number
of users increases gradually, the spectrum resources obtained
by each user are decreasing. And when the number of users
grows to a certain extent, the total data rate will gradually sta‑
bilize because of the resources fixed and the number of users
matched limited. Besides, it can also be seen from Fig. 8 that
the decline rate of the many-to-many matching game is the
slowest, and the sum of data rates is always higher than the
other two strategies, which also proves the superiority of the
many-to-many matching game strategy.
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ic changes. Moreover, radio resource allocation is not only
based on matching game technology, but also can be com‑
bined with cooperative game or non-cooperative game to im‑
prove the effective utilization of resources.
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Abstract: With the development of satellite communications, the number of satellite nodes
is constantly increasing, which undoubtedly increases the difficulty of maintaining network
security. Combining software defined network (SDN) with traditional space-based networks
provides a new class of ideas for solving this problem. However, because of the highly cen‑
tralized network management of the SDN controller, once the SDN controller is destroyed by
network attacks, the network it manages will be paralyzed due to loss of control. One of the
main security threats to SDN controllers is Distributed Denial of Service (DDoS) attacks, so
how to detect DDoS attacks scientifically has become a hot topic among SDN security man‑
agement. This paper proposes a DDoS attack detection method for space-based networks
based on SDN architecture. This attack detection method combines the optimized Long
Short-Term Memory (LSTM) deep learning model and Support Vector Machine (SVM),
which can not only make classification judgments on the time series, but also achieve the
purpose of detecting and judging through the flow characteristics of a period of time. In addi‑
tion, it can reduce the detection time as well as the system burden.

DOI: 10.12142/ZTECOM.202004004
https://kns.cnki.net/kcms/detail/34.1294.
TN.20201124.0930.002.html, published
online November 24, 2020
Manuscript received: 2020-09-29

Keywords: space-based network; SDN; DDoS attack; LSTM; SVM
Citation (IEEE Format): M. Jia, Y. J. Shu, Q. Guo, et al.,“DDoS attack detection method for space-based network based on SDN architec‑
ture,”ZTE Communications, vol. 18, no. 4, pp. 18–25, Dec. 2020. doi: 10.12142/ZTECOM.202004004.

1 Introduction

W

ith the continuous development of satellite commu‑
nications, the number of satellite network nodes is
increasing and people are trying to pursue the
overall grasp of the network. Because the control
plane and forwarding plane of the software defined network
(SDN) network are separated and the centralized network con‑
trol mode is adopted, the rapid deployment of business and
rapid update of information in the satellite network, such as
This work is supported by the National Natural Science Foundation of Chi⁃
na under Grant Nos. 61671183 and 61771163.
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link switching, traffic distribution and topology changes, can
be realized. Therefore, people have turned their attention to
SDN. In the space-based network architecture of the SDN net‑
work, the ground station is regarded as the SDN controller and
the satellite is regarded as the OpenFlow switch, so as to real‑
ize a flexible and extensible network architecture. The SDN
controller implements a highly centralized network manage‑
ment, making the SDN controller the focus of network at‑
tacks. Once the SDN controller has been attacked, the net‑
work it manages will be paralyzed due to loss of control.
Therefore, the security of the controller is the key to the secu‑
rity of the entire SDN network. The Distributed Denial of Ser‑
vice (DDoS) attack is one of the main threats to the security of
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the controller. How to quickly and accurately detect the
DDoS attack has become a research hotspot in the field of
SDN security. At present, the detection methods for DDoS at‑
tacks in SDN networks mainly use statistical analysis and ma‑
chine learning methods to detect DDoS attacks in the network
by deploying anomaly detection technology in the SDN con‑
troller. In Ref. [1], a detection method based on entropy
anomaly is proposed, which can determine whether the cur‑
rent state is in an abnormally attacked state according to the
entropy value and detect the DDoS attack through the change
of the entropy value of the network characteristics. Another
detection algorithm based on self-organizing maps (SOM) is
proposed in Ref. [2], in which the self-organizing maps build
an unsupervised artificial neural network, trained with traffic
flow features. This is a lightweight DDoS attack detection
method. The self-organizing mapping traffic analysis can ob‑
tain a higher detection rate and a lower false alarm rate. A hy‑
brid machine learning model, Support Vector Machine (SVM)SOM, is proposed in Ref. [3] to detect DDoS attacks. Com‑
pared with simple machine learning models, hybrid machine
learning models provide higher accuracy, detection rate and
fewer false alarm rates. In Ref. [4], a method based on Kmeans++ and fast K-nearest neighbors is proposed, as well as
a modular detection system in the controller[5]. However, the
above-mentioned DDoS attack detection methods still have
some limitations[6]. The limitation of traditional machine learn‑
ing for DDoS attack detection is that the historical characteris‑
tics of traffic cannot be used. Its main purpose is to improve
the classification detection accuracy of a single sample with‑
out processing the time series[7]. However, when a DDoS at‑
tack occurs, the extracted traffic information is more suitable
for the detection of time series samples, and the classification
prediction of samples with time series relationships is more
suitable for the use of some deep learning methods that can
handle time series data, such as Recurrent Neural Network
(RNN) and Long Short-Term Memory (LSTM) model[8]. In this
paper, a DDoS attack detection method for space-based net‑
work based on SDN architecture is proposed, which combines
the optimized LSTM deep learning model and SVM. The opti‑
mized LSTM model is used to classify and judge the time se‑
ries to reduce the false alarm problem of the traditional ma‑
chine learning classifier for unstable abnormal traffic [9].

2 Detection Mechanism

Fig. 1 shows the proposed DDoS attack detection mecha‑
nism of space-based network based on SDN architecture.
After collecting the flow table information, the SDN control
center of ground station extracts the feature vector according
to the feature extraction algorithm, and caches the data ex‑
tracted in real time into a file for storage. The extracted flow
table feature vectors are sent to the SVM model for detection.
The SVM uses the provided feature vector information to deter‑

mine whether it is attack traffic or normal traffic. If it is nor‑
mal traffic, the result is directly saved; if it is abnormal traffic,
it is combined with the traffic information of the previous time
after standardization to form a time series and sent to the opti‑
mized LSTM model for checking. If the optimized LSTM mod‑
el judges that it is abnormal traffic, it outputs the information
of abnormal traffic detected, indicating that it is under DDoS
attack; if it is detected as normal traffic, it is judged as normal
traffic. Moreover, the time series method is mainly used to
solve the problem of false alarms of single abnormal traffic fea‑
ture vectors in the previous machine learning of DDoS attack
detection. Therefore, when the SVM classifier makes an abnor‑
mal judgment, the system will send the flow table feature infor‑
mation based on previous times to the optimized LSTM deep
learning model to make a judgment on the next flow table in‑
formation. The final result is given by the comprehensive judg‑
ment of the detection mechanism.
We will focus on the data preprocessing part, using the im‑
proved genetic algorithm to optimize the LSTM model and in‑
troducing SVM to solve the misjudgment problem caused by
the LSTM data sensitivity at the initial stage of the network.
Finally, we will build an experimental simulation platform to
verify the feasibility of the proposed DDoS attack detection
method for space-based network based on SDN architecture.

3 Data Preprocessing
3.1 Feature Extraction Algorithm of OpenFlow Flow Tables
Although the DDoS attack methods adopted by attackers
are diverse, most of the attack traffic still has a certain pat‑
tern. Therefore, by collecting the flow table information and
converting it into a feature vector, the change of network traf‑
fic distribution characteristics per unit time can be analyzed
to distinguish normal traffic from attack traffic.
The original OpenFlow flow table information mainly in‑
cludes the source port, destination port, source IP address,
destination IP address, frame length, frame protocol, packet
length, etc. Direct training on these data has a poor effect and
is greatly affected by the network environment itself. There‑
fore, a feature extraction algorithm is first used for the flow ta‑
ble information to extract the following five features. We as‑
sume that the SDN controller samples the flow entries of the
OpenFlow switch at period τ and the total number of flow en‑
tries obtained is Total F:
(1) Average number of flow packets (ANFP).
The number of flow packets under normal network conditions
and that under attacks are different. Attacks usually generate
fake IP addresses continuously and randomly, and reduce the
number of packets contained in a single flow entry. Eq. (1) de‑
fines the average number of flow packets, where
DataPackagesNum k represents the number of data packets of
the k-th flow entry.
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▲Figure 1. Distributed Denial of Service (DDoS) attack detection mechanism of space-based network based on SDN architecture.
Total F

ANFP =

∑ DataPackagesNum
k

Total F

k

.

(1)

(2) Average number of bits in flows (ANBF).
Similar to the definition of ANFP, when a DDoS attack oc‑
curs, the attacker will send a large number of packets with a
small number of bits, which also provides a basis for DDoS at‑
tack detection. Eq. (2) defines the average number of bits in
flows, where BytesNum k is the number of data packet bits in
the k-th flow entry.
Total F

ANBF =

∑ BytesNum
k

Total F

k

.

(2)

(3) Flow generation speed (FV).
When a DDoS attack occurs, a large number of pseudo IP
addresses will send data packets, resulting in an increase in
the number of flow tables during the collection time. Eq. (3)
defines the flow generation speed, where FlowNum is the num‑
ber of flow tables collected in period τ.
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FV =

FlowNum
.
τ

(3)

(4) Source IP address generation speed (SIPV).
The main attack feature of DDoS is to send a large number
of data packets by forging the source IP address, which makes
the growth rate of the number of source IP addresses at the
time of the attack greatly increase at a fixed time. Eq. (4) de‑
fines the source IP address number generation speed, where
SIPNum is the number of different source IP addresses in the
sampling period.
SIPV =

SIPNum
.
τ

(4)

(5) Port growth (PV).
Under normal circumstances, the increase in the number of
ports is relatively stable. In a DDoS attack, since the port num‑
ber is randomly generated, when the attack occurs, the growth
rate of the port will be greatly increased. Eq. (5) defines the
port growth rate, where PortNum represents the sum of differ‑
ent port numbers corresponding to different IP addresses in
the flow table within the sampling period.
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PV =

PortNum
.
τ

(5)

3.2 Collecting of Flow Table Information
Normal network environment and DDoS attack environment
are simulated in SDN. A total of more than 20 000 pieces of
data are collected as a data set, which contains a ratio of nor‑
mal traffic to attack traffic of about 1: 1. Besides, the normal
traffic is labelled as 0 and the abnormal traffic is labelled as 1.
According to the proposed feature extraction algorithm, the
data set is used to extract feature vectors to obtain a data set
{data} that contains five columns of feature vectors and one
column of labels.
3.3 Standardization and Processing of Time Series
The data is read in {data} and standard deviation standard‑
ization processing is conducted, that is, the mean value for
each feature dimension is removed and the variance normal‑
ization operation is conducted so that the processed data con‑
forms to the standard normal distribution (the mean is 0 and
the standard deviation is 1). The conversion function is:

4 Optimization of LSTM Deep Learning
Model

LSTM is a kind of time recurrent neural network, which is
specially designed to solve the long-term dependence problem
of general Recurrent Neural Network (RNN). Unlike a single
neural network layer, the repeating module in LSTM contains
four interactive layers. The main mathematical process is as
follows：
f t = σ (W f ⋅ [ h t - 1 , x t ] + b f )

ü
ï
ï
ï
∼
C t = tanh (W C ⋅ [ h t - 1 , x t ] + b C )ï
ï
ý.
∼
ï
Ct = ft × Ct - 1 + it × C t
ï
ï
o t = σ (W o ⋅ [ h t - 1 , x t ] + b o )
ï
ï
h t = o t × tanh (C t )
þ
i t = σ (W f ⋅ [ h t - 1 , x t ] + b i )

(7)

The genetic algorithm (GA) is a heuristic search and an op‑
timization method inspired by natural selection process. It is
widely used to find the best solution to optimization problems
with large parameter spaces. In addition, because it does not
x-μ
X=
.
(6)
consider auxiliary information (such as derivatives), it can be
σ
used for discrete optimization and continuous optimization. In
Ref. [10], GA is used to optimize the LSTM model to find the
The standardized data set is a two-dimensional data set.
optimal time window size and the number of neurons and to re‑
Each data set has five feature dimensions, which can be
duce the problem of overfitting.
marked as R i = [ r i1 , r i2 , r i3 , r i4 , r i5 ]. As shown in Fig. 2, because
However, the root mean square error (RMSE) of the fitness
the data type of the LSTM model is a set of time series, it is
function used in Ref. [10] is less effective for the classification
necessary to use a sliding time window to process the data,
of the binary classification problem of DDoS attack detection
with time_steps = k, every time the time window slides to get a
in this paper, and because the scheme uses a simple genetic
set of time series, from Seq 1 to Seq( Num - k). The resulting data
algorithm, the convergence effect is poor. Therefore, an im‑
set is a three-dimensional data set with a size of ( Num - k) ×
proved genetic algorithm is proposed in this paper to optimize
k × 5. The processed time series data set { Seq } is sent to the
the LSTM model. We add the elite retention strategy, use twoLSTM deep learning model for classification.
class cross entropy loss to replace
RMSE, and use an improved adaptive
strategy to perform crossover and muta‑
tion operations for further optimization
R i = [ r i1 , r i2 , r i3 , r i4 , r i5 ]
Time window time_steps=k
Seq1
of the algorithm.
Dataset
First, the elite retention strategy
…
(contains N rows of
standardized data)
joins. In a simple genetic algorithm, the
Seq2
generation of the new generation popu‑
lation is used to completely replace the
…
Dataset
parent population. Sometimes, the opti‑
mal individuals of the current popula‑
Seq3
tion are lost and the genetic algorithm
…
Dataset
cannot converge to the global optimal
solution. Therefore, the elite retention
…
strategy is added so that the optimal in‑
Seq(Num-k)
dividuals appearing in the evolution
…
Dataset
process will not be destroyed due to
crossover and mutation. The steps are
as follows:
▲Figure 2. Schematic diagram of time window processing.
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Supposing the evolution to the t-th generation, the best in‑
dividual in the group is N ( t) and N ( t + 1) is the new genera‑
tion population; N ( t) is directly added to the new population
N ( t + 1) without crossing and mutation. Then n pop individuals
are taken out from it to maintain the population size. In this
way, the purpose of retaining elite individuals can be achieved
and the global convergence ability of the genetic algorithm
can be greatly improved.
Because RMSE of the fitness function is relatively poor for
the classification of the binary classification problem of the
DDoS attack detection in this paper, the cross-entropy loss
function of the binary classification is used as the fitness func‑
tion. When a sample has a true label yn = 1, the greater the
classifier prediction probability P, the smaller the loss; when a
sample has a true label yn = 0, the greater the classifier predic‑
tion probability P, the greater the loss. The formula is as fol‑
lows:
L B = -[ y n log ( P ) + (1 - y n )log (1 - P ) ] .

(8)

The roulette is used in Ref. [10] for selection, but the selec‑
tion error of the selection method is also large due to the ran‑
dom operation and even individuals with large fitness may be
missed. In this paper, the tournament selection model is used
to randomly select N individuals from the group for fitness
comparison. The highest fitness individual is inherited to the
next generation. The number of individuals for each fitness
comparison is the league size N.
Then adaptive strategies are used to improve the previous
algorithm. The improvement of the adaptive genetic algorithm
lies in the adaptive adjustment of genetic parameters to main‑
tain the diversity of the population and ensure the conver‑
gence of the algorithm.
For the basic genetic algorithm, the probability of crossover
and mutation is fixed. However, the adaptive strategy needs
adaptive adjustment during the evolution process: choosing a
larger probability of crossover and mutation at the beginning.
Such a rough search process is conducive to maintaining popu‑
lation diversity. In the later stage, it can be adjusted to a
smaller value for detailed search to prevent the optimal solu‑
tion from being destroyed and accelerate the convergence
speed. However, in order to stabilize the population in future
evolutions, the impact of mutations needs to be reduced. The
corresponding measure is to reduce the possibility or degree of
mutation.
The calculation method of the cross probability P c in the
Srinvivas adaptive genetic algorithm is shown in Eq. (9).
( P c1 - P c2 )( f ' - f avg )
ì
, f ' ≥ f avg
ïP c1 ( f max - f avg )
Pc = í
,
ï
P
,
f
<
f
'
avg
î c1

(9)

where P c is the crossover probability, f max is the largest fitness
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value in the group, f avg is the average fitness value of each gen‑
eration group, and f ' is the larger fitness value of the two indi‑
viduals to be crossed.
In this paper , we improve the calculation method of P m in
the Srinvivas adaptive genetic algorithm by introducing the
Cauchy distribution function as a function of the degree of
variation. In this way, as the number of population evolution
increases, the value of the degree of variation decreases gradu‑
ally. Because of the distribution characteristics of the Cauchy
distribution function, the tails at both ends are long and the
values at the center are suitable, so that it meets the require‑
ments of the adaptive mutation and has a good ability to adjust
mutations. A reasonable mutation value can be obtained in the
early stage of evolution, and the probability of mutation can be
greatly reduced in the later stage of evolution to avoid destroy‑
ing the optimal solution. The calculation method of P m is
shown in Eq. (10).
Pm = k ×

1
,
π × (1 + gen 2 )

(10)

where P m is the mutation probability, gen refers to the genera‑
tion number, and k is the coefficient.
In summary, the algorithm steps to optimize the LSTM mod‑
el using the improved genetic algorithm are as follows:
• Step 1: Gene coding is performed in binary, the first four
bits of the binary string indicate the size of the time window,
and the last six bits indicate the number of neurons;
• Step 2: LSTM neural network training is carried out and
the binary classification cross-entropy loss function is used as
the individual fitness value evaluation;
• Step 3: The tournament selection model method is used to
determine the parent individuals involved in replication.
Fig. 3 shows the results of the original algorithm applied to
the data set training. It can be seen that the loss function
RMSE performs poorly on the {0, 1} binary classification,
which makes it difficult for the genetic algorithm to converge.
Fig. 4 shows the training results obtained by using the bina‑
ry classification cross-entropy loss function instead of RMSE
as the fitness function. Compared with Fig. 3, the training re‑
sults have been improved, but it can be seen that the conver‑
gence speed of the simple genetic algorithm is still slow and
the convergence effect is not good.
Fig. 5 shows the training results obtained by using the im‑
proved genetic algorithm in this paper. It can be seen from the
figure that the convergence speed is faster and the conver‑
gence effect is better.
The optimal solution based on the training results obtained
by the improved genetic algorithm is: the optimal time window
length is 15, the number of neurons in the corresponding
LSTM model is 40, and the corresponding two-class cross-en‑
tropy loss function value is 0.10876369144052776 at this
time.
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▲Figure 3. Results of the original algorithm applied to the data set training.
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▲Figure 4. Training results obtained by using the binary classification
cross-entropy loss function instead of root mean square error (RMSE)
as the fitness function (still in the state of simple genetic algorithm).
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▲Figure 6. Accuracy curve of the optimized Long Short-Term Memory
(LSTM) model.
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The data set is { Seq }, the data training environment is
Linux system Ubuntu 16.04, the processor is Intel Core i7,
and the GPU is GeForce 940MX. A total of 30 training cycles
are conducted and the classification accuracy rate is 99.77%.
The training model is accurate and high and can realize the
time series detection of the flow characteristic information.
The final training results of the LSTM model optimized by the
improved genetic algorithm are shown in Figs. 6, 7 and 8,
which are the accuracy curve, error curve and confusion ma‑
trix, respectively.
In addition, the judgment time for a set of traffic of the
LSTM depth model is optimized with the time spent in the sin‑
gle experiment more than 400 μs and the total time more than
2 s. In order to solve the problem of misjudgment caused by
the initial unstable network traffic, reduce the detection time
of the system and reduce the burden on the system, SVM is in‑
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▲Figure 5. Training results obtained by using the improved genetic al⁃
gorithm.
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▲ Figure 7. Error curve of the optimized Long Short-Term Memory
(LSTM) model.
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troduced to classify the flow table feature vectors at a certain
time. A normal feature vector shows that the network has not
received an attack. If the vector is judged to be abnormal, a
time series is formed together with several flow table feature
vectors of the previous time to perform data preprocessing,
and then sent to the LSTM deep learning model for secondary
judgment. It has been experimentally determined that the hy‑
brid detection mechanism can solve the aforementioned prob‑
lem of misjudgment of normal traffic at the initial stage of the
network.
The data training environment is Linux system and the pro‑
cessor is Intel Core i7. The data set is {data}, which is trained
using the SVM model and the Random Forest model. Table 1
shows the training results.
Both classifier models show good accuracy, but the detec‑
tion time of the SVM model is shorter, which is beneficial to
reduce the burden on the system, so SVM is selected as the
front-end classifier of the hybrid model.

5 Experimnetal Verification and Simulation

A space-based network based on SDN architecture with
Mininet software was built to verify the effectiveness of the
DDoS attack detection mechanism proposed in this paper.
The experiment was completed in Linux environment, using
OpenFlow1.3 protocol. As shown in Fig. 9, the space-based
network topology consists of the Ground station SDN control‑
ler, satellites (as OpenFlow Switches) and virtual hosts con‑
nected to satellites.

The network background traffic (Normal) was first simulat‑
ed in the SDN environment, and then the Hping3 tool was
used to launch DDoS attacks. As shown in Fig. 10, this DDoS
attack detection method for space-based network based on
SDN architecture could successfully detect DDoS attacks.

6 Conclusions

A DDoS attack detection method is proposed for spacebased network based on SDN architecture in this paper. This
method combines the optimized LSTM deep learning model
and SVM. First of all, the OpenFlow flow table feature extrac‑
tion algorithm is used and the time series is pre-processed.
Then an improved genetic algorithm is used to optimize the
LSTM neural network model to better evaluate the time series
prediction problem. Finally, SVM is introduced to solve the
misjudgment caused by the sensitivity of the LSTM model to
data during the network startup phase. Such an attack detec‑
tion mechanism can not only make classification judgments on
the time series, but also detect and judge the traffic character‑
istics through a period of time, so as to reduce the false alarm
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7

2 000
1 500

s3

s1

s2

2 500
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h11–h15
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h: virtual host

s: satellite

SDN: software defined network

▲Figure 9. Space-based network topology.
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▲ Figure 8. The confusion matrix of the optimized Long Short-Term
Memory (LSTM) model.
▼Table 1. Training results
Model
SVM

Random forest

Training Set
Accuracy/%

Test Set
Accuracy/%

Single Test Time/ms

99.90

99.82

118.966

SVM: Support Vector Machine
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▲ Figure 10. Successful detection of the Distributed Denial of Service
(DDoS) attack detection method for space-based network based on soft⁃
ware defined network (SDN) architecture.
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problem caused by a single machine learning classifier for in‑
dividual abnormal traffic. In addition, the detection mecha‑
nism can also reduce the misjudgment rate of the network
startup stage and further reduce the detection time and the
system burden. Finally, an SDN space-based network experi‑
mental simulation platform is built to verify the feasibility of
the DDoS attack detection method for space-based network
based on SDN architecture.
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1 Introduction

A

s an extension and supplement of the ground commu‑
nication system, satellite communications have the
characteristics of global coverage, random access,
and large capacity, which can effectively overcome
the shortcomings of the ground communication system [1]. Thus,
satellite communications have received significant attention
from both academia and industry. However, Internet of Things
(IoT) and other new diversified application scenarios have dif‑
ferent requirements for satellite communications, e. g., data
transmission rate and latency. In scenarios where seamless
wide-area coverage is needed, satellite systems should provide
users with seamlessly high data-rate services anytime and any‑
where, even at remote areas. In metropolitan areas where the
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density and volume of wireless traffic demand are both very
high, satellite networks should provide dense hot-spot cover‑
age with high capacity. In scenarios where reliable connec‑
tions of a large number of widespread low-power nodes, e. g.,
wireless sensors, are needed, satellite networks should be able
to connect millions of devices under the constraints of low
power consumption and low cost per device. Extremely low la‑
tency and high reliability of satellite networks are required to
meet the performance requirements of real-time, reliable and
secure communications in some vertical industries such as in‑
terconnected vehicles and industrial production control. Unfor‑
tunately, traditional satellite communication technology can‑
not provide different services for diversified applications and
it is difficult to meet the above-mentioned requirements.
It is worth noting that by slicing a physical network into sev‑

Satellite E2E Network Slicing based on 5G Technology

Special Topic

ZHANG Jing, WEI Xiao, CHENG Junfeng, FENG Xu

eral logical networks, 5G network slicing can support on-de‑
mand tailored services for distinct application scenarios while
using the same physical network. Supported by network slic‑
ing, network resources can be dynamically and efficiently allo‑
cated to logical network slices according to the corresponding
quality of service (QoS) demands[2]. This paper thereby links
the satellite communications to 5G network slicing to reap the
benefits of both, while meeting the requirements of diversified
applications and achieving the isolation between different
servers to enhance the flexibility and effectiveness of satellite
communication system.
5G network slicing has attracted a lot of research inter‑
ests[2–6]. For example, the authors in Ref. [2] provided a sur‑
vey on 5G network slicing, which reviewed the state-of-the-art
5G network slicing and presented a framework for bringing to‑
gether and discussing existing works. In Ref. [3], a user-cen‑
tric service slicing strategy considering different QoS require‑
ments was proposed based on the software defined network
(SDN), and a genetic algorithm was devised to optimize the vir‑
tualized radio resource management based on resource pool‑
ing. Recently, the network slicing concept applied to satellite
network has been introduced. Therein, an extensible network
slicing framework for satellite integration into 5G was pro‑
posed in Ref. [7–8], but it did not focus on the design and de‑
ployment of satellite network slicing. To the best of the au‑
thors’knowledge, E2E network slicing is not well explored for
the satellite system. Motived by this, we investigate the satel‑
lite network slicing. However, in 5G network, the dynamic
change of slicing resources is mainly affected by the user be‑
havior, while the dynamic change of slicing resources in satel‑
lite network is also affected by the behavior of satellite constel‑
lation network. Due to the continuous movement of LEO satel‑
lite constellation, the satellite channel resources over different
regions of the world are different. Thus, the service model and
traffic model processed by the satellite are very different. For
a single satellite, there is a tidal effect of resource demand.
Fortunately, the satellite ephemeris information is known,
which provides a good basis for resource demand forecast and
resource arrangement. Based on this, we refer to 5G network
slice to design satellite network slice, but there are big differ‑
ences between them. Therein, the characteristics of satellite
network slicing, such as limited satellite network resource,
fast changing network topology and diversified applications,
should be considered.
This paper is the first to investigate the satellite E2E net‑
work slicing based on 5G technology, including the design of
the satellite network slicing architecture and the key technolo‑
gies of network slicing. The contributions of this paper can be
summarized as follows.
• We propose a novel satellite E2E network slicing architec‑
ture, where the management domain and service domain are
designed in detail in the case of limited satellite network re‑
source and special satellite channel characteristics.

• For the services domain, to support E2E network slicing,
the classification and isolation technologies of access network
sub-slice, transmission network sub-slice, and core network
sub-slice are analyzed and proposed adaptively for satellite
communications based on 5G technology.
• For the management domain, we develop the key technol‑
ogies, including slicing key performance indicator (KPI) de‑
sign, slicing deployment, and slicing management for satellite
communications. Therein, the creation of the satellite network
slicing instance is developed in the case of limited satellite
network resource.
• The challenges and future work are analyzed in detail,
which shows the potential research in the future.
The remainder of this paper is organized as follows. In Sec‑
tion 2, the proposed satellite E2E network slicing architecture
is introduced. We investigate the classification and isolation
technologies of satellite network sub-slices in Section 3. In
Section 4, we present the satellite E2E network slicing man‑
agement technology. In Section 5, the challenges and future
work are presented, and finally, Section 6 concludes the paper.

2 Design of Satellite E2E Network Slicing
Architecture

Network slicing refers to the selection of specific features
and functions from the network to customize a logically inde‑
pendent virtual private network (VPN) to serve a certain indus‑
try or application scenario. A VPN is a slice, and different
slices are isolated from each other. In other words, one physi‑
cal network can be divided into different logical networks with
different functions and characteristics to support different ap‑
plication scenarios separately. Each E2E network slice can
provide a set of complete network functions, including access
network, transmission network and core network functions[9].
The satellite E2E network slicing architecture includes
management domain and service domain, as shown in Fig. 1.
The proposed satellite network slicing architecture supports
the flexible deployment of different functional network ele‑
ments between the satellite and the ground, which is more flex‑
ible than 5G network slicing architecture. At the same time,
limited by the satellite resources, the proposed satellite net‑
work architecture cuts and optimizes the 5G slice architecture
mainly on the slicing management domain.
Network slicing management domain includes communica‑
tion service management function (CSMF), network slice man‑
agement function (NSMF) and network slicing subnet manage‑
ment function (NSSMF). NSSMF includes access network slic‑
ing subnet management function (AN-NSSMF), transmission
network slicing subnet management function (TN-NSSMF),
and core network slicing subnet management function (CNNSSMF). Network slicing service domain includes satellite ac‑
cess network sub-slice, satellite transmission sub-slice, satel‑
lite core network sub-slice and the ground core network subZTE COMMUNICATIONS
December 2020 Vol. 18 No. 4
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Communication service management function(CSMF)
Service discovery

Slicing design

Ephemeris information

Service monitoring

Slicing KPI

Network slice management function (NSMF)

Slicing deployment

Slicing lifecycle management

Slicing performance management

Slicing configuration

Slicing KPI and QoE

Network slice subnet management function (NSSMF)

User type A
User type B
User type C

AN‑NSSMF

TN‑NSSMF

Satellite AN sub‑slicing

Satellite CN sub‑slicing

CN‑NSSMF
Satellite core sub‑slicing

Resource reservation
Resource
Shared
reservation
AAU
PHY

Shared
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AMF
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vSDAP vRRC
vPDCP
vRLC
vMAC

AAU: active antenna unit
AMF: access and mobility management function
AN: access network
AUSF: authentication server function
CN: core network
KPI: key performance indicator

NSSF: network slice selection function
PHY: physical layer
QoE: quality of experience
SMF: session management function
TN: transmission network
UPF: user plane function

Exclu‑
sive
SMF/
SMF
agent

Exclu‑
sive
UPF

Ground core sub‑slicing

Shared
AMF
NSSE
AUSF
…

Exclu‑
sive
SMF

Exclu‑
sive
UPF

vMAC: virtual media access control
vPDCP: virtual packet data convergence protocol
vRLC: virtual radio link control
vRRC: virtual radio resource control
vSDAP: virtual service data adaptation protocol

▲Figure 1. Architecture of the satellite end⁃to⁃end (E2E) network slicing.

slice. Therein, referring to 5G standard, satellite access net‑
work sub-slice includes active antenna unit (AAU), distribut‑
ed unit (DU) and centralized unit (CU). AAU completes RF
signal processing, power amplification and satellite cell beam‑
forming by software radio. DU mainly completes the signal
processing of physical layer, and CU completes wireless highlevel protocol processing in access network. With the virtual
machine/Docker deployment mode, it supports the flexible de‑
ployment of AAU, DU and CU functions in different scenarios.
For example, in a constellation, the master-slave satellite co‑
operative deployment mode is considered, where only a few
master satellites deploy CU, while other slave satellites deploy
DU. The cooperation between the master satellite and the
slave satellite can realize the complete access network. On the
other hand, the satellite core network adopts the micro-service
architecture, which decomposes complex functional units into
decoupled micro-service functions. Thereby, considering the
limitation of satellite network resources, some frequently ac‑
cessed core network functions can be deployed on satellites
according to service requirements, such as access and mobili‑
ty management function (AMF), session management function
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(SMF) and user plane function (UPF), while other infrequently
accessed core network functions are deployed on the ground,
which can meet the service requirements and save satellite re‑
sources. It is worth noting that, the capabilities (the size of re‑
sources occupied) of access network and core network function‑
al elements in different slices are quite different, which also
should be properly designed according to the actual demand.
Network slicing management domain can customize net‑
work functions according to the service requirements, and re‑
lease resources to other virtual networks after the end of slic‑
ing life cycle, so as to realize dynamic on-demand distribution
and flexible adjustment of network resources. Thus, compared
with the traditional one channel best-effort network, the pro‑
posed slicing architecture can greatly improve the resource
utilization, so it is superior to the traditional network in perfor‑
mance or KPI. However, slicing strategy and slicing technolo‑
gy will also bring additional resource overhead and perfor‑
mance improvement. The trade off between slicing overhead
and performance improvement is also a direction worth study‑
ing in the future. Network slicing service domain allocates re‑
sources by slicing, which can not only isolate the resources re‑
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quired by different application scenarios and enhance the reli‑
ability of the network to ensure that the failure of one slice
will not affect other slices, but also provide differentiated E2E
security mechanisms to meet the different security require‑
ments of various application scenarios.

3 Classification and Isolation Technologies
of Satellite Network Slicing

The channel and network resource forms of the satellite and
5G are quite different, which leads to great differences in re‑
source classification and isolation technology, so adaptive opti‑
mization and design are needed.
3.1 Satellite Access Network Sub-Slice
According to the different service level agreement (SLA) re‑
quirements of different application scenarios issued by the net‑
work slice management platform, the satellite access network
sub-slice can be customized utilizing the resource pool reser‑
vation and allocation to achieve the isolation of wireless re‑
sources, as shown in Fig. 2. Different sub-slices of satellite ac‑
cess network can schedule resources and set transmission pa‑
rameters by configuring the parameters of wireless air inter‑
face, so as to obtain reasonable throughput and transmission
delay[10].
The slicing method of satellite access network includes QoS
priority based schedule, resource block (RB) resource reserva‑
tion and carrier isolation[11]. QoS priority based schedule can
ensure that different services are customized on demand in the
case of limited resources, and provide differentiated services
for different network. Moreover, when resources are preempt‑

vSDAP

vPDCP

ed, high priority services can schedule wireless resources
first. When resources are congested, however, high priority
services may also be affected. Then, RB resource reservation
allows multiple slices to share the RB resources of one cell,
and allocates a certain number of RB resources to a specific
slice according to the resource requirements of each slice. RB
reservation supports two working modes, namely static reserva‑
tion and dynamic sharing. In dynamic sharing mode, the re‑
sources reserved for the specified slice can be used for other
slice users dynamically when they are idle. On the contrary,
with static reservation mode, the resources reserved for the
specified slice cannot be allocated to other slice users at any
time, to ensure that there are sufficient resources available for
specified slice. Finally, in the case of carrier isolation, differ‑
ent slices use different carrier cells. Each slice only uses the
wireless resources of their own cell, and the slices are strictly
differentiated to ensure their own resources.
3.2 Satellite Transmission Sub-Slice
According to the security and reliability, the satellite trans‑
mission sub-slice can be employed by two types of methods,
namely the hard isolation and the soft isolation. The hard iso‑
lation is physical isolation while the soft isolation is logical
isolation. The effect of the soft isolation is worse than the hard
isolation, but its cost is lower than the hard isolation[12]. Both
hard isolation and soft isolation can be applied alone, and the
tradeoff between the isolation effect and cost can be achieved
by combining different hard isolation technologies and soft iso‑
lation technologies.
The hard isolation technologies mainly include FlexE in‑
terface isolation for layer 1 (L1) and metro transport net‑

Wireless resource
management

vRRC

Performance
monitor

vRLC

vMAC

Resource
reservation

Logical channel for application A
Logical channel for application B

Resource
control

Logical channel for application C

slice
management
North interface over
inter‑satellite link
SO agent

Channel mapping

Control
Data

Physical resource pool
SO: slice orchestration
vMAC: virtual media access control

vPDCP: virtual packet data convergence protocol
vRLC: virtual radio link control

Ephemeris
information

vRRC: virtual radio resource control
vSDAP: virtual service data adaptation protocol

▲Figure 2. Satellite access network sub-slice.
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work (MTN) cross isolation for L1 and layer 2 (L2). FlexE in‑
with the level of millisecond.
terface isolation divides a physical Ethernet port into several
3.3 Satellite or Ground Core Network Sub-Slice
Ethernet elastic hard pipes based on time slot scheduling.
In order to realize the on demand deployment of core net‑
Thereby, for the network interface, the service can access the
work elements between satellite and the ground, the tradition‑
network based on the time slot, and for the devices, the statis‑
al core network element based on complex single unit is de‑
tical multiplexing is based on Ethernet. MTN cross isolation is
coupled into modular micro services, which can be deployed
a cross technology based on Ethernet 64/66 bits code blocks,
on virtual machines or Dockers. Thus, the isolation and rapid
which achieves time division multiplexing (TDM) based time
deployment of core network elements can be realized to sup‑
slot isolation in the interface and devices, so as to achieve ex‑
port the deployment of core network sub-slice. Based on the
tremely low delay and isolation effect. The minimum forward‑
combination of part satellite core network elements and part
ing delay of single device is 5 – 10 us, which is much lower
ground core network elements, users can slice the satellite
than that of the traditional packet switching devices. The main
core network sub-slice and the ground core network sub-slice
soft isolation technology is based on VPN and QoS, which real‑
izes the isolation of multiple services on the same physical in‑
to meet their SLA requirements.
frastructure network. However, software isolation cannot
Thanks to the above-mentioned network virtualization and
achieve the isolation in hardware and slot, and cannot achieve
service-oriented architecture[13–14], the core network elements
the isolation effect of physical isolation.
support on-demand isolation and the independence of different
The laser link resources inter-satellite or between the satel‑
slices at the same time. There are mainly three types of isola‑
lite and the ground of LEO constellation are much smaller than
tion modes: full sharing mode, partialy exclusive mode, and ful‑
the ground optical fiber network bandwidth. Specifically, the
ly exclusive mode, as shown in Fig. 4. With full sharing mode,
ground optical fiber network bandwidth is usually 100 Gbit/s,
all network elements are shared by all sub-slices, and its capa‑
and the link bandwidth of laser inter-satellite or between satel‑
bility is equivalent to that of the traditional network. It is often
lite and the ground is 5 Gbit/s.
Thereby, fine-grained slice isola‑
L2 hard isolated service with level of Mega bit
tion is particularly important. In or‑
der to support emergency commu‑
nication and mission critical verti‑
cal industry applications, it is nec‑
L1 PCs code packaging
L1 PCs code unpacking
essary to implement fine-grained
L1/L2 mapping process with level of Mega bit
slice isolation with the level of
Mega bit, 10 ms end-to-end trans‑
L1 fine‑grained slot demapping
L1 fine‑grained slot mapping
mission delay, and delay jitter with
level of millisecond, where the dis‑
tance variation factor inter-satellite
or that between satellite and the
Multi hop fine‑grained slot
Flex/MTN time slot and
Flex/MTN time slot and
crossover inter-satellite or be‑
interface
interface
ground is considered. Thus, it is
tween satellite and ground
suggested to use fine-grained hard
L1: layer 1
L2: layer 2
MTN: metro transport network
isolation technology in satellite
constellation transmission network ▲Figure 3. Satellite transmission network sub-slice.
slice deployment, which is shown
in Fig. 3. Based on Ethernet L1
Slicing 1
fine-grained slotting, it supports
PCF
AMF
SMF
fine-grained slot hard isolation
UDM
UPF
slicing for L1, and supports di‑
Slicing 1
Shared core
rect L1 slot cross for slotted ser‑
network elements
UPF
Slicing
Slicing 2
vices to reduce forwarding delay.
SMF
AMF
PCF
PCF
AMF
SMF
AMF
SMF
Slicing 2
In addition, L2 service mapping
UDM
UDM
UPF
PCF
UDM
UPF
UPF
processing based on L1 finegrained timeslot is also needed to
(c) Full exclusive mode
(a) Full sharing mode
(b) Partial exclusive mode
support the flexible and efficient
mapping of L2 services with the
AMF: access and mobility management
PCF: policy control function
UPF: user plane function
function
SMF: session management function
UDM: unified data management
level of Mega bit into L1 slot con‑
tainer to provide the delay jitter ▲Figure 4. Isolation modes of the core network elements.
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used for general services in public network that have no special
requirements for isolation. The partially exclusive mode is that
most of the network elements are shared in the sub-slice, and a
small number of network elements are exclusive. It can achieve
the best balance between isolation requirements and costs, so
as to meet the network slicing requirements of most general in‑
dustries. In the full exclusive mode, each sub-slice owns all the
functional network elements, and its ability is equivalent to
building a completely dedicated core network. Its isolation is
the best, but the construction and operation costs are also the
highest. It is suitable for some special industries which need ul‑
tra-high isolation and are not cost sensitive.

4 Satellite E2E Network Slice Management
Technology

Satellite E2E network slicing management mainly includes
network slicing design, network slicing deployment, network
slicing lifecycle and performance management[9]. Network slic‑
ing design refers to CSMF generating satellite network slice
KPI index according to service requirements. Then, NSMF de‑
composes the KPI index of satellite network slice into access
network sub-slice, transmission network sub-slice, and core
network sub-slice, namely the network slice deployment. Fi‑
nally, NSMF completes the network slicing lifecycle manage‑
ment and performance management. It is worth noting that dif‑
ferent from 5G network resources, satellite network resources
are limited. Therefore more refined resource management is
needed, which raises higher requirements for the lightweight
of slice management technology and the granularity of re‑
source management. And fortunately, the satellite network be‑
havior can be predicted based on ephemeris information, so
satellite network slicing supports resource planning and de‑
ployment in advance, and effective slicing planning mecha‑
nism can reduce the overhead of slice management.
4.1 Satellite Network Slicing Design
In different application scenarios, the requirements of dif‑
ferent services for satellite network slice are also quite differ‑
ent, such as large traffic transmission of wide area broadband
access, massive access of IoT and low delay transmission of
emergency communication, as shown in Fig. 5. Specifically,
in the wide area broadband access scenario, the satellite as
the supplement of the ground network achieves large capacity
and wide area coverage. The typical services of wide area
broadband access mainly include high definition video, mas‑
sive real-time data interaction, etc. These services raise very
high requirements for the traffic and transmission rate of net‑
work slices, including high transmission rate, high peak rate,
large traffic density, service continuity, etc. Secondly, massive
IoT mainly includes smart city, environmental monitoring,
smart agriculture, intelligent wear and other applications.
These applications cover a wide range of applications with a

large number of access devices, and have outstanding require‑
ments in low power consumption and mass connection. There‑
by, they have high requirements for KPI of network slice cov‑
erage, satellite capacity, etc. Finally, the rapid deployment of
satellite network can effectively meet all kinds of service re‑
quirements in emergency communication scenarios, providing
efficient and reliable information transmission. Emergency
communications have certain requirements for KPI of network
slices, such as delay, jitter, loss rate and rate. To meet the dif‑
ferentiated service requirements in different scenarios, the
KPI of satellite network slicing should be properly designed
according to the service requirements.
4.2 Satellite Network Slicing Deployment
Satellite network slicing deployment decomposes the KPI
index of network slice into access network sub-slice, transmis‑
sion network sub-slice and core network sub-slice, and com‑
pletes the network parameter configuration of each sub-slice.
Network parameters include QoS related parameters (delay
rate and loss rate, etc.), capacity related parameters (the num‑
ber of users, the single satellite capacity, and the constellation
capacity, etc.), and service related parameters (the coverage
area, the application scenario, etc.), and more. The way to rea‑
sonably decompose the KPI index of network slice will direct‑
ly affect whether the slice can meet the service requirements.
The KPI decomposition diagram of E2E satellite network slice
is shown in Fig. 6, where the related network parameters of ac‑
cess network sub-slice, transmission network sub-slice, and
core network sub-slice are summarized respectively.
4.3 Satellite Network Slice Management
Network slicing lifecycle management is mainly to complete
the creation, update, termination and query of network slice in‑
stances. NSMF completes the creation of network slicing in‑
stances according to the deployment requirements of access
network sub-slice, transmission network sub-slice and core
network sub-slice. In Fig. 7, the creation of satellite network
slice instance is designed to simplify the creation process in
the case of limited satellite network resource. Specifically, af‑
Rate
Coverage

Delay

Constellation capacity

Single satellite capacity

Jitter

Loss rate

Wide area broadband access
Emergency communication

Massive access of IoT

▲ Figure 5. Requirements of different services in different application
scenarios.
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ter receiving the request of network slicing creation, NSMF de‑
composes the KPI of satellite network slice in sub-slices and
allocates slice ID. Then, NSFM commands NSSMF to create
network sub-slices. After creating the sub-slices, NSSMF re‑
turns the results of sub-slices creation and slice creation.
Moreover, after receiving the request of network slicing re‑
quirement change, NSMF identifies the slice instance to be
modified, and generates the corresponding slice instance
change requirement to trigger the modification of slice in‑
NSMF

Access network
sub‑slice

•Rate
•Peak rate
•Delay
•Single satellite capacity
•Constellation capacity

Transmission network
sub‑slice

Core network
sub‑slice

•Bandwith
•Delay
•Jitter
•Loss rate

•Application scenario
•Number of users
•Rate
•Delay

NSMF: network slice management function

▲ Figure 6. Key performance indicator (KPI) decomposition of end-toend (E2E) satellite network slicing among sub-slices.

NSMF consumer

stance to realize the update of network slice instance. If NSMF
receives the instruction that the network slice instance is no
longer used, and determines that the network slice instance
does not contain any network slices, NSMF will delete the net‑
work slice instance. At the same time, NSMF supports the que‑
ry of network slice instance information based on single net‑
work slice selection assistance information (S-NSSAI) or net‑
work slice instance (NSI) ID, where the instance information
includes the service profile, network slice subnet instance
(NSSI) information associated with network slice instance, etc.
The performance management of satellite network slicing is
mainly to collect the performance data reported by the subslices of NSMF, summarize the performance data of each do‑
main, and generate performance index. At the same time, after
the slice creation, NSMF can check whether the current slice
meets the user’s performance requirements. If the require‑
ments cannot be met, NSMF can improve the slice perfor‑
mance by modifying the capacity of the slice instance or the
slice configuration.

5 Challenges and Future Works

5G network slicing has already received a lot of attention.

NSMF

NSSMF(AN/TN/CN)

NF

Request to create network
slice instances
Decomposes the KPI of satellite network
slice into sub‑slices
Allocate slice ID
Request to create network
sub‑slices
Get the application information in NSSAI
For core network sub‑slice, generate NSSI service configuration information and
transmit it to NF
For access network sub‑slice, complete the service configuration and bearer con‑
figuration of NSSI
For tansmission network sub‑slice, complete the service configuration and in‑
ter‑domain configuration
Return the result of sub‑slice
creation
Record the NSI information
Return the result of slice creation
AN:access network
CN: core network
NF: network function

▲Figure 7. Satellite network slice instance creation.
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The research on the satellite E2E network slicing is just begin‑
ning, but it is an interesting topic for future research. In this
section, we elaborate on several significant challenges that
need to be addressed to fully realize the satellite E2E network
slicing based 5G technology in the future. First, the base band
unit of the access network is difficult to be virtualized, espe‑
cially when the satellite resources are limited, resulting in low
resource isolation between sub-slices. To this end, slice aware‑
ness can be considered to support network slicing in access
network. Specifically, when the slice is established, the access
network divides and reserves the resources according to the
slice type, which can guarantee the time-frequency resources
for transmission. Secondly, the dynamic deployment strategy
of core network elements between the satellite and the ground
is another important factor restricting the efficiency of network
slicing, which has not been well studied in both academia and
industry, but it is an interesting research direction. Finally,
there is no mature scheme for satellite network slicing design.
The key is to design typical satellite application scenarios,
complete the quantification of service SLA, and map model
and strategy between service SLA and network slicing KPI.

6 Conclusions

We have presented what we believe to be the first scheme
of the state-of-the-art satellite E2E network slicing based on
5G technology to provide customized services for the diversi‑
fied applications. To this end, we present a common satellite
network slicing architecture to support the flexible deploy‑
ment of the network functions between satellite and the
ground. Then, on the one hand, for the slicing service domain,
the sub-slices of access network, transmission network and
core network are designed including the classification and the
isolation technologies based on 5G technology to support re‑
source allocation on demand. On the other hand, for the slic‑
ing management domain, slicing KPI design, slicing deploy‑
ment and slicing management are developed in satellite E2E
network slicing. Finally, the challenges and potential research
are presented in detail to give a view of future work.
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Abstract: With the inclusion of satellite Internet as the information infrastructure in China’s
“new infrastructure”category, relevant domestic industries and scientific research institutes
have successively carried out the design of broadband low earth orbit (LEO) constellation sys‑
tems and key technical research. As the core technology for the satellite-to-ground network
communications of a broadband LEO constellation system, routing technology is extremely im‑
portant for the efficient and reliable transmission of various service data. Focusing on the two
important broadband LEO constellation systems in China, in-depth analysis and simulation of
the high dynamics of the satellite-to-ground satellites are conducted in this paper to obtain
more accurate network topology changes and characteristics; then the adaptability of the
ground standard IP routing protocol to the broadband LEO constellation system is analyzed,
and an LEO constellation simulation scenario is built with the Opnet software. The simulation
results of the convergence performance of the standard IP routing protocol are produced. The
results show that the IP protocol does not perform well for LEO satellite constellation net‑
works. Based on the studies, some solutions are proposed to take full advantages of the charac‑
teristics of LEO satellite systems. These can also provide a reference for the choice of intersatellite routing architecture and protocol technology for broadband LEO constellation in the
future development.
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1 Introduction

M

odern communication networks can be divided into
three categories, that is, fiber-based terrestrial net‑
works, line of sight (LOS) microwave cellular based
mobile communication networks, and low earth or‑
bit (LEO) and geostationary (GEO) based satellite communica‑
tion networks. With the global popularity of Internet applica‑
tions and the rapid growth of the“Internet + service”indus‑
try, the terrestrial mobile communication business has gradu‑
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ally changed from initially supporting only basic voice and da‑
ta communications to“mobile Internet + service”. Moreover,
a new service model is also proposed for satellite communica‑
tion demands. Thus, the LEO broadband constellation system
emerges with high speed, large capacity and low latency[1].
Constructing a constellation network with inter-satellite links
to support broadband mobile user access applications world‑
wide has become a research hotspot[2–3]. It is easy to think of
using the mature IP routing technology of the ground fixed net‑
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work to solve the routing problem of inter-satellite network[4].
However, this inter-satellite network of LEO broadband con‑
stellation has the characteristics of node dynamics and topolo‑
gy dynamics that terrestrial fiber networks do not have [5]. In
order to come up with a suitable inter-satellite network routing
solution, the adaptation of the IP routing protocol in such a
high-dynamic scenario needs to be studied and analyzed.
Starting from the working mechanism of the IP routing proto‑
col, this paper analyzes the impact of the high dynamics of the
broadband LEO constellation on the routing protocol’s conver‑
gence performance. Some routing solutions for the LEO con‑
stellation inter-satellite networking are proposed with simula‑
tion and verification.

2 Broadband LEO Constellation Systems at
Home and Aboard

Iridium, ORBCOMM and Globalstar systems are currently
the only three LEO constellation systems in orbit and these
systems are narrow-band satellite mobile communication sys‑
tems. Among them, the Iridium system is the only system in
the world with inter-satellite links[6]. Its routing problem can
be solved based on the combination of ephemeris calculations,
time slices and circuit switching. It is not necessarily based on
the idea of IP (no public reports on the specification imple‑
mentation method are found). So far, there is no fully-built in‑
ter-satellite broadband system in the world. Table 1 shows
several typical examples of broadband constellations world‑
wide.
As illustrated in Table 1, OneWeb adopts the scheme of
bent pipe transponder, which does not have the technical
problem of inter-satellite routing, and 74 satellites have al‑
▼Table 1. Overview of typical broadband low earth orbit (LEO) satel⁃
lite constellation systems
Typical
Satellite
System

OneWeb

Starlink

Domestic
Satellite
System 1

Domestic
Satellite
System 2

Number of
satellites

720

60–240

100–2 000

Frequency

Ku, Ka

Tens of thousands
(4 000 at early
stage)
Ku, Ka

L, Ka

Ka

No

Plan to have

Yes

Plan to have

Inter-satellite
routing

No

No (plan to have)

Yes

No (plan to have
for some of the
satellites)

Satellite ca‑
pacity

–

More than
10 Gbit/s

More than
10 Gbit/s

More than
10 Gbit/s

Progress

The test
satellites
are in orbit.

The test satellites
are in orbit (with‑
out inter-satellite
links).

The test satellites
are in orbit (with
inter-satellite
links).

The test satel‑
lites are in orbit
(without intersatellite links).

Inter-satellite
link

ready been launched; Starlink realizes the coexistence of
transparent bent pipe satellites and on-board processing sat‑
ellites. The on-board processing satellites of Starlink have in‑
ter-satellite links and the capacity of on-board processing is
more than 10 Gbit/s. Of the hundreds of satellites that have
been launched, there is no public report on the resolution of
on-board processing and routing. Moreover, there are current‑
ly two important satellite systems (System 1 and System 2) in
China. System 1 considers 60 to 240 on-board processing sat‑
ellites, all of which have inter-satellite links and the capacity
of each satellite is more than 10 Gbit/s. The system can sup‑
port both broadband and mobile services. System 2 considers
100 to 2 000 transparent and on-board processing satellites.
The on-board processing satellites have inter-satellite links
and the capacity of each satellite is more than 10 Gbit/s. This
system mainly supports broadband services. Both the systems
are still in the experiment stage and they have launched several
test satellites. It will take a certain period of time to build these
systems. But before the construction is complete, the technical
problems such as high-dynamic routing must be solved. In or‑
der to solve these problems, we must deeply analyze the dynam‑
ics of the constellation and study its pattern and characteristics.

3 Dynamics of Broadband LEO Satellite
Constellation
3.1 Satellite Constellation Coverage Characteristics
Two types of satellite constellations are considered: the po‑
lar orbit constellation and the inclined orbit constellation [7–8].
The polar orbit constellation solves the problem of polar cover‑
age and the inclined orbit constellation solves the problems of
multiple coverage and capacity increase in areas with dense
traffic.
These two constellation types can be used independently or
superimposed (Fig. 1). Fig. 1a illustrates a scenario of polar
orbit constellation with 220 satellites, Fig. 1b illustrates a sce‑
nario of inclined orbit constellation with 360 satellites, and
Fig. 1c illustrates a scenario of hybrid orbit constellation.
The choice of constellation type depends on the coverage re‑

Polar orbit
constellation
(a)

Inclined orbit
constellation
(b)

Hybrid orbit
constellation
(c)

▲Figure 1. Satellite constellation deployment scenarios.
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quirements, and is related to the payload configuration, espe‑
cially the antenna configuration. According to OneWeb’s ear‑
ly conception, seamless global coverage can be achieved
through about 600 satellites, with fixed-beam antennas on the
satellites and without inter-satellite networking[9]. However,
due to the density of satellites and the fixed beams, it will be a
waste of resources in high latitude areas, especially the Polar
Regions if the power is not adjustable. For this reason, current
inter-satellite networking constellations mostly use adjustable
beams generated by phased array antennas.
As mentioned above, a system of 220 polar orbit satellites
with inter-satellite networking, where each satellite has 10 Ka
adjustable beams, can achieve 100% reachable global cover‑
age. In this case, the beam scan range need to be − 47.2° to
47.2°, and the seamless coverage rate of the spot beam to the
ground is 0.863%.
A system of 400 inclined orbit satellites with inter-satellite
networking, where each satellite also has 10 Ka adjustable
beams, can achieve 100% reachable coverage in the area be‑
tween ±65° latitudes, and the seamless coverage rate of the
spot beam to the ground is 1.558%.
A hybrid orbit constellation combined with the above two
types of constellation can achieve triple reachable global cov‑
erage in the area between ±72° latitudes. Fig. 2 shows the cov‑
erage footprint of a single satellite. Fig. 3 shows the coverage
footprint of hybrid orbit constellation.

Coverage of
a satellite

Coverage of
a beam

▲Figure 2. Reachable coverage of a single satellite (10 spot beams).
Number of footprints
5
4
3
2
1

3.2 The Number of Visible Satellites from Earth and Its
Influencing Factors
The number of visible satellites from earth (from gateway
stations and from terminals) will affect the frequency of satel‑
lite-to-earth link switching, the number of gateway antennas,
and channel configurations, which is the basis of analyzing the
satellite-to-ground link changing frequency. Changes in the
number of satellites over the same period of time indicate the
stability of the satellite-to-earth link. Fig. 4 shows the maxi‑
mum number of visible polar orbit satellites from the earth at
different ground elevation angles. In Fig. 4a, there are up to 8
satellites that can be seen from the ground at an elevation an‑
gle of 15° and in Fig. 4b, there are up to 3 satellites that can
be seen from the ground at an elevation angle of 30°.
As for the number of visible satellites from gateway sta‑
tions, in order to align a gateway station with the satellites as
long as possible and aim at seeing as many satellites as possi‑
ble, the gateway station usually sets a lower elevation angle. It
is assumed that the elevation angle is 15°, the altitude of satel‑
lite is 1 000 km, and the valid connection time between the
satellite and gateway station is longer than 2 min. According
to the satellite orbit parameters, the number of satellites that
can be seen at each gateway can be obtained through theoreti‑
cal calculations and simulations by moving speed and gateway
station parameters. According to the distribution characteris‑
tics of satellites in the constellation, the satellites in high lati‑
tude regions are more densely distributed than those in lower
latitude regions. Therefore, different ground positions affect
the number of visible satellites. In this paper, we assume that
the gateway station is located in Beijing deployed near 116.4°
east longitude and 39.9° north latitude. Fig. 5 shows the varia‑
tion of the number of visible satellites at the gateway station in
the scenario of polar orbit constellation with 220 satellites.
Fig. 6 shows the variation of the number of visible satellites at
the gateway station in the scenario of inclined orbit constella‑
tion with 360 satellites. And Fig. 7 shows the variation of the
number of visible satellites at the gateway station in the sce‑
nario of hybrid orbit constellation with 580 satellites.
Since a terminal needs to consider low cost, the scan angle
achieved by the phased array antenna is limited and only a
minimum communication angle of 30° can be achieved. There‑

15°

30°

on

on

ZTE COMMUNICATIONS
December 2020 Vol. 18 No. 4

riz

riz

36

Ho

Ho

▲ Figure 3. Multiple footprints of hybrid orbit constellation (consist of
220 polar orbit satellites and 360 inclined orbit satellites).

▲ Figure 4. The number of visible polar orbit satellites under different
ground elevation angles.
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8

3

Number of satellites

Number of satellites

7
6

2

5
4

00:00:00

00:15:00

00:30:00
Time

00:45:00

1
00:00:00

01:00:00

▲ Figure 5. The number of visible satellites from the gateway station
within 1 hour (polar orbit constellation).

Number of satellites

Number of satellites

15
14
13
00:15:00

00:30:00
Time

00:45:00

01:00:00

▲ Figure 6. The number of visible satellites from the gateway station
within 1 hour (inclined orbit constellation).

01:00:00

5

4
00:00:00

00:15:00

00:30:00
Time

00:45:00

01:00:00

▲ Figure 9. The number of visible satellites from the terminal within 1
hour (inclined orbit constellation).
9

23

Number of satellites

Number of satellites

00:45:00

6

24
22
21
20
19
18

17
00:00:00

Time

7

16

00:00:00

00:30:00

▲ Figure 8. The number of visible satellites from the terminal within 1
hour (polar orbit constellation).

17

12

00:15:00

00:15:00

00:30:00
Time

00:45:00

01:00:00

8
7
6

5
00:00:00

00:15:00

00:30:00
Time

00:45:00

01:00:00

▲ Figure 7. The number of visible satellites from the gateway station
within 1 hour (hybrid orbit constellation).

▲Figure 10. The number of visible satellites from the terminal within 1
hour (hybrid orbit constellation).

fore, compared with the gateway station, the number of visible
satellites from the terminal will be different. Figs. 8, 9 and 10
show the variation of the number of visible satellites from the
terminal, with an assumption that the terminal location is the
same as that of the gateway station and the ground elevation
angle is 30°.
The number of visible satellites from the gateway station
and terminal is shown in Table 2. In the same constellation,
more satellites can be seen if the ground communication angle
is lower.

▼Table 2. The number of visible satellites from ground nodes

3.3 Variation of Visible Duration of Gateway Station or
Terminal to Satellite
In order to ensure that the data from each visible satellite
can be transmitted to the gateway station, multiple antennas
should be deployed on the gateway station. The maximum
number of antennas should be determined by the number of

Constellation
Polar orbit

Inclined orbit
Hybrid orbit

Number of visible satellites

Gateway station

Max.

Min.

Max.

17

12

7

8

24

4

17

3

Terminal

Min.

9

1
4
5

visible satellites. The number of visible satellites will cause
the variability of the feeder link when the number changes
over time. Therefore, it is necessary to analyze the variation
law of visibility of satellites from the gateway station.
According to the simulation results in Section 2.1, for the
situation where up to 8 polar orbit satellites can be seen, 8
pairs of antennas are deployed at the gateway. The gateway
station can see up to 4 orbital planes at the same time, and a
single orbital plane can see up to 3 satellites at the same time
ZTE COMMUNICATIONS
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Name of satellites

Orbit number

(without the case where there are 3 satel‑
lites in the 4 orbital planes at the same
time). Fig. 11 shows the relationship be‑
6
tween the visible durations of satellites
Feeder link
from the gateway station within one hour.
disconnection
In Fig. 11, 7 satellites can be seen at the
5
gateway station at Time 1, and 6 satel‑
7 satellites
6 satellites
lites can be seen at Time 2. As time ad‑
Feeder link
vances, when the current satellite leaves
745 s
connection
the switch station’s field of view to the
4
213 s
Time 1
Time 2
sky, the antenna waits or selects a satel‑
lite to establish a feeder link. Among
3
Gateway
them, the longest satellite visible dura‑
Station
00:00:00
00:15:00
00:30:00
00:45:00
01:00:00
tion is 745 s, and the shortest visible du‑
Time
ration is 213 s.
For the terminal, it can only select a ▲Figure 11. Visible durations of satellites from the gateway station (polar orbit constellation).
satellite in the visible area to establish a
satellite-to-earth link at a certain mo‑
S0616
476 s
ment. Therefore, it is assumed that the
S0617
satellite with the longest visible time in
S0618
the visible area is selected to establish
S0619
S0620
the satellite-to-earth link, and when the
343 s
S0601
currently connected satellite is about to
S0602
leave the visible area, the terminal will
S0503
switch to the next satellite. The satellite
S0504
switching is determined by the relative
S0505
S0506
The time of
position between the terminal and the
switching satellite
S0507
visible satellite. When the terminal is lo‑
Terminal
cated in the middle of two orbital
00:00:00
00:15:00
00:30:00
00:45:00
01:00:00
planes, it will switch to the other orbital
Time
plane, otherwise the terminal will always
switch to the satellite in the same orbital ▲Figure 12. Visible durations of satellites from the terminal (polar orbit constellation).
plane. For the polar orbit constellation,
the changes of the satellite-to-earth link
ble orbits and satellites, while for the terminal, the results of
between the ground terminal and the satellite is shown in
inclined orbit simulation are basically the same as the polar
Fig. 12. The abscissa is the visible time and the ordinate is
orbit simulation.
the satellite names (for example, S0507 represents the sev‑
enth satellite on the 5th orbital plane). The line segment in
3.4 High Dynamic Change of Network Topology Caused
Fig. 12 is the visible duration of a single satellite and the seg‑
by Frequent Interruption of Hetero-Orbital Inter-Sat⁃
ment length is the duration of the connection between the ter‑
ellite Links
minal and a single satellite. Within one hour of simulation
Each satellite in the constellation establishes inter-satellite
time, the longest visible time between the terminal and the
links with four adjacent satellites in the same orbit and two
satellite is 476 s, and the shortest visible time is 343 s.
neighbor orbits. The satellites in the same orbit can remain rel‑
Since the gateway station deploys multiple antennas, the es‑
atively stationary. Therefore, the inter-satellite links in the
tablishment or disconnection of the satellite feeder link on any
same orbit can remain stable connection. While there is a rela‑
visible satellite can be considered as a change in the state of
tive movement between satellites in different orbits, the interthe satellite-to-earth link and the terminal only selects the sat‑
satellite links in different orbits are difficult to keep continu‑
ellite with the longest visible duration to establish the link.
ous connections due to the limitation of antenna tracking capa‑
Therefore, at a certain moment, the terminal can only access
bility and installation location.
one satellite and maintain a stable connection. The simulation
As shown in Fig. 13a, before the intersection of two adja‑
and analysis method for the inclined orbit constellation is the
cent orbits, the antenna of Satellite 1 points to Satellite 2 in
same as that for the polar orbit constellation. For the gateway
the direction of y-axis and Fig. 13b shows that after the cross‑
station, the difference is only reflected in the number of visi‑
ing point, the antenna of Satellite 1 points to Satellite 2 in the
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y

x

Satellite 1

x
Satellite 2
y

y

(a)

x
Satellite 2

x

(b)

103
N
S

102
101

203
202
201

303
302
301

103
102
101

202

302

▲Figure 14. Variation of hetero-orbital inter-satellite links.

Number of satellites

00:15:00

00:30:00

00:45:00

Time

01:00:00

13

5 min

12
00:00:00

00:15:00

00:30:00

00:45:00

Time

01:00:00

▲ Figure 16. Variation of the number of visible inclined orbit satellites
from the area beyond ±55° (60 minutes).
13

65°N

301

201

79 s

▲ Figure 15. Variation of the number of visible polar orbit satellites
from the area beyond ±65° (60 minutes).

Time 2 303

203

85 s

5
00:00:00

y

▲Figure 13. Direction changes of hetero-orbital inter-satellite links.
Time 1

6

Link down
Link up

Number of satellites

Satellite 1

constellation and the inclined orbit constellation in the high
latitude area is simulated in one hour (Figs. 15, 16 and 17).
The inter-satellite link changes 44 times within 60 minutes of
the polar orbit constellation and the longest topology stability
time is 85 seconds while the shortest topology stability time is
79 seconds. The orbital period of the 220-satellite polar orbit
constellation is about 109 minutes and the inter-satellite link
topology changes 80 times during the orbital period. The intersatellite link changes 44 times within 60 minutes of the in‑
clined orbit constellation and the longest topological stability
time is 44 seconds, while the shortest topology stability time is
8 seconds, the orbital period of 360-satellite constellation is
about 108 minutes, and the inter-satellite link topology chang‑
es 240 times during the orbital period.

Number of satellites

negative direction of y-axis. Therefore, in the area near the
highest latitude that the satellite can reach, the hetero-orbital
inter-satellite link needs to be disconnected, and the satellite
re-establishes the link with the neighboring hetero-orbital sat‑
ellite after leaving the corresponding area. These cause the fre‑
quent changes of hetero-orbital inter-satellite link topology.
After the satellite enters the high latitude area, the up-down
change of the inter-satellite link is shown in Fig. 14, where
the solid line represents the connection state of inter-satellite
link and the dashed line represents the disconnected state of
the inter-satellite link. With reference to the inter-satellite
link between the Iridium constellations[10] and the limit on the
link between different orbits as shown in Fig. 13, it is assumed
that the inter-satellite link is disconnected when the polar or‑
bit satellite enters the area beyond ±65° latitudes and that the
inclined orbit satellite enters the area beyond ±55° latitudes.
When the satellite moves from south to north, the satellite 302
(the second satellite on the third orbital plane) enters the 65°
latitude area and the inter-satellite link between the satellite
302 and satellite 202 is disconnected.
The polar orbit constellation and the inclined orbit constel‑
lation have different orbital inclination angles, so the up-down
positions of the inter-satellite links between the two different
orbits are different. For the polar orbit constellation, every
time the satellite enters or leaves the area beyond ±65° lati‑
tudes, the topology of inter-satellite link will change, so the
variation in the number of satellites in the area beyond 65°
north latitude can reflect the up-down change of the inter-sat‑
ellite links. Inclined orbit satellites are the same as polar orbit
satellites.
The variation of the number of satellites in the polar orbit

55 s

8s
12

00:00:00

00:01:00

00:02:00

Time

00:03:00

00:04:00

00:05:00

▲ Figure 17. Variation of the number of visible inclined orbit satellites
from the area beyond ±55° (5 minutes).
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4.1 Adaptability Analysis of RIP Protocol
The Routing Information Protocol (RIP) is a routing proto‑
col based on distance vector. Each router running the RIP pro‑
tocol in the network maintains a routing table to reach other
destination networks. The routing table includes information
such as the destination network segment, interface and hop
count. The router periodically (30 s by default) sends routing
tables to its directly connected neighbors. Each receiver adds
1 to the hop count in each routing table and forwards it direct‑
ly to its neighbors until all routers in the network obtain rout‑
ing information for the entire network[11]. The working princi‑
ple of the RIP protocol is shown in Fig. 18.
The RIP protocol uses the hop count to measure the dis‑
tance to the destination network segment and the hop count is
used as a metric value. RIP specifies that the metric value is
an integer between 0 and 15. The number of hops greater than
or equal to 16 is defined as infinity, that is to say, the destina‑
tion network or host is unreachable. Due to this limitation,
RIP is not suitable for large-scale networks. Take a 220-satel‑
lite polar orbit LEO constellation for example. The maximum
number of hops in the inter-satellite network is 20, with 10
hops in different orbit planes plus 10 hops in the same orbit
plane (Fig. 19), which has exceeded the network scale sup‑
ported by RIP ability.
The RIP protocol relies on periodically sending routing up‑
date messages as a link detection mechanism. When no rout‑
ing update messages from the neighbor are received within a
specified time, the link to the neighbor is considered to be
faulty, then the routing table is updated and spread to the
neighbors. When the satellite-ground link or the inter-satellite
link is disconnected and the routing reconvergence starts, the
routing table is updated immediately if the route metric value
Routing table
Destination
network segment
10.1.1.0/24

Orbit 1

Orbit 2

Orbit 10

1

1

1

1

10

10

10

10

11

11

11

11

20

20

20

20

10 hops in different orbits

▲ Figure 19. The number of hops between satellites in low earth orbit
(LEO) constellation system.

of the node becomes smaller and the update time is between
10 s and 40 s; but if the route metric value of the node be‑
comes larger or remains unchanged, the routing table will wait
till the timer expires and the update time is between 160 s and
190 s. When the case of inter-satellite switch for the user oc‑
curs, the RIP protocol routing update procedure is shown in
Fig. 20.
4.2 Adaptability Analysis of OSPF Protocol
The Open Shortest Path First (OSPF) protocol selects routes
based on the link state algorithm. The link state includes the
information of which routers the router is adjacent to and the
metric value of the connected link[12]. The working process of
OSPF in a routing domain is mainly the discovery and mainte‑
nance of neighbor routers, the synchronization of the link state

Routing table

Next hop

Distance

Direct connection

0

Destination
network segment
10.1.1.0/24

Routing table

Next hop

Distance

Router 1

1

Routing information

Destination
network segment
10.1.1.0/24

Routing information

10.1.1.0/24

Router 1

▲Figure 18. Working principle of Routing Information Protocol (RIP).

40

ZTE COMMUNICATIONS
December 2020 Vol. 18 No. 4

Orbit 11

10 hops in the same orbit

4 Adaptability Analysis of Ground IP Rout⁃
ing Protocol

Router 2

Router 3

Next hop

Distance

Router 2

2

Adaptability Analysis of IP Routing Protocol in Broadband LEO Constellation Systems

Special Topic

SUN Chenhua, YIN Bo, LI Xudong, TIAN Xing, PANG Ce

database, and the calculation of routing. The OSPF routing
learning process in the broadband LEO constellation system is
shown in Fig. 21.
The OSPF protocol relies on periodically sending Hello mes‑
sages as a link detection mechanism. When the neighbor’s Hel‑
Routing table (before switching)
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network segment
10.1.1.0/24
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lo message is not received within a specified time, it is consid‑
ered that the link connected to the neighbor has failed, so the
link status is updated and the other neighbors are informed.
When a satellite-to-ground link or an inter-satellite link of dif‑
ferent orbit plane satellites is connected or disconnected and
the routing reconvergence hap‑
pens, the link status is updat‑
ed immediately if the link met‑
Routing table (before switching)
ric value of the node becomes
Destination
Next hop
Distance
network segment
smaller, and the update time
is between 10 s and 20 s; If
10.1.1.0/24
Satellite 1
2
the link metric value of the
Routing table (after switching)
node becomes larger or re‑
mains unchanged, the link sta‑
Destination
Next hop
Distance
network segment
tus is updated after the timer
10.1.1.0/24
Gateway station
1
expires, which takes 30 s to
40 s. When the case of intersatellite switch for the user oc‑
curs, the OSPF protocol rout‑
ing update procedure is shown
in Fig. 22.
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▲Figure 20. Routing Information Protocol (RIP) routing update when inter-satellite switching occurs.
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A routing test scenario of a
polar orbit constellation with
220 (11 ×20) satellites is built
with the Opnet simulation
software, as illustrated in Fig.
19. The satellite identifica‑
tion can adopt the “Sxxyy”
numbering rule, where “xx”
is the orbit number and the
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▲Figure 21. Working principle of Open Shortest Path First (OSPF) protocol.
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range is 1–11,“yy”is the satel‑
lite number and the range is 1–
20. By running standard routing
protocols at each networking
node (satellite and terminal) in
the constellation networking sce‑
nario, the adaptability of the
ground standard IP routing proto‑
cols (RIP and OSPF) in the cases
of up-down states of the satelliteto-earth link and inter-satellite
link is verified.
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5.1 Routing Reconvergence on
Moving track
Satellite-to-Earth Link Change
In this scenario, all satellites
Satellite 1
Satellite 2
and terminals run standard IP
Inter-satellite
routing protocols. From the time
switching
of 200 s to the time of 900 s, Ter‑
minal 1 under the service of Satel‑
lite S0307 and Terminal 2 under
the service of Satellite S0820 are
Routing table
interoperable with IP data servic‑
Destination
Next hop
es. Because of the high-speed op‑
network segment
eration of LEO satellite nodes,
10.1.1.0/24
Direct connection
Terminal 1 switches from S0307
10. 1. 1. 0/24
to S0305 at the time of 615 s, and
Gateway
station
the satellite-to-ground topology
changes; the path between termi‑
nals becomes shorter, which trig‑
gers the reconvergence of the
▲Figure 22. Open Shortest Path First (OSPF) routing update when inter-satellite switching occurs.
routing protocol.
The service transmission be‑
tween Terminals 1 and 2 is
Communication status of OSPF in polar orbit
Communication status of RIP in polar orbit con‑
constellation
stellation
shown in Fig. 23. The satellite1 000 000
1 000 000
to-ground topology changes at
Routing reconvergence time: 24. 7 s
Routing reconvergence time: 17. 3 s
900 000
900 000
the time of 615 s, which causes
800 000
800 000
service interruption. When the
700 000
700 000
RIP routing protocol is used, as
600 000
600 000
shown in Fig. 23a, the route re‑
500 000
500 000
convergence is completed at the
400 000
400 000
time of 639.7 s, the service re‑
300 000
300 000
Link down at
Link up at
Link down at
Link up at
sumes normal transmission, and
615. 0 s
639. 7 s
615. 0 s
632. 3 s
200 000
200 000
it takes 24.7 s to achieve routing
100 000
100 000
reconvergence; when the OSPF
0
0
0
5
10
15
0
5
10
15
routing protocol is used, as
Time/min
Time/min
shown in Fig. 23b, the route re‑
(a)
(b)
convergence is completed at the
OSPF: Open Shortest Path First
RIP: Routing Information Protocol
time of 632.3 s, the service re‑
sumes normal transmission, and ▲Figure 23. High dynamic routing reconvergence of satellite-to-earth link in polar orbit constellation.
it takes 17.3 s to achieve routing
reconvergence.
broadband LEO constellation system, the terminal needs to
It can be seen from the simulation results that for the
switch to the satellite every 343 – 476 s. If the standard IP
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routing protocol is adopted, the
service transmission will be in‑
terrupted for tens of seconds,
which will seriously affect the us‑
er experience. Therefore, the
standard IP routing protocol can‑
not perform well for LEO broad‑
band constellation systems. The
solutions to this issue are pro‑
posed in Section 5.3.

Communication status of OSPF in polar orbit
constellation
Routing reconvergence time: 34. 2 s

800 000
700 000
600 000
500 000
400 000
300 000
200 000

Link down at
540. 0 s

Link up at
574. 2 s

5.2 Routing Reconvergence on
100 000
100 000
Inter-Satellite Link of Satel⁃
0
0
lites from Different Orbital
0
5
10
15
0
5
10
15
Planes
Time/min
Time/min
(a)
(b)
All satellites and terminals in
this scenario also run standard IP
OSPF: Open Shortest Path First
RIP: Routing Information Protocol
routing protocols. From the time
of 200 s to the time of 900 s, Ter‑ ▲Figure 24. High dynamic routing reconvergence of inter-satellite link in polar orbit constellation.
minal 1 under the service of Sat‑
5.3 Proposed Solutions
ellite S0202 and Terminal 2 under the service of Satellite
Based on the simulation results, it is possible to resolve the
S0302 are interoperable with IP data services. At the begin‑
ning of the simulation, both S0202 and S0302 are located in
problems by making the following changes:
areas with a latitude less than 65° . When it comes to the
(1) Learning from the architecture of the software defined
time of 540 s, if Satellite S0302 enters the 65° high latitude
network (SDN) that separates the control plane and forward
area, the hetero-orbital inter-satellite link between S0302
plane, the satellite can only retain the data forwarding func‑
and S0202 is down and the path between the terminals be‑
tion and the routing calculation is implemented by the SDN
comes longer, which triggers the reconvergence of the rout‑
controller deployed at the ground gateway station, thereby re‑
ing protocol.
ducing the pressure on the satellite routing calculation and
The service transmission between Terminal 1 and Termi‑
supporting larger networks scale.
nal 2 is shown in Fig. 24. The change of the inter-satellite to‑
(2) The SDN controller can use the satellite’s orbit parame‑
pology at the time of 540 s causes service interruption. When
ters to perform topology prediction, calculates the routing ta‑
the RIP routing protocol is used, as shown in Fig. 24a, the
ble in each topology period in advance, and then uploads the
routing reconvergence is completed at the time of 699.8 s,
routing tables to each satellite (Fig. 25). This can solve the
the service resumes normal transmission and it takes 159.8 s
problem of the long routing convergence time caused by the
to achieve the routing reconvergence; when the OSPF routing
changes of network topology.
protocol is used, as shown in Fig. 24b, the route reconver‑
(3) The on-board switch switches to the corresponding rout‑
gence is completed at the time of 574.2 s, the service re‑
ing table regularly to complete the data forwarding according
sumes normal transmission and it takes 34.2 s to achieve the
to the corresponding routing table, so as to quickly realize the
routing reconvergence.
non-inductive switching of the user’s service link and solve
It can be seen from the simulation results that, for the
the problem of low service transmission efficiency caused by
broadband LEO constellation system, the inter-satellite net‑
the slow convergence of the standard routing protocol.
work topology changes every 80 s or so and the convergence
time of the RIP protocol is 160 s, which means that the RIP
6 Conclusions
protocol cannot complete routing convergence within a time
Taking the inter-satellite Internet with low-orbit broad‑
slice, which results in the satellites being always in the pro‑
band constellation as the background, this paper starts from
cess of routing update. The convergence time of the OSPF pro‑
the high dynamics of satellite nodes and network topology,
tocol is 34 s, which means that the OSPF protocol cannot com‑
which is an important factor that affects the design of the
plete route convergence for nearly half of a time slice, result‑
LEO constellation routing protocol. Then, on the basis of the
ing in a 50% reduction in service transmission efficiency.
in-depth simulation and analysis of the characteristics of the
Therefore, the standard IP routing protocol cannot perform
LEO constellation, the routing convergence performance test
well for broadband LEO constellation systems. The solutions
to this issue are also proposed in Section 5.3.
and adaptability analysis of the ground standard IP routing
200 000
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▲Figure 25. SDN-based routing control architecture of broadband low
earth orbit (LEO) constellation system.

protocol are carried out. The results show that in the high dy‑
namic inter-satellite interconnection LEO constellation sys‑
tem, the standard IP routing protocol cannot directly meet
the networking application requirements of the LEO constel‑
lation network due to the long convergence time and frequent
dynamic changes. The analysis of the characteristics of the
LEO constellation in this paper is significant for the design
of routing protocols under high dynamic characteristics. The
advanced ground network design ideas need to be learnt and
combined with the operating characteristics of the LEO con‑
stellation network to optimize the design of the satellite rout‑
ing protocol. Specifically, the idea of SDN can be used for
reference. The ground SDN controller can integrate satellite
operation parameters, centrally perform routing calculation,
and inject the routing table into the satellites. The satellites
change to the corresponding routing table regularly to com‑
plete data forwarding according to the corresponding routing
table. This conclusion can provide reference for routing ar‑
chitecture and protocol technical route selection for the
broadband LEO constellation.
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Abstract: The free space optical communication plays an important role in space-terrestrial
integrated network due to its advantages including great improvement of data rate perfor‑
mance, low cost, security enhancement when compared with conventional radio frequency
(RF) technology. Meanwhile, CubeSats become popular in low earth orbit (LEO) network be‑
cause of the low cost, fast response and the possibility of constituting constellations and for‑
mations to execute missions that a single large satellite cannot do. However, it is a difficult
task to build an optical communication link between the CubeSats. In this paper, the cuttingedge laser technology progress on the CubeSats is reviewed. The characters of laser link on
the CubeSat and the key techniques in the laser communication terminal (LCT) design are
demonstrated.
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1 Introduction

D

ue to the advantages of high bandwidth, low power
consumption, superior real-time performance, strong
anti-interception and anti-jamming capabilities, laser
communication has been developed rapidly, which be‑
comes the main means of future space communication. Cur‑
rently, multiple laser communication validating links between
inter-satellite and satellite-to-ground have been successfully
carried out internationally and domestically [1–3]. The estab‑
lishment of space information networks with the help of laser
links has the preliminary hardware requirements. In addition,
space information networks (SIN) is the next step in the devel‑
opment of satellite laser communication.
The space laser communication network is the cornerstone
for the high-speed information transmission and relay among
multiple platforms, as shown in Fig. 1, the construction of in‑

Data delay
Constellation
Cubesat swarm
Direct to earth

▲Figure 1. Schematic of space laser network.
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tegrated space-based and ground-based information network,
and the protection of space information security. Therefore,
it has great military significance as well as economic and so‑
cial benefits. SpaceX in the United States launched its first
“Starlink”mission in May 2019, by sending 60 satellites in‑
to the low-Earth orbit. The laser communication link will be
part of the second generation satellite network. Laser Light
in Europe will deploy an all-optical hybrid global communi‑
cation network plan called high articulation laser optics (HA‑
LO) in 2020, using medium earth orbit (MEO) satellites to in‑
terconnect more than 100 ground nodes around the world,
with a communication capacity of 33 Tbit/s. China’s repre‑
sentative plans for the space information network include
“Hongyan”and“Hongyun”projects, which were proposed
by China Aerospace Science and Technology Corporation
and China Aerospace Science and Industry Corporation re‑
spectively.“Hongyan”will constitute a global satellite com‑
munication system consisting of 300 low-orbit small satel‑
lites. Meanwhile,“Hongyun”plans to launch 156 satellites
by the end of 2023, aiming at constructing an integrated in‑
formation system of communication, guidance and remote‑
ness. At present, combined with satellites at low earth orbit
(LEO), geostationary earth orbit (GEO) and MEO, the spatial
information network nodes will further develop toward swarm
constellations of small satellites [4–7].
CubeSat is one kind of the LEO satellites less than 10 kg,
with basic volume element of 10 × 10 × 10 cm3 (1 U), and
generally operates in orbits of 250 km to 1 000 km altitude.
Due to its high performance, low cost, fast response and oth‑
er promising characteristics, CubeSat has become an impor‑
tant part of low-orbit SIN construction, as well as space ex‑
ploration, technical verification, and scientific research[8–10].
Europe, the United States and Japan have carried out com‑
prehensive and in-depth research on the key technologies of
laser communication terminal (LCT) on CubeSat[11–12], of
which important results and the initially completed on-orbit
test have been obtained. In this paper, the latest develop‑
ment of CubeSat LCT is summarized, and the characteristics,
key technologies and solutions of CubeSat LCT are also dis‑
cussed.

2.1 European
In 2008, Germany’s TerraSAR-X satellite and United States’
NFIRE satellite successfully established the first coherent la‑
ser communication link, achieving a communication distance
greater than 5 000 km and a rate of 5.6 Gbit/s. This marks
that the space laser communication has stepped on a new
stage. The TESAT satellite is equipped with the laser termi‑
nal LCT135 developed by DLR, which becomes the standard
configuration of European Data Relay Satellite System
(EDRS) [13–14]. It undertakes the mission of major load, with up
to 12 years in-orbit lifetime. LCT135 has made important con‑
tributions to the establishment of high-orbit satellites back‑
bone networks and low-orbit satellites swarm constellations.
After more than three decades of research and technical ac‑
cumulation, TESAT has developed a series of new LCT prod‑
ucts, as shown in Table 1.
In 2018, TESAT, KSAT and GomSpace jointly developed
an advanced CubeLCT providing full optical communications
capability for new innovative small satellite missions and
space-based services[15]. As shown in Fig. 2, this product is
the smallest laser terminal product in the world. Specifically,
its signal light is 1 550 nm, and the intensity modulation/di‑
rect detection is utilized. The communication rate of down‑
link is 100 Mbit/s, while the uplink rate is 1 Mbit/s. The re‑
quired attitude control system (ACS) accuracy for satellite is
about ±1° . According to the original plan, the CubeLCT
would perform the first on-orbit laser link verification be‑
▼Table 1. TESAT LCT
Parameter

LCT135

SmartLCT

T-OSIRIS

Range/km

80 000

45 000

1 500

Data Rate

Volume/cm3
Mass/kg

1.8 Gbit/s

60 × 60 × 70
53

LCT: laser communication terminal

1.8 Gbit/s

60 × 80 × 20
22

2 Latest Progress over Laser Links on
CubeSats

There has been a great deal of interest in the research of
CubeSat LCT in recent years. Globally, the main research in‑
stitutions includes the USA National Aeronautics and Space
Administration (NASA), the USA Jet Propulsion Laboratory
(JPL), the European Space Agency (ESA), the German Space
Center (DLR) and National Institute of Information and Com‑
munication Technology (NICT) in Japan and China Academy
of Space Technology (CAST) (Xi’an).
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▲Figure 2. Photo of TESAT CubeLCT.
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tween CubeSats equipped on a 3-unit platform at the end of
2019, but the schedule has been delayed.
CUBE ISL, an improved item on the basis of CubeLCT,
which is designed to implement the low-orbit inter-satellite
bidirectional laser link and the LEO-aircraft laser link,
would be adopted to the CubeSat mega-constellation. The
volume and weight of CUBE ISL are 2 U and 3 kg, respec‑
tively. The link distance is 3 800 km, with the communica‑
tion rate of 150 Mbit/s. Telescopes and coarse pointing as‑
semblies (CPAs) with apertures of 15 mm, 30 mm, and 60 mm
could be supported.
2.2 USA
The United States has developed a large number of microsatellite laser terminals. The representative laser links include
the optical communication and sensor demonstration (OCSD),
the nano-satellite laser downlink (NODE) plan, the CubeSat
infrared laser bidirectional communication (CLICK), Q4 mis‑
sion and terabyte infrared delivery (TBIRD) high-speed data
transmission plan. The main parameters are shown in Table 2.
2.2.1 OCSD
NASA’s optical communication and sensor demonstration
(OCSD) [16–17] focused on the problems that CubeSat laser links
have encountered in common. One is to verify the high-speed
data transmission, and the other is to improve the inter-satel‑
lite short-range communication. OCSD was successfully
launched in October 2015. This was the first CubeSat laser
payload mission in the world. The OCSD plan included three
1.5 U CubeSats, sent into orbit by two independent launch
tasks. Each CubeSat had a volume of 10 ×10 ×17 cm3 and a
weight of 2.5 kg. The OCSD accomplished LEO-ground opti‑
cal communication demonstration verification at night and un‑
der clear weather conditions. In the initial stage, the pointing
of CubeSat LCT was aligned with the ground station as a prep‑
aration, and then the high speed laser communication link was
established with the ground terminal on Mount Wilson in
Southern California. The laser link is shown in Fig. 3. The fea‑
sibility of using existing commercial devices and micro-system
integration technology for CubeSat and other tiny aircrafts was
confirmed. The ground station was equipped with a 30 cm di‑
ameter receiving antenna, supporting 5–50 Mbit/s communi‑
cation rate, and could be extended up to 2.5 Gbit/s.
2.2.2 CLICK
The goal of CLICK project[18–19] is to use two 6-unit CubeSats
in the same orbit to achieve bidirectional communication at a
distance of 25–580 km. The data rate is higher than 20 Mbit/s.
CLICK A is the first mission. The laser terminal uses mature fi‑
ber optical devices and commercial off-the-shelf (COTS) optical
devices to reduce cost. The data rate could be extended up to
gigabit per second. Meanwhile, the precise pointing alignment
performance of the fast steering mirror (FSM) control loop will
be verified and will provide technical support for subsequent

▼Table 2. NASA’s CubeSat laser link demonstration
Parameter

OCSD

CLICK

Q4

TBIRD

Range/km

611

25–850

200

400

Link type
Data Rate

Modulation

Optical power/W

Telescope Aperture/mm
Status

LEO-LEO
LEO-OGS

LEO-LEO
LEO-OGS

OOK

OOK

NRZ OOK

30/30

30/30

15/35

5–50 Mbit/s 20 Mbit/s–1 Gbit/s
2

2017

1

In plan 2020–2022

CLICK: CubeSat infrared laser bidirectional communication
LEO: low earth orbit
NRZ: non-return to zero
OCSD: optical communication and sensor demonstration
OGS: optical ground station
OOK: on-off keying
TBIRD: terabyte infrared delivery
WDM: wavelength division multiplexing

LEO-LEO LEO-OGS
1 Gbit/s
1

In plan

200 Gbit/s
WDM
-

12

In plan

Demo:
crosslink

Demo:
proximity
operations

OCSD-2 (1. 5 U)

Demo:
downlink
5 Mbit/s to
200 Mbit/s

Demo:
uplink 10 kbit/s

Santa monica bay
Mt wilson observatory
Pasadena

LEO: low earth orbit
OCSD: optical communication and sensor
demonstration

OGS: optical ground station

▲Figure 3. OCSD LEO-OGS link.

tasks. CLICK B and C plan to establish bidirectional laser
link in the same orbit. The LCT basically inherits CLICK A’s
status and key technologies, working at 1.5 μm band with sep‑
arated transmitting and receiving wavelengths. RF signals
with broad beam width will be utilized in the initial pointing,
acquisition and tracking (PAT) process to reduce require‑
ments for the stability of platforms. In addition, both CubeSats
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are equipped with compact low-power on-chip atomic clocks
to verify the high-precision inter-satellite clock synchroniza‑
tion and ranging at the 10 cm level. NASA’s subsequent tasks
of CLICK are constructing CubeSats constellation or a swarm
network via laser links, aiming to achieve high-speed transmis‑
sion and processing for high-resolution image and sensing
field. Fig. 4 shows the LCT’s internal structure of CLICK A
and CLICK B/C, where the green part is the electronic proces‑
sor. The project is scheduled to launch from 2020.
2.2.3 Q4 Mission
In 2018, JPL proposed the Q4 mission[20–21], a new genera‑
tion of swarm platforms based on an inter-satellite omnidirec‑
tional optical communicator (ISOC). The Q4 mission enables
simultaneous communications with multiple CubeSats at giga‑
bit per second data rates, which represents the most advanced
interorbital laser links, as shown in Fig. 5. The Q4 mission
mainly verifies three main features: 1) the signal sending and
receiving technology of the full-sky coverage (360° field of re‑
gard); 2) the high speed inter-satellite communication of up to
1 Gbit/s data rates; 3) the ability to maintain multiuser access
at the same time. The ISOC will be equipped on four 6-unit
CubeSats platforms, and high technology readiness level
(TRL) components are selected to achieve successful link es‑
tablishment.
2.2.4 TBIRD
NASA’s TBIRD plan[22–23] will validate the key technology
of 200 Gbit/s LEO-ground link. Up to now, the turbulent envi‑
ronment and space reliability has been tested. The 6-unit
CubeSat for verification will be equipped with the LCTs,
which include optical transmitters, optical amplifiers, tele‑
scopes, tracking detectors and uplink receivers. The key de‑
vices of the transceiver are two 1 550 nm optical fiber trans‑
mitters, supporting 100 Gbit/s. The transmission module real‑
izes 200 Gbit/s data rate by employing the wavelength division
multiplexing, and the output power of erbium-doped fiber am‑
plifier (EDFA) is 1 W. The diameter of transmitting telescope
is 12 mm. The LCT，equipped with high-density solid-state
hard disk for terabits data cache, completes the LEO-ground
communication at a rate of more than 100 Gbit/s during short
link maintaining time. The diameter of the ground terminal
telescope is 400 mm, and the wave front correction is per‑
formed through a broadband adaptive system to reduce fiber
coupling loss. The coherent receiver is COTS components in
terrestrial fiber optic communications.
2.3 Japan
NICT has investigated the space laser communication for a
long period. In 2005, it first constructed a low-orbit satellite to
ground bidirectional laser link. After ten years of develop‑
ment, the LCT had been improved from the 140 kg laser utiliz‑
ing communication equipment (LUCE) to the 6 kg small opti‑
cal transponder (SOTA). SOTA was the first LCT for small sat‑
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ellite platforms in the world, as shown in Fig. 6. In 2016,
NICT and the University of Tokyo collaboratively implement‑
ed a series of research on laser terminals suitable for the Cube‑
Sat platform, including high-bandwidth communications, pre‑
Beacon camera

4. 7 in (119 mm)
Aperture
for transmit
beam and
beacon re‑
ception

3. 8 in (96 mm)

Board stacks

3. 8 in (96 mm)
(a)
Optical subsystem
Transmit/receive
telescope

Beacon
laser

Beacon detector
(b)

▲Figure 4. Internal structure of laser communication terminal (LCT):
(a) CLICK A; (b) CLICK B/C.

(a)

(b)

▲ Figure 5. Interorbital laser links: (a) Q4 mission to demonstrate the
inter-satellite omnidirectional optical communicator (ISOC) capabili⁃
ties; (b) ISOC.
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2005
OICETS-LUCE
(570 kg, 50 Mbit/s)

2023
CubeSOTA
(14 kg, 10 Gbit/s)

2014
SOCRATES-SOTA
(50 kg, 10 Mbit/s)

(a)
To GEO

Optical output part

Cude SOTA

Alignment
mirror

Star tracker FOV

To OGS

FOV: field of view
GEO: geostationary earth orbit

(b)

LUCE: laser utilizing communication equipment

1 550 nm

Control board

Optical fiber

980 nm

Laser driver
(flight model)

Collimator
Onboard components
(c)

NICT: National Institute of Information
and Communication Technology

OGS: optical ground station
SOTA: small optical transponder

▲Figure 6. Development and architecture of SOTA: (a) history of NICT’s lasercom low earth orbit（LEO）satellites (to scale); (b) conceptual illustra⁃
tion of CubeSOTA experiments; (c) very small optical transmitter（VSOTA）architecture.

cise attitude control, and technical verification of device min‑
iaturization. The first CubeSat LCT mission is CubeSO‑
TA[24–25], carried by a 6-unit CubeSat platform. The volume of
LCT is about 3 units, and the total weight of the satellite is
less than 14 kg. It is scheduled to be launched in 2023 with
an orbital altitude of 390 km. It will establish an LEO-GEO
unidirectional link at the speed of 10 Gbit/s with the high-or‑
bit satellite ETS-9 in the mission of high-speed communica‑
tion with advanced laser instrument (HICALI). In addition,
NICT also plans to carry the very small optical transmitter
(VSOTA) on the RiseSat, which is shown in Fig. 6c, realizing
a communication link from the CubeSat to OGS. The terminal
has a mass of 700 g and a power consumption of 3.5 W every
10 minutes with a link distance of 700 km. The precision re‑
quirement for the platform’s ADCS accuracy is 0.1°, with an
expected communication rate of 50 Mbit/s.
2.4 China
CAST (Xi’an) and Shanghai Institute of Optics and Fine

Mechanics (SIOM) make efforts to research the small LCTs on
the satellites over the decades. The LEO inter satellite LCT
technology by LaserFleet for“Xingyun”satellites has been
successfully verified for the first time, realizing two-way com‑
munication with complete link building process and stable te‑
lemetry status. The LCT has made a breakthrough in quality
and power consumption. It has achieved medium and long-dis‑
tance inter-satellite communication on the basis of 6.5 kg and
80 W power consumption.

3 Key Technologies and Progress of Cube⁃
Sat LCTs

Due to the small volume and weight of CubeSat, the require‑
ments of CubeSat LCT’s volume, weight and power consump‑
tion are extremely strict. As CubeSats are generally located in
low-Earth orbit, the link maintaining time of LEO-OGS is
quite short, about 10 min/pass. During this period, the typical
microwave communication is performed with the data rate of
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9.6 kbit/s, while the total data size is only a few Mega bits per
second. If the laser link is established stably, the data rate of
the laser communication is generally above giga bits per sec‑
ond, which is promising for real applications.
The traditional space laser communication technology has
been verified. In addition to inheriting the advanced technol‑
ogy achievements, the CubeSat LCT still has to break
through several key technologies，such as PAT technology
and low SWaP technology. CubeSats network formation is the
future development of satellite applications such as earth ob‑
servation, resource detection, navigation and positioning.
The LCT’s pointing accuracy of LEO-to-ground link with sta‑
ble communication above 50 Mbit/s only needs 0.25° by cal‑
culation[26–28]. When establishing inter-satellite communica‑
tion link, the attitude determination control system (ADCS)
of CubeSat works on the basis of the GPS data and high-pre‑
cision orbit measurement results to execute coarse pointing.
The attitude, positioning accuracy, vibration and dynamics
coupling characteristics of the platform will affect the track‑
ing and targeting performance of the laser communication
system. The overall parameters of CubeSat LCT are shown in
Table 3.
3.1 High Precision PAT
3.1.1 LEO-OGS Links
The famous LEO-OGS link NODE mission in the USA
could be considered as the representative to introduce the
technology of downlink establishment[27]. The ground station
terminal emits the beacon light upwards to achieve coarse
pointing, and the downlink realizes the second-level fine ac‑
quisition and tracking through the FSMs and the power moni‑
toring loop. The signal wavelength is 1 550 nm and the beacon
is 850 nm. The signal light divergence angle is 1.3 mrad. The
PAT control system can adaptively switch between coarse
tracking and fine tracking modes according to the satellite’s
vibration degree. At the beginning of the link establishment,
the CubeSat LCT emits light to the ground station and waits
for the uplink beacon light coming from the ground station.
The field of view of the beacon light detector of LCT covers
▼Table 3. Overall parameters of LCTs on the CubeSats
Parameters

Value

Range

10–850 km

Data rate
Pointing capability of ADCS
Transmitter laser
Receiver laser
Tracking
Pointing accuracy
SWaP
ADCS: attitude determination control system
LCT: laser communication terminal
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＞100 Mbit/s
0.1°–1°
1 (°)/s

5 (°)/s2

75 μrad (RMS)
80 μrad

Cube satellites

RMS: root mean square
SWaP: size weight and power

the uncertain area. Once the uplink beacon is detected, the
pointing of CubeSat is then adjusted to improve the uplink per‑
formance. Finally, FSM enables the emitted light enter the
field of view of the detector of ground station accurately. Ac‑
cording to the power undulation of the detector, the ground sta‑
tion generates an RF signal to the CubeSat until the received
optical power reaches its maximum. At this point, CubeSat
LCT then completes its pointing adjustment according to the
RF feedback loop, and the downlink is successfully estab‑
lished. The tracking accuracy of ±90 μrad (3σ) is achieved by
using this two-stage tracking mechanism.
3.1.2 LEO-LEO Satellites Bidirectional Communication
The CLICK project is a typical bidirectional laser communi‑
cation link between CubeSats[28]. There are three detectors in
the PAT loop, including the beacon light camera, precision
tracking detector-4 quadrant detector (4QD) and communica‑
tion detector-avalanche photodiode (APD). FSMs are used to
eliminate vibration. Table 4 shows the parameters of the
CLICK PAT system. The link establishment includes 5 parts.
(1) Calibration: a calibration beam with the transmitting
communication beam is centered on the 4QD by actuating
FSM.
(2) Initialization: the altitude position and speed data are
notified to each other through a low-speed radio frequency
loop, and the distance information can be obtained in combi‑
nation with the star tracker, GPS position and ephemeris data.
In the initial stage of link establishment, each satellite obtains
its own orbit information through star sensor data with an error
of 25 km. CubeSat systems can achieve body pointing on the
order of a few degrees with a reaction wheel assembly (RWA).
(3) Acquisition-closed loop coarse pointing: the closed loop
fine pointing is achieved by targeting a 4QD with beacon light
which provides closed feedback control to FSM. Then both
sides emit beacon light and the beacon light detector performs
“gaze”. Once one of the detectors receives signal, this step
▼Table 4. Parameters of the CLICK PAT system
Items

Parameters
ISS orbit

Orbit

＞20 Mbit/s

Data rate

10–850 km

Range

1 565 nm

Transmitter laser

1 537 nm

Receiver laser

976 nm

Beacon laser

1.3 mrad

Signal beam

3-stage

PAT sequence
Pointing capability after ADCS
Pointing capability after coarse stage
Pointing capability after fine stage

1 800 arcsec (3σ)
220 arcsec (3σ)
14 arcsec (3σ)

ADCS: attitude determination control system
CLICK: CubeSat infrared laser bidirectional communication
ISS: international space station
PAT: acquisition and tracking
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can increase the pointing accuracy to 10–100 arcsec.
(4) Acquisition closed-loop fine pointing: the beacon light
reduces the output power through the attenuator, scans the
light to the 4QD detection target surface through the vibration
of the FSM, and accomplishes high-precision tracking through
closed-loop control.
(5) Communication: if the APD does not detect the re‑
ceived signal, FSM scans the beacon signal over the 4QD un‑
til the APD detects a signal. Therefore, FSM targets this off‑
set location on the 4QD. The ultimate pointing accuracy is
about 10 arcsec, meanwhile the platform jitter below 220 Hz
can be suppressed.
The fine pointing mechanism of the CubeSat LCT generally
uses a compact micro-electro mechanical systems (MEMS) FSM with low consumption power. The representative prod‑
ucts and corresponding performance are shown in Fig. 7. The
domestic research team includes YOU Zheng’s team[29] from
Tsinghua University.
In order to realize a fast user access into the space communi‑
cation network dynamically, as well as the rapid establishment
and switching among the lasers links of multiple dynamic users,
the optical phased arrays[30] have attracted attention progressive‑
ly, among which the liquid crystal phased array has relatively
higher maturity. NASA and Vescent have jointly developed a
liquid crystal-based light deflector[31], which is applied in the
tracking loop with the field of view of 18° × 4° , as shown in
Fig. 8. Its scanning accuracy is 19.4 μrad × 2.43 μrad, and the
bandwidth is in the order of kilo hertz. The output beam propa‑
gation ratios M2 is 1.02, the volume is 7 × 5 × 5 mm3, the
weight is 10 g, and the power consumption is less than 50 MW.

PG stack to
increase FOV

Continuous
Coverage
SEEOR

FOV: field of view
PG: polarization grating

SEEOR: steerable electro evanescent optical refractors
TEC: thermoelectric cooler

▲ Figure 8. Low SWaP electro-optic beam deflector based on liquid
crystal clad.
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3.1.3 New Laser Beam Pointing Methods
NASA’s Goorjian[32] proposed a new technology that uses la‑
ser arrays to implement laser beam pointing instead of FSM,
which is a static pointing method. As shown in Fig. 9a, the
signal light emitted from the ground enters the laser detector
array through the telescope. Fig. 9b gives a top view of the de‑
tector array. The small black dots in the figure present vertical

(b)

VCSEL: vertical cavity surface emitting lasers

▲Figure 9. VCSEL/PIN detector array.
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▲ Figure 7. Micro-electro mechanical systems-fast steering mirror
(MEMS-FSM) capability.

cavity surface emitting lasers (VCSEL) and the large white cir‑
cles are detectors of the positive intrinsic negative (PIN) struc‑
ture. The detector has high sensitivity, and hence corresponds
to extremely weak signals. Once the detector responds, the sur‑
rounding lasers will produce a strong return output light emit‑
ted by the same aperture, reaching the ground laser terminal.
If the direction of the signal from ground terminal shifts, the
corresponding detector in the array will respond, and the adja‑
cent laser will turn on the light to realize the“handshaking”
phase in the tracking loop. VESCEL laser array shows regular
distribution, and the light emitted by each laser is an incoher‑
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ent single mode beam to ensure that the beam does not inter‑
fere during transmission. The devices used are mature, which
saves the use of FSMs and control software, reduces power
consumption and design complexity, and features a large field
of view and a fast response (GHz).
3.2 Low SWaP Design
In the satellite constellation, the satellites in inter-orbital
planes have fast relative velocity of motion and large azimuth
and elevation angle changes. The LCT needs to rely on CPA to
compensate for orbital movements. CPA generally uses a tur‑
ret structure, the biggest roadblock for realizing the light‑
weight of LCT, which includes azimuth and elevation axes,
electric motors, and code disks. As shown in Fig. 10, NASA
has recently proposed an omnidirectional antenna de‑
sign[20–21], which can omit CPA and other mechanical struc‑
tures. The transmitting telescope aperture is 1 inch, and each
component consists of a laser, a fixed-position reflector, and a
MEMS-FSM. The laser emits an 850 nm wavelength beam
with a divergence angle of 10°, compressed to 0.0095° by the
collimator. The tilt range of MEMS is ±12°. The emission part
is distributed in an array on the ISOC, and the emitted light
covers the full field of view.
In order to realize the integration of communication trans‑
ceiver, the application potential of novel photonic devices
represented by photonics integrated circuits (PIC) should be
fully exploited, enabling on-chip integration of active devic‑
es such as lasers, detectors, modulators with passive devic‑
es, as well as the high speed digital circuits. Highly integrat‑
ed functional modules with extremely high bandwidth and
lossless transmission should be developed, and properties
should be tested under mechanical, thermal, and electromag‑
netic environment to show adaptability to the satellite plat‑
form. NICT applies the PIC fiber delay line [25–33] for the first
time in the differential phase shift keying (DPSK) demodula‑
tion module in its HICALI LCT, which will verify its reliabil‑
ity performance in orbit. Compared with the traditional im‑
plementation approaches, NASA has also carried out re‑
search on the PIC module, and integrated the laser transceiv‑
er and digital processing circuits of LCT successfully,
achieving a hundred fold reduction in SWaP, as shown in
Fig. 11a. Fig. 11b is the picture of a small transmitter de‑
veloped by G&H [33].
The communication link is affected by the demodulation
sensitivity. Under the condition that other constraints are de‑
termined including the distance, channel conditions and tele‑
scope aperture, sufficient link margin needs to be guaranteed
to achieve high-bandwidth transmission. In general, there
are two types of optical amplifiers with the output power
greater than 1 W: high-power laser diode (HPLD) amplifier
and master oscillator power amplifier (MOPA) structure fiber
EDFA[34–35]. Semiconductor optical amplifiers are small in
size, easy to integrate, and low in power consumption. They
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▲Figure 10. Inter-satellite omnidirectional optical communicator (ISOC)
truncated dodecahedron and transmit telescope.
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▲ Figure 11. Small transmitter developed by G&H: (a) COTS laser
communications modem based on photonics integrated circuits (PIC);
(b)G&H transmitter.

have inherent advantages in photonic integration, but have
difficulty in the design of high modulation bandwidth drive
circuits and the improvement of the spectral quality. The
technical development trend of EDFA is to improve its elec‑
tro-optical efficiency and develop multi-channel optical am‑
plifiers suitable for wavelength division multiplexing. Specif‑
ically, G&H has developed a highly integrated multi-channel
C-band EDFA, which will be used for OPTEL-μ. It has a vol‑
ume of 143 × 153 × 24 mm3 and a weight of 650 g. The out‑
put optical power is 26 dBm, with electric power consump‑
tion lower than 6.5 W, and the reliability has been verified in
the space environment test.
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3.3 New PAT and Ultra High Integrated Transceiver Sys⁃
tem in CAST (Xi’an)
CAST (Xi’an) takes the lead in the development of small
LCTs with advanced technology over decades. The beaconless
acquisition strategy and coherent tracking technology are re‑
searched for the high precision PAT. Back propagation algo‑
rithm and Kalman filter is employed to improve the system
tracking performance. Fig. 12 shows the simulation analysis
of the comparison of the power spectral density of the system
tracking error by conventional method and by Kalman method.
Coherent tracking is an effective method which adopts the in‑
tegrated tracking and communication technology to maintain
the communication link over the direct sunlight.
Periodogram power spectral density estimate
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Power spectral density by Kalman method
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▲Figure 12. Power spectral density of beaconless system track error.

4 Conclusions

The paper summarizes the latest advanced technology de‑
velopment and the system design of CubeSat LCTs. The re‑
quirements of the CubeSat LCTs and key technologies for la‑
ser link establishment are discussed. PAT technology is one of
the important issues, which relies on the satellite reaction
wheel assembly (RAW) and FSM as the actuator. The indica‑
tors such as the beam width and the tracking accuracy are giv‑
en. The typical CubeSat laser communication link establish‑
ments, including LEO-to-ground and LEO-LEO as well as the
PAT process, are briefly demonstrated. The other key technol‑
ogy is the lightweight design of LCTs. Therefore, the optical
phased array technology, highly integrated laser transceivers
based on PIC, and low SWaP highly integrated optical amplifi‑
ers are all the key techniques in LCTs on CubeSats.
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Abstract: The high speed of low earth orbit (LEO) satellites makes the terminals at each
beam tend to switch rapidly and frequently. The predictable trajectories of LEO satellites al‑
low for predictable terminal switching, therefore a simple and highly accurate orbit predic‑
tion model is required to swiftly obtain accurate switching time. This study utilizes the sim‑
plified general perturbations (Version 4) (SGP4) model to predict the LEO satellite trajecto‑
ry of WT-1, an LEO satellite developed independently by the 54th Research Institute of Chi‑
na Electronics Technology Group Corporation (CETC). The obtained prediction results are
compared with the actual telemetry data of the WT-1, which gives the accuracy of the SGP4
predicted satellite trajectory within 1 km. The terminal entry/exit beam timing is simulated
by using the SGP4 model-predicted orbit and the satellite’s own telemetry data. The simula‑
tion result shows that the error between the SGP4 model-predicted terminal entry/exit beam
timing and the actual timing is less than 1 s. The influence of terminal motion on prediction
is discussed. The results show that the error caused by the movement of the ground terminal
on the prediction is less than 0.687 s, and the SGP4 model has a definitely practical value
for terminal switching determination in the LEO constellation.
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1 Introduction

L

ow earth orbit (LEO) satellites operate at a low alti‑
tude, providing a low transmission delay and a low
transmission loss in the satellite-ground link. Further‑
more, multiple LEO satellites can form an LEO con‑
stellation to achieve a seamless global coverage. Featuring
the abovementioned advantages, LEO satellite communica‑
tions have been favored by more and more countries[1]. Howev‑
er, the terminal under an LEO satellite beam has to switch to
other beams for continuous communication because of the con‑
stant high-speed movement of LEO satellites. The quality of

the switching method will directly affect the terminal switch‑
ing delay, switching frequency, quality of service, switching
failure rate, and other indicators, consequently affecting the
entire system performance, which is one of the most challeng‑
ing problems in the field. The satellite orbit is predictable,
and thus the exact timeframe that the terminal enters a specif‑
ic beam can also be predicted. It calls for excellent guidance
for terminal switching, for which the critical factor is the suffi‑
cient prediction accuracy. This study utilizes the LEO satel‑
lite ephemeris[2] to predict the WT-1 satellite trajectory using
the SGP4 model. The prediction results are then compared
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with the actual telemetry data of the WT-1 satellite to verify
the SGP4 model’s prediction accuracy. Then, the terminal
entry/exit beam timing will be simulated with the SGP4 mod‑
el’s predicted-orbit and the WT-1 satellite’s telemetry data.
Finally, the influence of the movement of the ground terminal
on the prediction will be discussed.

2 Related Research

DIAO et al. [3] verified the prediction accuracy of the SGP4
model and evaluated the accuracy of the SGP4 prediction val‑
ues and the simulation results of satellite tool kit (STK) soft‑
ware in his study. Based on historical two-line element (TLE)
data, XU et al. [4] statistically counted and generated a large
number of target track prediction errors based on the fixedtrack standard prediction method, and then provided the mean
and mean-variance of the track prediction errors of the SGP4
model over 7 days as a function of time. When this paper was
in the works, XU et al. proposed the method[5] of comparing
the historical TLE orbits of challenging minisatellite payload
(CHAMP) satellites with global positioning system (GPS) pre‑
cision ephemeris, which was found to be similar to our method
of verifying the forecast accuracy of SGP4. However, XU et al.
did not discuss the feasibility of using the SGP4 model for
LEO satellite terminal switching. For the LEO satellite termi‑
nal switching, a few studies are related to the terminal switch‑
ing determination based on ephemeris. SU[6] deduced the lati‑
tude and the longitude of all satellites in real time in accor‑
dance with the latitude and the longitude of an LEO satellite
and narrowed down the candidate range of the target satellites
on the basis of the terminal’s geographic location. The satel‑
lite with the shortest distance from the terminal was selected
from the candidate satellites as the switching target. However,
the problem of switching between different beams of the same
satellite could not be solved with this method.

3 Terminal Switching Scenarios of LEO Sat⁃
ellites

The terminal switching scenarios of LEO
satellites are described as below.
(1) Switching between different beams of
the same satellite, which is similar to the sta‑
tion switching in terrestrial cellular mobile
communications.
As shown in Fig. 1a, the source and target
beams are in the same satellite. When the ter‑
minal is at the edge of the source beam, the
source beam is unavailable to provide servic‑
es to the terminal, and hence the terminal
must switch to the adjacent target beam.
When the switching occurs, the system reallo‑
cates the available channels for the terminal.
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(2) Switching between two different satellites, which is simi‑
lar to the station-to-station switching in terrestrial cellular mo‑
bile communications.
As shown in Fig. 1b, when the terminal is at the edge of the
source satellite, it must be switched to an adjacent satellite,
where the inter-satellite switching is performed. When the ter‑
minal switches, a switching request is initiated to the target
satellite via the interstellar link.

4 Satellite Trajectory Predictions by the
SGP4 Model

The SGP4 orbital model was developed by Ken CRAN‑
FORD in 1970 for near-earth objects with flight periods that
are no longer than 225 min. This model is a simplification of
the extensive analytic theory of LANE and CRANFORD. It
considers the following perturbations: (1) atmospheric pertur‑
bations based on a static, non-rotating, spherically symmetric
atmosphere, the density of which can be described by the pow‑
er law; (2) fourth-order potential harmonics (J2, J3, and J4);
(3) spin-orbit resonances in synchronous and semi-synchro‑
nous orbits; and (4) the influence of the solar and lunar gravi‑
ty. Among the perturbations, (3) and (4) have less influence on
the LEO satellite prediction than the other two. The code of
the SGP4 model is open to the public, which is very conve‑
nient for academic research and has relatively high prediction
accuracy.
The TLE orbital report released by the North American
Aerospace Defense Command (NORAD) in 2005 considered
the effects of Earth being a non-standard sphere and various
perturbations (e. g., atmospheric resistance, solar gravity and
lunar gravity), with each TLE representing a particular target
in space. The position coordinates problem of the satellite in
the true equator mean equinox (TEME) system can be solved
by combining the TLE with the SGP4 model. This study is
based on the WT-1 LEO satellite developed independently by
the 54th Research Institute of CETC. Table 1 presents the

Satellite moving direction

Beam 1 Beam 2

(a) Switching between different beams of
the same satellite

Beam 1

Beam 2

(b) Switching between two different satellites

▲Figure 1. Terminal switching scenes of low earth orbit (LEO) satellite.
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main orbital parameters of the WT-1 satellite.
The TLE of the satellite for March 12, 2020 was download‑
ed from the website: http://celestrak. com. The coordinates of
the satellite’s position from 11: 44: 10 on March 13, 2020 to
11: 54: 10 on March 13, 2020 were predicted, as shown in‑
Table 2.

▼Table 1. WT-1 satellite orbital parameters
Parameter

Value

Mean motion

0.062529 (°)/s

Eccentricity

0.0013813

Inclination

44.986°

Argument of perigee

66.1849°

Mean anomaly

294.047°

RAAN

5 Conversion from the WGS84 to TEME
System

The telemetry data of the satellite from 11:44:10 on March
13, 2020 to 11:54:10 on March 13, 2020 were obtained to veri‑
fy the accuracy of the satellite trajectory prediction by the
SGP4 model. The satellite position coordinates under the
World Geodetic System 1984 (WGS84) system are generated
by the satellite’s own GPS and considered to be accurate, as
shown in Table 3.
The position coordinates of the WGS84 system satellite will
be compared with those predicted by the SGP4 model. Howev‑
er, WGS84 and TEME belong to two different reference sys‑
tems and must be converted to the coordinates of the same co‑
ordinate system for a comparison. First, the satellite position
coordinates of the WGS84 system ( B, L, H ) were converted in‑
to the position vector r ECEF of the corresponding satellite in the
earth-centered and earth-fixed (ECEF) system. Next, the corre‑
sponding satellite position vector r J2000 in the J2000 system
(which belongs to the earth centered inertial system) was ob‑
tained using the relevant formula. Finally, the corresponding
satellite position vector r TEME in the TEME system was calcu‑
lated. Fig. 2 illustrates the conversion process.
A detailed presentation of the conversion process is showed
in Ref. [7] , where the satellite position coordinates of the
WGS84 system were converted to the position coordinates of
the TEME system through the abovementioned process that is
showed in Ref. [7]. Table 4 shows the results and Table 5
presents the differences from the position coordinates predict‑
ed by the SGP4 model.
The comparison shows that the difference between the sat‑
ellite position coordinates predicted by the SGP4 model and
the actual satellite position coordinates is within the range of
1 km. Meanwhile, the distance between the predicted and ac‑
tual sub-satellite points by the SGP4 model did not exceed
∆r TEME × R
≈ 1.59 km, where ∆r TEME is defined as the differ‑
R+h
ence between the satellite position vector predicted by the
SGP4 model and the actual satellite position vector. R is the
Earth radius, and h is the satellite altitude, which is negligi‑
ble compared with the satellite beam size.

|

|

6 Terminal Entry/Exit Beam Simulation

The satellite beam distribution was known. The terminal’s
position can be obtained from the terminal’s GPS, which can

264.862°

RAAN: right ascension of ascending node

▼ Table 2. Satellite locations under the true equator mean equinox
(TEME) system
China Standard Time

x/km

y/km

z/km

2020.3.13 11:44:10

3 863.993669

−3 847.324286

4 273.157394

2020.3.13 11:46:10

4 232.491773

−3 061.813747

4 549.260951

2020.3.13 11:48:10

4 528.130257

−2 223.593925

2020.3.13 11:45:10
2020.3.13 11:47:10
2020.3.13 11:49:10
2020.3.13 11:50:10
2020.3.13 11:51:10
2020.3.13 11:52:10
2020.3.13 11:53:10
2020.3.13 11:54:10

WGS84

4 056.98337

4 389.766796
4 646.985855
4 745.828379
4 824.232006
4 881.857388
4 918.458824
4 933.881246

ECEF

ECEF: earth-centered and earth-fixed
TEME: true equator mean equinox

−3 462.02762

−2 648.408587
−1 789.196663
−1 347.093298
−899.185654
−447.405918
6.301533

459.983122

J2000

4 420.758271
4 658.107881
4 746.832314
4 815.051091
4 862.473403
4 888.895188
4 894.202678
4 878.372617
4 841.478646

TEME

WGS: World Geodetic System

▲Figure 2. Conversion process from the WGS84 to the TEME line.
▼Table 3. Satellite locations under the WGS84 system
China Standard Time

WGS-84 Latitude/°

2020.3.13 11:44:10

38.26304

2020.3.13 11:46:10

41.23245

2020.3.13 11:45:10
2020.3.13 11:47:10
2020.3.13 11:48:10
2020.3.13 11:49:10
2020.3.13 11:50:10

39.83494
42.43918
43.43949
44.21923
44.7665

2020.3.13 11:51:10

45.07252

2020.3.13 11:53:10

44.94455

2020.3.13 11:52:10
2020.3.13 11:54:10

WGS-84
Longitude/°

WGS-84 Ellipsoi‑
dal Height/km

91.99098

557.8841

87.84068
96.33451

100.8635
105.5628
110.4087
115.3699
120.408

45.13219

125.4794

44.51283

135.5408

130.5386

557.6183
558.1623
558.4458
558.7287
559.0039
559.2705
559.5237
559.7598
559.9766
560.1755

be applied to calculate the angle in the terminal-satellitebeam center and compare the angle with the radiation half-an‑
gle of the beam to determine whether the terminal enters or ex‑
its the beam. Fig. 3 illustrates a beam of an LEO satellite.
Point O is the intersection of the beam centerline SO and the
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▼ Table 4. Coordinates of the WGS84 system after conversion to the
TEME system
China standard time

x/km

y/km

z/km

2020.3.13 11:44:10

3 863.603979

−3847.004987

4 273.719086

2020.3.13 11:46:10

4 232.149693

−3 061.479339

4 549.755952

2020.3.13 11:48:10

4 527.837177

2020.3.13 11:45:10
2020.3.13 11:47:10
2020.3.13 11:49:10
2020.3.13 11:50:10
2020.3.13 11:51:10
2020.3.13 11:52:10
2020.3.13 11:53:10
2020.3.13 11:54:10

4 056.61683

−3 461.700266

4 389.448946

−2 648.067763

4 646.718945
4 745.586409
4 824.014636
4 881.666028
4 918.294604
4 933.745006

4 421.288605
4 658.56557

−2 223.247797

4 747.249801

−1 346.743636

4 862.803998

−1 788.848319
−898.837155
−447.059779
6.64335

460.318547

4 815.426487
4 889.179076
4 894.439026
4 878.562042
4 841.620424

▼ Table 5. Difference between the predicted coordinates of the SGP4
model and the converted coordinates of the WGS84 system
China standard time

x/km

y/km

z/km

2020.3.13 11:44:10

−0.38969

0.319299

0.561692

2020.3.13 11:46:10

−0.34208

0.334408

0.495001

2020.3.13 11:45:10

−0.36654

2020.3.13 11:47:10

−0.31785

2020.3.13 11:48:10

−0.29308

2020.3.13 11:49:10

−0.26691

2020.3.13 11:50:10

−0.24197

2020.3.13 11:51:10

−0.21737

2020.3.13 11:52:10

−0.19136

2020.3.13 11:53:10

−0.16422

2020.3.13 11:54:10

−0.13624

0.327354
0.340824
0.346128
0.348344
0.349662
0.348499
0.346139
0.341817
0.335425

sS

0.457689
0.417487
0.375396
0.330595
0.283888
0.236348
0.189425
0.141778

x

x

β
α α

0.530334

oO’

θ

yy

the ySx plane is SO’. The angle between the SO’and the xaxis is denoted by β. Meanwhile, α, θ, and β were known at
the time when the antenna design was completed. And h is the
satellite altitude. The coordinates of point O(xO, yO, zO) in the
satellite’s centroid orbit coordinate system were calculated as
follows.
SO' = h ⋅ tan θ，

(1)

x O = SO' ⋅ cos β，

(2)

y O = SO' ⋅ sin β，

(3)

z O = h.

(4)

The terminal’s coordinates are in the WGS84 reference sys‑
tem, while the satellite beam distribution is in the centroid or‑
bit coordinate system. The terminal coordinates must be con‑
verted into a satellite centroid orbit coordinate system to calcu‑
late the angle in the terminal‑satellite‑beam center. The satel‑
lite’s centroid orbit coordinate system is centered on the satel‑
lite’s mass point. The z-axis is pointed to the Earth’s center
by the satellite, the x-axis is the tangential direction of the sat‑
ellite operation, and the y-axis conforms to the right-hand
rule. By making r and v as the absolute position and the abso‑
lute velocity vectors of the reference satellite in the geocentric
inertial coordinate system, the δr 0 = ( x 0 ,y 0 ,z 0 )T vector of the
terminal relative to the satellite in the centroid orbit coordi‑
nate system can be calculated according to the following Eqs.
(5), (6) and (7)[8].
x0 =

δr T ( H × r )
,
|H × r|

y0 = -

δr T H
,
|H|

(6)

z0 = -

δr T r
,
|r|

(7)

hh

z

z

OO(, xyOO, ,zOy) O , zO )
O(x
U (U(x
xUU,,yyU,UzU,) zU )

▲Figure 3. Relationship between the terminals and the satellite beams.

tangent plane of sub-satellite point. The beam radiation halfangle is α. The angle between the beam centerline SO and the
z-axis is denoted by θ. The beam centerline SO projection in
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(5)

where H = r × v. Here r and v denotes the position and veloci‑
ty vectors of the satellite in the geocentric inertial coordinate
system, and δr is the position vector of the terminal relative to
the satellite in the geocentric inertial coordinate system.
The terminal obtains its position coordinates via GPS and
converts the coordinates to U ( x U ,y U ,z U ) using the above con‑
version formula, where

SO ⋅ δr 0
∠USO = 
.
(8)
| SO | ⋅ |δr 0 |
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With the satellite movement,
Start
the terminal is within the beam
coverage area when ∠USO ≤ ∠α,
Enter the geographic
otherwise, it is not. Similarly, the
location of the terminal
timing of the terminal’s entry/exit
of all beams from and to the satel‑
Read TLE of WT-1
LEO satellite
lite can be calculated based on
the same method.
Calculate the center point coordinates of each
This simulation was imple‑
beam under the satellite’s centroid orbit system
mented using the C programming
according to the beam distribution
language. The flowchart is shown
in Fig. 4.
Calculate the next
Yes
beam entry time
Get the time when the
Have all 6 beams
We assumed herein that the
End
terminal exits the beam
been traversed?
satellite has six beams to achieve
0° to ±60° coverage of the circu‑
No
Increase model
lar region as shown in Fig. 5.
Use the SGP4 model to calcu‑
input time
late the position vector r and ve‑
The terminal coordinates are
locity vector v of the WT-1 LEO
as follows: latitude: 37° , longi‑
satellite in the TEME system
tude: 113° and altitude: 0 m. A
No
No
simulation of the terminal’s en‑
Calculate the position coordi‑
nates of the terminal in the satel‑
try/exit beam timing was per‑
lite’s centroid orbit system ac‑
formed by using the SGP4 modelcording to the r and v
Yes
predicted satellite trajectory, and
Table 6 presents the results. A
simulation of the terminal’s en‑
Whether the time
Yes
No
The first time ∠USO
try/exit beam timing was also per‑
when the terminal
The first time ∠USO<∠α?
>∠α afer entering
enters the beam has
formed using the satellite teleme‑
the beam?
been obtained?
try data, and Table 7 shows the
simulation results.
Yes
The sampling period of the te‑
Get the time when the terminal
lemetry data was 1 s, and thus,
enters the beam
the calculation of the terminal en‑
TLE: two-line element LEO: low earth orbit
try/exit beam moment can only be
▲Figure
4.
C
language
programming
implementation flowchart.
accurate to seconds. A conclusion
that the error between the SGP4predicted orbit simulated termi‑
nal beam and the actual telemetry
data simulated terminal beam was not greater than 1 s could
be reached by comparing Tables 6 and 7.
ght
ite fli
Satell ection
dir

7 Influence of Terminal Speed on SGP4
Model Prediction

The terminals discussed in this study are limited to ground
terminals. When the terminal is a ground fixed terminal, only
the SGP4 model error and the TLE error will affect the predic‑
tion. But if the speed of the terminal is not zero, the movement
of the terminal will also cause errors in the prediction. The
scenario of using the SGP4 model to predict the terminal entry/
exit beam is shown in Fig. 6.
In Fig. 6, t1 is the moment when the SGP4 model is invoked
and t2 is the moment when the terminal enters Beam 2. Point
A is the position where the terminal enters Beam 2, and t3 is

UE

▲Figure 5. Satellite beam distribution.
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▼Table 6. SGP4-predicted orbital simulation of the terminal entry/exit
beam timing
Beam

Beam 1

Timing of the Beam Entry

Timing of the Beam Exit

N/A

March 13, 2020, 11:47:35

March 13, 2020, 11:49:21

Beam 4

N/A

——

Beam 3

March 13, 2020, 11:49:26

Beam 5
Beam 6

t 1 ), considering terminal motion, the time taken is:

March 13, 2020, 11:51:11

N/A

t=

——

N/A

——

▼Table 7. Telemetry data of the terminal entry/exit beam timing simulation
Beam

Timing of the Beam Entry

Timing of the Beam Exit

Beam 2

March 13, 2020, 11:47:35

March 13, 2020, 11:49:21

Beam 4

N/A

——

Beam 1
Beam 3

N/A

——

March 13, 2020, 11:49:26

Beam 5

March 13, 2020, 11:51:11

N/A

Beam 6

——

N/A

(10)

| |

Then, when the satellite movement distance is v sat × ( t 2 -

——

Beam 2

v = v UE + v sat .

——

Vsat

| v | × (t
sat

2

|v|

- t1 )

.

(11)

So, the predicted time error of entering Beam 2 due to the
terminal speed is: (t2-t1) -t.
Take Iridium as an example, the orbit altitude of the satel‑
lite is 780 km, and the moving speed of the satellite is about
7.52 km/h. Each satellite carries 3 L-band antennas, which
generate 48 spot beams on the ground, and the diameter of
each spot beam coverage area is about 400 km. The diameter
of a single satellite coverage area is about 4 500 km[9]. Gener‑
ally, the overlap area of satellite beams accounts for about ten
percent of the entire beam coverage area[10]. Without consider‑
ing the terminal speed, the time for the terminal to pass
through the overlap area is about 5 s. The fastest speed of highspeed trains can reach 350 km/h. When the high-speed train is
connected to Beam 1, the SGP4 model is called, hence, t 2 t 1 < 400 v sat ≈ 53.2 s and d < v UE × t 2 - t 1 ≈ 5.172 km.

| | (

)

When the terminal and the satellite move towards or relative to
each other, the absolute value of the time error is the largest,

|

which is: t 2 - t 1 -

A

Beam 2

8 Conclusions

Time
t1

t2 t3

▲Figure 6. Predicted terminal entry/exit beam scenario.

the moment when the terminal leaves Beam 1. Point B is the
position where the terminal enters Beam 1. t2, t3, A and B are
all predicted values of SGP4 model. Assume the speed of ter‑
minal is v UE, and its magnitude and direction remain constant.
Then, the distance error between the terminal and point A af‑
ter time (t2 - t1) is:

| |

d = v UE × ( t 2 - t 1 ) .

(9)

The speed of the satellite relative to the terminal is v, and
its value is:
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sat

2

|v|

- t1 )

|

≈ 0.687 s. It can be seen

that the time error caused by the movement of the terminal is
much smaller than the time for the terminal to pass through the
overlap area.

B

Beam 1

| v | × (t

This study adopts the SGP4 model to predict the TLE sat‑
ellite trajectory. Furthermore, we verify that the prediction
accuracy of the SGP4 model on the trajectory of the LEO sat‑
ellite is less than 1 km through a comparison with the teleme‑
try data of the LEO satellite itself. The simulation of the ter‑
minal entry/exit beam timing between the predicted orbit and
the telemetry data of the satellite itself shows that the error
between the predicted and actual terminal entry/exit beam
timing is within 1 s. Finally, we discuss the impact of termi‑
nal motion on prediction. The error caused by the movement
of the ground terminal on the prediction does not exceed
0.687 s. The time error caused by the SGP4 model and the
movement of the terminal is much smaller than the time for
the terminal to pass through the overlap area. Furthermore,
the SGP4 model is less complex, indicating that it has a cer‑
tain practical value for determining the terminal switching of
LEO constellation.

Feasibility Study of Decision Making for Terminal Switching Time of LEO Satellite Constellation Based on the SGP4 Model
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Abstract: The design of random media access control (MAC) protocol has been attracting
great attention for satellite communication networks, where the propagation delay is long
and the traffic load is varying. Advanced coded random access schemes tend to provide re‑
source allocation strategies for massive uncoordinated devices, where multiple packet repli‑
cas from each user are transmitted in random slots of the frame and successive interference
cancellation (SIC) iterations are tracked to recover collided packets at the receiver. It is as‑
sumed that each active user just has a single information packet to be transmitted. In this pa‑
per, an MAC layer random access scheme named Multi-Packets Transmitted Irregular Repe‑
tition Slotted Aloha (M-IRSA) is proposed. Different from the existing advanced random ac‑
cess schemes, the M-IRSA scheme supports various number of packet transmission per user
by using pre-coding procedure. Joint decoding combined with SIC iterations and local de‑
coding is analyzed. The simulation results show that the proposed scheme is more efficient
compared with the IRSA scheme without packet loss rate (PLR) loss.
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1 Introduction

R

ecent years have witnessed the explosion of wireless
machine-type communications (MTC) in satellite net‑
works. Typical MTC networks involve a massive set
of battery-powered or harvesting-powered devices au‑
tonomously transmitting small data, i. e. , short messages. Cur‑
rent multiple access control (MAC) layer solutions for MTC
networks tend to privilege scheduled and coordinated trans‑
missions, in compliance with the classical information-theo‑
retic assumptions[1]. Traditionally, the coordinated multiple
access schemes can take efficient usage of the available
bandwidth. However, it requires control signaling that may
even outnumber data[2], which is particularly challenging.
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Opposed to coordinated schemes, random access schemes
provide a common channel to be dynamically and opportunis‑
tically shared by a population of users without coordination
requirements.
As a practical and effective solution to massive uncoordinat‑
ed multiple access, coded random access has been the subject
of several investigations in the past few years, combining user
packet replication (or packet coding) with successive interfer‑
ence cancellation (SIC) at the receiver. The Collision Resolu‑
tion Diversity Slotted Aloha (CRDSA) protocol[3] was the first
scheme to exploit SIC to resolve collisions on a random access
channel, where the users repeat their transmission twice in a
frame. The Irregular Repetition Slotted Aloha (IRSA) was in‑
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troduced in Ref. [4] to provide a further throughput gain over
CRDSA, by optimizing the transmission repetition rate for
each packet. An extension of IRSA access strategy named
Dubbed Coded Slotted Aloha was proposed in Ref. [5], where
the packets are encoded prior to transmission in the MAC
frame, instead of being simply repeated. Since then, coded
random access emerging as a new paradigm has been the sub‑
ject of several investigations[6–10]. With this paradigm, the
throughput is substantially increased, which makes it a practi‑
cal and efficient solution to support for uncoordinated access.
In the coded random access schemes, each information packet
is repeated mutiple times and transmitted over time slots.
However, compared with the Aloha schemes, they require
more energy for transmission. Furthermore, in the coded ran‑
dom access schemes mentioned above, each user is able to
transmit only one packet per frame even the user has multiple
packets to transmit.
As a potential application, users acting as relays in a cellu‑
lar network have various number of packets to transmit per
frame; the sizes of data are different according to the types of
platforms. Reservation-CRDSA (R-CRDSA) with access con‑
trol[11] was designed for the case in which the user has multiple
fragmented packets to transmit. A specific slot of each frame
is reserved for the user until the end of the last packet. With‑
out SIC, collisions cannot be cancelled in unreserved slots,
leading to low throughput performance. The Multiple Reserva‑
tion-CRDSA (MR-CRDSA) [12] scheme was developed based on
the R-CRDSA scheme, where multiple slots are reserved un‑
der low traffic loads. The users with one information packet
will have no opportunities to access the channel if all of the
Frame, M slots

u1

u1,1

slots are reserved, which is not practical in communication
systems.
We investigate the application where users who have vari‑
ous number of packets to transmit per frame and propose a
scheme named Multi-Packets Transmitted Irregular Repeti‑
tion Slotted Aloha (M-IRSA), where no load control mecha‑
nism or load estimation procedure is needed. Multiple informa‑
tion packets from the same user are pre-coded before transmis‑
sion. The decoding method is a joint one that combines SIC it‑
erations and local decoding procedure. The proposed scheme
promises higher efficiency without packet loss.

2 IRSA Scheme and SIC Procedure

In IRSA schemes, the repetition rate of each user is opti‑
mized compared with that in the CRDSA schemes. Each user
sends several replicas according to a probability distribution
instead of two replicas in CRDSA. The IRSA scheme and SIC
procedure is shown in Fig. 1.
In Fig. 1a, user u 1 has three replica packets (u1.1, u1.2 and
u1.3), all of them having the same information data. The SIC it‑
erative procedure in IRSA is similar with the decoding pro‑
cess for LDPC codes over the erasure channel, which is repre‑
sented by the bipartite graph (Fig. 1b). In each replica, the in‑
formation about the position of other replicas is included, e.g.
in a dedicated header field. If one packet replica is recovered,
the positions and the content of the other replicas will be
known. This way, the interference of this packet can be can‑
celed. For example, u1.2 and u1.3 can be recovered by the re‑
ceiver as the interference of u1.1 is removed.

S1

u1,2
u2,1

u2,2

u3
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u3,2
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(a) IRSA
IRSA: Irregular Repetition Slotted Aloha
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(b) SIC
SIC: successive interference cancellation
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▲Figure 1. IRSA scheme and SIC procedure.
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The traffic load G represents the average number of informa‑
tion packets per slot. The threshold is defined as the maxi‑
mum value of G that the bursts shall be recovered with a prob‑
ability close to 1. When G is above the threshold, the SIC pro‑
cedure will fail and the packet loss rate (PLR) shall increase.
The threshold can be calculated by“and-or”tree.
The IRSA scheme promises quite a remarkable throughput.
However, two of its characteristics should be considered.
First, IRSA has lower critical points compared to the slotted
Aloha. When the offered load increases above a critical point,
the throughput will decrease rapidly; in other words, the criti‑
cal point is the offered load level, where the maximum
throughput is attained. Second, each user in an IRSA system
performs a single transmission within each MAC frame. When
the number of users is low while they have a lot of packets to
transmit, the channel resources cannot be used efficiently.

3 Proposed M-IRSA Scheme
3.1 System Model
The M-IRSA framework is inspired in the situation where a
large number of un-cooperated users are seeking access to a
receiver. A slotted and framed random access system is con‑
sidered at the MAC layer, where each frame is divided into M
time slots. The users form a population size U and attempt
transmission at the beginning of a new frame. It is assumed
that the i-th user has k i ( k i ≥ 0) information packets to be
transmitted. (The i-th user has no packet to transmit if k i = 0.)
Accordingly, the total number of information packets to be
U
transmitted is (N = ∑i = 1 k i). The number of information pack‑
ets to be transmitted is random and independent with each oth‑
er, so the total number of information packets N is unknown to
the receiver. We define a parameter D i to present the normal‑
ized information packet data size of the i-th user, which is giv‑
en by D i = k i /M.
The normalized traffic load G is given by G = N M , which
represents the average number of information packet transmis‑
sion per slot.
In this paper, a classical MAC collision channel model is
used. The packet loss is only caused by collisions, which
means the collided packets can be recovered if the interfer‑
ence from other packets is removed. This assumption is rea‑
sonable since the bursts have been encoded via the (4096,
1992) concatenated extended Bose-Chaudhuri-Hocquenghem
(BCH) structured irregular repeat accumulate (S-IRA) code
and transmitted with quadrature phase shift keying (QPSK)
modulation. The results at E b /N 0 = 2 dB confirm that the per‑
formance degradation with the actual IC algorithm is negligi‑
ble in both the low and the high PLR regions.
3.2 Operation of M-IRSA
For the i-th user, k i information packets are pre-coded via
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linear block coding before transmission. The coded packets
are transmitted to the receiver.
A zero ( M, k i ) generating matrix is initialized, where the M
rows denote the positions of slots and the k i columns represent
information packets. The coding degree of information packets
follows a given distribution { Λ l }, where Λ l denotes the proba‑
bility of an information packet choosing l positions out of M
rows randomly. The i-th user sends the output coded packets
to the corresponding slots respectively. The indexes of infor‑
mation packets and their corresponding positions are included
in the header of output coded packets. In practical implemen‑
tations, the overhead due to the inclusion of pointers in the
header of the coded packet may be reduced by adopting more
efficient techniques. A more elegant approach to address this
issue is to embed in each coded packet the number of informa‑
tion packets and a user-specific seed of a pseudorandom gen‑
erator known both to the user and the receiver. Once a coded
packet is resolved, the receiver can use the knowledge of the
generator and the obtained seed to determine the generation
matrix. Since the positions are selected randomly, it happens
that some positions are not chosen by the information packets.
The actual number of coded packets is denoted by
h i ( h i ≤ M ). We define the pre-coding rate of the i-th user as
R i = k i /h i.
It is assumed that each user has one buffer. Before transmit‑
ted, the information packets are preserved in the buffers.
Therefore, it is possible that the users are aware of the number
of information packets. The information packets are pre-coded
via linear block coding before transmission. The generating
matrix is random. But the maximum length of coded packets is
fixed, which is equal to the frame length.
(1) Example 1.
As shown in Fig. 2, there are 2 active users, where the user
u 1 contains 3 information packets (circles), by an index
{ k 1,1 , k 1,2 , k 1,3 }, and the user u 2 contains 2 information packets
(circles), by an index { k 2,1 , k 2,2 }. The first information packet of
k 1,1 selects position S 1 and S 3; the information packet k 1,2 se‑
lects position S 2, S 3 and S 5; the information packet k 1,3 selects
position S 1 and S 4. Thus, the generating matrix of u 1 is

é1
ê0
ê
ë1

0
1
0

1 0
1 0
0 1

0
1
0

0ù
0ú .
ú
0û

(1)

In the same way, the generation matrix of u 2 is

éê1
ë0

0
1

0 0
0 0

0
0

1ù
ú.
1û

(2)

The user u 1 generates 5 coded packets, by an information
index { h 1,1 ,..., h 1,5 }, and transmits them to S 1, S 2, S 3, S 4 and S 5.
The user u 2 generates 3 coded packets, by an information in‑
dex { h 2,1 ,..., h 2,3 }, and transmits them to S 1, S 2 and S 6. The pre-
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As seen in Fig. 2, S 1 and S 2 are collision slots, while S 3, S 4,
S 5 and S 6 are singleton slots. Coded packets h 1,3, h 1,4, h 1,5 and
h 2,3 are recovered as S 3, S 4, S 5 and S 6 are singleton slots (Step
1). Then the correctly recovered coded packets help to recover
the information packets, making information packets k 1,1, k 1,2
and k 1,3 recovered. Hence, the coded packets h 1,1 and h 1,2 are
known by the receiver (Step 2). Next, the contributions of in‑
terference due to h 1,1 and h 1,2 are canceled respectively, mak‑
ing S 1 and S 2 new singleton slots (Step 3). A second decoding
iteration is then triggered.

4 Performance Analysis
4.1 Pre-Coding Rate
In the pre-coding procedure, the information packets’de‑
gree distribution is given by Λ ( x ) ≜ ∑l Λ l xl, while

▲Figure 2. An Multi-Packets Transmitted Irregular Repetition Slotted
Aloha (M-IRSA) example with frame size m = 6 slots and 2 active users.
The first user u 1 contains 3 information packets and generates 5 coded
packets. The user u 2 contains 2 information packets and generates 3
coded packets. Slots s 1 and s 2 suffer from collisions.

Λ' (1) ≜ ∑l lΛ l is denoted as the average packet repetition

coding rates of the two users are R 1 = 3/5 and R 2 = 2/3.
At the receiver, singleton slots are the ones with only one
coded packet transmitted to each slot. A collision takes place
in a slot when two or more coded packets are simultaneously
transmitted to the slot. Such a slot is called collision slot. In
the meanwhile, once a collision is detected, no more informa‑
tion about the number and content of colliding packets can be
achieved by the receiver. The decoding procedure at the re‑
ceiver combines SIC iterations and local decoding procedure.
It is conducted iteratively as follows until all of the informa‑
tion packets are recovered or collisions persist with no further
information packets being recovered. As seen in Fig. 2, S 1 and
S 2 are collision slots, while S 3, S 4, S 5 and S 6 are singleton slots.
• Round 1 (SIC procedure): Coded packets h 1,3, h 1,4, h 1,5 and
h 2,3 are known by the receiver, as S 3, S 4, S 5 and S 6 are single‑
ton slots. It also means that k 1,1 ⨁k 1,2, k 1,3, k 1,2 and k 2,1 ⨁k 2,2 are
known by the receiver. Once a coded packet is received by the
receiver, the generating packets will be cracked.
• Round 1 (local decoding procedure): The information pack‑
ets k 1,1, k 1,2, and k 1,3 will be recovered based on the knowledge
of k 1,1 ⨁k 1,2, k 1,3 and k 1,2. Then the coded packets h 1,1 ( k 1,1 ⨁k 1,3 )
and h 1,2 ( k 1,2 ) will be known by the receiver.
• Round 2 (SIC procedure): The contributions of interfer‑
ence due to h 1,1 and h 1,2 are canceled respectively, making S 1
and S 2 new singleton slots. Coded packets h 2,1 and h 2,2 will be
known by the receiver.
• Round 2 (local decoding procedure): The generating pack‑
ets of u 2 are cracked during round 1 (SIC procedure). Then the
information packets k 2,1 and k 2,2 will be recovered based on the
knowledge of h 2,1 and k 2,2.
(2) Example 2.

per position is Ψ' (1) ≜ ∑l lΨ l. It is easy to verify that the

rate. On the other side, the position’s degree distribution
tends to be the Binomial distribution, which is expressed as
Ψ ( x ) ≜ ∑l Ψ l xl. The average number of information packets

probability that a generic user sends an information packet
within a given position is Λ' ( 1 ) /M = Ψ' ( 1 ) /k.
The probability that one coded packet has l information
packets is given by

( )(

k
Ψ i,l = i
l

Ψ'i ( 1 )
ki

)(
l

Ψ' ( 1 )
1- i
ki

)

ki - l

.

(3)

M i,I is defined as the expected number of positions with no
information packets, which is given by

(

M i,I = M 1 -

Λ' ( 1 )
M

)

ki

(4)

.

It is assumed that information packets k i are generated by
coded packets h i and sent to time slots h i by the user u i. Obvi‑
ously, we have h i ≥ k i. The expected length of coded packets
is E h i = max k i , M - M i,I . Hence, the expected rate of R i is

[ ]

(

)

æ
ç
ç
ki
E R i = min ç
ç
ç M 1 - 1 - Λ' (1)
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( (
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ø

(5)

In the IRSA scheme, each user has only one information
packet to transmit, which means k i = 1. According to Eq. (5),
we have the expected coding rate of the IRSA scheme as:
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[

]

E R IRSA = min

(

)

1
,1 .
Λ' (1)

(6)

It should be noted that the proposed M-IRSA scheme be‑
comes a typical IRSA scheme when each user only has one
information packet to transmit. The pre-coding rate turns to
be 1/Λ' (1).
Moreover, the approach is actually peer-to-peer transmis‑
sion when there is only one active user. The maximum precoding rate 1 can be achieved as there is no interference from
other users.
4.2 Packet Loss Rate and Throughput
We analyze the evolution of the interference subtraction in
the proposed scheme in the asymptotic case where N tends to
infinity. In the“AND-OR”tree, each OR node evaluates logi‑
cal OR operation on the value of its children and each AND
node evaluates logical AND operation on the value of its chil‑
dren. One edge of the OR node is revealed once one of the oth‑
er edges connected to the node has been revealed; on the con‑
trary, one edge of the AND node is revealed whenever all the
other edges connected to the node have been revealed. In the
proposed multiple access scheme, information packets act like
the OR nodes; time slots act like the AND nodes; coded pack‑
ets act like the OR nodes in SIC iterations and act like the
AND nodes in local decoding procedure.
We define that q is the probability that an edge of informa‑
tion packet is unknown, t is the probability that an edge of cod‑
ed packets connected to one information packet is unknown, ϵ
is the probability that an edge of coded packets connected to
one time slot is unknown, and p is the probability that an edge
of one time slot is unknown.
Now the edges between information packets and coded
packets are considered, with λ l denoting the probability that
an edge is connected to an information packet of degree l and
ρ l denoting the probability that an edge is connected to a cod‑
ed packet of degree l. They can be expressed by λ l =
Λ l l/∑l Λ l l and ρ l = Ψ l l/∑l Ψ l l.

It is supposed that there are two active users (u 1 and u 2) in
the system, where u 1 has k 1 information packets generated to
h 1 coded packets and u 2 has k 2 information packets generated
to h 2 coded packets. After transmission, some coded packets
are collided. It is assumed that (1 - ϵ 1 )h 1 out of h 1 coded
packets and (1 - ϵ 2 )h 2 out of h 2 coded packets are received by
the receiver without collisions. It is easy to verify that the num‑
ber of collision slots is ϵ 1 h 1 = ϵ 2 h 2. All of the information
packets have the same edge degree distribution λ l, while ρ 1,l
and ρ 2,l are the coded packets’edge degree distribution of u 1
and u 2 respectively.
4.2.1 Local Decoding Procedure
One edge connected to one information packet is unknown
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when all of the other edges connected to the same information
packet are unknown. One edge connected to one un-collided
(un-erased) coded packet can be known when all of the other
edges connected to the same coded packet are known. The
edges connected to collided (erased) coded packets do not
transfer information during the local decoding procedure.
Therefore, during the j-th iteration, for the user u 1, we have
q 1, j = ∑λ l t l1,-j 1- 1 ,

(7)

l

and

(

t 1, j = ϵ 1, j - 1 + 1 - ϵ 1, j - 1

(

1 - 1 - ϵ 1, j - 1

)∑ρ

)∑ρ
l

l

1,l

1,l

(1 - (1 - q

(1 - (1 - q

1, j

)

1, j

l-1

)

).

l-1

)=
(8)

The recovery of information packets may help to recover the
collided (erased) coded packets. One collided (erased) coded
packet turns to be known when all of the connected edges
from information packets to the coded packets are known. ϵ 1
is the probability that an edge of coded packet connected to
one slot is unknown, which can be expressed as
ϵ 1, j = 1 - ∑ρ 1, l 1 - q 1, j .
l

(

)

l

(9)

In the same way, for the user u 2, we have

ϵ 2, j = 1 - ∑ρ 2, l 1 - q 2, j .
l

(

)

l

(10)

4.2.2 SIC Procedure
The recovery of collided (erased) coded packets then helps
the implementation of the SIC procedure. New clean slots ap‑
pear since the interference from the recovered coded packet is
canceled. Hence, the collision (erasure) probability is updat‑
ed. One edge connected to a collided time slot is known only
when the other edge connected to the same slot is known.
Therefore, we have 1 - ϵ 1, j = 1 - ϵ 2, j - 1 and 1 - ϵ 2, j = 1 ϵ 1, j - 1 .
The local decoding procedure and the SIC procedure imple‑
ment iteratively. According to the equations above, we get the
expressions of q and t as follows.
q j = ∑λ l t lj -- 11 ,

(11)

l

t j = 1 - ∑ρ 1, l ∑ρ 2,S 1 - q j
l

S

(

)

l+S-1

.

(12)

By letting N → ∞ ( k 1 → ∞ ; k 2 → ∞), the coded packets’
degree distribution follows a Poisson distribution. For the user
u 1, we have
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)

k 1 Λ'
(1 - x) .
M

(13)

The polynomial representation of edge degree distribution
of coded packets is

)

k 1 Λ'
(1 - x) .
M

(14)

Similarly, for u 1 and u 2, we have

(

ρ 1 ( x) ρ 2 ( x) = exp -

(

exp -

(k

1

)

+ k 2 Λ' ( 1 )
M

)

(1 - x) =

)

NΛ' ( 1 )
(1 - x) .
M

(15)

The evolution iteration after the iteration of the probability
q is given by
q j = ∑λ l 1 - exp - q j - 1 GΛ' (1)
l

(

(

))

l-1

.

(16)

The theoretical analysis of the M-IRSA scheme can be ex‑
tended to multiple users (more than two users), which is veri‑
fied in the next section by numerical results. According to
Ref. [4], the probability q in the proposed M-IRSA scheme has
the same expression with that in the IRSA scheme.
The normalized throughput T is defined as the probability
of successful information packet transmission per slot, which
U
is given by T = [ ∑i = 1 k i ∙( 1 - PLR ) ] /M. In this way, PLR
can reflect the performance of throughput.

5 Simulation Results

In this section, numerical results are illustrated. We consid‑
er an MAC frame size M = 200 slots and a user population
size n pop = 200. There are two kinds of users in the simulation:
each of 100 out of n pop users has 2 information packets to trans‑
mit once each of the other 100 users has 5 information packets
to transmit once activated. Each user becomes active at the be‑
ginning of any frame with probability p, independent of the
other users and regardless of the user’s activation history. The
repetition rate of each user is following the distribution Λ ( x ) =
0.5x2 + 0.28x3 + 0.22x8.
Fig. 3 shows the expected pre-coding rate versus the nor‑
malized packet data size. The x-axis represents the average
normalized information packet data size of the users. The y-ax‑
is represents the average pre-coding rate. In a typical IRSA
scheme, each information packet is transmitted repeatedly
with a given distribution, so the pre-coding rate is constant
versus the normalized packet data size and only rates 0 < R <
1 2 can be obtained. As shown in the figure, the expected

]

0.28 × 3 + 0.22 × 8, which means the users are expected to
transmit 3.6 coded packets for one information packet. On the
other hand, the expected coding rate of the M-IRSA scheme is
varied according to D i (the normalized information packet data
size of the user). It needs less coded packets for one informa‑
tion packet, which means the proposed M-IRSA scheme is
more effective than the IRSA scheme especially with large nor‑
malized packet data size in the pre-coding procedure.
Figs. 4 and 5 show the PLR and throughput performance
comparison of the proposed scheme and typical IRSA scheme
when the traffic load G is fixed. It can be seen that the pro‑
posed scheme is more effective without PLR.
1
0. 8
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ρ 1 ( x ) = exp -
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coding rate of the IRSA scheme is E R IRSA = 1/0.5 × 2 +
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▲Figure 3. Expected pre-coding rate versus the normalized packet data size.
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▲ Figure 4. PLR performance comparison between M-IRSA and IRSA
schemes.
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▲ Figure 5. Throughput performance comparison between M-IRSA
and IRSA schemes.

6 Conclusions

A pre-coding based random access scheme named M-IRSA
is proposed, where no channel load estimation or additional
central controller is needed to allocate the channel resource.
Joint procedure of SIC iterations and local decoding is ana‑
lyzed. Compared with the existing advanced random access
scheme IRSA, the proposed scheme is more effective without
PLR loss.
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Robust Lane Detection and Tracking Based on
Machine Vision
Abstract: Lane detection based on machine vision, a key application in intelligent transporta‑
tion，is generally characterized by gradient information of lane edge and plays an important
role in advanced driver assistance systems (ADAS). However, gradient information varies with
illumination changes. In the complex scenes of urban roads, highlight and shadow have effects
on the detection, and non-lane objects also lead to false positives. In order to improve the accu‑
racy of detection and meet the robustness requirement, this paper proposes a method of using
top-hat transformation to enhance the contrast and filter out the interference of non-lane ob‑
jects. And then the threshold segmentation algorithm based on local statistical information and
Hough transform algorithm with polar angle and distance constraint are used for lane fitting. Fi‑
nally, Kalman filter is used to correct lane lines which are wrong detected or missed. The exper‑
imental results show that computation times meet the real-time requirements, and the overall
detection rate of the proposed method is 95.63%.
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1 Introduction

W

ith the expansion of car ownership, the number of
traffic accidents has also increased. Many of the
accidents are caused by driver’s negligence or vi‑
sual disturbance. Advanced driver assistance sys‑
tems (ADAS) are considered to be important technologies for
reducing accidents, such as lane departure warning (LDW),
lane keeping. Lane detection based on machine vision is the
basis of these and other similar applications and is a key tech‑
nology in ADAS to assure active driving safety [1]. Meanwhile,
lane detection provides support for road identification, obsta‑
cle detection and other applications to realize driving safety [2].
Furthermore, on the basis of accurate detection, plenty of ap‑
plications of intelligent transportation can be improved, such
as road navigation, lane-positioning, and lane-level map‑
ping[3–4]. Considerable work has been done and various meth‑
ods proposed to detect lane lines. The methods usually con‑
sist of two main steps: lane feature extraction and lane fitting
with a parametric curve. The extraction of the candidate point
is a key step in lane detection. If the feature points of the lane
cannot be extracted accurately, it is difficult to make up for it
in the subsequent processing. In these lane detection meth‑
ods, color, texture or edge information is considered as a fea‑

ture of the lane.
Because the lanes and road surface have contrasting colors,
various color-based[5–6] methods have been proposed. HE et al. [5]
proposed a road-area detection algorithm based on color images,
which is composed of two parts. First, the left and right road
boundaries are estimated by using edge information. Then, road
areas are subsequently detected based on the full color image by
computing the mean and variance of the Gaussian distribution.
Color information can be used to constrain road surface areas.
However, this method has a drawback that the shadow and wa‑
ter on road surface have an effect on road area detection. SUN
et al. [6] transferred an image into the hue saturation intensity
(HSI) color space and used a threshold computed by fuzzy cmeans to do intensity difference segmentation. Finally, the im‑
age was filtered by means of connected component labeling
(CCL) of binary image. CHENG et al.[7] presented a lane-detec‑
tion method aiming at handling moving vehicles in the traffic
scenes, and removing non-lane objects, such as road traffic
signs. Lane lines are extracted by color information without be‑
ing affected by illumination changes. If vehicles have the
same colors as lane lines, they can be distinguished by shape,
size, etc. However, this method has disadvantages of using a
pre-defined threshold and limited scenarios. Thus, it is diffi‑
cult to distinguish lanes and roads by using color differences
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in outdoor road environment when the illumination changes
with time, weather, etc.
Other methods to overcome this disadvantage of using the
color cues for lane detection is to utilize texture features, van‑
ishing points[8] or region of interest (ROI) constraints[9–10].
YOO et al. [8] proposed a lane detection method based on van‑
ishing point estimation using the relevance of line segments,
combined with the vanishing point. The false detections de‑
crease by filtering out lines that do not pass through it. Howev‑
er, this method has high computational complexity and long
processing time. BORKAR et al. [9] exploited the parallel na‑
ture of lane boundaries on the road to find near parallel lines
separated by a constraint specified distance and then false sig‑
naling caused by artifacts in the image can be greatly reduced.
LIU et al.[10] combined ROI with perspective transform. It first‑
ly detects the lane lines on the road, then determines the trap‑
ezoid ROI where road marking would show up with the guide
of detected lane lines, and finally the ROI is transformed to
square by inverse perspective transform for accurate road
marking detection and recognition. DENG et al. [11] adopted in‑
verse perspective mapping (IPM) transform model for the ROI.
Then, the template is designed according to the specific pixel
value, width, edge orientation of lane marking, and gray distri‑
bution of two sides of the lane. It is effective to filter out the in‑
terference of vehicle edges ahead or shadows of objects such
as telegraph poles, traffic signs, and trees. However, the effec‑
tiveness of IPM-based technique would be reduced if there are
obstacles in the road.
Apart from the above methods, gradient-enhancing[12–15] de‑
tection methods are widely used to detect lanes, since it can
increase the contrast between the lane and the road surface
and reduce the influence of illumination. A vision-based au‑
tonomous detection method of lane was proposed in Ref. [12].
It sets an ROI in the image, the pixels in which are investigat‑
ed along multiple horizontal scanning lines, and a lane line in
the image is determined by connecting the two center points
or fitting a set of multiple center points. However, it can only
detect left and right line of the current lane. When there are
more lane lines or other objects with higher brightness, the er‑
ror rate will increase dramatically. LI et al. [13] employed histo‑
gram equalization to adjust the contrast and fit the lane by us‑
ing Hough transform or B-spline curves. YOO et al. [14] pro‑
posed a gradient-enhancing conversion method for illumina‑
tion-robust lane detection. They proposed gradient enhancing
conversion method to convert images which have large gradi‑
ents at lane boundaries. This method combines Hough trans‑
form and curve model to detect lane lines. HALOI et al. [15]
used a modified IPM to obtain ROI, where 2D steerable ﬁlters
are used to capture gradient changes due to color variation of
road and lanes.
In the outdoor road environment, illumination changes with
time, weather and light, etc. Lanes and roads have similar gray
values, and the gradients of them are not obvious. Thus, lane
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and road information can be easily converted into similar val‑
ues, which is not conducive to feature extraction. The method
based on the gradient is limited to specific scenarios. During
the process of lane detection, the main task is to maximally
highlight and enhance the lane marking, meanwhile, suppress
or filter out non-lane interference. This paper proposes an effi‑
cient method for illumination-robust lane detection and track‑
ing. Our method uses the top-hat transformation to enhance
the contrast and filter out the interference of some non-lane
objects, which maximizes gradients of lanes and roads. Then a
progressive threshold segmentation algorithm based on local
statistical information and constrained Hough transform with
polar angle and distance is used for lane detection. And final‑
ly, Kalman filter is used to correct lane lines that are wrong de‑
tected or missed. Specifically, contributions of this paper are
presented as follows.
(1) We put forward a top-hat transformation to enhance the
contrast of lane lines and background images and filter out the
interference of non-lane objects.
(2) The lanes are detected efficiently by constrained Hough
transform with polar angle and distance. Then, it is corrected
by using Kalman filter.
(3) The simulation implemented validates the proposed
method. It can effectively detect lane lines in scenarios such
as shadows, glare, rain and night, and meet the real-time and
robust requirements to different scenarios.
The remainder of the paper is organized as follows. Section
2 gives a detailed description of the proposed approach. Sec‑
tion 3 describes test results under different illumination sce‑
narios. Finally, Section 4 concludes the paper.

2 Lane Detection and Tracking

Fig. 1 shows the flow chart of the lane detection method.
This method does not need to calibrate the camera, but direct‑
ly uses the pixel coordinates for lane detection. First, ROI,
grayscale image transformation and image filtering are used
for pre-processing. Then, the top-hat transformation, threshold‑
ing and edge detection are used to obtain edge image, followed
by a progressive Hough transform used for lane detection. Fi‑
nally, Kalman filter is used to correct lane lines that are wrong
detected or missed.
2.1 Pre-Processing
The video frames we collect contain not only the part of the
lane, but also various background noises, such as the sky, ve‑
hicles, trees and houses, which will have certain influences on
the detection. In order to accurately capture the lane features
and avoid noise interference, we firstly obtain the part of the
image containing the lane area, and filter out the noise gener‑
ated in the process of image capturing. The pre-processing
stage includes the selection of the ROI, grayscale image trans‑
formation, and image filtering. Fig. 2 shows the results of the
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pre-processing.
(1) Selection of ROI.
Since the upper half of an image is the sky, the lane line on‑
ly exists in the lower half of the image. There is no target ob‑
ject in the upper part of the image, which will cause interfer‑
ence with the detection. In order to reduce the amount of cal‑
culation and avoid the interference, the sky area is removed,
and only the part containing the lane is left. The rectangular
ROI is configured in the initialization stage. It includes the
road region only when the region above the vanishing point
(VP) is removed. If the size of an image is M × N, we take the
Lane detection

lower half of the image as the rectangular ROI, that is, the size
of ROI is M 2 × N.
(2) Red Green Blue (RGB) to gray.
The road image obtained from the driving recorder is RGB
format, but the detection of lane lines is mainly based on gray
and edge information. Therefore, RGB images should be con‑
verted to grayscale images to reduce the image storage capaci‑
ty and improve the operation speed.
(3) Filtering operation.
Inevitably, in the process of image acquisition, noises will
intrude. The effect of isolating noise on the image is great. Me‑
dian filter can achieve much better noise suppression with
minimum edge blurring than other methods.
2.2 Candidate Point Extraction
After image pre-processing, candidate lane line points
should be extracted before lane fitting. The extraction of lane
features is a key step in lane detection. If lane features fail to
be accurately extracted in this step, it is difficult to make up
for the subsequent lane detection steps. The steps of candi‑
date point extraction consist of top-hat transformation, bina‑
rization and edge detection.

Image in video

Preprocessing

Candidate point extraction

Lane tracking

Hough transform with
constraint

Extract two lanes

Lane line

Kalman filter

▲Figure 1. Flow chart of lane detection and tracking method.

(a) Original image

(c) Grayscale image

2.2.1 Top-Hat Transformation
We use a top-hat transformation[16] as one step of candidate
point extraction to enhance the contrast of the lane and the
background, and filter out the interference of non-lane ob‑
jects. In the field of mathematical morphology, the top-hat
transformation is an operation of gray scale morphology, which
can extract brighter small elements and details from given im‑
ages. The operation is achieved by subtracting the open image
from the original image. The top-hat operation has the follow‑
ing features: 1) The open operation is used to remove small de‑
tails with highlights, while retaining all the gray levels and en‑

(b) ROI image

(d) Filtered image

▲Figure 2. Pre-processing results.
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( f⊕b )( i, j ) = ( max
{ f ( i - i', j - j')} ,
' ')

(1)

( fΘb )( i, j ) = ( min
{ f ( i + i', j + j')} ,
' ')

(2)

F = f -f ∘ b = f - ( fΘb ) ⊕b,

(3)

i ,j ∈ b

i ,j ∈ b

where f denotes the filtered image, F denotes the result image,
and b denotes the structuring element, which is the key of tophat transformation. The size of b should be greater than the
width of the lane line. Here i' and j' belong to b. The top-hat
transformation can obtain the target image that has been elimi‑
nated by the opening operation, by subtracting the opening im‑
age from the filtered image. The opening image is formulated
in Eqs. (1) and (2).
The gray histogram is a function of gray level distribution,
and it is a statistic of gray level distribution in the image. An
image consists of pixels of different gray values, and the distri‑
bution of gray is an important feature of an image. In this pa‑
per, we extract the grayscale value of a row in the image, and
verify the algorithm by observing the grayscale changes of dif‑
ferent images. The grayscale distribution of line 90 is shown
in Fig. 3, in which the abscissa indicates the number of col‑
umns of the image and the ordinate indicates the gray value
corresponding to the ninth row of the image. The blue line rep‑
resents the grayscale distribution curve of the target image,
the green line denotes the grayscale distribution curve of the
opening image, and the orange line represents the grayscale
distribution curve of the gray image.
It can be seen from the gray scale distribution that the open
operation filters out the highlighted area corresponding to the
lane lines and preserves the pixel value of the background re‑
gion of the road surface. By subtracting the open operation im‑
age from the filtered image, the highlighted lanes portion fil‑
tered by the open operation is obtained. The resulting image of
the top-hat operation is obtained, which effectively enhances
the gradient of the boundary between the road surface and the
lane lines. Therefore, this algorithm enhances the contrast of
lanes and background in the images, according to the structur‑
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ing element. Figs. 4a and 4b show that the top-hat transfor‑
mation enhances the contrast of lane marking, and meanwhile
suppresses or filters out non-lane interferences effectively.
2.2.2 Thresholding
(1) Binary image: The input video images are at first convert‑
ed into grayscale images frame by frame. The gray image is
transformed into 0–1 binary image, where 0 corresponds to the
pixels value not or maybe not on the lane lines, and 1 corre‑
sponds to the pixels value on or maybe on the lane lines within
the images. The thresholding divides the image into 0–1 bina‑
ry images, preserves the lane lines and filters out other unneces‑
sary details, i.e., the target and the background.
During this process, the selection of thresholds is particular‑
ly important. Only by selecting the appropriate thresholds for
image segmentation, the effect of distinguishing lane lines and
the noise can be achieved. The distribution of the gray scale of
the road image is not bimodal, especially in the shadow and
uneven lighting conditions. Thus, there are poor binarization
300

Traget image
Gray image
Opening image

250
200
Gray scale

suring that the features of a larger bright area are not dis‑
turbed. Therefore, the top-hat transformation highlights areas
that are brighter than the region around the original image con‑
tour by subtracting the open operation from the original image,
and this operation is related to the size of the selected kernel;
(2) Top-hat operations are often used to separate plaques that
are brighter from adjacent ones. When an image has a large
background, and the tiny items are more regular, the top-hat
operation can be used for background extraction; (3) The top
hat operation is commonly used to detect peak structures in
the image, while it is used for feature extraction in this paper.
The top-hat operation is computed as:
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▲Figure 3. Gray scale histogram.
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(b) Image of top-hat transformation

▲Figure 4. Resulting images.
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segmentation effects by using basic global thresholds’meth‑
ods, such as fixed threshold segmentation algorithm, and itera‑
tive threshold segmentation algorithm. Thresholding based on
local threshold has an advantage over that one.
Usually, the binary image still contains a large number of
non-lane objects, such as railings and trees. Particularly,
when there are shadows or uneven light in the image, white ar‑
eas appearing in the binary image will result in a sharp deteri‑
oration in segmentation performance. A solution is to use vari‑
able thresholds, and the threshold for each point is calculated
from the characteristics of one or more specified pixels in the
neighborhood of that point. In this paper, the top-hat algorithm
enhances the image and makes the contrast between the lane
line and the road surface more obvious. In the stage of thresh‑
olding, the progressive thresholding method based on the
mean is still used, but the standard deviation is also intro‑
duced. As is known, the mean represents the average gray
scale in the neighborhood and the standard deviation repre‑
sents the local contrast. Thus, a detailed distinction will be
possible in binary image by using the standard deviation. The
threshold is computed as:
B (i, j ) =

{

1, F (i, j ) > aσ r & F (i, j ) > bm r
0, other

，

(4)

where F ( i, j ) is the gray scale of filtered image at ( i, j ), m r repre‑
sents the mean of the neighborhood, σ r represents the standard
deviation of the neighborhood of 3 × 3, and a and b are their cor‑
responding weight. Here, a takes 2 and b takes 1.5. Fig. 5a
shows the results of the image thresholding process we use.
(2) Edge detection: After obtaining the lane area by bina‑
rization, the edge features of the lane are extracted as the ba‑
sis of the lane fitting. Vertical gradient edge detection is used
to detect image edge by vertical gradient differential, and the
mask of [ − 1,0,1 ] is used to smooth image. The image E ( i, j )
after the vertical gradient edge detection is defined as:
E (i, j ) =

{

1, B ( i, j + 1 ) - B ( i, j - 1 ) > 0

0, B ( i, j + 1 ) - B ( i, j - 1 ) ≤ 0 .

it is a very common method of extracting curves from images
and is widely used to detect lane lines. After obtaining the
lane feature points, Hough transform can be used to detect the
lane lines.
The Hough transform maps the points on the image space to
the parameter space, and detects the lines by simple accumu‑
lation in the parameter space and finding the peak value of the
accumulator. One point in the image space shown in the pa‑
rameter space will be a line. In practice, y = k ⋅ x + b is un‑
able to represent x = c in the form of a straight line. So, in the
practical application, the parameter equation is used. We can
think that the coordinates of one point ( i, j ) has been known,
and the following parameter equation formula is under the
principle of Hough transform.
ρ = i cos θ + j sin θ ，

(6)

where ρ is the distance between the origin of coordinates and
lines in image space. θ is the angle between lines and x axis,
and -90 ∘ ≤ θ ≤ 90 ∘.
The lane lines are usually parallel in the actual road. How‑
ever, they will converge at a vanishing point when imaged by
the camera. In the course of normal driving, the lane lines are
generally on both sides of the vehicle, which are distributed
on the left and right sides of the image. Fig. 6 shows that
θ 1 , θ 2 are the ranges of angles in which lane lines do not need
to detect. S and C are the intersection of the lane line and the
bottom of the image. The constraint distance L can be ob‑
tained by S and C. Based on the fact above, we constrain the
polar angle and distance, meanwhile, the suppression of the
peak is also needed. Lane sets are set to L and R, and coun‑
tered to NL and NR. And n peaks from H ( ρ, θ ) are selected.
The lane fitting method using Hough transform algorithm with
the polar angle and distance constraint is shown in Algo‑
rithm 1.

(5)

The image with edge detection is shown in Fig. 5b. It is an
effective way to convert the binary image into the edge image
with one side.
2.3 Lane Fitting
The Hough transform[17] is a method that locates shapes in
images, such as line segments, curves, and other patterns. The
basic principle is that the form to be sought can be expressed
by a known function depending on a set of parameters. A par‑
ticular instance of the form to be sought is completely speci‑
fied by a set of parameters representing the form. The Hough
transform is so far effectively used for finding lines in images,

(a) Binary image

(b) Vertical gradient edge detection

▲Figure 5. Overall detection results.
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Algorithm 1. Hough Transformation with Polar Angle and
Distance Constraint

Input: Edge image: the image after the edge detection
Output: Line image: the image of lane detection
1: Figure out Hough transform matrix H ( ρ,θ )
2: Zero out the elements of the range of the polar angle in
[ 80∘ ,90∘ ] and [ - 80∘ , - 90∘ ]
3: H ( ρ,θ ) is subjected to peak suppression with a window size
of [ MH/10 ; NH/10 ]
4: Set left and right lane sets, and left and right lanes counter
5: If θ m ≥ 0, d m ≥ 0 and NL < 2 then
6: If the Euclidean distance of the bottom endpoint coordi‑
nates of the lane line is less than half the height of the image
then
7: NL + 1 and H ( ρ m , θ m ) ∈ L
8:
else
9:
The lane line is not saved
10:
end if
11: End if
12: If θ m < 0, d m < 0 and NR < 2 then
13: If the Euclidean distance of the bottom endpoint coordi‑
nates of the lane line is less than a half of the height of the
image then
14: NR + 1 and H ( ρ m , θ m ) ∈ R
15:
else
16:
The lane line is not saved
17:
end if
18: End if
19: Select the two lane lines closest to the left or right side of
the vehicle

where d m = N 2 - x m , 1 ≤ m ≤ n, and x m is the horizontal co‑

(

)

ordinate of the line corresponding to H ρ m ,θ m intersects the

bottom boundary of the image. The results of the fitting lane
are shown in Fig. 7, where the red line represents the left
lanes, and the green line denotes the right lanes. Under differ‑
ent illumination and road disturbance conditions, lane lines
on the left and right sides of the vehicle can be effectively ex‑
tracted. This algorithm not only avoids the detection of hori‑
zontal line as lane line, but also makes the detected lane even‑
ly distributed on both sides of the vehicle, and consequently
improves the detection accuracy.

2.4 Lane Tracking
The Kalman filter is frequently employed for object track‑
ing. It is usually assumed that the object moves with constant
or linearly varying speed among successive frames [17]. In the
lane detection process, there are often cases of error or missed
detection when lane lines are obscured and unclear. In order
to avoid this situation as much as possible and improve the ac‑
curacy and robustness of detection, we use the Kalman filter
to track the lane line. Since the actual application often uses
the lane lines on both sides of the vehicle, this paper only
tracks the two lane lines on both sides of the vehicle during
the detection and tracking process.
Lane line parameters [ ρ, θ, Δρ, Δθ ] are the status vector of
the traced line, and Δρ and Δθ are the variations of ρ and θ.
The state transition matrix and measurement matrix are shown
in Eq. (8).
x = [ ρ, θ, Δρ, Δθ ] ,

é1
ê0
A = êê
0
ê
ë0

0
1
0
0

1
0
1
0

0ù
1 úú
1
, H = éê
0ú
ë0
ú
1û

(7)

0
1

0
0

0ù
ú.
0û

x
Polar angle constraint

VP

θ1

θ2

(a) Highway

Road image

(b) Road marking interference

Lane marking

y

S(x1, y1)

L

C(xm, ym)

VP: vanishing point

▲Figure 6. Polar angle and distance constraint diagram.
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(c) Road surface damage

▲Figure 7. Fitting lanes.

(d) Dusk

(8)
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When the consecutive k frames are correctly detected, the
lane line parameter ( ρ, θ ) is taken as the initial state of the
Kalman filter, and the Kalman filter is started. The fitted lines
existing in the repository in step ( k - 1 ) are matched as fol‑
lows by using the difference of ρ and θ:

|( ρ

k

|

|

|

- ρ k - 1 ) < T 1 & (θ k - θ k - 1 ) < T 2 .

(9)

If the detection result of the current frame matches the pre‑
vious frame, the detected value is used as the current lane
line result and the detection counter is incremented by one;
otherwise, the filter is called to perform prediction tracking,
and the predicted value is used as the parameter of the cur‑
rent lane line. When the detection counter is larger than the
threshold, only Kalman is called for lane line detection and
tracking. The detection state is returned after T frames.
Here, T 1and T 2 denote as predetermined thresholds for the
matching parameter.

3 Experimental Results

To verify the performance of the algorithm, we make a sim‑
ulation in Matrix Laboratory (MATLAB). The algorithm is
performed on a PC with Intel Core i5-7500 3.4 GHz CPU
with 4 GB of RAM. Data sequence 1 and data sequence 2
were collected through a cellphone camera mounted below the
rearview mirror of a shared car in Xi’an. Data sequence 1 con‑
tains highways. Data sequence 2 contains many multilane
roads and mostly urban roads. The dataset corresponds to dia‑
mond marking, shaded road surface, arrow marking and Dusk.
Data sequence 3 of nighttime and Data sequence 4 of rainy
weather were obtained from YouTube. The dataset includes
tunnel, rain covered road and wiper interference. To objective‑
ly verify the performance of the method, the KITTI dataset[18]
was used. Figs. 8 and 9 display the detection results, which
are represented by green lines. According to HALOI et al. [15],
the precision of a lane detection is given by Eq. (10).
PRE =

TP
TP + FP ,

(a) Diamond marking

(b) Shaded road surface and arrow marking

(c) Dusk

(d) Shaded road surface

(e) Tunnel

(f) Nighttime

(g) Rainy weather

(h) Wiper interference

▲Figure 8. Lane detection results under various driving conditions.

(a) Highlight

(b) Road marking and reflective

(10)

where FP denotes false positive and TP denotes true positive.
Table 1 shows that the accuracy of detection is improved. Un‑
der the highway conditions, the accuracy of detection is
99.80%. Under low lighting conditions, such as nighttime, in a
tunnel, the accuracy of detection reaches 98.28%. The accura‑
cy of detection is 97.84% at dusk. Under low light conditions
such as at night, the gray scale distribution of the road surface
is relatively uniform, and the interference is relatively small,
so the detection rate is high. When the road surface has a lot
of interference and the lane line is blocked for a long time, the
detection rate is relatively low. Under heavy rain conditions,
the detection rate is 94.28%, which is the lowest among all

(c) Unclear lane markings

(d) Shadows and curves

(e) Road surface damage

(f) Road marking interference

▲Figure 9. Results of the KITTI dataset.
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conditions, because the lanes are almost invisible and can eas‑
ily lead to false detections, as shown in Fig. 10.
Table 2 presents the accuracy of lane detection using the
KITTI dataset, and the comparison with the method adopted
by HALOI et al. [15]. The detection rate of the proposed method
is higher than that adopted by HALOI et al. [15]. In the scene
where the lane lines are obvious and the road surface interfer‑
ences are less, the lane detection rate reaches above 97%.
The overall detection rate is 95.63% and it is greater than
94% in very complex environments. The average running time
of each frame is 0.048 s in MATLAB, which meets the realtime requirements and can adapt to different scenarios.

4 Conclusions

This paper proposes a lane detection and tracking method.
The pre-processing stage reduces the amount of computation
of detection module. After pre-processing, the top-hat trans‑
form is used to enhance the contrast and filter out the interfer‑
ence of some non-lane objects. Binarization and edge detec‑
tion are used to extract feature points. Then, Hough transform
algorithm with polar angle and distance constraint is used for
lane fitting. Finally, Kalman filter is used to correct lane lines
that are wrong detected or missed. The actual road test results
show that this method is robust despite of the shadow, uneven
lighting and road damage. Experimental results show that the
algorithm meets the real-time requirement and can adapt to
▼Table 1. Lane Detection Results
Condition

Total Frame

Detected Frame

Detection Rate

Data sequence 2

835

817

97.84%

Data sequence 1
Data sequence 3
Data sequence 4

504

2 100
6 633

503

2 064
6 235

99.80%
98.28%
94.28%

▲Figure 10. Result under heavy rain conditions.
▼Table 2. Performance for KITTI Dataset
Method

Total Frame

Detected Frame

Detection Rate

Our method

600

568

94.83%

HALOI[15]

76

600
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565

94.26%

different scenarios, where the average detection rate reaches
above 95.63%. In the future, adaptive ROI selection needs to
be further studied.
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Balanced Discriminative Transfer Feature Learning
for Visual Domain Adaptation
Abstract: Transfer learning aims to transfer source models to a target domain. Leveraging
the feature matching can alleviate the domain shift effectively, but this process ignores the
relationship of the marginal distribution matching and the conditional distribution match‑
ing. Simultaneously, the discriminative information of both domains is also neglected,
which is important for improving the performance on the target domain. In this paper, we
propose a novel method called Balanced Discriminative Transfer Feature Learning for Visu‑
al Domain Adaptation (BDTFL). The proposed method can adaptively balance the relation‑
ship of both distribution matchings and capture the category discriminative information of
both domains. Therefore, balanced feature matching can achieve more accurate feature
matching and adaptively adjust itself to different scenes. At the same time, discriminative
information is exploited to alleviate category confusion during feature matching. And with
assistance of the category discriminative information captured from both domains, the
source classifier can be transferred to the target domain more accurately and boost the per‑
formance of target classification. Extensive experiments show the superiority of BDTFL on
popular visual cross-domain benchmarks.
Keywords: transfer learning; domain adaptation; distribution adaptation; discriminative
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1 Introduction

L

abeled data are very important for supervised domain
adaptation. However, it is time-consuming and expen‑
sive to annotate data manually in real application. To
address this limitation, transfer learning becomes an
effective alternative choice by applying the knowledge extract‑
ed from an available well-labeled source domain to a target do‑
main. There is a common assumption in transfer learning that
source data and target data belong to related but different dis‑
tributions[1]. This can provide a promising approach to the sce‑
narios that suffer from a shortage of labeled data [1–5].
Most existing distribution adaptation methods achieve ei‑
ther domain-wise alignment, class-wise alignment or both of
them. Both theoretical verification and experiment results indi‑
cate the adapting marginal distribution and conditional distri‑
bution of both domains could obtain better performance. How‑
ever, domain-wise alignment and class-wise alignment are of‑
ten considered as equally important. In this case, the discrep‑
ancy of these two distributions is ignored. In fact, marginal dis‑
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tribution matching and conditional distribution matching
should be given different weights under different scenarios.
Under the circumstance that the correlation between the
source domain and the target domain is lower, marginal distri‑
bution needs to be more valued. When the target domain is
closely similar to the source domain, conditional distribution
should be given more attention. If we notice this situation and
give different weights to these two domain matching, the align‑
ment of source and target domains will be more accurate.
Achieving domain matching simultaneously brings a new
problem that different categories may be wrongly matched.
Therefore, we should not only achieve feature matching, but al‑
so need the learned feature to be class‑discriminative. Once
the feature of samples is class‑discriminative, points belong‑
ing to the same class would be clustered into compact clusters
and different clusters would move away from each other,
which is helpful to classification of the model.
In order to solve above problems, we propose a novel meth‑
od called Balanced Distribution Transfer Feature Learning
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(BDTFL). BDTFL can not only balance the relationship of
both distribution matchings, but also encourage the learned
features to be class‑discriminative. On one hand, for different
transfer learning tasks, BDTFL can effectively adjust relative
weight of both distribution matchings. On the other hand, we
also alleviate category confusion during domain-wise align‑
ment by leveraging category discriminative information of both
domains. When the learning feature appears class‑discrimina‑
tive, discriminative information of samples is exploited to
boost the classification performance. Several existing methods
can be regarded as special cases of BDTFL. To evaluate the
performance of BDTFL, we conduct comprehensive experi‑
ments on several visual cross-domain classification tasks. The
results verify that our method can outperform the baselines sig‑
nificantly.
We summarize our contributions as the following three
points:
(1) We propose a novel transfer learning method BDTFL to
balance the marginal and conditional distribution matching.
BDTFL can adaptively adjust relationship of both distribution
matching and achieve more accurate alignment. Thus, several
transfer learning methods can be treated as special cases of
BDTFL.
(2) Our method adopts the triplet loss to exploit the discrim‑
inative information among categories. When the learned fea‑
tures with discriminative information are extracted to match
the marginal and conditional distributions across domains, we
encourage the smaller distance between samples with the
same label and the larger distance between samples with dif‑
ferent labels, which improves classification effect of the model
on the target domain.
(3) Comprehensive experiments on several visual across-do‑
mains datasets demonstrate the superiority compared with oth‑
er state-of-the-art methods.

2 Related Work

The prior work has achieved a promising process in the
field of domain adaptation. Existing domain adaptation
methods can be roughly divided into two categories: in‑
stance reweighting and feature extraction. Our proposed
method BDTFL belongs to the feature-based learning meth‑
ods. Thus, we will focus on feature extraction approaches to
discuss.
A transfer component analysis (TCA) [6] approach is pro‑
posed to minimize the distance between source and target do‑
mains using the maximum mean discrepancy metric [7] by
searching transfer component. Furthermore, LONG et al. [8]
put forward joint distribution adaptation (JDA) to jointly
match marginal and conditional distributions of source do‑
main and target domain in a principal dimension reduction
procedure. Based on JDA, transfer joint matching (TJM), pro‑
posed in Ref. [9], reweights source instances to reduce differ‑

ence between two domains.
To capture the discriminative information of two domains,
Ref. [10] adds the supervised source class cluster to the do‑
main matching process. Furthermore, a domain-invariant and
class-discriminative (DICD) approach[11] tries to simultaneous‑
ly maximize the inter-class dispersion and minimize the intraclass variance of source and target data to mitigate the domain
shift. Inspired by DICD, our method explores class‑discrimina‑
tive information during the feature matching in the latent
space.
However, the above methods ignore the relationship of two
distribution matching for different scenes. They just simply
and roughly add metrics together. Different from the above
methods, our method can adjust the relationship of two distri‑
bution matching according to different scenes and capture
class‑discriminative information of two domains.

3 Proposed Approach

In this section, we first demonstrate the problem definition
and then show how to learn adaptive domain-invariant feature
representation with category discriminative information in our
method.
3.1 Preliminary and Motivation
In unsupervised domain adaptation problems, given source

{

labeled data D s = ( x si , y si )

{ ( x )}
tj

nt

j=1

}

ns

i=1

and target unlabeled data D t =

, where n s and n t are the numbers of source and tar‑

get
samples
respectively,
it
is
assumed
that
x si , x tj ∈ X, ( X ⊂ R m ) and y si ∈ Y (Y ⊂ R ). y si is the label of
the source sample x si; X is the feature space and Y is the label
space.
Since there exists a domain shift across domains, it is obvi‑
ous that marginal distributions satisfy P s ( x s ) ≠ P t ( x t ) with
condition distributions P s ( y s x s ) ≠ P t ( y t x t ). We aim to find

|

|

a discriminative feature transformation A, utilizing adaptive
joint feature matching to mitigate the domain shift. In this
way, the classifier can be well transferred to the target do‑
main, which results in better target classification.
During the feature extraction process, we focus on the fol‑
lowing two points:
(1) Effective feature extraction can alleviate domain shift.
For different scenes, the relationship of the marginal distribu‑
tion and conditional distribution should be taken into consid‑
eration. When source and target domains match in the embed‑
ding space, our method balances the relationship of the mar‑
ginal distribution and conditional distribution, which is differ‑
ent from JDA.
(2) To further improve the performance of the model, the
samples sharing the same label are expected to gather closer
and clusters with different labels to be far away from each oth‑
er. Therefore, we extract the category-discriminative informa‑
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tion by minimizing the intra-class dispersion and maximizing
the inter-class compactness.
3.2 Learning Adaptive Domain-Invariant Features
We are devoted to extract adaptive domain-invariant feature
representation such that the source model trained by source
data can always be well applied to target data in different sce‑
narios. In this way, we search a linear domain-invariant proj‑
ect to discover shared subspace where the domain shift is ef‑
fectively alleviated.
3.2.1 Joint Feature Matching
Since the source and target domains are related but dif‑
ferent, it is essential to match the marginal distributions
and conditional distributions across domains to achieve
overlap between the source domain and target domain. The
metric Maximum Mean Discrepancy is adopted to measure
the distribution distance. The mean discrepancy of the mar‑
ginal distributions and conditional distributions is repre‑
sented as:
Z d = Z 0 + ∑Z k =
C

nt


1
 k
∑

k = 1 ns


1
∑ k AT x ksi - n k
t
x si ∈ D s

∑

x tj ∈ D̂ sk

2

AT x ktj  =



(1)
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where X S and X T are concatenated by column as X. The mar‑
ginal distribution distance matrix P 0 and the conditional distri‑
bution distance matrix P k can be formulated respectively as:
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3.2.2 Balanced Feature Matching
BDTFL innovatively adjusts the relative magnitude of mar‑
ginal distribution matching and conditional distribution match‑
ing to adapt different scenarios. Specifically, through a factor
ρ, we adaptively adjust the relative magnitude of marginal dis‑
tribution matching and conditional distribution matching. In
this way, BDTFL can satisfy different requirements of various
scenarios.
C
By defining P = P 0 + ρ∑k = 1 P k, the specific form of Eq. (1)
is formulated as:
k=1

k=1

ns

where 1 m × n is defined as m × n matrix filled with one.
We need to minimize Eq. (1) to achieve marginal and condi‑
tional distribution matching in extracted feature subspace.
However, in this process, the marginal distribution and condi‑
tional distribution are equally important. In fact, their impor‑
tance varies from different scenarios. The relationship be‑
tween marginal distribution matching and conditional distribu‑
tion matching should be balanced for different scenarios.

1
ù
1
n s n t n s × n t úú
úú ,
1
ú
1
n ×n ú
n 2t t t û

ì 1
k
ï k 2 , if x i , x j ∈ D s ,
(n
)
ï s
ïï
ïï 1
k
̂ k
ïï- n k n k , if x i ∈ D s , x j ∈ D t ,
ï s t
ï
=í 1
k
̂ k
ï- k k , if x i ∈ D t , x j ∈ D s ,
ï ns nt
ïï
ïï 1 , if x , x ∈ D̂ k ,
ïï k 2
i
j
t
ï (n t )
ï
otherwise,
î0,

ZTE COMMUNICATIONS
December 2020 Vol. 18 No. 4

(2)

(3)

Tr (AT XPX T A).

C

k=1

(4)

When the domain discrepancy is too large, there exists
large diversity of class-wise distributions across domains.
Class-wise alignment would then bring about serious class
confusion. As a result, the class-wise alignment does not make
any sense and even causes negative transfer problem. Thus,
the class-wise alignment should be weakened in this case.
However, if the target domain is closely similar to the source
domain, the class-wise alignment should be enhanced. In that
case, we should pay more attention to conditional distribution
matching. The application scenarios can be greatly expanded
by balancing marginal distribution matching and conditional
distribution matching. We should estimate the similarity of the
source and target domains according to different scenarios and
then select ρ. In this paper, the values of ρ are selected accord‑
ing to the performance in experiments.
3.2.3 Learning Category-Discriminative Information
Completing the above steps, we simultaneously align mar‑
ginal and conditional distributions across domains to alleviate
the domain shift. We also expect the learned feature represen‑
tations in the latent shared subspace to be discriminative. On
one hand, if samples sharing the same label are more concen‑
trated and clusters sharing different labels are more dispersed,
the source classifier can be well generalized to the target do‑
main and achieves better performance on the target domain.
On the other hand, with the assistance of the discriminative in‑
formation captured from both domains, conditional distribu‑
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tion matching can be more accurate.
Inspired by triplet loss[11–13], we adopt the strategy that
makes the samples sharing the same label close and clusters
with different labels far away from each other in the extracted
feature subspace. The corresponding matrix of the distance
loss of source data can be formulated as:
Zs = ∑
C

k=1

ns

n ks

∑ ν

y si , y sj = k

si

- ν sj



2

+

Tr (AT X s (Q S1 - Q S2 ) X Ts A),

∑ ν

y si ≠ y sj

si

- ν sj



2

=

(5)

where Q S1and Q S2 can be calculated as:

ìn s , if i = j,
ï
ï ns
S
(Q 1 ) ij = í- k , if i ≠ j, y Si = y Sj = k,
ï ns
ï
otherwise.
î0,

(6)

ìn s - n ks , if i = j, y Si = k,
ï
(Q S2 ) ij = í-1,
if i ≠ j, y Si ≠ y Sj ,
ï
otherwise.
î0,

(7)

In the target domain, we utilize the pseudo label to make
similar derivation and definition. We define Q 1 =
diag (Q S1 , Q T1 ) and Q 2 = diag (Q S2 , Q T2 ), and the whole categorydiscriminative loss for both domains is obtained as:
Zc = Zs + Zt =
Tr (AT X (Q 1 - Q 2 )X T A) =
Tr (AT XQX T A),

(8)

where Q = Q 1 - Q 2.
The minimization of Eq. (8) encourages intra-class compact‑
ness and inter-class dispersion to enhance the discriminative
characteristic of the learned representation.
3.2.4 Overall Framework
We incorporate Eqs. (4) and (8) into one formulation, which
represents the overall loss of BDTFL. Then we minimize this
overall loss as:
min
Zd + Zc + β  A 
A

2

(9)

s.t. AT XHX T A = I d ,

where I d represents an identity matrix of dimension d and H =
I(n + n ) - [ 1 (n s + n t ) ] 1(n + n ) × (n + n ) represents the centering
s

t

s

t

s

t

matrix. Besides, β is the regularization coefficient for avoiding
overfitting.
If we incorporate the matrix forms of Eqs. (4) and (8), Eq.
(9) can be rewritten as:

min
Tr (AT X (P + Q)X T A) + β  A 
A

2

(10)

s.t. AT XHX T A = I d .

The constrained optimization problem (10) can be regarded
as a generalized eigen-decomposition problem. The optimal so‑
lution w. r. t A (A ∈ R m × d ) can be solved as:
(X (P + Q)X T + βI m )A = XHX T AΘ,

(11)

where Θ = diag (θ 1 , θ 2 ,..., θ d ) ∈ R d × d is a diagonal matrix with
Lagrange Multipliers. The optimization problem (11) is also a
generalized eigen-decomposition problem. And the optimal so‑
lution is the generalized eigenvectors of Eq. (11) correspond‑
ing to the d-smallest egienvalues. BDTFL can be kernelized to
be applied to nonlinear scenarios. Through the above steps,
we achieve the joint feature matching simultaneously retaining
the discriminative information in BDTFL.
Recently, deep neural networks have been applied into
transfer learning. Fine-tuning can be effectively used to
transfer knowledge extracted from a source dataset to a tar‑
get task. Several factors that influence the performance of
fine-tuning are systematically investigated in Ref. [14], in‑
cluding the distribution of source and target data. In recent
works on deep domain adaptation, discrepancy measures are
embedded into deep architectures to reduce the gap between
the source domain and target domain. Theoretically, BDTFL
can be combined with the deep neural network to learn bet‑
ter feature representation, which will be further explored in
the future.

4 Experiments

In this section, we evaluate the performance of BDTFL with
massive state-of-the-art shallow domain adaptation methods
on several popular visual cross-domain benchmarks.
4.1 Description of Datasets
Two widely-used benchmarks are adopted in our experi‑
ments, including Office-31(DeCAF7) [15] and CMU-PIE[16]. Of‑
fice-31 includes 4 652 images with 31 categories composed of
three domains: Amazon (A), Webcam (W) and DSLR (D).
CMU-PIE contains more than 40 000 face images from 68 in‑
dividuals.
Considering different pose factors, we select 5 out of 13 pos‑
es as Ref. [8]. The detail of the datasets is shown in Table 1.
▼Table 1. Cross-domain datasets used in the experiments
Dataset

Number of
Samples

Number of
Features

Number
of Classes

Domain

Office-31
(DeCAF7)

4 652

4 096

31

A, W, D

CMU-PIE

11 554

1 024

68

C05, C07, C09, C27, C29
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4.2 Comparison Methods
We compare our method with the following seven methods:
• 1-Nearst Neighbor Classifier (1NN)[17];
• Pricipal Component Analysis (PCA)[18];
• Geodesic Flow Kernel (GFK)[19];
• Transfer Component Analysis (TCA)[6];
• Joint Distribution Adaptation (JDA)[8];
• Subspace Alignment (SA)[20];
• Discriminative Transfer Subspace Learning (DTSL)[21].
Among these seven methods, the first two are traditional
transfer learning methods and the others are state-of-the-art
shallow transfer learning methods.
4.3 Implementation Details
1NN is acted as the final classifier, while 1NN, PCA, GFK,
TCA, SA, DTSL and BDTFL are acted as feature extractors.
We search ρ in {0.001, 0.01,..., 100} for BDTFL. After the re‑
duction of dimensionality, the feature number d is fixed as
100. When extracting the feature, we use the linear kernel in
all the experiments. The iteration number T in the experi‑
ments is fixed as 10. The target classification accuracy is con‑
sidered as the evaluation metric of the methods.
4.4 Experiment Results
The following experiment results present the superiority of
the proposed method in this paper.
(1) Results on the Office-31 dataset (Table 2): On almost
all the tasks, BDTFL achieves great advantage compared with
the others. On A→
→W and W→
→A tasks, our method obtains a
significant performance improvement of 7.66% and 5.19%
compared to the best baseline SA. The target average classifi‑
cation accuracy of our method reaches 70.47%, 2.57% more
than the best baseline. BDTFL performs better than JDA on
each task, which verifies the discriminative information is vi‑
tal to the transfer feature learning.
(2) Results on the CMU-PIE dataset (Table 3): On the most
tasks, BDTFL performs better than the others. The target aver‑

▼Table 2. Accuracy (%) on Office-31(Decaf7) Datasets
Task/
Method

1NN

PCA

GFK

TCA

JDA

SA

DTSL

BDTFL

A→D

59.6

60.6

52.0

56.2

56.8

61.0

60.0

62.65

42.4

44.6

41.8

44.3

44.8

46.9

46.6

54.56

46.2

46.6

A→W
D→A
D→W
W→A
W→D
Average

54.0
90.9
40.8
97.8
64.3

55.6
91.8
42.0
98.6
65.5

48.2
86.5
38.6
87.5
59.1

54.8
92.1
42.1
95.6
64.2

58.1
95.7
97.6
66.5

59.5
95.1
98.2
67.9

54.5

58.62

94.3

96.60

94.0

98.59

45.6

51.79

65.8

70.47

1NN: 1‑Nearst Neighbor Classifier
BDTFL: Balanced Discriminative Transfer Feature Learning for Visual Domain Adaptation
DTSL: Discriminative Transfer Subspace Learning
GFK: Geodesic Flow Kernel
JDA: Joint Distribution Adaptation
PCA: Pricipal Component Analysis
SA: Subspace Alignment
TCA: Transfer Component Analysis
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▼Table 3. Accuracy (%) on CMU-PIE Datasets
Task/Meth⁃
od

1NN

PCA

GFK

TCA

JDA

SA

DTSL

BDTFL

C05 →C07

26.1

24.8

26.2

40.8

58.6

26.8

65.9

67.3

C05→C27

30.7

29.3

31.2

59.6

83.7

30.9

82.0

89.9

45.0

59.8

71.4

80.4

52.5

57.7

77.5

76.1

C05 →C09
C05 →C29
C07→C05
C07→C09
C07→C27

C07 →C29
C09 →C05
C09→C07

C09 →C27
C09 →C29
C27→C05

C27 →C07
C27→C09

C27 →C29
C29→C05

C29 →C07
C29→C09

C29 →C27
Average

26.6
16.7
24.5
46.6
54.1
26.5
21.4
41.0
46.5
26.2
33.0
62.7
73.2
37.2
18.5
24.2
28.3
31.2
34.8

25.2
16.3
24.2
45.5
53.4
25.4
21.0
40.5
46.1
25.3
32.0
61.0
72.2
35.1
18.9
23.4
27.2
30.3
33.9

27.3
17.6
25.2
47.4
54.3
27.1
21.8
43.2
46.4
26.7
34.2
62.9
73.4
37.4
20.4
24.6
28.5
31.3
35.4

41.8
29.4
41.8

52.0
47.7
60.6

51.5

60.2

33.7

40.9

64.7
34.7
47.7
56.2
33.2
55.6
67.8
75.9

75.4
50.9
56.1
68.0
40.3
81.0
82.8
87.2

40.3

49.9

30.0

44.8

27.0
30.0
33.6
44.8

47.5
48.1
56.5
59.6

28.2
19.6
26.4
48.0
54.3
28.2

64.1

68.1

54.9

58.6

53.5

62.7

48.0

49.6

55.6

61.1

28.9

54.1

53.2

63.8

85.4

86.6

72.6

72.8

23.2
44.3
46.2
36.3

81.5

73.2

82.2

86.5

52.2

59.1

58.5

57.6

38.1
23.4
25.5
28.6
31.2
36.3

86.8

49.4

53.6

64.3

66.0

63.5

67.7

1NN: 1‑Nearst Neighbor Classifier
BDTFL: Balanced Discriminative Transfer Feature Learning for Visual Domain Adaptation
DTSL: Discriminative Transfer Subspace Learning
GFK: Geodesic Flow Kernel
JDA: Joint Distribution Adaptation
PCA: Pricipal Component Analysis
SA: Subspace Alignment
TCA: Transfer Component Analysis

age classification accuracy is 67.7%, 4.2% more than the best
baseline DTSL. On C05→
→C27 and C29→
→C05 tasks, our meth‑
od obtains significant performance improvements of 6.2% and
6.9% compared to the best baseline DTSL.

5 Conclusions

In this paper, we propose a novel method called BDTFL,
which adaptively balances the relationship of the marginal dis‑
tribution matching and the conditional distribution matching
and captures the category discriminative information. The
adaptive feature matching encourages the overlap between the
source domain and target domain to be more accurate. And
the category discriminative information can make samples
sharing the same label close and clusters with different labels
far away from each other, which can further boost the condi‑
tional distribution matching across domains. The discrimina‑
tive information is exploited to alleviate category confusion
during the domain-wise alignment. With the assistance of dis‑
criminative information, the source classifier can be well trans‑
ferred to the target domain and boost target classification per‑
formance. Our experiments verify the superiority of BDTFL.
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