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  Abstract — Low earth orbit (LEO) satellite 

constellation, as a typical non-terrestrial network 

(NTN), can provide ubiquitous connectivity for 

sixth generation (6G) wireless networks with low 

transmission delay. However, satellite 

communications (SATCOM) are still hampered by 

challenges such as scarcity of spectrum resources 

and significant path losses. In this paper, 

reconfigurable intelligent surfaces (RISs) are 

deployed to enhance the performance of 

long-distance satellite-terrestrial communication. 

Further, by exploring inter-satellite links, a joint 

active beamforming at satellites and passive 

beamforming at RISs design algorithm is proposed 

to improve the weighted sum rate (WSR) of 

satellite-terrestrial communication in the presence 

of inter-satellite interference due to spectrum 

sharing. Specifically, we adopt alternating 

optimization (AO) method to split the original 

problem into two sub-problems and then solve 

them step by step. Firstly, given passive 

beamforming at RISs, we solve the active 

beamforming design problem with a closed-form 

solution. Secondly, given the active beamforming, 

we design passive beamforming for RISs through 

the alternating direction method of the 

 

College of Information Science and Electronic Engineering, Zhejiang 

University, Hangzhou 310007, China. 

multipliers. Theoretical analysis and extensive 

numerical simulations demonstrate the 

effectiveness of our proposed algorithm in 

RIS-assisted LEO satellite constellation 

communications. 

  Keywords—6G, LEO satellite constellation, 

reconfigurable intelligent surface, 

beamforming design 

I. INTRODUCTION 

Nowadays, the fifth generation (5G) wireless 

network has entered the commercial stage and has 

been deployed and applied globally [1]. However, 5G 

solely encompasses densely populated regions, leaving 

a substantial portion of the earth's surface without 

network coverage, such as oceans, deserts, and remote 

mountainous areas [2]. Given the substantial expenses 

associated with establishing base stations and 

backhauls in these remote environments, satellite 

communication (SATCOM) network has been widely 

recognized as the non-terrestrial network (NTN) of 

future sixth generation (6G) systems, aiming to 

provide ubiquitous but low-cost communications. As 

of now, there have been numerous satellite projects, 

e.g., Starlink and OneWeb [3]. 

Amidst the array of satellite types orbiting at 

different altitudes, low earth orbit (LEO) satellites 
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have become a focal point because of their superior 

signal strength, shorter transmission delays, and 

greater cost-effectiveness in contrast to satellites 

positioned at higher orbits. Since LEO satellite moves 

very fast, a massive number of satellites forming a 

constellation provides continuous communications. For 

instance, Starlink will contain a total of 42000 LEO 

satellites. These satellites exchange data via 

inter-satellite links from one satellite to another and 

finally to the user equipments (UEs), and achieve 

continuous coverage of a specific area through satellite 

handover. This approach enables internet connectivity 

in remote or underserved areas all the time [4]. 

However, satellite-terrestrial communication still 

faces many challenges. For instance, in 

satellite-terrestrial communication, the path loss with 

long propagation distance is still much higher than that 

of terrestrial communications. Moreover, the channels 

between satellite and terrestrial UEs are affected by 

weather and obstacles seriously, which makes the 

communication quality susceptible to small-scale 

channel fading. In particular, the non-line of sight 

(NLoS) link experiences significant degradation in 

urban areas, [6]. To mitigate the effect of small-scale 

channel fading on the transmitted signal, channel 

equalization technologies, such as linear equalization 

[7]
 
and least square equalization [8] are commonly 

used in SATCOM. In addition, SATCOM faces the 

challenge of scarce frequency resources, especially 

with the increasing number of satellites. To bolster 

spectral efficiency, the aggressive full frequency reuse 

(FFR) scheme [9] has been introduced into LEO 

satellite constellation communications. Notably, an 

aggressive utilization of frequency reuse will 

unavoidably lead to significant interference, thus 

requiring the use of interference management 

techniques, such as beamforming [10] and precoder 

[11]. However, these techniques can not completely 

eliminate interference. Fortunately, the recently 

emerged reconfigurable intelligent surface (RIS) is a 

possible technique that can overcome these challenges. 

RIS, as a 6G candidate technology, has garnered 

significant attention. Specifically, RIS is a metasurface 

formed by numerous independent and controllable 

passive reflective elements. Every element can 

autonomously adjust phase shifts of the incident 

signals via a control board [12]. RIS has the potential 

to transform wireless communication by enabling the 

manipulation of electromagnetic signals to enhance 

communication reliability [13], coverage [14], 

efficiency [15], and so on [16], [17]. The challenges 

faced by LEO SATCOM can be further solved by 

applying RIS to LEO SATCOM. On the one hand, RIS 

compensates for path loss by adjusting the shape and 

direction of the signal beam to improve signal 

coverage and quality. On the other hand, RIS 

efficiently manages spectrum utilization by controlling 

signal reflection and transmission, enhancing spectrum 

efficiency, and enabling greater data transmission 

within limited frequency resources. Specifically, by 

reasonably designing the active beamforming of the 

satellites, the transmitted signals can be better beamed 

to the UE and cope with the interference. Further, by 

designing the passive beamforming of the RISs, the 

incident signal of the RIS can be well reflected to the 

UE, thus further enhancing the desired signal and 

suppressing the interference. 

Recently, some academic works have introduced 

RIS into SATCOM systems to enhance communication 

performance. In contrast to terrestrial communication, 

SATCOM employs RIS in two manners. The first one 

deploys RIS on satellites. For instance, the authors in 

[18] investigated the cooperative communication 

performance in a RIS-assisted SATCOM. In [19], RIS 
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was used to compensate for the significant path loss 

inherent in very high-frequency carriers, resulting in 

significantly improved error rate performance in 

massive swarms of LEO SATCOM. In particular, the 

authors in [20] proposed a novel strategy to maximize 

the LEO satellite coverage range by leveraging RIS 

into the LEO satellite network. The second one 

deploys RIS on the ground. For instance, the authors in 

[21] proposed a beamforming design scheme in the 

blocked RIS-assisted hybrid satellite-terrestrial relay 

network, exploiting RIS to minimize the total power of 

both satellite and base station (BS) while guaranteeing 

users' rate requirements. The work in [22] designed an 

energy-efficient RIS-aided non-orthogonal multiple 

access (NOMA) communication network for LEO 

SATCOM. The authors in [23] considered hardware 

impairments and interference, and then examined the 

effectiveness of RIS-assisted integrated 

satellite-unmanned aerial vehicle (UAV)-terrestrial 

networks, particularly in scenarios where a direct link 

is unavailable. In particular, the work in [24] designed 

a medium earth orbit satellite-to-ground network to 

simultaneously serve ground users' navigation and 

communication by adopting the NOMA technique and 

RIS. Feng et al. [25] proposed a RIS-assisted multiple 

satellites cooperative downlink transmission scheme to 

enhance communication by jointly optimizing 

beamforming vectors at satellites and phase shift 

optimization at RIS. Moreover, some studies advocate 

the deployment of RIS at both satellite and ground. 

The authors in [26] investigated the security of double 

RIS-assisted space-ground networks. 

Despite the works [18]-[26] have introduced RIS 

into SATCOM to enhance performance, most of them 

only considered simple scenarios involving a single 

satellite. In satellite constellation communications, 

inter-satellite interference often occurs among adjacent 

satellites [27]. Hence, mitigating interference is a 

crucial issue to ensure seamless coverage and high 

transmission rates. In this context, some effective 

interference cancellation techniques have been applied, 

i.e., resource allocation [28], channel allocation [29], 

power control [30], and beam management [31]. 

However, their systems did not consider the RIS 

technology. As far as the authors are aware, there is 

presently no research that applies RIS to alleviate 

interference and enhance communication in LEO 

satellite constellation communications. Therefore, We 

propose a RIS-assisted LEO satellite constellation 

communication framework, which aims to enhance 

satellite constellation communications through the 

joint beamforming design of satellites and RISs. The 

major contributions of this work can be summarized as 

follows: 

·  We propose a RIS-assisted LEO satellite 

constellation communication framework that leverages 

the cooperative nature of multiple satellites and RISs 

to improve the quality and efficiency of ubiquitous 

connectivity.  

·To maximize the weighted sum rate (WSR) of UEs 

within the power constraints of LEO satellites, a WSR 

maximization problem is formulated to jointly 

optimize the active beamforming at satellites and 

passive beamforming at RISs. To get a feasible 

solution, we decompose the original problem into two 

subproblems: active beamforming design and passive 

beamforming design. Given the passive beamforming 

of RISs, a closed-form solution for satellite active 

beamforming is obtained. This not only reduces the 

computational complexity but also improves the 

practicability of the algorithm. Given the active 

beamforming of satellites, the ADMM method is used 

to solve the non-convex unit module constraints. 

Compared with the common semidefinite relaxation 
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algorithm which cannot guarantee the feasible rank one 

solution, our proposed algorithm can achieve a 

near-optimal solution. 

·We delve into the convergence and complexity 

attributes of the proposed algorithm. Extensive 

numerical simulations further validate the superiority 

of the proposed algorithm, demonstrating significant 

performance improvements over existing benchmark 

algorithms as well as existing related works. 

The subsequent sections of this paper are structured 

as follows. Section II introduces the model of LEO 

satellite constellation communication and formulates 

the optimization problem of joint beamforming design. 

Then, Section III designs a joint beamforming design 

algorithm by solving the formulated optimization 

problem. Section IV validates the proposed algorithm's 

effectiveness through simulation results. Lastly, 

Section V provides the conclusion of this paper. 

Notations: ℂ�×�  denotes a complex matrix of size � × �. Bold uppercase and lowercase letters represent 

matrices and column vectors, respectively. ⊙ 

represents the Hadamard product. �(�,��) denotes 

the complex Gaussian distribution with � being the 

mean and ��  being the variance. | ⋅ |  and ∥⋅∥ 

denote a scalar’s absolute value and a vector’s L2 

norm, respectively. (⋅)�  and (⋅)�  denote the 

transpose and conjugate transpose, respectively. ℜ{⋅} 

represents the real part of a complex number. �	⋅		�� 

represents the 
-th diagonal element of the matrix. 

diag(⋅) denotes the process of diagonalization. �⋅�∗ 
and �⋅��  denote the conjugate and pseudo 

inverse,respectively. 

 

II. SYSTEM MOEEL AND PROBLEM 

FORMULATION 

A. SYSTEM MODEL 

Satellite 1 Satellite N

Inter-satellite link

RIS-assisted link

Directed link

Area n UEn,1

UEn,Kn

Area N

…

Satellite n

RIS1

RISN

Area 1

RISn

…

Figure 1 System model of RIS-assisted LEO satellite 

constellation communication 

Let us consider a RIS-assisted LEO satellite 

constellation, which consists of a massive number of 

LEO satellites equipped with �	  antennas, 

communicate with UEs on the ground, as illustrated in 

Fig. 1. Within the constellation, there are � adjacent 

satellites providing service to the total  UEs. All 

UEs are randomly distributed in � ground areas, each 

served by one satellite. Specifically, the � -th area 

contains 
 UEs served by the �-th satellite with the 

multi-beam technique. Due to the long propagation 

path and the FFR scheme adopted in the whole 

constellation, the received signals of UEs suffer from 

significant attenuation and interference from adjacent 

satellites. Thus, one RIS equipped with �� reflecting 

elements per area is used to improve communication 

quality, which is strategically deployed on the building 

surface while ensuring that the line of sight (LoS) link 

exist between RIS and UEs. In other words, the UE 

receives signals from both the satellite and the RIS. 

For brevity, let LEO
  and RIS
  represent the LEO 

satellite and the RIS serving the �-th area, respectively, 

while UE
,� denotes the 
-th UE located in the �-th 

area. 

During each time slot, the channels remain constant 

and fade independently from slot to slot. At the 

beginning of each time slot, the system acquires 

channel state information (CSI), which is then shared 

among all LEO satellites via inter-satellite links. Based 

on the obtained CSI, all LEO satellites collaboratively 

design active beamforming for satellites and passive 
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beamforming for RISs to mitigate co-channel 

interference and enhance overall system performance. 

With the active beamforming at each satellite, LEO
 

constructs a transmitted signal as  

 �
 = ∑ 	��

�� �
,��
,� , (1) 

where �
,�  is the �	 -dimensional active 

beamforming vector designed for UE
,�, �
,� is the 

transmitted symbol for UE
,� , which satisfying ���
,��
,�� = 1  and ���
,��
�,��� = 0, ∀(�′,
′) ≠

(�,
) . Then the signal is sent over the downlink 

channel, and then arrives at the UEs via the direct link 

and the RIS-assisted link. 

For the direct link, in light of the signal propagation 

traits within LEO SATCOM [32], the channel between 

LEO� and UE
,� can be expressed as 

��,
,� = ���,
,���,
,��

� ⊙ ��,
,� , (2) 

where ��,
,� is the large-scale fading factor, which is 

given by  

��,
,� = � �

�����,�,�
�� ��,�

���
, (3) 

with � being the speed of light, � being the carrrier 

bandwidth, �  being the carrier frequency,   being 

the receive noise temperature, ! being the Boltzmann 

constant, "
,�  being the receive gain of UE
,�  and #�,
,�  being the propagation distance between LEO� 

and UE
,� . In addition, ��,
,�  represents the �	-dimensional satellite antenna gain vector of LEO�, 

which of its $th element is expressed as  

[��,
,�]� = %� &��(��)

���

+ 36
��(��)

��
�

', (4) 

where %�  is the maximum satellite launch gain of 

LEO�  and (� = 2.07123 &sin)*�,�,
,�+/sin)3*����+' 

with *�,�,
,�  being the angle between the $ th 

antenna of LEO�  and UE
,� , *����  being the 3dB 

angle, ,� and ,� are the first order and third order 

Bessel functions of the first kind, respectively. 

Moreover, ��,
,� = -�,
,�.���,�,� is the rain attenuation 

vector between LEO� and UE
,� with /�,
,� being a 

phase vector whose elements follow uniform 

distribution from 0 to 20, and -�,
,� being the rain 

attenuation gain, which has a dB form -�,
,��� =

20log� -�,
,� with log-normal distribution ln)-�,
,��� + ∼���� ,����. 
For the RIS-assisted link, it comprises two 

subchannels, i.e., the subchannel between LEO 

satellite and RIS and the subchannel between RIS and 

UE. In general, there exist LoS components in 

RIS-assisted channels. In this context, the subchannel 

between LEO� and RIS
 is denoted as  

1�,
 = 2�,
 �3 !�,�

!�,�"�
1�,
#$% +3 �

!�,�"�
1�,
&#$%�, 

where 2�,
 denotes the channel gain between LEO� 

and RIS
, given by  

 2�,
 = ��′�,
�′
�,


�

� ⊙ �′�,
. 
Similar to the direct channel, ��′�,
, �′�,
 and �′�,
 

denote the large-scale fading, transmit antenna gain 

and rain attenuation of the subchannel between LEO� 

and RIS
, respectively. In addition, 4�,
 is the Rician 

factor, 1�,
#$% ∈ ℂ�	×�
  and 1�,
&#$% ∈ ℂ�	×�
  are the 

LoS and NLoS constituent parts of the subchannel 

between LEO�  and RIS
 , respectively. In particular, 

the elements of 1�,
&#$% adhere to �(0,1), and 1�,
#$% 

is specified as  1�,
#$% = 5�	

� (6′�,
)5�

(6�,
), 

where 5�

(6�,
)  and 5�	

� (6′�,
)  are the array 

response of LEO� and RIS
, respectively. Specifically, 5�

(6�,
)  and 5�	

� (6′�,
)  with half-wavelength 

antenna spacing can be formulated as [33]  5�

(6�,
) = 71, .��	'
((�,�), ⋯ , .�(�
)�)�	'
((�,�)8, 

and  5�	
(6′�,
) = 71, .��	'
((��,�), ⋯ , .�(�	)�)�	'
((��,�)8 

where 6�,
 and 6′�,
 are the angle of depature (AoD) 

at LEO� and the angle of arrive (AoA) at RIS
 of the 

signal from LEO� to RIS
, respectively. 

The phase of the signal arrived at the RIS is adjusted 

by the reflecting elements. Through careful design of 

these phase shifts, the signal reflected by RIS can 

amplify the desired signal and alleviate the 

inter-satellite interference, namely passive 

beamforming at RIS. Let 9
,� denotes the phase shift 

of the $th reflecting element of RIS
 , the passive 

beamforming matrix of RIS
 is given by  :* = diag{.�+�,� , .�+�,� , . . . , .�+�,�	}. 
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Finally, UE
,� receives the reflected signal through 

the subchannel between RIS
  and UE
,� , which is 

represented as  

;
,� = 2′
,�(3 !��,�

!��,�"�
;
,�#$% +3 �

!��,�"�
;
,�&#$%), (11) 

where 2′
,��#�� = 128.1 + 27.6log� <
,�  denotes 

the distance dependent large-scale channel fading 

factor with the distance <
,��km� between RIS
 and 

UE
,�, 4′
,� is the Rician factor of the subchannel 

between RIS
  and UE
,� , ;
,�#$% ∈ ℂ�	×�  and ;
,�&#$% ∈ ℂ�	×�  are the LoS and NLoS constituent 

parts of the subchannel between RIS
  and UE
,� , 

respectively. Each element of ;
,�&#$% obeys �(0,1), 

and ;
,�#$% is given by  

 ;
,�#$% = =�	
(6′′
,�), (12) 

where =�	
(6′′
,�) is the array response of RIS
 and 6′′
,� is the AoD of the reflected signal with respect 

to UE
,� . In this context, the equivalent channel 

between LEO�  and UE
,�  can be represented as �> �,
,�� = ��,
,�� + ;
,�� :
1�,
1. 
Due to the high mobility of LEO satellites, the 

communication between LEO satellites and UEs are 

affected by severe Doppler frequency shifts. To 

enhance the communication quality, the compensation 

of the Doppler frequency shift should be carried out. It 

is reasonably assumed that the Doppler frequency shift 

can be estimated perfectly, and then pre-compensation 

at LEO satellites and post-compensation at UEs are 

jointly performed [34]. In this way, the Doppler 

frequency shifts can be effectively eliminated. Thus, 

the received signal at UE
,� can be represented as  

?
,� = @	�

��

�> �,
,�� �� + Ω
,� 

= �> 
,
,�� �
,��
,�ABBBCBBBD
,-./0-,	./2345

+ �> 
,
,�� @ 	��

��,�6�

�
,��
,�ABBBBBBCBBBBBBD
/3704)40-4/37-08-0-39-

 

                                                        
1 In general, since the distances between different areas are long, 
the signals reflected by the RIS to other areas can be 
neglected. 
 
 

+∑ 	�
��,�6
 ∑ 	��

�� �> �,
,�� ��,���,�ABBBBBBBCBBBBBBBD
/37-0)40-4/37-08-0-39-

+ Ω
,�E
3$/.-

, 

In this context, the attainable data rate for UE
,� can 

be computed as 

 F
,� = log�(1 + Γ
,�), 

where Γ
,� is the signal to interference plus noise ratio 

(SINR) of ?
,�, given by  

Γ
,� =
|:; �,�,�

� <�,�|
�

∑ 	�
��

∑ 	
��

��,

(�,�)�(�,�)

|:;
�,�,�
� <�,�|�">

�,�
�

. 

 

B. PROBLEM FORMULATION 

Considering the limited power of LEO satellites, our 

goal is to maximize the WSR of all UEs under power 

constraints by jointly designing the active 

beamforming of LEO satellites and the passive 

beamforming of RISs. Therefore, the mathematical 

formulation of the optimization problem is given by   

max
?,@

	∑ 	�

� ∑ 	��

�� G
,�F
,� 

�. H.		 ∑ 	��

�� ∥ �
,� ∥�≤ I
A4B, ∀� ∈ �, 		0 ≤ 9
,� < 20, ∀� ∈ �, ∀$ ∈ �� , 
where J = {�
,� , ∀
 ∈ 
, ∀� ∈ �}  and : =K:
, ∀� ∈ �L represent the collections of optimization 

variables. For problem (16), the objective function (16) 

corresponds to the WSR of all UEs, with G
,� ∈ �0,1� 
representing the priority coefficient for UE
,� . In 

particular, a larger G
,� means a higher priority for 

the UE. Constraint (17) denotes the power restriction 

for each LEO satellite, with I
A4B  representing the 

maximum transmit power of LEO
 . In addition, 

constraint (18) imposes the unit modulus constraint on 

each RIS reflecting coefficient. Deriving an optimal 

solution for problem (16) within polynomial time is 

challenging because of the coupled optimization 

variables J and : in the objective function (16), as 

well as the non-convex constraint (18). To address this, 

we propose a suboptimal but effective algorithm. 

 

III. JOINT OPTIMIZATION ALGORITHM 

DESIGN 
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In this section, we focus on the design of a joint 

beamforming algorithm for RIS-assisted LEO satellite 

constellation communications by solving the 

optimization problem (16). Consider the two 

optimization variables, the active beamforming J 

impacts the beamforming at satellites, while the 

passive beamforming :  influences the equivalent 

channels. Both of them can affect the received signal 

quality at the UEs. When one of them is given or fixed, 

we can adjust the other to achieve improved 

performance. Specifically, we transform the objective 

function (16) containing fractional and logarithmic 

terms into a convex form of each variable. 

Subsequently, we adopt the alternating optimization 

(AO) approach to decompose the optimization 

variables and iteratively tackle the two resulting 

beamforming optimization sub-problems. In the 

following, we solve the optimization problem in detail. 

 

A. OBJECTIEV FUNCTION TRANSFORM 

Herein, we transform the objective function (16). 

Firstly, upon introducing the receivers M
,�  for 

resultant signal ?
,� at UE
,�, the mean square error 

(MSE) of ?
,� is computed as (17) at the beginning of 

the following page, where  

N
,� = ∑ 	�
�� ∑ 	��

�� (�> �,
,�� ��,���,�
� �> �,
,�) + �
,�� . 

It is evident that the minimization of MSE
,� occurs 

only when M
,� = �
,�
� �> 
,
,�N
,�)�  as derived from 

(17). In this way, the minimum MSE (MMSE) of 

UE
,� 

OPQ
,� = �7)M
,�?
,� − �
,�+∗)M
,�?
,� − �
,�+8 															= M
,�N
,�M
,�� − M
,��> �,
,�� �
,� −�
,�
� �> �,
,�M
,�� + 1 

= )M
,� −�
,�
� �> 
,
,�N
,�)�+N
,�)M
,� −�
,�

� �> 
,
,�N
,�)�+� + 1 −�
,�
� �> 
,
,�N
,�)��> 
,
,�� �
,� , (17)

be experssed as .
,� = 1 −�
,�
� �> 
,
,�N
,�)��> 
,
,�� �
,� 

 =
C�,�)<�,�

� :; �,�,�:; �,�,�
� <�,�

C�,�
 

 =
�

�"D�,�
. (19) 

Therefore, by substituting (19) into (16), we can 

reformulate the objective function (16) as  

min
?,@

	∑ 	�

� ∑ 	��

�� G
,�log�(.
,�)�). (20) 

Note that the minimization of a MMSE function is the 

same as the minimization of a MSE function with the 

MMSE receiver. Furthermore, the MSE
,� is convex 

to each optimization variable, facilitating the 

transformation of the objective function. Hence, we 

rewrite the objective function (20) as  

min
?,@,E

∑ 	�

� ∑ 	��

�� G
,�log�)MSE
,�+, (21) 

where R = �M
,� , ∀� ∈ �, ∀
 ∈ 
� is the colloction 

of receivers. Unfortunately, the objective function (21) 

is still non-convex because of the logarithm term. Next, 

through the introduction of auxiliary variables 

S = �T
,� , ∀� ∈ �, ∀
 ∈ 
�, we convert the objective 

function (23) as [35] 

min
E,?,F,@

∑ 	�

� ∑ 	��

�� G
,�(T
,�MSE
,� − log�)T
,�+), (22) 

Upon computing the first derivative of the function (22) 

concerning T
,� , the optimal T
,�  can be obtained, 

i.e., T
,� = MSE
,�
)� . Although there are more 

optimization variables in (22) than that in (16), we 

have successfully addressed the fractional and 

logarithmic terms. Furthermore, for a given active 

beamforming J  or passive beamforming : , the 

function (22) is convex to the other when R and S 

are fixed. Thus, we adopt the AO approach to address 

the optimization problem in the following. 

 

B. ACTIVE BEAMFORMING DESIGN 

In this subsection, we focus on optimizing active 

beamforming J while keeping passive beamforming : fixed. Thus, the active beamforming optimization  

sub-problem is simplified as  
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min
E,?,F

	∑ 	�

� ∑ 	��

�� G
,�(T
,�MSE
,� − log�)T
,�+) (23) 

 s. t.		(16b). 

This can be readily confirmed as a convex problem for 

each variable when the other variables are held 

constant and can be solved easily. Firstly, we calculate 

the variables R and S. For the receiver M
,� , it is 

equal to the MMSE receiver �
,�
� �> 
,
,�N
,�)� . For the 

auxiliary variable T
,�, it is should be MSE
,�
)� . Then, 

with obtained R  and S , the optimal active 

beamforming �
,�  can be derived by using the 

Lagrangian multiplier method, which is given by 

�
,� = G
,�(@	�

��

@	��

��

G�,�T�,�|M�,�|��> 
,�,��> 
,�,�� + U
V)� 

⋅ T
,�M
,��> 
,
,� , (24) 

where U
 ≥ 0 is the Lagrangian multiplier, and it 

should be chosen to ensure power constraint at LEO
.  

With the active beamforming solution expression (24), 

the transmit power at LEO
 can be formulated as a 

function of U
, given by  

 W
(U
) = ∑ 	��

�� ∥ �
,� ∥� 															= ∑ 	��

�� �
,�(�> 
,
,�� [(P
 + U
V)�]�(P
 +U
V)��> 
,
,�), (25) 

where �
,� = |G
,�T
,�M
,�|� and  

P
 = ∑ 	�
�� ∑ 	��

�� G�,�T�,�|M�,�|��> 
,�,��> 
,�,�� . (26) 

Since the matrix P
 is a Hermitian matrix, it can be 

unitarily diagonalized. Upon applying the singular 

value decomposition (SVD) method, P
  can be 

decomposed as  

 P
 = X
Λ
X

�, (27) 

where Λ
 is a diagonal matrix containing -̃
 positive 

eigenvalues and �	 − -̃
  zero eigenvalues with -̃
 

being the rank of P
 , X
  contains the singular 

vectors corresponding to the eigenvalues. Then, by 

substituting (27) into (25), the function (25) can be 

rewritten as  

W
(U
) = ∑ 	�


��

[G�]��

([H�]��"I�)
�
, (28) 

where Z
 = ∑ 	��

�� �
,�X

��> 
,
,��> 
,
,�� X
 . It is clear 

that W
(U
)  decreases consistently as U
  increases. 

Therefore, if -̃
 = �	 and W
(0) ≤ I
A4B, the optimal 

U
  is zero and the optimal solution of active 

beamforming is  

�
,� = 3J�
���

K�( )
G
,�T
,�M
,�PL��> 
,
,� . 

Else, the optimal U
 should be determined within the 

search interval (0, U
MN), where the upper bound of the 

interval U
MN is given by  

 U
MN = [∑ 	
�


��
[O�]��

J�
���

. 

Upon using the bisection search method, the optimal 

multiplier U
$P7  can be derived and the optimal 

solution of active beamforming can be obtained by 

substituting it into (24).  

 

C. PASSIVE BEAMFORMING DESIGN 

In this subsection, we focus on optimizating the 

passvie beamforming : . Due to the long distance 

between different service areas, the RIS only serves the 

UEs within its located area, and the signals from the 

RISs belonging to the other areas is negligible. In other 

words, RIS for each area can be optimized individually. 

Therefore, with fixed active beamforming J , the 

problem (16) can be divided into �  single RIS 

optimization problems, allowing for optimization in 

parallel at different satellites. In this context, the 

problem of passive beamforming optimization of RIS
 

is denoted as   

min
E�,@�,F�

∑ 	��

�� G
,�(T
,�MSE
,� − log�)T
,�+) 

					s. t.			|9
,�| = 1, ∀$ ∈ �� , 
where R
 = �M
,� , ∀
 ∈ 
�  and S
 = {T
,� , ∀
 ∈
} are the sets of receivers and auxiliary variables for 

the UEs in the � -th area, respectively. For 

convenience, the equivalent channel between LEO� 

and UE
,� is reformulated as  �> �,
,�� = ��,
,�� +\

�diag);
,�� +1�,
, 

where \
 = []
,�, ⋯ ,]
,�] = �[:
]��, ⋯ , [:
]��	 . 

Then, MSE
,� in equation (17) with J�,� = ��,���,�
�  

can be expressed as  

MSE
,� = \
^
,�\

� + 2ℜ{\
_
,�} + `
,� + 1, 

where 
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^
,� =

|M
,�|�∑ 	�
�� ∑ 	��

�� diag);
,�� +1�,
J�,�1�,
� diag);
,�+, (34) 

 _
,� = |M
,�|�∑ 	�
�� ∑ 	��

�� diag);
,�� +1�,
J�,���,
,� 

 −diag);
,�� +1
,
�
,�M
,� (35) 

and  `
,� =

|M
,�|�∑ 	�
�� ∑ 	��

�� ��,
,�� J�,���,
,� +

														2ℜ{M
,��
,�� �
,�}. (36) 

By updating R
 and S
 in a manner similar to the 

active beamforming design and eliminating the 

constant terms, problem (31) is reduced as   

min
Q�

	\
^′
\

� + 2ℜ{\
_′
} (37a) 

s. t. |]
,�| = 1, ∀$ ∈ �� , (37b) 

where  ^′
 = ∑ 	��

�� G
,�T
,�^
,� (38) 

and  _′
 = ∑ 	��

�� G
,�T
,�_
,� . (39) 

Because of the unit modulus constraint (37b), problem 

(37) remains non-convex. To this end, we adopt the 

ADMM to address it. Upon introducing dual variable a
 = 7b
,�, b
,�, … , b
,�8  and a penalty term 

R

�
∥ \
 −c
 ∥�  into problem (37) to address the 

non-convex constraint (37b), we have   

min
Q�,S�,T�

\
^′
\

� + 2ℜ{\
_′
} + ℜKa�(\
 −c
)L 

+
R

�
∥ \
 −c
 ∥� (40a) 

							s. t.		|]
,�| ≤ 1, ∀$ ∈ �� , (40b) 

|d
,�| = 1, ∀$ ∈ �� , (40c) 

where c
 = [d
,�, ⋯ ,d
,�	
]  are the auxiliary 

variables. It is evident that problem (40) is convex for 

each variable when the other two variables are fixed 

and can be addressed by alternately updating each 

variable until convergence, and the updating method of 

each variable is introduced in the following. Firstly, 

when a�  and c
  are fixed, the problem (40) is 

simplified as  

min
Q�

	\
^′
\

� + 2ℜ{\
_′
} + ℜKa�(\
 −c
)L 

 +
R

�
∥ \
 −c
 ∥� 

 s. t. �40b�, 
which is convex and can be readily addressed using 

mathematical toolboxes like CVX. For variable c
, 

with obtained \
 and a
 from the last iteration and 

eliminating constant terms, problem (41) is simplified 

as   

 min
T�

	ℜK−�a
 + e\
��c
L 
 s. t. |d
,�| = 1, ∀$ ∈ �� , 

which has an optimal closed-form solution for c
, 

given by  

 c
 = .�∠(S�"RQ�). 

For variable a
, the optimal solution with obtained c
 and \
 is expressed as 

 a
 = a
 + e(\
 −c
). 

By iteratively optimizing the active beamforming and 

passive beamforming until convergence, we can 

maximize the WSR of RIS-assisted LEO satellite 

constellation communication under power constraints. 

In conclusion, the joint beamforming design is 

summarized in Algorithm 1 on this page.  

Table 1 The joint beamforming design algorithm 

Algorithm 1: The joint beamforming design 

Input:	��,
,� , ;
,� ,1�,
,�,
,I
A4B, A4B,�� ,�
,��  

Output: :
,�
,� 

1: Initialize iteration index f = 1 , convergence 

criteria Δ = 1 , feasible active beamforming J , 

passive beamforming :, a
 , c
  and set weighted 

sum rate WSR(�) = 0. 

2: While	Δ > 0.01	and	f <  A4B 

3:  Calculate M
,� = �
,�
� �> 
,
,�N
,�)�  and T
,� =

MSE)�. 

4:    For � = 1:� 

5:      Calculate the W
(0) according to (28); 

6:      if W
(0) ≤ I
A4B then 

7:        Obtain �
,�

('"�)
 according to (29); 

8:      else 

9:        Get the U
$P7 by the bisection search 
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method and then Obtain �
,�

('"�)
 by 

substituting U
$P7 into (24) 

10:     end if 

11:   end for 

12：  For � = 1:� 

13:     Calculate ^′
 and _′
 according to (38) 

and (39); 

14:     Repeat 

14:       Calculate passive beamforming \

('"�)

 

by solving problem (41); 

15:       Update c
 and a
 according to (43) 

and (44); 

16:     Until convergence 

17:   end for 

18:    Update �> �,
,��  according to (32); 

19:    Update WSR('"�) = ∑ 	�

� ∑ 	��

�� G
,�F
,�; 

20：   Update Δ = WSR('"�) − WSR('); 

21：   Update f = f + 1;  

 22： end while 

 

D. ALGORITHM ANALYSIS 

Herein, we explore the convergence and complexity characteristics of the proposed joint beamforming design algorithm, respe

In Algorithm 1, the optimal solution of (16) is 

achieved by iteratively optimizing : and J. At fth 

iteration, let ℱ(J('),:(')) represent the value of the 

objective function (16a). To be specific, we start by 

solving the convex problem (23), which corresponds to 

the original problem (16a) with fixed :(') . After 

obtaining J('"�) from Step 3 to Step 11, we get  

ℱ(J('"�),:(')) ≥ ℱ(J('),:(')). (45) 

Then, with obtained :('"�) from the Step 12-17 of 

Algorithm 1, we get  

ℱ(J('"�),:('"�)) ≥ ℱ(J('"�),:(')), (46) 

which holds true because problem (41) is the 

augmented Lagrangian problem of problem (37), and 

the convergence of these two problems is identical and 

can be guaranteed [36]. Finally, according to (45) and 

(46), we get  

ℱ(J('"�),:('"�)) ≥ ℱ(J('),:(')), (47) 

which indicates that the WSR is non-decresing after  

each iteration. Moreover, there is a definite upper 

bound of WSR under the given maximum transmit 

power constraints. Therefore, we can affirm that 

Algorithm 1 will converge, as per the monotone 

boundedness theorem [37]. Furthermore, we 

demonstrate the convergence under different power 

constraints in Fig. 2. Observably, Algorithm 1 

converges after less than 10 iterations.  

Next, we analyze the computational complexity of 

Algorithm 1. Since each UE has only one antenna, the 

major complexity of the active beamforming design 

comes from the multiplication of complex matrices and 

the SVD of matrices. Specifically, the complexity 

involved in computing matrix Z
, ∀� ∈ �  is g����	��. The complexity of the decomposition of 

matrix P
, ∀� ∈ �  is g���	�� . The complexity of 

calculating the optimal active beamforming J for all 

UEs is g��	�� . Thus, the overall complexity of 

active beamforming design is g��	��. For passive 

beamforming design, the primary complexity arises 

from resolving the problem (41), which encompasses �� optimization variables and is subject to �� linear 

matrix inequality (LMI) constraints concerning each 

variable. Hence, the overall complexity of passive 

beamforming design is g h2√2�����j  [38]. Finally, 

the total computational complexity of Algorithm 1 is 

g h�	� + 2√2�����j. 

 

IV. NUMERICAL RESULT 

This section performs extensive numerical simulations to evaluate 

UEs are distributed according to the commonly 

adopted Poisson point process (PPP) within the 

circular area centered on the RIS with a specified 

radius. Unless otherwise stated, the parameters are 

listed in Table 2. In particular, we compare the 

proposed algorithm to benchmark algorithms listed 

below:   

• Without RIS: No RIS is deployed in the network. To 

be specific, we set the subchannels 1�,
 and ;
,� in 

RIS-assisted link to zero matrices and only the active 

beamforming design is executed.  

• Random RIS: RISs are deployed in the network with 
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random passive beamforming and only the active 

beamforming design is executed.  

• Upper bound [39]: Relax the unit modulus constraint 

(41) to |]
,�| ≤ 1 and solve problem (31) to get the 

passive beamforming, while the active beamforming 

design is the same as the proposed algorithm.  

• Convex-concave procedure (CCP) algorithm [40]: 

Implement passive beamforming design with the 

penalty CCP. Specifically, by rewriting the unit 

modulus constraint (41) as 1 ≤ |]
,�| ≤ 1, we have 

two new inequality constraints. Then, the right-hand 

inequality 1 ≤ |]
,�|  can be transformed into 

1 ≤ 2ℜ k]
,�]
,�(') l− |]
,�(') |�  by using the 

successive convex approximation (SCA) method, 

where ]
,�(')  is the solution of ]
,�  obtained from 

the f -th iteration. Upon introducing 2�� slack 

variables �.�, .�, .�, . . . , .��	
�  and penalty term e(')∑ 	��	

�� .�, the problem (31) can be reformulated as   

min
Q�

	\

�^
\
 + 2ℜ{\


�_
} + e(')∑ 	��	

�� .� (48a) 

s. t. |]
,�U'V |� − 2ℜ k]
,�]
,�U'V l ≤ .� = −1, ∀$ ∈ �� , (48b) 

							|]
,�| ≤ 1 + .�"�	
, ∀$ ∈ �� , (48c) 

where e(') represents the penalty factor in the f-th 

iteration.  

·Semidefinite relaxation (SDR) algorithm [41]: Implement passive beamforming design by adopting the SDR technique. Speci

 min
Q�

	\m
Ϝ
\m
� (49a) 

 s. t. |]
,�| = 1, ∀$ ∈ �� , (49b) 

where \m
 = [\
, 1] and  

 Ϝ
 = n^′
 _′

(_′
)

� 0
o. (50) 

Finally, by defining p
 = \m
�\m
  and adopting the 

SDR technique, the problem can be rewritten as   

 min
W�

	trKp
Ϝ
L (51a) 

s. t. [p
]'' = 1, ∀f ∈ (�� + 1), (51b) 	p
 ⪰ 0. (51c) 

which is a semidefinite programming (SDP) problem, 

and can be solved easily. Finally, the passive 

beamforming can be obtained from the solution of 

problem (51).   

Table 2 PARAMETER SETUP 

Parameter Value 

Propagation distance #�,
 550 km 

Carrier frequency � 30 GHz 

Spectrum bandwidth � 25 MHz 

Number of satellites � 3 

Number of antennas �	 32 

Maximum transmit power I
A4B 30 dBm 

Number of RISs � 3 

Number of UEs  24 

Priority coefficient of UEs G
,� 1 

Number of reflecting elements of RIS �� 

100 

Transmit gain to noise temperature "�/  

34 dB/K 

Satellite antenna gain q� 20 dBi 

Boltzmann constant ! 1.38 × 

10)��,/$ 

Rain attenuation mean �� -2.6 dB 

Rain attenuation variance ��� 1.63 dB 

AWGN variance �
,��  -170 dBm 

3dB angle *� 0.4° 

AoD of signals at LEO
 6�,
 [0/2,30/2] 

AoA of singal 6′�,
 [30/4,50/4] 

AoD of singal at RIS
 6′′�,
 [0,20) 

Rician factor of 1�,
 4 8 

Rician factor of ;
,� 4′ 10 

Maximum iteration number  A4B 30 

 

First, we show the convergence behavior of the 

proposed algorithm 1 under different maximum 

transmit power I
A4B, ∀� ∈ � in Fig. 2. It is clear that 

the WSR increases continuously during the iterations, 

with convergence achieved within 10 iterations across 

different maximum transmit power settings. 

Furthermore, the WSR improves accordingly as the 

maximum transmit power increases.  
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Figure 2 Convergence of the proposed Algorithm 1. 

 

Secondly, in Fig. 3, we analyze the performance 

enhancement of the proposed algorithm in contrast to 

the benchmark algorithms at different maximum 

transmit power levels. The performance improvement 

achieved by “Random RIS" can be disregarded when 

compared to the scenario without RIS. Instead, by 

employing the proposed algorithm to design the 

passive beamforming, a significant performance 

improvement can be achieved, thus enhancing the 

quality of service (QoS) for UEs. This is because even 

though the signals reflected by the RISs with random 

passive beamforming have not been perfectly aligned 

towards UEs, UEs can still receive the signals through 

the direct link with the active beamforming at LEO 

satellites. On the contrary, the signals reflected by the 

RISs with the designed passive beamforming can 

further strengthen the desired signal, while suppressing 

the interference. Moreover, the observed performance 

improvement of the proposed algorithm exceeds that of 

CCP algorithm and SDR algorithm. This is because the 

results obtained by the CCP algorithm utilizing the 

SCA method to deal with the unit modulus constraints 

are more deviated from the optimal solution, while the 

SDR algorithm often fails to get a optimal rank-one 

solution to problem (51) and then requires additional 

steps to construct a feasible solution for passive 

beamforming, such as the Gaussian randomization 

technique. Furthermore, the effectiveness of the 

proposed algorithm is further demonstrated by the fact 

that the performance of the proposed algorithm is close 

to the “upper bound". 

 

Figure 3 WSR versus the maximum tranmit power. 

 

Next, we show in Fig. 4 how the number of 

reflecting elements in RISs influences the system 

performance. The performance of the proposed 

algorithm is improved by increasing the number of 

reflecting elements. The reasons are two-fold. On the 

one hand, since the RIS contains many passive 

reflective elements, an increment in the quantity of 

these elements results in an increment in the signal 

power received by RIS. On the other hand, 

incorporating more reflective elements provides 

additional channels from RIS to UEs, increasing 

spatial flexibility. This enables RIS to more effectively 

boost the desired signal and suppress interference with 

the enhanced passive beamforming capability. 

Nevertheless, escalating the amount of reflecting 

elements in RIS not only escalates deployment costs 

but also magnifies the algorithm’s computational 

complexity. Therefore, it is meaningful to strike a 

tradeoff between the performance and the quantity of 

reflecting elements when deploying RIS in practice. In 

addition, Fig. 4 also demonstrates that deploying RIS 

with random passive beamforming may lead to a worse 

performance compared to the scenario without 

deploying RIS, which indicates that properly 

configuring RIS is equally crucial.  

Then, we demonstrated the influence of the 

distribution radius of UEs with respect to the RIS on 

the performance in each area, as shown in Fig. 5. The 

result indicates that the WSR decreases as the 

W
S

R
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b

p
s
/H

z
)
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distribution radius increases. When the distribution 

radius reaches 100 meters, the proposed algorithm 

performance approximates the scenario without RIS. 

This is because as the radius increases, the increased 

path-loss between the RIS and UE results in a weaker 

reflected signal received at the UE. Hence, it makes 

sense to deploy the RIS close to the UEs. 

 

Figure 4 WSR versus the number of reflecting 

elements. 

 

 

Figure 5 WSR versus the distribution radius. 

 

In Fig. 6, the proposed algorithm’s performance is 

assessed across orbital altitudes ranging from 300 to 

2000 kilometers, revealing a reduction in WSR with 

ascending orbit altitudes. It is due to the increment in 

orbital altitude resulting in augmented path loss for 

both the direct and RIS-assisted channels. In addition, 

higher orbit altitude also results in higher transmission 

delay. As a result, both academia and industry are 

placing great emphasis on very LEO (VLEO) satellites 

as they have the potential to support the ultra-low 

latency and high throughput requirements of future 6G 

networks [42].  

 

Figure 6 WSR versus the altitude of LEO satellites 

orbit. 

 

Figure 7 WSR versus the number of LEO satellite 

antennas. 

 

In Fig. 7, we show the effect of varying numbers of 

LEO satellite antennas on performance. The WSR 

demonstrates an increase with a diminishing rate as the 

number of antennas rises. This trend can be attributed 

to the amplified array gain and increased freedom 

resulting from the augmented number of antennas on 

the LEO satellite, which notably enhances the direct 

channels between the satellite and UEs. However, the 

WSR will not infinitely increase with the growing 
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number of antennas, as there are limitations on 

maximum transmit power. However, equipping more 

antennas on the satellite leads to increased production 

costs and heightened computational complexity in the 

design of active beamforming. Hence, it is crucial to 

select an optimal number of antennas that strikes a 

balance between performance and the associated 

production and computational costs. Furthermore, Fig. 

7 also indicates that the performance improvement 

achieved through optimizing passive beamforming at 

RISs diminishes as the number of satellite antennas 

increases. Thus, optimizing passive beamforming at 

RISs becomes essential for performance enhancement, 

especially when the antennas is few.  

 

Figure 8 Average rate versus the number of UEs. 

 

Finally, we depict the influence of joint 

beamforming design under different inter-satellite 

cooperation scenarios in Fig. 8. Here, “No 

inter-satellite cooperation" denotes that there doesn’t 

exist cooperation between satellites while each satellite 

designs the beamforming independently. In particular, 

the average rate is the result of dividing the WSR by 

the number of UEs, offering a better reflection on how 

the number of UEs influences system performance. 

The proposed algorithm surpasses the “No 

inter-satellite cooperation" obviously, especially in 

scenarios where the number of UEs is less. This occurs 

because the proposed algorithm maximizes the 

advantages derived from inter-satellite cooperation. 

Through inter-satellite cooperation, the shared CSI 

among satellites enables comprehensive consideration 

of all UEs when designing satellite active 

beamforming and RIS passive beamforming. Fig. 8 

also demonstrates that the performance improvement 

achieved by optimizing RISs under the inter-satellite 

cooperation scenario exceeds that in the no 

inter-satellite cooperation scenario, highlighting the 

advantage of deploying and optimizing RISs in the 

inter-satellite cooperation scenario. Furthermore, 

inter-satellite cooperation enables higher capacity and 

faster data transmission rates due to the ability of 

satellites to exchange data with each other. 

 

V. CONCLUSION 

In this paper, we presented a RIS-assisted LEO 

satellite constellation communication framework to 

provide global coverage for ground UEs. By deploying 

the RISs in ground areas, the signals at UEs were 

significantly enhanced. To maximize the WSR of UEs 

while constraining the transmit power of the satellites, 

a non-convex optimization problem was formulated 

and solved. In particular, the active beamforming at 

satellites and the passive beamforming at RISs were 

jointly optimized by making use of inter-satellite links. 

Through the joint optimization of the beamforming, 

the inter-satellite interference is well suppressed and 

the communication quality is enhanced. Simulation 

results confirmed the effectiveness of the proposed 

joint beamforming design algorithm for RIS-assisted 

LEO satellite constellation communications. 
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热红外双向加密采样模式超分辨率方法研究 

赵泉
1
，王密

1
，谢广奇

2
 

摘  要：本文介绍了热红外载荷的双向加密采样的原理与方法，验证了该模式超分辨率的效果，提出了一种顾

及硬件特性的最大后验概率（MAP）超分辨率方法。在双向加密采样的硬件基础上，引入了观测方程模型和

MAP 方法实现影像超分辨率重建。资源一号 02E 卫星的热红外载荷是我国首个通过“双向加密采样”的方式支

持影像超分辨率的遥感载荷。与 SPOT-5通过 2帧加密采样的模式类似，资源一号 02E在 SPOT-5加密采样模

式的基础上，再获取仅在沿轨方向偏移 0.5个像素与仅在垂轨方向偏移 0.5个像素的 2帧影像，即可以获取 4

帧存在半像素相对偏移的影像。本文使用资源一号 02E的真实热红外加密采样模式数据进行了 2倍超分辨率的

验证分析，实验表明双向加密采样的硬件模式相比常规成像模式能够有效提高分辨率。本文算法分别优于仅考

虑硬件特性的双向加密上采样与仅考虑软件算法的传统MAP超分辨率方法，是一种软硬件结合的有效超分辨

率方法，获得的超分辨率图像目视清晰，在保持较高信噪比的同时重建了影像的高频细节信息。 

关键词：热红外，资源一号 02E卫星，双向加密采样，超分辨率，最大后验概率 

A super-resolution method for thermal infrared  

bidirectional sub-pixel shifted sampling mode 

ZHAO Quan
1
, WANG Mi

1
, XIE Guangqi

2
 

Abstract: This paper describes in detail the principle and method of bidirectional overlapping sub-pixel shifted 

sampling of the thermal infrared camera of ZY-1 02E, verifies the effect of this mode of super-resolution, and 

proposes a super-resolution method that takes into account the hardware characteristics. Based on the hardware of 

bidirectional overlapping sub-pixel shifted sampling, the observation equation model and maximum a posteriori 

probability (MAP) method are introduced to realize the image super-resolution. The thermal infrared payload of 

ZY-1 02E satellite is the first remote sensing payload in China that supports image super-resolution by means of 

"bidirectional overlapping sub-pixel shifted sampling". Similar to the SPOT-5 mode, ZY-1 02E acquires 2 frames 

shifted by only 0.5 pixels in the along-track direction and then 0.5 pixels in the vertical direction additionally, i.e., 

it can acquire 4 frames with half-pixel relative shifts. In this paper, we use the thermal infrared overlapping 

sampling mode data of ZY-1 02E to validate and analyze super-resolution, and the experiments show that the 

hardware mode of bidirectional encrypted sampling can effectively improve the resolution compared with the 
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conventional imaging mode. The method proposed in this paper outperforms the bidirectional overlapping 

upsampling considering only hardware characteristics and the conventional MAP super-resolution method 

considering only software algorithms, respectively, and is an effective super-resolution method combining 

hardware and software, and the super-resolution images obtained are visually clear and reconstruct the 

high-frequency detail information of the image while maintaining a high signal-to-noise ratio. 

Key words: thermal infrared remote sensing, ZY-1 02E satellite, super resolution, bidirectional overlapping 

sampling, sub-pixel shifted, maximum a posteriori probability (MAP) 

1. 引言 

空间分辨率是遥感卫星对地观测的重要指标，衡量了遥感影像对地观测获取信息的能力。更高的分辨

率意味着更强的信息获取能力，遥感卫星对于提高分辨率的需求始终迫切。 

根据物理机理，提高卫星影像分辨率的几种方式包括：减小传感器探元尺寸、降低卫星高度、增大镜

头焦距。但显然，这些方法都是极大受制于传感器制造工艺、大气损耗、卫星体积，并且由于卫星传感器

分辨率逐渐接近光学系统衍射极限，单纯从上述硬件改善角度出发，无法有效地提升卫星影像分辨率。 

法国国家空间研究中心（CNES）从 1991年开始研究一种基于“半像素错位”加密采样的新型成像模

式和相应的超分辨率方法，并成功应用到了 SPOT-5卫星的研制中
00
。该方法将两条线阵 CCD在排列时在

沿轨与垂轨方向各偏移 0.5个像素，在推扫过程中，能够获取具有相对偏移的 2景影像，以达到加密采样

的效果。通过一次成像获得多幅存在已知的“亚像素错位”的影像，这样十分有利于后续利用亚像素位移

信息的互补来实现影像超分辨率，这种模式被称为“超模式”
0
。理论上 SPOT-5的这种超模式影像的空间

分辨率能够提升√2倍，SPOT-5卫星也成功验证了超模式方法的有效性
0
，也有相关学者基于 SPOT-5超模

式数据进行了超分辨率研究
000
。 

随着 SPOT-5的成功，国内外各单位在此基础上也提出了“高模式”的概念
0
，其核心思想是在超模式

的基础上，再获取仅在沿轨方向偏移 0.5个像素与仅在垂轨方向偏移 0.5个像素的两景影像，即可以获取 4

景存在相对偏移的影像。中国科学院西安光学精密机械研究所曾以面阵 CCD 做过类似的实验，实验表明

高模式超分的空间分辨率能够提升至原来的 2倍
0
。CNES对这种通过多帧“亚像素错位”影像融合得到更

高分辨率影像的技术在全世界范围内申请了专利，并长期维持了技术优势。国内研究者虽然也很早就注意

到了这一技术的重大应用潜力，但早期的研究多集中于用模拟图像来验证原理的正确性，由于缺乏遥感卫

星实际工程应用的支撑，国内的相关研究已经很长时间趋于停滞
0
。 

2022年中国资源卫星应用中心发射了资源一号 02E卫星（编号 ZY-1F）。资源一号 02E是我国首颗对
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高模式超分辨率进行实验验证的卫星，其搭载可见近红外载荷、高光谱载荷与热红外载荷。资源一号 02E

作为资源一号 02C、02D 的后续星，其所搭载的可见近红外载荷、高光谱载荷与资源一号 02D 基本一致，

为资源环境等遥感研究提供了国产数据支撑
00
。资源一号 02E 卫星搭载的热红外载荷，光谱覆盖范围为

7.7��~10.5��，常规成像模式空间分辨率为 15m。该热红外载荷的最大的特点是支持“高模式”超分辨

率成像功能，其能够在沿轨和垂轨两个方向加密采样，并且在两个方向上分别偏移 0.5 个像素，构成了超

分辨率的 4帧影像，根据加密采样硬件设计可以直接进行交错上采样实现即可实现影像的超分辨率。 

另一批研究者们希望从软件处理的角度来改善影像分辨率，恢复影像截止频率之外的高频信息。这一

类超分辨率技术的概念最早在上世纪 60年代，由 Harris
0
和 Goodman

0
提出。超分辨率重建技术具有进一

步提升遥感卫星影像空间分辨率的潜力。该技术可以通过对同一场景的单帧或多帧低分图像进行处理来获

取对应的高分图像。依据原理的不同，超分辨率算法可以被大致分为重构类算法与学习类算法两类。Tasi

和 Huang等人提出首个频率域重构方法
0
，Stark提出的凸集投影 POCS算法

0
和 Schultz等人提出的最大

后验概率 MAP 算法
0
则是空间域重构类算法的代表。近年来学习类方法也在超分辨率重建领域取得了较

好的效果，从 Dong等人提出 SRCNN
0
开始，学习类超分辨率方法发展出了基于 CNN的方法（如 EDSR

0
、

CRN
0
）、基于 GAN的方法（如 SRGAN

0
、ESRGAN

0
）、基于 Transformer的方法（如 SwinIR

0
、DSSTSR

0
）

等分支。超分辨率技术的原理在于多帧低分辨率影像序列中包含的亚像素位移信息可以进行互补来实现超

分辨率重建。然而无论是重构类还是学习类超分辨率算法大多仅适用于常规成像模式，往往需要先通过运

动估计和帧间匹配获得各帧空间位置对齐的影像，而双向加密采样的 4帧影像如果想要空间位置对齐就需

要进行额外的重采样，会造成信息损失和影像模糊。因此这些常规算法无法兼容双向加密采样的特殊硬件

模式，必须设计针对性的超分算法。 

仅仅对双向加密采样的 4帧影像进行交错上采样能考虑到硬件特性，但其超分辨率效果远远不够。而

常见的超分辨率算法研究又无法兼容双向加密采样的特殊硬件模式，难以直接应用于“亚像素错位”的影

像，否则会造成信息损失和影像模糊。因此需要结合硬件模式和算法研究，提出最适用于“亚像素错位”

模式的超分辨率方法，即一种软硬件结合的超分方法。本文的主要贡献包括： 

1）验证“亚像素错位”模式实现影像超分辨率的可行性，分析该模式相比于常规成像模式的优势； 

2）提出结合资源一号 02E 热红外“亚像素错位”硬件特性的超分辨率基本处理框架，并基于观测方

程和最大后验概率理论，提出一种针对该硬件特性的新型超分辨率方法； 

3）利用资源一号 02E 热红外双向加密采样的 4 帧真实数据验证本文方法效果，在高频细节信息恢复

和噪声抑制两个维度取得了综合最优。 
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2. 原理与方法 

2.1. 资源一号 02E 热红外载荷双向加密采样原理 

资源一号 02E热红外载荷由 2个芯片共 8片红外线阵 CCD探测器构成。红外探测器的芯片②为芯片

①的超分采样模组，位置关系如图 1所示，即芯片②与芯片①在垂轨方向偏移 0.5个像素以便在垂轨方向

进行加密采样。 

垂轨方向

0.5 像元

芯片①探元 芯片②探元
 

图 1 垂轨方向加密采样示意图 

而在沿轨 TDI方向上，资源一号 02E热红外传感器采用新的 TDI技术。为了在沿轨道方向加密采样，

它改变了奇偶行的积分开始时间，使它们相差 Ti/2，Ti为积分时间，如图 2所示。对单个芯片影像的奇偶

行进行分离既可获得沿轨方向上偏移 0.5个像素的两幅影像，又避免了积分时间除以 2造成的信噪比降低。 

沿
轨
方
向

0
.5

 像
元

 

图 2 单个芯片在沿轨方向加密采样示意图 

因此对于资源一号 02E热红外相机而言可以获得垂轨与沿轨两个方向上各偏移 0.5个像素的原始分辨

率影像。如图 3 所示即为双向加密采样示意图。在该模式下，相机能够获得垂轨、沿轨方向上各偏移 0.5

个像素的 4帧高模式加密采样模式的影像。 

垂轨方向

沿
轨
方

向

0.5 像元

0
.5

 像
元

芯片②芯片①

芯片①

t0时刻

芯片①

t1时刻

芯片②

t0时刻

芯片②

t1时刻

 

图 3 双向加密采样示意图 
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2.2. “亚像素错位”模式图像超分辨率流程 

“亚像素错位”模式图像由多帧具有亚像素错位的图像组成，要将它们融合并超分辨率，需要通过两

步处理：1）加密上采样：最终的影像格网（7.5m 分辨率）是由原始格网（15m分辨率）得到的，但其采

样间隔为原始格网的一半，因此首先需要将多帧图像融合并上采样成为同一张图像才能继续处理，称为多

帧加密上采样；2）超分辨率重建：基于上采样结果，可以将原始多帧图像作为序列输入，加密上采样结

果作为初值，运用多帧序列影像超分辨率重建方法进行处理。处理流程图如图 4所示。 

  

图 4 “亚像素错位”模式图像超分辨率处理流程图 

多帧加密上采样是将多帧图像的信息融合，并且进行上采样。一类方法是基于内插的方法，即基于帧

间“半像素错位”的固定位移关系进行内插和帧间平均
0
。一类则是根据这类特殊采样模式设计机理模型

进行处理。本文提出一种基于观测方程的多帧融合方法，基于高分辨率和低分辨率网格之间的灰度映射关

系，列出观测方程，从而重建高分辨率像素 DN值。 

多帧序列超分辨率是以第一步加密上采样的结果作为高分辨率图像的估计初值，基于原始具有亚像素

错位的图像进行超分辨率，主要采用 POCS、MAP等空间重构超分辨率方法。普通采样模式获取的序列影

像，其帧间亚像素错位关系是随机和不可控的，与之相比高模式加密采样模式获取的序列影像则拥有确定

的亚像素错位关系，因此必须对常规序列影像超分辨率方法进行一定的改进。 

2.3. 多帧加密上采样方法 

（1）基于内插的上采样方法 

对于半像素错位模式的影像，需要解决的一个关键问题是如何从多帧相互错位的影像得到一帧更高分

辨率的影像。对于资源一号 02E卫星的红外载荷，获取的四帧原始分辨率影像（15m）分别记为 A、B、C、

D，它们在 X、Y方向分别有着 0.5个像素的错位，如图 5。而 Am,n表示在第 m行第 n列处的像素 DN值。

待重建的高分辨率影像记为 H。 
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最简单的方法是使用帧间直接平均法，例如图 5 的阴影部分正好是四帧原始分辨率影像的公共部分，

一种直接的估计方法是取四帧的平均值作为正中间高分辨率网格的灰度值。以待重建的高分辨率影像 H的

奇数行奇数列为例，计算公式如下：  

( )2 1,2 1 , 1, , 1 1, 1

1

4
m n m n m n m n m n

H A B C D
− − − − − −

= + + +  （1） 

显然，正中间的高分辨率网格的灰度值分别只与 A、B、C、D中的最邻近的一个像素有关，因此该方

法的感受野是很小的，受噪声影响较大。 

 

图 5 四帧半像素错位模式的帧间关系图 

为了利用更大感受野的信息，更充分地利用邻域灰度信息和几何关系，下面结合采样过程中的观测方

程提出一种新型的多帧融合重采样方法。 

（2）基于观测方程的上采样方法 

先考虑一维方向上的半像素错位，如下图 6。设 H为待重建的高分辨率采样图像，每个像素宽度为 d；

A、B为实际获得的具有半像素错位的低分辨率影像，每个像素宽度为 2d，它们在空间上有宽度为 d的重

叠，低分辨率影像一行排列总共有 N个像素。 

 

图 6 一维形式半像素错位的排列方式模型 
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在无像素间混叠的理想条件下，低分辨率影像的每一个像素可以由对应的高分辨率像素采样得到，即 

2 2 1

2

n n

n

H H
A

+
+

=  （2） 

2 1 2 2

2

n n

n

H H
B

+ +
+

=  （3） 

其中 ( )0,1,2,..., 1n N= − 。上式可以看作一组观测方程，因为式子右边 H 为待求参数部分，式子左边为

实际观测的低分辨率像素 DN值。将上式移项得到 

2 1 2
2

n n n
H A H

+
= −

 （4） 

2 2 2 1
2

n n n
H B H

+ +
= −

 （5） 

再加上初值
0 0

H A= ，即得到一种基于观测方程的递推迭代方法。这种方法从 H0开始依次进行奇偶项递推，

直至计算出最后一项 H2N-1。 

将上述方法拓展到二维形式，即影像 X、Y方向均有半像素错位时如下： 

2 1,2 1 , 2 ,2 2 1,2 2 ,2 1
4

m n m n m n m n m n
H A H H H

+ + + +
= − − −  （6） 

2 2,2 1 , 2 1,2 2 2,2 2 1,2 1
4

m n m n m n m n m n
H B H H H

+ + + + + +
= − − −  （7） 

2 1,2 2 , 2 ,2 1 2 1,2 1 2 ,2 2
4

m n m n m n m n m n
H C H H H

+ + + + + +
= − − −  （8） 

2 2,2 2 , 2 1,2 1 2 2,2 1 2 1,2 2
4

m n m n m n m n m n
H D H H H

+ + + + + + + +
= − − −  （9） 

通过将最邻近的低分辨率像素平均值赋给 H的第一行和第一列作为初值，同样可以通过递推重建出整张高

分辨率影像。 

上述方法原理简单，能够唯一确定高分辨率像素值，但是问题在于计算误差引入的噪声很大，而且这

些噪声在递推计算的过程中不断累积和传递 0。 

基于以上理论，考虑到取帧间平均能够稳定地抑制噪声，本文提出的多帧加密上采样方法如下：1）

先用基于内插的直接平均法估计高分辨率影像初值 H。2）分别利用四帧低分辨率影像列出观测方程，计

算当前待求高分辨率影像像素，例如对于奇数行奇数列的像素 H2m+1,2n+1，在四帧中分别计算的公式如下 

2 1,2 1 , 2 ,2 2 1,2 2 ,2 1
4

A

m n m n m n m n m n
H A H H H

+ + + +
= − − −

 （10） 

2 1,2 1 , 2 ,2 1 2 1,2 2 2 ,2 2
4

B

m n m n m n m n m n
H B H H H

+ + + + + +
= − − −

 （11） 

2 1,2 1 , 2 1,2 2 2,2 2 2,2 1
4

C

m n m n m n m n m n
H C H H H

+ + + + + +
= − − −

 （12） 
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2 1,2 1 , 2 1,2 2 2 2,2 1 2 2,2 2
4

D

m n m n m n m n m n
H D H H H

+ + + + + + + +
= − − −

 （13） 

即分别由四帧低分辨率原始影像估计出四帧高分辨率影像 H
A
、H

B
、H

C
、H

D
。 

3）取同一像素在四帧高分辨率影像的平均值作为最终高分辨率像素 H2m+1,2n+1的灰度值，即 

2 1,2 1 2 1,2 1 2 1,2 1 2 1,2 1

2 1,2 1
4

A B C D

m n m n m n m n

m n

H H H H
H

+ + + + + + + +

+ +

+ + +

=  （14） 

2.4. 顾及硬件特性的 MAP 超分辨率重建 

根据最大后验概率（MAP）超分辨率理论，对于一般成像过程，可以认为观测获得的 N帧低分辨率图

像是由同一幅高分辨率图像经过一系列的降质过程产生的。设原始高分辨率图像为 x，通过观测得到的第

k帧低分辨率图像为{ ,  1,2, }
k

y k N= ⋅⋅ ⋅ ，则图像退化模型可表示为 

k k k k
y DB M x n= +

 （15） 

中 D 为下采样矩阵，Bk为光学模糊矩阵，Mk为运动矩阵，nk表示加性噪声。如果将上述三个矩阵合

并成一个退化矩阵 Ak，那么低分辨率图像的像素就可以看作是相应高分辨率图像像素的加权平均，其权系

数由矩阵 Ak决定。一般来说，如果进一步把对应于 N帧低分辨率图像的观测方程进行合并，得到 

y Ax n= +  （16） 

最大后验估计（MAP）超分辨率重建的涵义是在已知低分辨率图像序列的前提下，使高分辨率图像出

现的后验概率达到最大，即 

{ }ˆ arg max Pr
MAP

x

x x y⎡ ⎤= ⎣ ⎦  （17） 

由贝叶斯公式得到 

{ } { }

{ }

Pr Pr
ˆ arg max

Pr
MAP

x

y x x
x

y

⎡ ⎤
= ⎢ ⎥

⎢ ⎥⎣ ⎦
 （18） 

只考虑上式的分子部分，并取对数得 

{ } { }ˆ arg max log Pr log Pr
MAP

x

x y x x⎡ ⎤= +⎣ ⎦  （19） 

上式表明极大验后估计值由条件概率模型和先验概率模型共同决定，因此 MAP 方法能够有效引入先验信

息，帮助恢复图像高频成分。 

在具体求解方法上，文献 0 等假定影像噪声为均值为 0、方差为 σ
2
的高斯噪声，给出了条件概率

密度函数 { }Pr y x 的表达式。先验概率 { }Pr x 的估计方法则是对影像进行平滑约束，即对影像上差异较
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大的邻近像元进行惩罚。同时假定各影像具有相同的噪声方差，利用正则化方法，最终化简为求解下

列优化问题： 

2 2

ˆ arg min
MAP

x

x y Ax Qxα⎡ ⎤= − +
⎣ ⎦

 （20） 

其中 A为退化矩阵，Q为线性高通滤波算子，本文取二阶拉普拉斯算子，α为正则化参数，根据文献 0的

方法自适应计算得到。 

根据取得最值的必要条件，上式对 x的微分为 0，得到 

( )T T T
A A Q Q x A yα+ =  （21） 

给出对目标高分图像 x进行迭代求解的公式为 

( )1

T T T

k k k
x x A y A A Q Q xα

+

⎡ ⎤= + − +⎣ ⎦  （22） 

直至重建图像差异小于设定的阈值 d 

2 2

1
/

k k k
x x x d

+
− ≤  （23） 

本文假设低分影像的退化函数为二维高斯函数，表示为：  

( )
( ) ( )

2 2

2
, ,

u u v v

A u v u v e

′ ′− + −
−

′ ′ =  （24） 

上式中， ,u v为待求像素坐标值， ,u v′ ′是退化函数的中心点坐标值。则 5×5 范围内的退化函数 PSF

可以离散表示为： 

 

表 1 退化函数离散表示 

0.0183  0.0821  0.1353  0.0821  0.0183  

0.0821  0.3679  0.6065  0.3679  0.0821  

0.1353  0.6065  1.0000  0.6065  0.1353  

0.0821  0.3679  0.6065  0.3679  0.0821  

0.0183  0.0821  0.1353  0.0821  0.0183  
 

3. 实验与分析 

3.1. 实验数据 

本文实验数据选用资源一号 02E热红外超分模式数据，成像时间为 2022年 3月 6日，拍摄地点为山

东烟台定标场，该景影像既能用于超分辨率实验也可用于后续的辐射定标等工作，左上角坐标为：120.942E，

38.124N。在超分模式下共获取 4帧常规分辨率（15m）的影像，在垂轨、沿轨方向各偏移 0.5个像元，如

图 7所示。 
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（a） （b） 

  

（c） （d） 

图 7 资源一号 02E热红外超分模式原始影像。 

(a) 芯片 1 t0时刻，(b) 芯片 2 t0时刻，(c) 芯片 1 t1时刻，(d) 芯片 2 t1时刻 

3.2. 评价指标 

3.2.1. 平均梯度 

平均梯度反映的是图像的细节与纹理变化程度，可以表示图像的清晰度，平均梯度越大，表明图像越

清晰。平均梯度定义为：  

( )( )
( ) ( )( ) ( ) ( )( )

1 1
2 2

1 1

1
, 1, , , 1 / 2

1 1

M N

i j

AG f i j f i j f i j f i j
M N

− −

= =

⎡ ⎤= − + + − +
⎣ ⎦− −

∑∑  
（25）

  

上式中，M、N是图像的长度与宽度， ( ),f i j 是待测图像第 ( ),i j 的像素值。 

3.2.2. 信息熵 

信息熵表示图像的信息量，信息熵越高，则表明图像蕴含的信息越丰富。信息熵定义为：  
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max

min

log
i i

i

IE p p
=

= −∑  （26） 

上式中，
i

p 表示灰度值 i 的像素数量占整幅图像的比例，min、max 分别表示图像中最小和最大灰度

值。 

3.2.3. 信噪比 

信噪比表示图像中信息量与噪声的比值，信噪比越大，则表明图像抗噪性能越好，本文采用局部平均

值与标准差计算信噪比
00
。信噪比的计算方法如下： 

1） 计算整张图像的灰度平均值 M； 

2） 对图像进行分块，计算每块的局部标准差 STD； 

3） 得到局部标准差最大的值 max
STD

; 

4） 求解信噪比：  

max

M
SNR

STD
=  （27） 

3.3. 实验分析 

为了验证本文方法的有效性，找到最适用于加密采样成像模式的超分辨率方法。本文分别选用第一帧

双线性上采样影像、基于内插的四帧双向加密上采样影像、基于观测方程的四帧双向加密上采样影像、传

统MAP算法超分辨率影像与本文提出的顾及硬件特性的MAP算法超分辨率影像进行的对比。上述实验均

相对原始影像进行了 2倍上采样，即由 15米地面分辨率采样至 7.5米。 

图是超分辨率结果的目视对比，对比子图(a) (b)可以看出第一帧双线性上采样影像的清晰度最低，比

较模糊，基于内插的双向加密上采样的清晰度次之，但是因为融合了多帧信息，可以明显改善图像噪声提

升，说明了加密过采样成像模式相比于普通成像模式在抑制噪声方面上更具优势。 

对比图 8 (b) (c)可以看到，基于观测方程的双向加密上采样相比于基于内插的方法，在影像细节增强

上取得了明显的效果，有些不明显的地物纹理、边缘等经过处理后变得容易辨认，目视效果显著改善。但

缺点是在细节信息增强的同时导致了边缘锯齿效应加重和噪声放大。 

图 8 (d)的传统MAP算法由于未能有效利用四帧间固有的半像素错位关系，因此造成了一定的影像模

糊，效果并不理想。而图 8 (e)本文算法的目视效果综合细节清晰度和噪声水平这两个方面，取得了最

优效果。 
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(a) (b) (c) (d) (e) 

图 8 超分辨率结果对比(a) 第一帧双线性上采样，(b) 基于内插的双向加密上采样， 

(c) 基于观测方程的双向加密上采样，(d) 传统MAP算法，(e) 本文算法 

表 2 超分辨率结果定量评价 

 
双线性上

采样 

基于内插的双向加

密上采样 

基于观测方程的双向加

密上采样 
MAP 本文算法 

平均梯度 2.258 2.052 2.343 2.287 2.648 

信息熵 5.038 5.033 5.037 5.037 5.042 

信噪比 6.829 13.166 10.616 11.446 9.205 
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超分辨率定量评价结果如表 2所示，平均梯度指标反应图像的清晰度与细节的丰富程度，信息熵能够

体现影像的信息量，信噪比则用于评价影像的噪声水平。对比五种超分辨率方法，第一帧双线性上采样的

结果作为基准，基于内插的双向加密上采样的平均梯度最低，为 2.052，但是达到了最高的信噪比，为 13.166，

这说明该方法主要通过四帧之间的固定关系来消除影像噪声，但对影像的细节进行了模糊。基于观测方程

的双向加密上采样方法的平均梯度与信息熵略低于本文算法，但信噪比较之本文算法较优，表明其牺牲了

一定清晰度，但获取了较高的信噪比。传统 MAP 方法的三项指标均介于基于内插和基于观测方程的双向

加密上采样之间，更好地取得了细节与噪声的平衡。本文方法由于综合了观测方程和最大后验概率原理，

相比传统MAP方法，在信息熵大致相等的情况下，平均梯度指标更高，为 2.648，说明影像的高频细节信

息得到了更有效的增强。总而言之，本文方法取得了最大的平均梯度和信息熵，分别达到 2.648和 5.042，

同时信噪比略低，为 9.205，表明其在增强影像的细节的同时，虽然在一定程度上放大了影像噪声，但是

有效地增强了影像的细节，实现了超分辨率的目的。 

综合以上三个定量评价指标，本文提出的顾及双向加密硬件特性的 MAP 方法的综合细节清晰度和噪

声水平这两个方面是最优的。在以上对比实验中，相比于本文方法，基于内插和基于观测方程的双向加密

上采样仅考虑了硬件特性，可以较好地融合四帧“半像素错位”的图像信息，并且一定程度上提升图像信

噪比，但因为无法重建复杂的图像退化过程，导致对图像高频细节信息的恢复能力有限。传统 MAP 方法

仅从软件算法理论出发，能够复原更多的图像细节，但由于没有较好地利用双向加密采样的硬件特性，导

致亚像素位移信息未得到有效利用。而本文方法能够综合双向加密采样的硬件特性和最大后验概率的理论

模型，实现了软硬件结合的超分辨率。 

以上实验表明，资源一号 02E热红外载荷的双向加密采样模式相比常规模式能够有效提高影像空间分

辨率，本文算法在顾及硬件特性的情况下结合观测方程和最大后验概率原理，提出了一种新的针对性超分

辨率算法，能够取得更优的超分辨率效果。 

 

4. 结论 

本文研究了资源一号 02E顾及硬件特性的热红外影像超分辨率重建方法，根据资源一号 02E红外载荷

特殊的“半像素错位”双向加密采样超分辨率模式特点，利用观测方程和最大后验概率模型进行超分辨率

重建，得到了一幅分辨率提升 2倍的高分辨率影像。实验表明本文提出的算法能够有效提升资源一号 02E

的红外载荷的分辨率，能够得到更加丰富的影像细节信息，清晰度提高的同时信噪比并没有明显的降低。

这种双向加密采样的模式，能够在不改变传感器原始分辨率的基础上，通过预先设计的“半像素错位”排
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列方式由 4帧影像综合为 1帧分辨率达提高到原始分辨率 2倍的影像。此外本文方法仍然存在一些值得研

究与改进的方面，例如研究改进深度学习方法使其适用于加密采样这种非常规的成像模式，卫星震颤等因

素导致 4帧加密采样模式影像的相对位置不满足严格的“半像素错位”关系对本文方法的影响等，后续还

需要进一步分析。 
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摘  要：现有铁路项目勘测大部分沿用传统的人工勘察设计方法，效率低下且难以满足现代工程建设

的需求，结合遥感技术能够有效提升外业勘测效率，提升智能化水平。遥感水体提取方法常使用以光

学影像为主的单模态数据，但由于其受光照、天气、云雾、阴影等因素影响，造成成像质量下降，可能

出现“同物异谱，同谱异物”现象。而合成孔径雷达 SAR不易受天气影响，能穿透云雾，实现全天时、

全天候的地表目标观测。结合光学和 SAR影像能够有效解决单模态信息获取地表信息方面的不足，提升

图像解译精度。本文提出了一种双流注意力网络 DAT-Net（Dual Stream Attention Network, DAT-Net），网

络采用双分支编码器结构，分别提取光学影像和 SAR影像的特征，并通过基于注意力机制的跨模态注意

力模块 CMAM（Cross modal attention module, CMAM）实现不同模态之间的通信，以融合获取有效信息。

选取公开数据集WHU-OPT-SAR进行实验，选取五种水体提取网络（U-Net、HR-Net、CMTFNet、SFAFMA、

MCA-Net）进行对比。相较于对比网络，DAT-Net的平均交并比 mIoU提升约 1%-2.6%，水体交并比 IoU

提升约 1.5%-4.5%，表现最优。此外，本文将双流注意力网络应用于铁路桥梁项目勘测，以四川省内某

铁路数据为例，实现了铁路沿线水体交叉点的智能化、高精度提取。 

关键词：深度学习；水体提取；多模态； 注意力机制；铁路勘测 
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Abstract: Most of the existing railway project surveys use traditional manual survey and design methods, 

which are inefficient and difficult to meet the needs of modern engineering construction. Combining remote 

sensing technology can effectively improve the efficiency of field surveys and enhance the level of intelligence. 

Remote sensing water extraction methods often use single-mode data mainly based on optical images, but due 

to factors such as lighting, weather, clouds, shadows, etc., the imaging quality may decrease, and the 

phenomenon of "same object, different spectrum, same spectrum foreign object" may occur. Synthetic Aperture 

Radar (SAR) is not easily affected by weather and can penetrate clouds and fog, achieving all-weather and 

all-weather observation of surface targets. Combining optical and SAR images can effectively solve the 

shortcomings of single modal information acquisition of surface information and improve image interpretation 

accuracy. This article proposes a dual stream attention network DAT Net (DAT Net), which adopts a dual branch 

encoder structure to extract features from optical and SAR images, and achieves communication between 

different modalities through a cross modal attention module (CMAM) based on attention mechanism to fuse and 

obtain effective information. Select the publicly available dataset WHU-OPT-SAR for experiments, and 

compare five water extraction networks (U-Net, HR Net, CMTFNet, SFAFMA, MCA Net). Compared to the 

comparison network, DAT Net showed an average intersection rate improvement of about 1% -2.6% compared 

to mIoU, and a water intersection rate improvement of about 1.5% -4.5% compared to IoU, demonstrating the 

best performance. In addition, this article applies the dual stream attention network to the survey of railway 

bridge projects, using data from a railway in Sichuan Province as an example, to achieve intelligent and 

high-precision extraction of water intersections along the railway. 

Key words: Deep learning, Water extraction, Multimodal, Attention mechanism, Railway survey 

 

1  引言 

铁路沿水体的工程识别是目前外业勘测任务中的一大挑战，虽然近年来一些新技术如无人机勘

察、遥感技术等在工程勘察设计中的应用逐渐增多，但总体来看，技术应用水平仍然较低
[1]
。许多工
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程项目仍然沿用传统的勘察设计方法，效率低下且难以满足现代工程建设的需求，存在着数据解译

严重依赖技术人员经验、地质信息表达精细度不高等问题。基于遥感技术的空天勘察数据的智能解

译和地质信息快速获取技术能够有效提升铁路勘测的智能化程度，提升勘测效率和质量
[2]
。 

利用卫星遥感数据，可以高效地提取水体的位置、面积、形状和河宽等参数。水体提取的方法

经历了从目视解译到自动分类
[1][4]
，再到结合光谱与空间信息的多阶段发展。传统的阈值法和分类器

法在水体提取中应用广泛，但对细小水体的提取效果有限。面向对象的自动提取方法则利用影像的

光谱、纹理和空间特征，提高了提取精度。近年来，深度学习方法在水体提取中显示出巨大潜力，

能够自动从数据中学习特征，实现高精度的自动化提取
[1][4]
。 

基于深度学习的水体提取方法由于无需人工特征选择，避免了特征提取的主观性和不确定性，

也极大提升了识别效率，因此逐渐被广泛应用。光学遥感影像由于其分辨率较高，地物细节更丰富，

因此被用作深度学习水体提取方法中的主要数据来源。何等人
[5]
结合归一化水体指数（Normalized 

Difference Water Index，NDWI）与卷积神经网络实现了水体提取，准确度达到 94%；郑
[6]
等人利用

GF-6数据构建了四种卷积神经网络并进行水体提取，并优化了 U-Net网络，增强了小面积水体的识

别精度；Guo
[7]
等人提出了一种多尺度水体提取卷积神经网络，性能优于 U-Net等经典网络；Yu

[8]
等

人设计了一种自关注胶囊特征金字塔网络，结果表明其在不同场景下，对于不同形状、大小的水体

的提取表现优于全卷积神经网络（Fully Convolutional Networks, FCN）、U-Net等方法。随着合成孔

径雷达(Synthetic Aperture Radar，SAR)成像空间分辨率的提升，基于 SAR的水体提取方法也受到了

学者的关注。徐
[9]
等人优化了 TransUNet 模型，设计了一种小样本数据集 SAR 影像水体提取模型。

提取精度优于传统卷积模型。陈
[10]
等人面向多源 SAR图像设计出了一种多级特征注意力水体提取网

络，实现了多源 SAR图像水体的高精度自动提取。 

基于深度学习的水体提取算法极大提升了提取精度与模型泛化能力，但是对于复杂的地理环境

仍然难以满足实际需求。单源图像在表征信息方面自身的固有缺陷是影响精度提升的重要原因。光

学影像通过被动遥感的方式获取辐射信息，因此成像质量受到天气影像，云雾遮挡、弱光照等情况

都可能影响最终的图像解译效果。合成孔径雷达影像能够全天时全天候监测地表信息，不受云雾、

阴影等自然条件的影响，但是斑块噪声等问题也增加了其解译难度。研究表明，联合光学和 SAR影

像的互补信息有利于提升遥感影像解译的精度。由于两者的成像机理不同，现有的基于光学 SAR遥

感影像解译研究主要基于特征级融合，Li
[15]
等人基于非局部网络(Non-Local Neural Network)的思想，

设计了多模态交叉注意力模块，用于整合光学 SAR图像特征，Ren
[14]
等人通过压缩-激励模块将 SAR
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图像特征整合到光学影像特征，提升了整体的图像解译精度。但目前的研究方法主要都是通过卷积

神经网络（Convolutional Neural Network, CNN）网络作为提取网络主干，无法获得有效的影像全局

信息，分割精度仍然存在提升空间。针对上述问题，本文基于光学 SAR影像互补信息以及全局特征

关注的思想，通过渐进式特征融合的方式，不断优化特征信息，设计了一种双流注意力网络 DAT-Net，

实现了多源遥感影像的高精度水体提取。此外，本文还提出了基于 DAT-Net 的铁路沿线水体交叉点识

别技术路线，并基于 GF-1和 GF-3影像、以四川省内某铁路数据为例，实现了铁路沿线水体交叉点的智

能化、高精度提取。 

2  双流注意力网路 

高分辨率网络
[16]
（HR-Net）在网络的深层阶段保持高分辨率的特征表示，能够学习更精细的特

征，从而提高模型的性能。对于水体提取这类密集型图像预测任务而言，细节信息有助于提升整体

分类精度，因此本文基于保留高分辨率细节信息的思想，利用高分辨率网络作为基本主干，提出双

流注意力网络 DAT-Net，实现联合光学 SAR影像的高精度水体提取。网络结构如图 1 所示，通过两

路并行的高分辨率网络编码器分别提取光学影像特征和 SAR影像特征。光学影像具有更丰富的光谱

信息、更细致的纹理信息，有助于实现更加精准的水体提取，因此将光学影像分支作为水体提取网

络的主要分支，不断将 SAR影像特征融合到该分支。SAR影像中水体后向散射系数相对较低，在图

像上通常表现为暗色，易与周围地物区分，能够提供有效的光谱特征辅助信息。此外，SAR在多山

地区，容易因为地形原因造成阴影与水体混淆，可以借助光学影像丰富的纹理特征得到改善。双流

注意力网络 DAT-Net（Dual Stream Attention Network, DAT-Net）的具体实现是在每个阶段相同分辨率

特征图之间，基于注意力机制
[17]
的思想，利用多模态特征融合模块 CMAM（Cross modal attention 

module, CMAM）自适应的关注 SAR中细节与语义互补特征，并过滤掉噪声带来的冗余信息，实现渐

进式的光学 SAR特征信息融合，最终得到包含四种分辨率的融合影像特征。为进一步关注图像的全

局信息，在网络中采用基于自注意力机制
[13]
的 Transformer模块，以增强网络的全局上下文建模能力，

进一步提取图像的深层特征。最终将光学高分辨率网络分支中的四个尺度特征进行上采样与通道拼

接，通过卷积后输出最终的水体提取结果。 
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图1 双流注意力网络结构图 

2.1  自注意力模块 

自注意力机制
[13]
是通过捕捉序列内部不同位置之间的关系，实现元素之间的交互，进而实现全局上

下文建模。视觉 Transformer（ViT）将自注意力机制应用于图像处理领域，和传统的卷积有较大区别。

CNN通过卷积层和池化层提取图像的局部特征，具有平移不变性，适合处理具有局部特征和尺度不变性

的图像数据。ViT 则是通过自注意力机制捕捉图像的全局特征，不依赖于局部感受野。利用 CNN 的多

尺度处理能力来提取不同分辨率的特征，并将这些特征输入到 ViT 中，能有效增强模型对不同尺度

和细节的感知能力。 

为了更好的建模图像的全局关系，在网络第四阶段结束后添加了 ViT模块，进而获取图像的深层特

征。为了弥补传统卷积网络造成的全局关系获取不充分，本文借鉴了 TransUnet
[24]
的 CNN-Transformer

混合架构。保留卷积神经网络部分作为模型的主体，通过卷积、池化等操作快速拟合，提升模型的学习

效率。考虑到视觉 Transformer在处理大规模的图像数据时可能需要占用大量的计算资源和内存，本文方

法在特征分辨率最小的第四条分支中添加了 ViT 层，能够在提升模型全局建模能力的同时，保证了模型

的计算效率。本文采用的 Transformer编码器由 12 层多头自注意力(MSA)和多层感知机（MLP）模块组

成，具体流程参考图 1。 
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2.2  跨模态特征融合模块 

现有研究在处理光学 SAR特征融合时采用的方法大致分为两类：基于卷积注意力的方法与基于非局

部网络 Non Local
[18]
的方法。DDHR-Net

[14]
在处理光学 SAR的多模态特征是基于卷积注意力的方法，将

拼接后的特征通过通道注意力 SE
[17]
模块获得每个通道的权重信息，并调整通道数后与光学影像特征相

加，从而得到融合后的影像。这种基于卷积注意力的特征融合方法，其优势在于快速关注特征重要信息，

同时不会影像网络计算效率，但缺点在于对重要信息的关注不足，由于只使用最大池化或平均池化代替

某一维度的特征，因此不具备较强的泛化性，很大程度受数据的限制。另一类基于 Non Local的融合方

法更多关注了像素的全局依赖关系，相比于卷积的局部运算可以聚合远距离特征，有助于更好的理解图

中的复杂结构。但非局部操作需要计算输入特征图的每个元素与所有其他元素之间的关系，通常涉及大

量的矩阵乘法操作，导致计算复杂度随着输入大小的增加而迅速增加。 

受到非对称非局部网络
[18]
的启发，本文基于金字塔池

[22]
化与 Non Local结合的思想设计了一种对称

结构的跨模态特征融合模块 CMAM，在保留非局部操作的全局建模能力的同时，利用不同尺度的池化

操作获得特征图的重要特征信息，降低了非局部运算对于网络计算效率的影响。模块的具体结构见

图 2，以 SAR分支的特征融合为例，首先利用卷积注意力模块 CBAM
[20]

初步提取光学重要特征，实

现初步的特征融合，并将该结果作为后续非局部运算的 Query 值。参考下图 3，利用金字塔池化获取

不同尺度的 SAR特征，并展开成二维序列的采样点，作为非局部运算的 Key和 Value并与之前计算

得到的 Query进行 NL计算，从而得到 SAR影像增强特征。在光学特征分支中采用类似的运算获得

光学影像增强特征。将增强后的影像与模块输入的光学 SAR特征进行残差连接后输出最终的模态特

征融合结果。 

SAR

OPT

+

CBAM

CBAM +

+ Query × Softmax ×

ValueKey

× ×

Value

Softmax

Key

Query

+ +

SPP

SPP SPP 空间金字塔池化

+ 特征图相加

× 特征图相乘

空间通道混合注意力CBAM

 

图2 跨模态特征融合模块CMAM结构图 
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图3 空间金字塔池化和空间通道混合注意力示意图 

3  数据集构建与实验 

3.1  实验数据集 

本文基于WHU-OPT-SAR
[15]
数据集进行实验，该数据覆盖区域为中国湖北省，覆盖面积约5000km

2
，

数据集包括高分辨率的光学影像和SAR影像，以及像素级的标注信息，分别来自GF-1和GF-3以及2017年全

国土地变更调查数据。数据集包含5556×3704像素的光学和SAR影像共100对，二者空间分辨率均为5m，包

含农田、水体等地物类别7类，其中水体类别的像素数占比约为14.20%。将数据中的影像统一裁剪至512×

512像素共29400张，随机选取其中17640张作为训练集、5880张作为验证集、5880张作为测试集，并将非

水体像素作为背景，对训练集使用翻转、旋转等数据增强方法。 

 

图4 WHU-OPT-SAR数据集 
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3.2  对比实验 

本文选取三种经典的单模态语义分割模型（U-Net
[25]
、HR-Net

[16]
、CMTFNet

[21]
）作为对比模型，其中

前两个为CNN网络，第三种为CNN—Transformer混合模型。此外，还选取了两种多模态模型（SFAFMA
[22]
、

MCA-Net
[15]
）。对于单模态网络方法，将光学影像和SAR影像在通道维度拼接后作为网络的输入；对于多

模态方法，分别将光学和SAR影像作为模型的输入。 

实验基于深度学习框架Pytorch1.12.1，开发环境为两张TeslaP100（16G），Batch Size为32，损失函数

为BCELoss，优化器采用AdamW，初始学习率为1e-3，共迭代120轮。对于实验的精度评价方面选取了六

种典型的语义分割评价指标OA、mIoU
[23]
、IoU、Precision、Recall、Fscore。其中F1分数是准确率和召回

率的调和平均数，能够整体衡量对于水体的提取效果。 

对比实验的可视化结果如下图5，选取了测试集中的六张影像作为对比，其中包括了面积较大且形状

不规则的自然水体、形状规则的人工水体以及光谱特征与水体接近的绿地场景等。六种方法对于水体提取

的整体精度较高，主要差异体现在对于河流边缘、水体内部的非水体区域等细节信息的处理情况。在六种

方法中，本文提出的DAT-Net表现整体最优，既能准确的保留水体结构信息，又能精准识别面积细小的人

工水体，兼具了图像中的细节信息。 

在三种单模态方法（U-Net、HR-Net和CMTFNet）中，CMTFNet表现最优，对于水体整体结构提取更

为准确，同时能够兼具一定的细节提取能力，说明基于CNN-Transformer的混合架构能够有效建模全局信

息，有利于捕捉图像的细节信息。在第一张影像的提取结果中U-Net和HR-Net将一部分的耕地识别为水体，

说明单一的卷积网络结构在处理全局信息方面还存在不足，无法获取深层语义信息。在第三、四张影像的

提取结果中，三种单模态方法均在一定程度上出现了地物细节缺失的问题，一些细长的小面积水体出现了

错误识别。多模态模型的整体表现优于三种单模态的方法，这可能是由于光学影像和SAR影像成像机理存

在差异，简单通道拼接的方式有可能导致不同模态特征之间的混淆和影响。然而，MCANet整体表现不佳，

这可能是由于模型采用基于Non Local思想的特征融合方法，忽略了模型的通道信息。SFAFMA与本文提出

的方法在六种方法中表现最优，并且两者均基于多模态特征的通道和空间信息实现了针对性的特征优化。

此外， SFAFMA的特征融合模块仅通过卷积注意力的方法实现，对于特征的重要信息提取不充分，导致

模型精度提升不明显。本文提出的CMAM模块采用基于非局部的计算可以实现长距离像素之间的关系建

模，对于重要特征的提取更具备普遍性。通过图5中测试影像1和5可以发现，在一些细小像素上的识别处

理上两者的效果还存在一定差距。如测试影像2，尽管河流的整体结构提取均较为出色，但本文方法在处

理水体边缘的结果更加平滑，边缘提取效果与真实影像更接近。 
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图5 模型对比实验可视化结果图 

对比试验的定量结果如下表1，本文所提出的DAT-Net在六项指标中均表现最优，其次是SFAFMA-T，

说明了多模态方法能够通过不同融合策略，更有效地整合不同模态数据，从而提高模型性能。并且相比

于SFAFMA-T，本文方法在交并比指标提升约1.5%，证明了模型的有效性。CNN-Transformer混合架构的

模型CMTFNet在单模态方法中表现最优，说明该模型采用的多尺度多头自注意力（M2SA）模块，能

够有效结合CNN和Transformer的特征，提升语义分割准确性。 

 

表1 模型对比试验精度评价结果 

Network OA mIoU� IoU Pre Rec F1 

U-Net 94.73% 80.85% 67.62% 84.47% 77.22% 80.69% 

HR-Net 94.60% 80.40% 66.85% 84.38% 76.29% 80.14% 

CMTFNet 94.72% 80.80% 67.54% 84.57% 77.04% 80.63% 

SFAFMA-T 94.93% 81.48% 68.68% 85.23% 77.95% 81.43% 

MCA-Net 94.40% 79.74% 65.76% 83.68% 75.43% 79.34% 

DAT-Net 95.20% 82.40% 70.21% 85.88% 79.38% 82.50% 

3.3  消融实验 

为了证明模块的有效性进行消融实验，并采用水体分割的经典指标交并比IoU作为精度评价的标准。

在消融实验中，共设置四组模型：基于HR-Net的单模态水体提取模型、只保留双编码器结构的方法F1、双
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编码器基础上添加Transformer模块的方法F2、以及本文提出的模型DAT-Net。可视化结果见下图6。相比于

HRNet，使用两个高分辨率网络作为编码器分别提取光学影像特征和SAR影像特征能够一定程度综合多模

态之间的信息，提升水体提取的准确性。以下图6中测试影像3为例，在使用两个编码器独立提取光学SAR

各自的模态特征后，原本的绿地与水体出现混淆的情况有所改善，形状细长的绿地部分被有效提取出来。

在此基础上，引入自注意力机制能够进一步的提取到特征的深层语义信息。如图6测试影像1中，在F1方法

下有部分绿地被识别为水体，但在F2下该部分像素错误识别的情况有所改善。本文提出的DAT-Net在F2的

基础上，将模态信息直接相加改为利用多模态特征融合模块CMAM进行自适应的特征融合，利用非局部计

算与金字塔池化运算提取特征的重要通道信息和空间信息，进一步优化水体提取准确性。以下图6的测试

影像2、3为例，水体的轮廓特征更加平滑，更接近真实的影像数据。 

 

 

图6 模型消融实验可视化结果图 

 

使用水体提取交并比IoU进行模型精度评价对比，具体的精度结果见下表2：相较于原始的高分辨率网

络，双分支网络分别提取光学和SAR特征的方法使得水体交并比提升了约1.4%，说明使用双流注意力网络

能够更好的综合两个模态的互补特征信息，避免简单堆叠造成的不同模态因为成像机制差异导致的特征提

取影响。在此基础上，引入Transformer模块，模型的精度提升至69.10%，说明自注意力机制有助于图像的

全局上下文建模以及深层特征的获取。CMAM模块的添加使得模型的精度提升至70.21%，相比于HR-Net

模型提升了约3.4个百分点，实现了不同模态之间特征的有效融合，证明了模块添加的有效性。 
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表2 模型消融实验精度评价结果 

Method Without module Transformer layer CMAM IoU 

HR-Net    66.85% 

F1 �   68.20% 

F2  �  69.10% 

DAT-Net  � � 70.21% 

 

4  铁路桥梁项目勘察设计中的应用 

铁路桥梁项目勘察设计工作需获取沿线水体（河流、湖泊等）信息，精确测量线路与水体边界交叉点

的位置信息，以确保桥梁设计方案的合理性、经济性和安全性。本文基于双流注意力网络 DAT-Net，实现

对沿线地物的智能分类提取，利用基于拓扑关系的分类后处理以及矢量逻辑运算，实现交叉点的智能求解，

具体技术路线如图 7：首先进行遥感影像预处理，将校正后的多光谱影像与全色影像进行影像融合，将 SAR

影像进行无控制点校正，并将光学 SAR影像配准。基于本文提出的双流注意力网络 DAT-Net获取多模态

水体特征，并利用跨模态特征融合模块 CMAM 融合多模态特征，实现铁路沿线水体的智能提取；最后利

用基于形态学的分类结果后处理与矢量逻辑运算求解得到铁路线路与水体边界的交叉点信息。 

 

图7 铁路水体交叉点提取技术路线图 

4.1  遥感影像预处理 

本实验采用的光学和合成孔径雷达图像分别来自 GF-1和 GF-3(FS II)。将 GF-1的多光谱影像（RGB
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波段）和全色影像分别校正后进行图像配准和融合，获得高分辨率的可见光影像；将 GF-3 影像进行校

正后与光学影像进行图像配准。经过预处理后，光学图像的地面分辨率为 2米，SAR影像的地面分辨率

为 5米。将两者统一WGS-84坐标系，并使用双线性内插法将光学图像重采样到地面分辨率 5米，以实

现两者之间的逐个像素的对应。 

4.2  遥感影像水体提取 

将预处理后的光学影像和 SAR影像裁剪至尺寸为 512×512像素后，利用本文提出的 DAT-Net实现

水体提取，可视化结果如下图 8。使用本文方法在真实影像条件下的测试效果同样较为出色，以下图 8

中的局部 1和局部 3为例，对于水体整体的轮廓提取效果与真实水体接近，能够在正确识别大型水体的

同时，保留细小水体的细节特征。通过联合光学、SAR的水体识别能够识别出一些在单模态中容易识别

出错的情况。以下图 8中局部 2为例，其中的水体面积相对较小，同时与相邻的农田、绿地等地物在光

学影像上的光谱特征接近，容易出现漏检、错检的情况，本文方法能够较好的完成在该条件下的水体识

别任务。 

 

图8 试验区影像水体提取效果图 

4.3  铁路沿线水体交叉点求解 

在沿线水体交叉点识别中，输入数据包括两部分：基于DAT-Net获得的水体提取结果、铁路线路数据。

交叉点的运算主要涉及到三个主要的步骤：地物分类结果的矢量化、基于拓扑运算的分类结果后处理与基

于矢量逻辑运算的交叉控制点位置信息求解。最终求解出的铁路水体交叉信息，可用于计算交叉里程、角

度等特征信息，进行后续的相关勘测设计工作。 
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根据交叉点识别技术路线，获得交叉点的具体经纬度坐标信息，输出交叉点的可视化结果如图9，其

中黄色点为水体类型的交叉控制点。通过局部图可以看到，对于水体类型交叉控制点，不仅较好的区分了

水体与陆地，同时识别到了河流中的陆地部分，精度较高。 

 

 

 

 

 

图 9 水体交叉点识别可视化结果图 

5  总结 

本文提出了一种联合光学SAR遥感影像的多模态水体提取网络DAT-Net，利用双分支编码器提取各模

态的特征；基于非局部计算与多尺度池化提出多模态特征融合模块，实现多模态特征的自适应融合；基于

自注意力机制进一步提取深层语义信息，实现像素间的长距离建模，最终实现精确的水体提取。本文方法

在WHU-OPT-SAR数据集上进行的对比实验中，各项指标均表现最优。另外，为展示本文方法在工程项目

中的应用，以四川省某铁路数据为例，本文利用DAT-Net实现了铁路水体交叉信息的智能提取。未来计划

在此基础上进一步结合深度学习的域适应技术，提升模型的鲁棒性，增强泛化能力。 
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多模态信息交互的零样本分类及其在火星探测场景的应用   

席博博，檀晓萌
*
，薛长斌，李云松 

摘  要：火星探测对于人类探索地外生命和地球起源等有着非常重要的意义。然而传统的以图像为主要

的探测手段在面对火星复杂未知环境、未见类别频发的情况时表现不佳。为解决上述挑战，本文研究了

多模态信息交互的零样本分类算法，并探索该算法向深空探测领域的迁移及优化。本文的研究内容主要

分为两个方面，数据集构建和算法研究。在数据集构建方面，整合并重构了首个火星探测零样本分类数

据集。在算法研究方面，提出了一种基于多模态特征交互的零样本场景分类算法，后结合知识蒸馏，对

其进行了模型压缩优化，在保证零样本分类性能的同时，大幅降低了模型的参数量和复杂度。为验证本

文算法的有效性，进行了大量对比实验和可视化分析，结果证明了本文算法的可行性和有效性。 

关键词：火星探测；多模态学习；零样本学习 

Zero-shot classification with multi-model information interaction and its 

application in Mars exploration scenarios 

Bobo Xi, Xiaomeng Tan*, Changbin Xue 

Abstract: Mars exploration is of great significance for human exploration of extraterrestrial life and the origin of 

the earth. However, traditional detection methods based on images do not perform well in the face of the complex 

and unknown environment of Mars and the frequent occurrence of unseen categories. To address the above 

challenges, this paper studies the zero-shot classification method of multimodal information interaction and explores 

the migration and optimization of the algorithm to the field of deep space exploration. The research content of this 

paper is mainly divided into two aspects: dataset construction and method research. In terms of dataset construction, 

the first zero-shot classification dataset for Mars exploration was integrated and reconstructed. For method research, 

a zero-shot scene classification network based on multi-modal feature interaction (MFINet) was proposed. Then 

combined with knowledge distillation, the model was compressed and optimized, which greatly reduces the number 

of parameters and complexity of the model while ensuring the performance of zero-shot classification. In order to 

verify the effectiveness of the methods in this paper, a large number of comparative experiments and visualization 

analysis were carried out, and the results proved the feasibility and effectiveness of the methods in this paper.   

Key words: Mars exploration, multimodal learning, zero-shot learning 

1  引言 

深空探测是指对月球及以远的地外天体进行空间探测的活动[1]。它的科学目标是寻找地外宜居环境和
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生命信号、预防太阳活动和小天体撞击对地球的灾害性影响、探究太阳系及其行星的起源和演化历史等等。

具体的任务包括探索物质，如水、有机物、氧气等，识别天体形态、运行轨道，探测物质成分及矿产资源

[2]。火星作为太阳系中与地球最为相似的行星，可能保存着太阳系生命起源的时间和行星演化中灾难性变

化的最好记录，对研究地球起源与演化具有非常重要的比较意义，是探寻地外生命、探索生命起源与演化

等重大科学问题最有价值的目标之一；而且火星距离地球较近，是人类有望率先登陆的地外行星，因此一

直是国际行星探测的重点目标，是除月球外人类探索最多的地外天体。人类对火星的探索活动如图 1 所示。 

 
图1 人类对火星的探索活动 

当前的深空探测模式需要探测器在接近目标过程中探测并传回数据，随后地面人员开展数据提取、建

模和分析，并生成控制指令再回传给探测器。这种地面测控站+航天器的模式表现出了严重的不足，如较大

的测控时延、传输数据量有限。此外，以火星探测为例，其表面地形多变，环境恶劣，沙尘暴频发，这意

味着目标类别外观多变，并存在随时出现的未见场景。这些因素使得以图像为主要探测手段的火星探测任

务的科学目标识别难、探测效率降低，也对能够适应复杂环境和任务的先进视觉处理算法提出了更为迫切

的需求。 

随着人工智能技术的发展，以机器学习/深度学习为代表的算法在视觉处理上展现出了优异的性能[3]。

但这些先进视觉处理算法具有较大的参数量和较高的计算需求，如当前常用的视觉编码器 Vision 

Transformer（ViT）[4]，其不同变体的参数从 5.7 百万到 632 百万不等。即使有些变体做了参数量的简化，

如数据高效的 DeiT 模型[5]，它的不同变体参数范围也在百万级别（5 百万~86 百万）。这种参数量级在传

统探测模式下，当存在未知类别时，训练数据的下传、神经网络模型的上注与严格的通信和数据限制存在

矛盾。 

为缓解上述问题，本文将零样本学习算法引入火星探测领域，实现火星探测未见类别的识别。零样本

学习算法作为当前图像探测技术的前沿热点之一[6]，可通过训练已见类别来获得推理未见类别的能力，以

解决火星探测复杂环境未见类别的感知问题。值得注意的是，零样本学习模型在测试阶段可通过只上注文

本知识来协助未见类别图像的识别。 
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2  相关工作 

2.1  数据集调研 

本文调研了国内外火星图像分类的数据集，常用的数据集有 MSL Surface Data Set[7]（简称 MSL 数据

集）和 MSL Surface Data Set（v2）[8]（简称 MSL 数据集（v2）），如图 2 所示。目前的数据集都是视觉模

态的数据集，仅支持基于监督学习范式的图像分类任务的验证，无法直接用于零样本学习任务。 

     
（a）MSL数据集             （b）MSL数据集（v2） 

图2 火星图像分类数据集 

2.2  算法的调研 

本文的算法调研分为两个方面，一个是火星图像分类算法，另一个是零样本学习算法。下面来详细介

绍以下这两方面的内容 

1）火星图像分类算法 

当前，将深度学习等图像处理方法用于火星图像分类领域已有较多的探索。Auld[9]等人针对火星高分

辨率成像科学实验（HiRISE）图像研究了火星沟壑分类问题。Wagstaff[7]等人使用迁移学习获取基于 AlexNet

的火星图像分类网络 MSLNet。它验证了在地球图像上训练的卷积神经网络可以成功地进行微调以适应对

火星图像进行分类。为提高分类器的准确性，Lu[10]等人在 Wagstaff[7]等人的基础上，修改了网络的微调方

法，分析和分类了每个分类器在训练集和验证集中的常见错误，并采用分类器校准方法来提高分类器的可

靠性。Wagstaff[8]等人在此前基础上，创建了新的标记 MSL 数据集（v2）来训练和评估最新版本的火星图

像分类器，以应对 MSL 数据集图像的分类。为实现有效监督多类火星图像分类器识别，Nandi[11]等人结合

迁移学习和集成方法得到一个动态路由模块，设计了一种新颖的轮询算法，在 MSL 数据集中达到了 88%

的测试精度。Lv[12]等人提出了一种基于视觉的高精度火星地形分类方法，通过分析火星地形特征，提取了

专门针对地形分类的图像特征，使得火星车地形分类准确率超过了 90%。Vincent[13]等人为解决行星图像

带注释训练数据缺乏以及当前模型由于域转移导致的归纳偏差的问题，提出了一种自监督学习框架，利用

对比学习技术改进分类器的性能。 

此外，针对现有火星分类模型在火星数据不平衡和失真的情况下表现不佳的问题，Wang[14]等人设计
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了基于半监督对比学习的火星图像分类新框架，通过表示学习来开发鲁棒的视觉表示，通过改进对比学习

方法，在标记数据上利用注释并忽略类内对，实现有监督的类间对比学习，在未标记数据上只最大化正样

本对的相似性，不考虑负样本对的差异性，从而形成无监督的相似性学习。这种范式有效提高了算法的性

能。随后 Wang[15]等人还研究了火星图像分割任务的半监督学习框架。 

2）零样本学习算法 

零样本，即无训练样本，零样本学习旨在让深度学习模型能够识别没有训练过的新类别，是指通过对

已有标注样本训练加以其他辅助信息（通常为语义信息）来完成新类别或新概念的识别[16]。当前零样本学

习算法的主流算法主要可分为三类，分别是基于嵌入模型的方法、基于生成网络的方法和基于预训练模型

的方法。其中基于嵌入模型的方法研究最为广泛，也最为经典[17]。本节将重点介绍这类方法的研究进展。 

基于嵌入模型的方法，根据嵌入空间的不同，可进一步分为基于基于语义空间嵌入的方法、基于视觉

空间嵌入的方法和基于公共空间嵌入的方法。Socher 等人[18]引入了跨模态迁移思想，提出了基于空间嵌入

的模型，极大促进了零样本学习算法的发展。随后，Frome 等人[19]提出了深度视觉-语义嵌入模型，利用已

标记的图像和未标注的文本信息训练并识别图像，有效提升了零样本分类性能。此外，Akata 等人[20]提出

了属性标签嵌入模型，将每一类都嵌入属性空间中，算法性能的提升充分证明了属性的重要性。 

上述基于语义空间嵌入的算法使得零样本学习算法性能得到了较大的提高，但在距离度量过程中，可

能会出现多个语义向量与映射后的图像距离最近的情况，即“枢纽点”问题。为解决该问题，有学者提出了

将映射子空间改为视觉空间的方法，即基于视觉空间嵌入的算法。例如，Zhang 等人[21]提出了一种多模态

融合方法，选取卷积神经网络输出的视觉特征空间为嵌入空间，将属性和词向量等语义特征映射到视觉空

间，并采用循环神经网络实现语义空间表示的端对端学习。Sung 等人[22]在此基础上提出了关系网络，包含

嵌入模块和关系模块两部分，嵌入模块将属性和词向量等语义特征嵌入到视觉空间，然后通过关系模块来

判别类别。 

此外，还有学者提出了将图像和类别标签同时映射到一个潜在公共空间中，即基于公共空间嵌入的算

法，如 Reed 等人[23]提出的结构联合嵌入模型，通过端到端的训练在公共空间完成图像视觉特征和语义信

息的匹配辅助分类。为增强图像和语义与分类的关联性，Tao 等人[24]提出了语义保留局部嵌入零样本算法，

将图像和语义数据同时嵌入到派生空间进行分类，通过匹配跨域概念来执行子空间学习以提高性能。 

3  研究方法 

为实现零样本学习算法向深空探测领域的迁移，本文的研究主要分为数据集构建和算法研究两个方面。

在数据集构建方面，本文以火星探测为应用背景，构建用于零样本学习的火星探测数据集。在算法研究方

面，本文进行了基于多模态特征交互的零样本场景分类算法及其轻量化设计研究。本节将依次介绍这两方

面的研究内容。 
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3.1  数据集构建 

首先，本文整理分析了火星探测数据集 MSL Surface Data Set[7]和 MSL Surface Data Set（v2）[8]，如 2.1

节所述。通过去掉特征增强的重复场景图像以及灰度图像，筛选适合于“岩石土壤”场景主题的类别图像，

重构了数据集。在数据集类别定义方面，确定了如图 3 所示的 10 个类别，其类别的名称和对应的语义信

息如图 4 所示。 

 

图3 课题组构建的零样本火星场景分类数据集ZS-Mars 

 

图4 零样本火星场景分类数据集ZS-Mars中的类别标签及对应语义信息 

3.2  算法的研究 

在零样本学习算法向深空探测领域迁移的过程中，本文首先研究了基于多模态特征交互的零样本场景

分类算法。此外，鉴于深空探测航天器存储和计算资源受限的特点，为使得零样本算法能适应星上环境，
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本文随后研究了基于知识蒸馏的轻量化零样本场景分类算法。 

1）基于多模态特征交互的零样本场景分类算法（MFINet） 

本节提出的零样本图像场景分类算法 MFINet 主要由三部分构成，如图 5 所示：用于提取视觉特征的

局部全局特征提取模块（Res-DeiT）、用于解释语义的语义编码器（Core-BERT） 信息，以及新颖的跨模

态特征融合模块（CMFF）来交互地融合跨模态特征。 

 

图5 基于多模态特征交互的零样本场景分类算法MFINet示意图[25] 

与大多数现有的零样本学习嵌入模型相比，MFINet 的不同之处在于它将视觉特征提取模型、自然语

言处理模型和视觉语义对齐模型集成到端到端训练过程中。这使得 MFINet 框架能够在视觉语义对齐模型

的指导下提取更多语义上有意义的视觉特征和更多视觉信息丰富的语义信息。具体来说，在 Res-DeiT 模

块中，采用了级联卷积神经网络和 Transformer 结构来获取图像的局部-全局联合视觉特征。对于语义提取

方面，利用 Core-BERT 网络作为轻量化的语义编码器，继承了原始 BERT 网络的核心架构以实现语义信息

提取，如图 6 所示。在 CMFF 模块中，跨模态注意力层可以促进视觉模态和语义模态之间的特征交互，有

效地缓解两模态间的差距。 

 

图6 基于多模态特征交互的零样本场景分类算法示意图 
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2）基于知识蒸馏的轻量化零样本场景分类算法（KDMSC） 

基于知识蒸馏的轻量化零样本场景分类算法（KDMSC），如图 7 所示。该算法引入了知识蒸馏损失

函数，由复杂教师模型和轻量化学生模型组成，利用教师模型最佳的预测结果来有效指导学生模型的优化

过程。 

 
图7 基于知识蒸馏的轻量化零样本场景分类算法KDMSC示意图 

教师模型沿用了 MFINet 网络。学生模型的语义编码器与教师模型一致，而在视觉编码器方面，学生

模型通过引入上下文卷积构建了 EnviroNet 模型，可有效捕获图像的局部和全局特征，如图 8 所示。随后，

同样利用 CMFF 模块，将两个模态的特征投影到同一潜在空间，实现视觉和语义特征间的匹配。 

 

图7 轻量化图像特征提取网络EnviroNet示意图 
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3）损失函数的构建 

MFINet 算法的损失函数 MFL 由类回归损失 cL 和交叉熵损失 rL 两部分构成，它们的公式如下： 

 MF c rL L Lλ= + ⋅   (1) 

式中，λ为交叉熵损失 rL 的权重。 

类回归损失 cL 和交叉熵损失 rL 的计算公式分别为 

 
2

2cL X y= −   (2) 
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式中， ,X R分别为由 CMFF 模块得到图像和文本特征； y 是图像对应的文本向量； ĉ是类别对应的

文本信息；
sl 是图像的类别对应的未见类别文本描述信息。 

KDMSC 算法中教师和学生模型均为 MFINet 算法的损失函数，此外，KDMSC 算法的总体损失函数额

外添加了蒸馏损失函数。它的计算公式如下： 

 KD stu kd kdL L Lλ= + ⋅   (4) 

式中， stuL 与 MFL 函数一致； kdλ 为蒸馏损失 kdL 的权重； kdL 的计算公式如下： 

 ( )( ) ( )( )( )1 1, , ,KD t sL KL F Z X Y F Z X Y=   (5) 

式中，KL 表示本文采用的 Kullback-Leibler 散度函数； ( ) ( ),t sF F⋅ ⋅ 分别代表教师和学生模型的输出

logits； ( )1,Z X Y 为通过 CMFF 模块得到的特征； 1,X Y 分别为输入到 CMFF 模块的图像向量和文本向量。 

4  实验分析 

为充分证明所设计算法的可行性和有效性，本文分别利用词向量和语义向量两种语义信息，在 3 种可

见/不可见比率下进行了对比实验和分类可视化结果的分析。 

4.1  实验设置 

1）设置细节 

本文对零样本火星数据集的类别进行了 3 种可见/未见类别的划分，如表 1 所示。在 6/4 可见/不可见

比率中，可见类别包含火壤（Martian Soil）、沙砾（Gravel）、浮石（Float Rocks）、火星车轨迹（Tracks）、

火星车部件（Rover Components）、未知（Unknown）；未见类别为沙地（Sands）、脉络状沙石（Light-Toned 

Veins）、火成岩（Igneous Rocks）、沉积岩（Sedimentary Rocks）。在 7/3 可见/不可见比率中，可见类别

包含 Martian Soil、Gravel、Float Rocks、Tracks、Rover Components、Igneous Rocks、Unknown，未见类别
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为 Sands、Light-Toned Veins、Sedimentary Rocks。在 8/2 可见/不可见比率中，可见类别包含 Martian Soil、

Gravel、Light-Toned Veins、Float Rocks、Igneous Rocks、Tracks、Rover Components、Unknown，未见类别

为 Sands 和 Sedimentary Rocks。 

表1 数据集可见/未见类别的划分 

类型 
可见/不可见比率 

6/4 7/3 8/2 

可见类 

Martian Soil; Gravel; Float 

Rocks; Tracks; Rover 

Components; Unknown 

Martian Soil; Gravel; Float 

Rocks; Igneous Rocks; Tracks; 

Rover Components; Unknown 

Martian Soil; Gravel; 

Light-Toned Veins; Float 

Rocks, Igneous Rocks; Tracks; 

Rover Components; Unknown 

未见类 

Sands, Light-Toned Veins, 

Igneous Rocks, Sedimentary 

Rocks 

Sands, Light-Toned Veins, 

Sedimentary Rocks 
Sands, Sedimentary Rocks 

2）评价指标 

为充分说明算法的可行性和有效性，本文采用两种评价指标作为衡量标准，分别是总体准确率（Overall 

Accuracy，OA）和平均准确率（Average Accuracy，AA）。它们的计算公式如下： 

 
TP TNOA

TP FN FP TN
+

=
+ + +

  (6) 

 2TP TNAA
TP FN FP TN
 = + + + 

  (7) 

式中，TP 表示分类器预测结果为正样本，实际也为正样本，即正样本被正确识别的数量；FP 表示分

类器预测结果为正样本，实际为负样本，即误报的负样本数量；TN 表示分类器预测结果为负样本，实际也

为负样本，即负样本被正确识别的数量；FN 表示分类器预测结果为负样本，实际为正样本，即漏报的正样

本数量。 

4.2  对比实验 

为评估本文算法的性能，选取了 DeViSE[19]、ESZSL[26]、ALE[20]、SJE[23] 和 DUET[27]零样本算法来进

行对比实验。OA 和 AA 的实验结果分别如表 2 和表 3 所示。表中的粗体为实验的最佳结果，斜体为次佳

结果。 

由表 2 可得，输入词向量时，KDMSC 算法 OA 结果在 6/4 可见/不可见比率下实现了最佳的分类效果，

而在 7/3 和 8/2 可见/不可见比率下实现了次佳的分类结果。对应地，MFINet 算法 OA 结果在 6/4 可见/不可

见比率下实现了次佳的分类效果，而在 7/3 和 8/2 可见/不可见比率下实现了最佳的分类结果。而在输入句

子向量时，KDMSC 算法在 3 种比率下都取得了最佳的分类效果，MFINet 算法则在 6/4 和 7/3 可见/不可见
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比率下实现了次佳的分类结果。值得注意的是，学生模型在 8/2可见/不可见比率下实现了次佳的分类结果。 

表2 对比实验的OA结果 

语义向量 词向量 句子向量 

可见/不可见比率 6/4 7/3 8/2 6/4 7/3 8/2 

DeViSE 36.6 47.5 65.3 17.3 34.0 71.7 

ESZSL 34.0 46.8 71.6 21.9 27.2 50.3 

ALE 37.9 46.1 60.6 17.8 32.7 67.9 

SJE 34.8 45.1 56.9 18.0 38.4 69.7 

DUET 37.9 61.9 82.9 32.4 43.2 57.9 

MFINet 45.1 64.8 99.1 39.1 54.9 73.6 

Student Model 44.8 59.1 95.9 37.0 50.6 78.9 

KDMSC 46.8 62.7 97.4 40.2 62.8 80.1 

表3 对比实验的AA结果 

语义向量 词向量 句子向量 

可见/不可见比率 6/4 7/3 8/2 6/4 7/3 8/2 

DeViSE 34.8 54.5 72.7 38.1 43.9 77.1 

ESZSL 30.7 42.7 61.9 33.9 41.8 67.8 

ALE 37.1 51.1 70.8 38.6 43.9 74.9 

SJE 36.3 50.2 66.2 38.5 45.4 75.7 

DUET 38.5 61.9 94.8 30.9 41.7 58.9 

MFINet 41.1 64.7 96.9 34.2 44.9 67.9 

Student Model 44.8 63.7 96.5 33.2 48.2 66.8 

KDMSC 45.3 63.7 96.7 39.6 54.9 77.9 

表 3 的结果表明，输入词向量时，KDMSC 算法 AA 结果在 6/4 可见/不可见比率下实现了最佳的分类

效果，而在 7/3 和 8/2 可见/不可见比率下实现了次佳的分类结果。对应地，MFINet 算法 AA 结果在 6/4 可

见/不可见比率下实现了次佳的分类效果，而在 7/3 和 8/2 可见/不可见比率下实现了最佳的分类结果。而在

输入句子向量时，KDMSC 算法的 AA 结果依然在 3 种比率下都取得了最佳的分类效果，而学生模型仅在

7/3 可见/不可见比率下实现了次佳的分类结果。值得注意的是，ALE 算法在 6/4 可见/不可见比率下实现了

次佳的分类结果，DeViSE 算法在 8/2 可见/不可见比率下实现了次佳的分类结果。上述的 OA 和 AA 结果

都证明了本文所提算法可使得零样本分类算法在火星图像数据集上具有更好的零样本分类性能。 
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4.3  复杂度分析 

在两种语义信息输入的情况下，MFINet、学生模型和 KDMSC 的参数量及复杂度等信息如表 4 所示。 

表4 参数量及复杂度信息 

模型 

词向量 句子向量 

复杂度

（GFlops） 

模型大小

（MB） 

参数量 

（M） 

复杂度

（GFlops） 

模型大小 

（MB） 

参数量 

（M） 

MFINet 34.33 564.04 147.07 34.34 562.42 147.43 

学术模型 3.33 269.85 70.74 3.33 271.23 71.10 

KDMSC 3.33 269.85 70.74 3.33 271.23 71.10 

由表 4 可得，本文设计的模型压缩优化方案在保证算法性能的情况下，有效降低了参数量和计算度。

此外，对于句子向量和词向量输入的变化，这三个模型在复杂度上没有影响，而在模型大小和参数量上有

一定影响。 

4.3  可视化结果分析 

为更为直观的查看零样本分类预测结果，本文将输入词向量时，6/4 可见/不可见比率下对于 4 种不可

见类别的预测概率进行可视化，如图 8 所示。其中，图（a）、图（b）和图（c）分别为 MFINet 算法、学

生模型和 KDMSC 算法的可视化结果。图 8 中的类 0~3 对应的数据集类别名称如表 5 所示。  

 

图8 类别分类结果的可视化结果。（a）MFINet；（b）学生模型；（c）KDMSC 

表5 图8中类别对应的数据集类别名称 

 标签 

Class 0 Sands 

Class 1 Light-Toned Veins 

Class 2 Igneous Rocks 

Class 3 Sedimentary Rocks 
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由图 8 可得，MFINet 算法仅能正确识别类别 3，在类别 0 的识别上实现了次高的预测概率。学生模型

同样仅能正确识别类别 3，在类别 0 的识别上同样实现了次高的预测概率，但在这两类预测概率上都有了

一定提高。KDMSC 算法则有效结合了这两类算法的优势，实现了类别 0 和类别 3 的有效识别。 

5  结束语 

为缓解火星图像分类任务科学目标识别难、探测效率低等问题，本文探索了多模态信息交互的零样本

分类算法，构建了首个火星探测领域零样本分类数据集，提出了一种基于多模态特征交互的零样本场景分

类算法，并结合知识蒸馏和轻量化模型设计，对该算法进行了模型压缩优化，在保证零样本性能的同时，

实现了参数量和复杂度的大幅降低，更有利于进行实际设备的部署。为验证算法的有效性，本文进行了大

量的对比实验，并对结果进行了可视化分析，实验结果证明了本文所提算法可实现优越的零样分类性能。 
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摘  要：手机直连高轨卫星语音因覆盖区域广、全球可用性强等技术特点在远距离通信、紧急通信、广域

监控等场景有显著优势。本文提出基于透明转发高轨卫星实现语音业务的解决方案，结合网络需求针对专

用 QoS保障、编解码简化、SIP协议优化、紧急通信等关键技术开展研究，并通过基于高轨卫星的实验室

与外场测试完成技术方案验证。最后分析潜在技术挑战并展望未来业务发展方向，希望为手机直连高轨卫

星语音的研究、建设与应用提供参考。 

关键词：手机直连卫星；星地融合网络；高轨卫星；语音服务 

 

Solution and key technologies of direct-to-handset  

voice service based on GEO satellite 

ZHANG jianyin, NI lingfei, YU tianyi, LIU yu, WANG hanbai, CHENG jinxia, DEN wei 

China Mobile Research Institute, Beijing 100053, China 

Abstract: Due to the characteristics of wide coverage area and strong global availability, direct-to-handset voice 

service based on GEO has significant advantages in remote communication, emergency communication, 

wide-area monitoring and other scenarios. This paper proposes a solution for voice service based on GEO satellite 

in the transparent forwarding pattern. According to the network requirements, some research work is conducted on 

the key technologies including dedicated QoS guarantee, codec simplification, SIP protocol optimization and 

emergency communication, etc. And the solution is verified by laboratory and field tests based on maritime 

high-orbit satellites. Finally, the potential technical challenges and the future development direction are analyzed 

so as to provide a reference for the research, construction and application of direct-to-handset voice service based 

on GEO satellite. 

Key words: direct-to-handset, satellite-terrestrial integration network, GEO satellite, voice service 

1 引言 

在地面移动通信网络蓬勃发展的同时全球卫星通信的发展也在提速，随着越来越多泛在通信、星地通
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信需求的凸显，地面与卫星通信产业生态系统正逐步走向融合形成卫星互联网。卫星互联网建设已成为大

国竞争焦点，各国不断拓展近地轨道空间，加速大型甚至巨型星座化布局[1-2]。2022年 2月欧盟宣布推进

建立欧盟卫星互联网（EU space-based secure connectivity system）并起草太空交通管理规则（Space Traffic 

Management）。美国星链（Starlink）作为在轨卫星数量最多的卫星系统截止 2022年 10月已发射卫星超过

3000 颗，服务用户分布在 39 个国家超 70 万人。2024 年 1 月 SpaceX 宣布通过星链（Starlink）卫星结合

T-Mobile地面网络实现短消息发送并计划落地商用。我国同样出台多项发展卫星互联网的战略举措，将卫

星互联网纳入“新基建”通信网络基础设施的范畴[3]。 

卫星网络主要分为轨道海拔低于 2000 km的低轨卫星（LEO）网络、轨道海拔在 2000 km至 36000 km

之间的中轨卫星（MEO）网络、以及轨道海拔在 36000 km的高轨卫星（GEO）网络。低轨卫星网络对地

低通信延迟相对较低、信号质量较好，通信业务的实时性体验更好，但是由于其非同步特性导致网络需要

频繁切换、链路接续困难；另外由于单星覆盖范围较小，组建覆盖广域区域的低轨卫星网络成本更高[4]。

中轨卫星同样属于非同步卫星，组建卫星星座通常需要超过 20 颗卫星，并且由于轨道路径的多样性，地

面天线、终端等设备与卫星的持续接续依然是接入侧的主要挑战。高轨卫星属于同步卫星，链路切换与接

续的问题相对较小，并且由于单星覆盖范围大更适合嘴贱广域卫星网络，相应的星地时延更大、信号功率

损失更严重。 

本文将针对天地一体卫星互联网中手机直连高轨卫星语音场景进行需求与背景分析，提出基于透明转

发透明转发的支持高轨卫星语音通话的星地融合组网架构，并针对此场景下的专用 QoS保障、编解码简化、

SIP 协议优化、紧急通信等关键问题提出解决方案，最后通过基于海事高轨卫星的实验室与外场测试进行

技术方案验证。 

2 高轨语音背景分析 

高轨道卫星（GEO）移动通信因覆盖区域广、全球可用性等特征广泛应用于应急通信、自然监控、跨

国通信等场景。高轨移动通信随着卫星技术发展逐步由传真、消息向话音、卫星电视服务演进，国内外高

轨移动通信卫星根据有效载荷技术水平大致以8年为周期分为三代。第一代是以移动卫星通信（MSAT）和 

Inmarsat-3为代表的采用星上模拟载荷的移动通信卫星，对移动通信支持能力较弱，用户终端多为便携式终

端。第二代是以 Thuraya和Inmarsat-4为代表的采用星上数字化载荷的移动通信卫星，星上具备处理交换能

力，能够较好地支持手持终端和宽带移动接入。第三代是以TerreStar-1和天地通一号卫（Skyterra-1）为代

表的采用地基波束形成技术的移动通信卫星，星上透明转发，能够广泛支持多种移动数据业务。高轨卫星

技术在全球范围内一直是卫星通信领域的研究热点，2019年，Yang等人利用全球导航卫星系统（GNSS）
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进行高轨卫星的导航和定位，通过测量伪距和多普勒频移，提升了高轨卫星的导航精度 [5]。2020年，Li

和Chen提出了一种基于可观测性分析的优化导航滤波方法，大幅减少了高轨卫星的位置信息和速度估计误

差 [6]。2021年，Lou等人开发了基于滤波方法的实时多GNSS精密轨道确定方法，提高了卫星轨道预测的

精度和可靠性 [7]。2022年，Bo Yang、Fen Hu和Xi Zang提出了地球同步轨道合成孔径雷达（SAR）的概念，

使得在各种天气条件下获取高分辨率图像成为可能，增强了高轨卫星的遥感能力[8]。在手机直连高轨卫星

的研究方面，Xuan Huang等人提出了在6G架构下基于物联网非地面网络（IoT NTN）的语音服务解决方案，

一种是基于OTT平台，采用AHELP语音编码和增强协议以适应IoT NTN的窄带和高延迟特性；另一种是基

于改进的IMS，通过优化SIP信令和增强QoS机制，提供端到端的QoS保证 [9]。Starlink计划在2024年首先

推出短信和消息服务，这将使用户能够在没有传统蜂窝覆盖的地方发送和接收短信和消息 [10]。  

随着5G移动通信技术的成熟与广泛商用，手机直连卫星语音通信也成为高轨移动通信的研究热点。在

国内外标准层面上，3GPP Release 17已制定NB-IoT与非地面网络（NB-IoT over NTN）架构与相关技术要

求。ITU-T SG13已成立固定、移动、卫星融合（Fixed, mobile and satellite convergence）课题组，推进天地

一体IMT-2020网络的需求、架构、网络技术、业务技术研究与标准制定。CCSA成立TC12航天通信技术组

对航天通信网络系统与基础电信网络互通互联与融合的相关技术进行研究与标准制定。手机直连高轨卫星

语音技术结合了地面移动通信终端接入便捷、业务多样灵活以及高轨卫星通信覆盖范围广、全球可用性强

的优点，为远距离通信、紧急通信、偏远地区通信、广播通知、广域监控等场景提供解决方案。 

现在高轨语音采用专用终端，用户需要切换终端才能使用卫星服务，并且只能与专用终端用户通话无

法与移动、固定网络用户交互。基于NTN的通用手机直连高轨卫星语音技术支持用户采用手机终端直接使

用卫星服务与卫星网络、移动网络与固定网络用户通话，但是此技术起步时间较晚、研究资料较少、技术

方案欠缺，亟需进行研究。 

 

3 高轨语音解决方案 

伴随标准高轨语音技术演进，基于透明转发模式的高轨卫星并与IMS语音通信技术融合，形成高轨语

音整体解决方案日益成为高轨卫星通信产业发展的热点和方向。面向手机直连高轨卫星语音通信服务的提

供，3GPP在R18增加了GEO卫星支持NB-IoT接入技术，在R20启动高轨卫星支持语音通话研究，在今年6

月的TR 22.887中增加了针对高轨卫星接入支持IMS语音通话的需求，重点围绕呼叫建立时间缩短、卫星低

码率编解码和通信延时优化等开展分析和研究。 

面向上述业务需求，本文提出了基于透明转发GEO卫星和IMS网络的语音通话组网架构（如下图1所
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示）。 

终端直连透明转发的GEO卫星，使用IoT-NTN空口通过卫星、信关站接入地面IoT-NTN基站，地面

IoT-NTN基站使用S1-MME接口连接MME进行接入注册鉴权和移动性管理等处理，使用S1-U接口与

SAE-GW相连实现语音信令媒体报文的传递，SAE-GW与SBC相连使用IMS网络提供卫星覆盖终端之间以

及卫星覆盖下终端与地面4/5G手机之间的语音通话。 

本文针对现有IoT-NTN不支持语音进行了突破，并针对IoT-NTN支持语音面临的带宽速率低(仅有

1-2kbps)，时延大(1200字节报文单向传输延迟约10-15s)，以及高轨卫星单波束覆盖面积大(平均约5万平方

千米-55万平方千米)等挑战形成解决方案。高轨卫星与手机通信距离远、通信带宽小，为了保障语音服务

的实时通信质量，需要对无线进行增强、建立专用的无限载波部署模式、对星地融合网络配置支持语音专

属承载的专用QoS保障。为了减小误码率保障语音数据包传输，需增强语音数据发送模型及无线调度方案。

为了减小语音服务占用带宽，需要对语音编解码进行简化。为了在高时延环境减少网络内处理时长，需要

对SIP协议进行优化。为了保障手机直连卫星下的紧急呼叫服务，紧急通信的呼叫建立、服务质量保障、

就近呼叫中心路由等流程都需要打通。 

 

图1 基于透明转发GEO卫星和IMS网络的语音通话组网架构 

 

4 高轨语音关键技术 

上述高轨语音解决方案涉及终端、无线和核心网等专业领域，主要包括无线调度增强和IMS SIP信令

优化等7大关键技术。 

(1) 面向语音的无线特性增强方案 

适配语音承载数据进行无线特性增强。基于UP模式，利用IoT-NTN中2个DRB建立2条承载，一条承载

传输语音信令，一条承载传输语音媒体数据；面向实时语音中语音媒体数据承载，采用HARQ disable 和 
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RLC-UM技术，话音媒体数据无需重传，可满足话音传输时延要求；面向实时语音中语音媒体数据承载，

其包头（IP+UDP+RTP）共40字节，通过RoHC理论上能压缩至1-3字节。 

(2) 语音数据发送模型及无线调度方案 

着重保障语音数据包在卫星侧的即时发送与接收。产业初期可考虑先采用大延时拼包方案，后续待标

准和产业成熟后可考虑采用小延时拼包方案。大延时拼包方案指大量语音抽样拼包组成一个数据包发送

（如采用500ms甚至1s来组成一个数据包），包头开销小，网络调度简单，可以在Anchor或Non-Anchor载

波上进行发送；但该方案单向语音时延大，远超过ITU定义的单向语音时延400ms，再叠加核心网时延，有

可能出现小对讲现象；目前在进行原型验证。小延时拼包方案单向语音时延小，可接近ITU定义的单向语

音时延400ms，能够接近GMR-1性能（天通或海事），譬如可采用80ms，甚至更小，但该方案需要采用专

用Non-Anchor语音载波，且需要无线调度增强标准化方案。 

(3) 无线载波部署模式 

着重关注语音并发用户容量，产业初期可考虑采用混合部署方案，后续待标准和产业成熟可考虑采用

语音媒体数据独立载波部署方案。混合部署，即任何一路载波语音信令、语音媒体数据以及窄带数据混合

部署。语音媒体数据独立载波部署，即语音媒体数据在non-anchor载波独立部署，可适用于小延时语音数

据收发模型。 

(4) 语音专属承载 

语音专属承载方案旨在为IoT-NTN（物联网-非地面网络）语音通信提供专属的语音信令及语音媒体数

据承载。首先，为了确保信令的高可靠性，定义了语音信令专属承载QCI。用户设备（UE）在IMS（IP多

媒体子系统）注册前，通过IMS APN（接入点名称）建立PDN（分组数据网络）连接，策略控制与计费规

则功能（PCRF）会下发卫星语音信令专属承载QCI。该QCI基于确认模式（AM），具有10^-5的包差错率，

资源类型为非保证比特率（Non-GBR），并且具有最高的优先级。在UE成功完成IMS注册后，发起语音通

话请求，核心网会为语音媒体资源进行分配，并下发卫星语音媒体数据专属承载QCI。该QCI基于无确认

模式（UM），具有10^-2的包差错率，资源类型为保证比特率（GBR），优先级次高。该承载需要启用HARQ

（混合自动重传请求）禁用、RLC UM（无线链路控制无确认模式）以及RoHC（鲁棒头压缩）等特性。 

通过上述方案，确保了IoT-NTN环境下的语音通信在信令和媒体传输方面均能获得高效、可靠的服务

保障。 

(5) 低码率语音编解码转换 

低码率语音编解码转换方案旨在解决IoT-NTN（物联网-非地面网络）卫星链路低速率场景下的语音码
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率适配问题，特别是受限于IoT-NTN链路的承载能力，要求语音编解码速率应低于或等于1.2kbps。在该方

案中，当IoT-NTN用户终端发起语音通话请求至核心网时，其会话描述协议（SDP）中会携带IoT-NTN语

音编解码信息。核心网在接收到该请求后，若呼叫为IoT-NTN用户呼叫非IoT-NTN用户，将会将SDP中的

IoT-NTN语音编解码信息修改为通用语音编解码，并将修改后的请求发送至被叫用户。 

在媒体协商完成并建立通话后，核心网会根据协商结果对收到的媒体报文进行编解码转换后转发，从

而实现双方的正常通话。相反，当核心网接收到对IoT-NTN用户终端的语音呼叫请求时，会检查该请求的

SDP中是否携带IoT-NTN语音编解码信息。若未携带，则核心网会将其SDP修改为携带IoT-NTN语音编解码

信息后发送至IoT-NTN用户终端。在媒体协商完成并建立通话后，核心网同样会根据媒体协商结果对收到

的媒体报文进行编解码转换并转发，从而保证通话的正常进行。 

该方案不仅有效解决了IoT-NTN链路低速率条件下的语音通话问题，同时保证了跨网络通话的兼容性

和稳定性。通过低码率语音编解码的应用，不仅满足了IoT-NTN场景中的带宽限制要求，也在保障语音质

量的前提下，提升了网络资源的利用效率。 

(6) IMS SIP 信令优化简化 

IMS SIP信令优化简化方案旨在降低SIP信令开销，减少IoT-NTN通话建立时延，并改善由于星地传输

延迟导致的呼叫失败和通信体验差的问题。该方案包括SIP流程简化方案、SIP机制简化优化方案和SIP消息

简化优化方案。SIP流程简化主要针对IoT-NTN用户设备（UE）与核心网之间的SIP流程进行优化，保留IMS

注册、呼叫和短消息等基础通信流程，以及少量的补充业务流程如前转功能，而删减呼叫等待、呼叫保持、

呼叫转移、多方会话、彩铃和彩印等增值业务流程，以减少UE与核心网的交互消息。SIP机制简化优化在

保留IP通信路由和SIP/SDP Offer/Answer媒体协商机制的基础上，删减了资源预留、注册订阅通知机制，以

及SIP over TCP及TLS等复杂机制；并优化了SIP协议定时器、SESSION TIMER和前传业务定时器的设置，

调整定时器时长以适应星地通信的高延迟。SIP消息简化优化针对Gm接口的SIP信令消息方法、消息头域和

消息体进行了简化和优化。消息方法方面，保留REGISTER、INVITE、ACK和BYE等基本方法，删减

PUBLISH、INFO、REFER、UPDATE和OPTIONS等方法。消息头域方面，仅保留From、To、CALL-ID、

CONTACT和VIA等必要头域，并对这些头域进行简写以缩短其长度。消息体方面，不支持多消息体，消

息体仅保留SDP和IMS协议中必选的v行和c行，删减e行、k行和p行等不必要行，并优化精简媒体m行和相

关a、b行，从而减少消息体长度。此外，为了进一步减少通话建立时间，还可以减小单个IMS消息的大小，

例如省略SIP INVITE消息中的“contact”、“Supported”、“Allow”、“Max-forward”等字段，这些字

段可以由P-CSCF恢复；跳过不必要的消息，如UPDATE和200(UPDATE)。通过该方案，显著降低了SIP信
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令开销，减少了通话建立时延，提升了IoT-NTN环境下的语音通信质量。 

 

IMS SIP消息 原始消息字节（Bytes） 简化消息字节（Bytes） 

INVITE 2512 ~1000 

183 1706 ~600 

PRACK 1334 删除 

200（PRACK） 815 删除 

UPDATE 1928 删除 

200（UPDATE） 1639 删除 

180 RINGING 1046 ~500 

总大小 10980 ~3200 

在GEO卫星环境下，语音呼叫设置时间是从呼叫者发送第一个SIP INVITE消息到接收者听到振铃音或

忙音的时间段。根据文献，语音呼叫设置时间受到IMS信令消息大小、信令数据速率以及传播时延等因素

的影响。例如，在1kbps信令数据速率下，SIP INVITE消息大小为2512字节，整体SIP消息大小为10980字节，

传播时延为285毫秒，此时语音呼叫设置时间约为93秒。然而，通过优化IMS消息大小和简化信令流程可以

显著降低呼叫设置时间，包括省略SIP INVITE消息中的非必要字段如“contact”、“Supported”、“Allow”、

“Max-forward”等，并由P-CSCF在必要时恢复，同时跳过不必要的信令消息如UPDATE和200(UPDATE)。

优化后的信令数据速率为4kbps时，原始呼叫设置时间约为32秒，经过上述优化措施后，可减少到10至12

秒，这与当前Tiantong GMR-2系统（如华为Mate 60 Pro）采用的类似电路交换呼叫信令的呼叫设置时间相

近。这些优化措施包括减小IMS消息大小、跳过不必要的消息以及调整SIP协议定时器，以适应星地通信的

高延迟特性，从而显著改善了GEO卫星环境下的语音呼叫设置时间，确保了在高延迟和低数据速率条件下

的可靠语音通信。 

(7) 卫星紧急呼叫 

当IoT-NTN用户拨打紧急呼叫号码发起紧急呼叫时，核心网在收到用户终端发起的紧急呼叫请求后，

会向无线网络获取接入网信息。这些信息包括用户终端所在的TA1、ECGI等位置信息。核心网根据这些位

置信息确定相应的紧急呼叫中心号码，将被叫号码替换为紧急呼叫中心号码，并将呼叫请求路由到紧急呼

叫中心以建立紧急呼叫通话。 

为了进一步提升紧急呼叫的可靠性和及时性，基于卫星接入类型进行特别的QoS（服务质量）流区分
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尤为关键。不同类型的卫星接入（如GEO、LEO或MEO卫星）由于其轨道高度和覆盖范围的差异，表现出

不同的通信延迟和信道质量特性。为了确保紧急呼叫在网络资源紧张时仍能获得优先处理，核心网需要针

对紧急呼叫设定更高优先级的QoS流。这一动态调整包括增加带宽、降低延迟和提高数据传输的可靠性，

以适应不同卫星接入类型的特性，从而显著减少呼叫建立时延，提高紧急呼叫的成功率。 

此外，用户高精度位置获取技术在卫星紧急呼叫服务中至关重要。传统基于小区ID的定位方式只能提

供粗略的位置信息，在使用高轨卫星进行紧急呼叫的场景中，由于高轨卫星覆盖范围较广，小区范围较大，

无法通过用户所处小区ID得出用户的精确地理位置信息。通过引入先进的定位技术，如全球导航卫星系统

（GNSS）和地球观测系统（EOS），可以显著提高定位精度。GNSS利用多个卫星信号进行三角测量，提

供高精度的地理位置数据，而EOS通过地面基站增强定位信号的稳定性和准确性，使得用户位置的确定更

加精确和可靠。在接收到紧急呼叫请求后，核心网能够迅速整合来自GNSS和EOS的高精度位置信息，与

用户终端的接入网信息相结合，进一步提升定位精度，为紧急呼叫中心提供精准的用户位置，从而大幅度

提高紧急呼叫场景下的救援效率和成功率。这一综合方案不仅有效解决了IoT-NTN链路低速率条件下的语

音通话问题，同时保证了跨网络通话的兼容性和稳定性。 

5 高轨语音实验验证 

本文基于透明转发模式高轨卫星和中国移动地面移动网络完成手机直连高轨卫星NB-IoT NTN语音功

能验证。如下图所示，位于试验卫星波束覆盖下的上海浦东地区IoT-NTN手机终端直连高轨试验卫星，通

过位于北京海淀上庄的地面信关站接入地面4/5G融合网络，语音通信信令与数据信息通过地面信关站路由

至IoT-NTN基站。IoT-NTN基站通过专线与位于北京移动国际信息港的核心网相连。核心网主要包括用于

管理用户接入与会话控制的4/5G融合核心网、提供语音和消息服务的IMS网络以及提供紧急呼叫服务的紧

急呼叫中心。 

 

图2. 手机直连高轨卫星NB-IoT NTN语音功能验证组网架构 
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本次测试验证了 IoT-NTN增强支持实时语音通信能力具备技术可行性。在试验测试中，试验手机终端

采用低于 1.2kbps低码率语音编码，完成了高轨场景下 IoT-NTN 与 IoT-NTN 用户终端间的实时语音通话，

以及 IoT-NTN 用户终端与地面移动通信网络中 VoLTE（Voice over Long-Term Evolution，4G 承载语音）

与 VoNR（ Voice over New Radio，5G 承载语音）商用用户终端的实时语音通话，话音清晰流畅，在此基

础上进一步验证了号码显示、前转等话音补充业务，同步验证了 IoT-NTN手机终端支持收发 IMS/NAS短

消息的能力。在关键技术测试中，完成了 HARQ disable 、RLC-UM和 RoHC等无线特性增强、面向卫星

语音信令及语音媒体数据的专属承载 QoS保障、基于语音数据收发模型的无线资源调度、基于低码率语音

编解码转换、SIP协议简化优化和卫星紧急呼叫就近路由等关键技术方案测试。 

本次测试验证了IoT-NTN手机直连高轨卫星提供语音通话、短消息等基础通信服务的技术可行，下一

步将针对IoT-NTN语音通话性能、可靠性和通话质量进行分析优化，具体会从终端连接卫星的稳定性优化、

编解码选择、信令优化简化、抗干扰等方面、无线网的调度优化、数据包拼包和专属承载QoS保障等方面、

核心网的信令优化简化、语音编解码转换质量优化等方面进行研究。 

 

6 高轨语音挑战和未来方向 

虽然基于透明转发的星地融合组网架构项目组已经在海事高轨卫星的实验室与外场成功完成星地语

音、短信的业务验证，但高轨语音依然有许多技术挑战与业务方向供业界探索。 

在技术挑战上，高频段通信是无线侧正在探讨的技术焦点，NTN 计划在跨越传统的特高频 (UHF) 和

超高频 (SHF) 波段的2-4千兆赫 (GHz) 的S波段频率上运行，然而更高的频率可能会影响全球卫星连接的

5G服务质量、效率和可靠性，3GPP和ITU正在就解决频谱挑战及其对 NB-IoT 连接的影响进行讨论。空天

地融合网络技术是网络演进讨论的焦点，高轨卫星网络与地面物联网、低空物联网、中低轨物联网等网络

如何互联互通甚至合并融合。低消耗卫星终端是终端技术讨论的焦点，相比于地面通信卫星通信需要更高

的功耗进行星地传输，但对于用户终端以及物联网终端，减少电池供电并支持低功耗运行是增强业务体检

的关键。 

在业务方向上，云计算依然是DICT产业的核心，基于物联网的高轨语音业务会产生大量数据，如何及

时对数据进行收集、分析和存储是亟需解决的问题，构建卫星云在星上进行数据处理、或者构建星地融合

云就近选择地面数据中心处理是未来可选择的方向。卫星专网是提高星地融合网络价值的重要方向，面向

各类行业企业提供差异化、专业化网络服务是卫星互联网向B段落地的关键途径。卫星网络能力开放是打

破网络管道化的关键，如何提炼、封装、编排组合星地网络、话音业务、云计算等各领域的能力是开放运
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营商网络的关键。 
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星地融合网络支持服务功能的多路径传输机制  

范晓静，郑涛，周王健，周华春 

（北京交通大学电子信息工程学院，北京 100044） 

摘  要：目前，地面用户流量如何接入卫星网络进行传输并在核心网域得到服务支持是亟待解决的问题。

本文提出一种支持服务功能的多路径传输机制，该机制利用 DTN-MPTCP 方法将接入流量分割至空间网络

与地面网络，基于 SFC 引导流量遍历空间核心网功能。考虑到服务功能多元化，以安全功能链为例，采用

并行路径按序遍历卫星功能节点。基于多层卫星 Tr 星座搭建星地融合网络原型系统，实验结果表明，

DTN-MPTCP 方法能够有效建立卫星网络与地面网络的连接。模拟包含三种类型应用不同流量比例的场景

一和场景二，所提的 DTN-MPTCP 方法相比于 NTN-TCP 方法，能够分别降低 64.9%和 78.4%的时延、64.9%

和 78.4%的丢包率，同时提升 14.1%和 5.7%的流完成度。在空间核心网中，相比于基准路径，SFC 并行传

输方法能够降低 10.5%的总资源开销。 

关键词：星地融合网络；多路径传输；DTN；卫星接入网关 

Multipath Transmission Mechanism Supporting Service Functions in 

Integrated Space-Ground Networks 

Xiaojing Fan, Tao Zheng, Wangjian Zhou, Huachun Zhou 

(School of Electronic and Information Engineering, Beijing Jiaotong University, Beijing 100044, China) 

Abstract:  Currently, a critical challenge is determining how terrestrial user traffic can access satellite networks 

for transmission and receive service support within the core network domain. This paper proposes a multipath 

transmission mechanism that supports service functions by leveraging the DTN-MPTCP approach, which 

segments incoming traffic between space and terrestrial networks. Traffic is then guided through the space core 

network functions based on service function chains. Considering the diversity of service functions, the mechanism 

utilizes parallel paths to sequentially traverse satellite function nodes, using a security function chain as an 

example. A prototype system of an integrated space-ground network was built based on Tr constellation. 

Experimental results demonstrate that the DTN-MPTCP method effectively establishes connections between 

satellite and terrestrial networks. In both scenario one and scenario two, the proposed DTN-MPTCP method 

reduces latency by 64.9% and 78.4%, packet loss by 64.9% and 78.4%, and increases flow completion by 14.1% 

and 5.7% compared to the NTN-TCP method. Additionally, within the space core network, the SFC parallel 

transmission method reduces total resource consumption by 10.5% compared to the baseline path. 

Key words: integrated space-ground network, multipath transmission, DTN, satellite access gateway 
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1  引言 

星地融合网络是 6G 的标志性发展方向，3GPP Release 17 明确提出将卫星通信作为地面网络的必要补

充[1]。如何有效地将地面用户流量接入卫星网络进行传输，并在核心网域得到服务支持，成为亟待解决的

问题。回顾 3GPP（3rd Generation Partnership Project，第三代合作伙伴计划）标准的发展历史以寻求该问

题的解决方案。Release 15 建议使用非 3GPP 接入方式替代传统的 3GPP 接入。随后在 Release 16 中，引入

ATSSS（Access Traffic Steering-Switching-Splitting，接入流量引导-切换-分割）作为可选项[2]，支持 MPTCP

（Multipath Transmission Control Protocol，多路径传输控制协议）作为 ATSSS 功能的关键组件之一，使多

端口设备能够同时使用 3GPP 和非 3GPP 接入[3]。在星地融合网络中，地面卫星网关始终处于多颗卫星的

覆盖范围内，可同时与多颗接入卫星建立连接，实现地面网络与空间网络的无缝集成，从而引导流量进入

空间网络。 

3GPP NTN（Non-Terrestrial Network，非地面网络）支持透明转发和星上再生两种架构模式，核心网

方案分为无状态和有状态两大类。无状态方案中，UE（User Equipment，用户设备）存储与会话相关的状

态，卫星仅执行数据转发功能[4]。有状态方案通过隧道建立会话，使用卫星集群内和集群间切换程序应对

切换问题[5]。透明转发架构虽然有利于快速商业化，但在空间网络资源的灵活调度方面存在一定局限性。

SDN（Software Defined Network，软件定义网络）和 NFV（Network Functions Virtualization，网络功能虚

拟化）技术使服务和资源编排变得灵活。网络服务以功能链的形式提供，用户可以根据需求申请任意网络

服务功能的组合，形成一个综合的集成服务。 

目前在星地融合网络接入和核心网功能方面的主要研究有：SaT5G 将卫星作为一种新的接入方式，基

于 ATSSS 功能组件将卫星无缝连接集成到地面网络，确保无处不在的 5G 接入[6]。文献[7]首次在 NS-2 中

模拟低轨卫星网络以讨论 MPTCP 的可行性，提出一种支持多路径传输的路由方法。文献[8]针对动态 LEO

（Low Earth Orbit，近地轨道）卫星网络中的服务功能链编排，提供一种低复杂度的启发式算法，以最大

化服务接受度和负载公平性。文献[9]通过收集服务请求和相关的服务质量约束，实现服务编排功能，但该

方案适用于准静态场景。上述研究在卫星网络接入和管理方面做出了重要贡献，但他们只关注接入网或核

心网单一部分，多路径技术在 ATSSS 中的应用主要集中在地面域，空间多路径 VNF（Virtual Network 

Function，虚拟网络功能）的研究聚焦于服务功能编排优化问题，且缺少原型系统验证方法的实用性。 

在本文，我们从星地融合网络的接入传输到核心网功能部署给出整套解决方案，提出一种支持服务功

能的多路径传输机制。基于 ATSSS 功能组件研制多路径卫星接入网关，采用 DTN-MPTCP 方法引导流量

接入。多种业务流量以 MPTCP 子流的形式被分割到地面和卫星网络，分割到地面域的流量被路由至不同

的链路传输，分割到卫星网络的流量基于 DTN（Delay-Tolerant Network，时延容忍网络）[10]协议栈传输。

在空间核心网域，使用虚拟化技术将计算、存储、感知、安全等功能组件以 SFC（Service Function Chain，

服务功能链）的形式进行部署，基于 SFC 引导流量按需有序地经过功能节点。本文与上述研究的不同之处：
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我们综合考虑了卫星接入和核心网服务部署问题，将卫星与地面基础设施均作为接入方式，流量并行引导

至空间域和地面域。在空间核心网域，流量从一个网络功能通过多条路径到达另一个网络功能。此外，我

们还搭建了原型系统并进行实验来验证所提方案。 

2  研究方案的设计与实现 

在本节，我们概述星地融合网络支持服务功能的多路径传输方案。其中，多路径卫星接入网关和空间

域服务功能部署是核心内容。我们使用 DTN-MPTCP 方法将流量分割至空间域与地面域，在空间域，基于

SFC 引导流量按序遍历卫星功能节点。由于 MPTCP 在地面网络中的成熟研究和 DTN 对硬件要求较低，

DTN-MPTCP 方法在兼容性和设备需求上具有明显优势。 

2.1  总体方案 

星地融合网络支持服务功能的多路径传输框架如图 1 所示，包含 MP SAG（Multipath Satellite Access 

Gateway，多路径卫星接入网关）、TCN（Terrestrial Core Network，地面核心网）和 SCN（Space Core Network，

空间核心网）。MP SAG 实现卫星网络与地面网络的互联互通，采用 3GPP ATSSS 支持的 MPTCP 功能组件

将卫星集成到地面网络。TCN 基于路由转发规则引导流量，SCN 基于 SFC 引导流量按需有序经过卫星服

务功能。其中，使用卫星接入网关实现的多路径与空间核心网控制组件下发的路径策略可独立运行。 

MP SAG

...
...

...

MP SAG SCN

 TCN

CF 1 VNF 1 VNF 2 VNF 3 CF 2

CF 1 VNF 4 VNF 5 VNF 6 CF 2

SFC 1

SFC 2

网络接口

接入链路 接入链路核心网

网络接口

 

图 1  支持服务功能的多路径传输框架 

MP SAG 聚合地面路由器和空间协议转换网关双功能，提供地面网络与卫星网络之间的接口，实现

TCP/IP 协议栈和 DTN 协议栈的转换。来自用户终端的流量经 MP SAG 使用 DTN-MPTCP 方法传输，一部

分流量以多路径方式走空间网络，一部分流量以多路径方式走地面网络。MP SAG 能够实时感知每条子流

的往返时延、丢包率等链路质量信息。这些实时感知能力使 MPTCP 能够在动态多路径环境中智能地分配

和调度业务流量，最大化传输性能并减少延迟和数据丢失。当地面网络质量较差或中断时，MP SAG 会将

业务流量调度到卫星网络传输，反之，则通过地面互联网传输。SCN 的控制组件下发路径策略，对于单一

SFP（Service Function Path，服务功能路径），用户流量以串行顺序从一个 VNF 经过多条路径到达另一个

VNF。对于并行服务路径，用户流量以并行顺序从一个 VNF 经过多条路径到达另一个 VNF。控制组件包

含四种路径策略，分别是基准路径、SFC1、SFC2 和 SFC 并行路径。TCN 用户流量经由 DTN-MPTCP 将
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一部分流量引导至地面网络，按照路由转发规则到达接收端 MP SAG。 

2.2  多路径卫星接入网关 

A. MP SAG 结构 

MP SAG 结构如图 2 所示。BP（Bundle Protocol，Bundle 协议）[11]使用一个或多个 EID（Endpoint 

Identifier，端点标识符）表示 DTN 网络中的实体[12]。地面 MPTCP 用户终端向 MP SAG 发送包含源 IP 和

目的 IP 的数据包。MP SAG 将流量分成两部分，一部分从 a 口转发至地面互联网，另一部分进入空间网络。

对于进入空间域的流量，MP SAG 首先提取目的 IP 地址，在 IP 与 EID 映射表中查找对应的下一跳卫星节

点。然后，提取应用层数据，重新封装为 Bundle 报文，从 b 口将数据转发至下一跳卫星节点。为适应星地

融合网络的协议环境，IP 数据包在入口卫星网关处作为 DTN 数据包的有效载荷，通过空间隧道传输。图

2 中的 mapping 指的是 IP 地址与 EID 之间的解析关系，此时网络层的路由功能简化，数据直接转发到与

EID 解析绑定的下一跳 IP 地址的卫星节点。 

b

MP SAT

用户终端
DTN 隧道

IP

MPTCP

Subflow TCP

mapping

IP Forwarding 
Table EID Forwarding Table

LTPCL
Subflow TCP

IPv4/IPv6

Ethernet

Subflow TCP

IPv4/IPv6

Ethernet

Bundle

1
2

3

a

IP 数据包负载
IP 数据包头部
DTN 数据包头部

 

图 2  多路径卫星接入网关结构图 

B. 工作模式 

MP SAG 适用于地面网络、非地面网络和星地融合网络，支持四种工作模式，如表 1 所示。四种模式

分别为地面网络 TCP 传输（TN-TCP）、地面网络 MPTCP 传输（TN-MPTCP）、空间网络 TCP 传输（NTN-TCP）

和星地融合网络 MPTCP 传输（DTN-MPTCP）。在 TN-TCP 模式下，MPTCP 未开启，数据通过 a 口传输；

在 TN-MPTCP 模式下，开启 MPTCP，数据通过 a 口传输；在 NTN-TCP 模式下，MPTCP 未开启，数据通

过 b 口传输；在 DTN-MPTCP 模式下，开启 MPTCP，数据通过 a 口和 b 口同时传输。 

表 1  MP SAG工作模式 

工作模式 MPTCP 路径数量 逻辑接口 作用域 
TN-TCP 关闭 单条 a 地面网络 

TN-MPTCP 
 

开启 多条 a 地面网络 
NTN-TCP 关闭 单条 b 空间网络 

DTN-MPTCP 开启 多条 a&b 地面&空间网络 

C. DTN-MPTCP 算法 

基于 DTN-MPTCP 方法实现地面网络与卫星网络的集成，实现过程如算法 1 所示。基于 BP 协议建立

IP 数据包传输隧道，ION-DTN 提供 API 实现 BP 协议栈功能。通过创建和配置 TUN 设备，从用户空间读
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取和写入 IP 数据包，并利用 BP 协议在 DTN 网络中进行数据传输。子进程负责从 TUN 设备读取 IP 数据

包，通过 BP 协议发送到至目的 EID。父进程负责从本地接收端接收 BP 协议数据包，将其解封为 IP 数据

包，并通过 TUN 设备发送到本地网络。从而实现 IP 数据在 DTN 网络中的传输。 

算法中的 BpArg 结构体用于配置 DTN，包含 TUN 接口文件描述符、本地 DTN 节点的 EID、目的 DTN

节点的 EID、服务接入点 SAP、存储数据参考 SDR 等。Role 用于标识实例的角色（客户端或服务器端）。

TUN_device 则指代用于读取和写入 IP 数据包的 TUN 接口设备。MP SAG 的 a 口对应代码中的“a_port”。

而 b 口则是 TUN 接口的数据出口。TUN 接口负责将数据包封装，并通过 DTN 隧道发送给目的空间节点，

此传输路径通过“b_port”进行的。 

Algorithm 1: DTN-MPTCP 
Input: BpArg structure, role, TUN_device   
Output: None 
1: function ipOverDtn(arg)   
2:     Initialize buffer, BpSAP, Sdr, and other variables from arg 
3:     while true do 
4:         ip_packet ← read(TUN_device)  //从 TUN 设备读取 IP 数据包 
5:         tunnel_bpsend(ip_packet)  //使用 DTN 隧道发送 IP 数据包 
6:     end while 
7:     return 
8: end function 
 
9: function ipOutDtn(arg)      
10:    while state.running do 
11:        register_signal_handler(SIGINT) 
12:        delivery_result ← bp_receive()  //接收 DTN 数据包并返回接收结果 
13:        if delivery_result = BpPayloadPresent then  //如果接收到有效负载 
14:            start_sdr_transaction()  //开始 SDR 处理 
15:            buffer ← receive_ZCO_data(get_payload_length(ZCO))  //接收 ZCO 数据并存储到缓冲区 
16:            end_sdr_transaction() 
17:            send2DataLink(buffer)  //将缓冲区数据发送到数据链路层 
18:        end if 
19:        bp_release_delivery()  //释放接收到的 DTN 数据包 
20:    end while 
21:    return 
22: end function 
 
23: if role = "client" then 
24:    thread_dtn ← create_thread(ipOverDtn, BpArg_structure)  //创建并启动 ipOverDtn 线程 
25: else if role = "server" then 
26:    thread_dtn ← create_thread(ipOutDtn, BpArg_structure) 
27: end if 
28: mptcp_socket ← create_mptcp_socket()  //创建 MPTCP 套接字 
29: add_subflow_to_mptcp(mptcp_socket, a_port) 
30: add_subflow_to_mptcp(mptcp_socket, b_port) 
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2.3  空间服务功能部署 

在空间核心网域，用户流量通过 SFC 进行引导和拆分，按序遍历各个服务功能组件。图 3 展示了空

间核心网域服务功能的部署方案，发送方和接收方主机通过 MP SAG 进入空间服务功能域。卫星转发节点

内部署服务功能组件，负责用户流量数据的路由、存储、计算、感知等功能。高轨控制器向转发节点下发

路径策略，转发节点接收路径策略并对流量进行服务功能模块组合。本文在图 3 中选用计算、安全和存储

功能作为服务功能示意。LEO 层卫星链路切换频繁，可见时间短，因此将多元化服务功能组件部署在 MEO

（Medium Earth Orbit，中地球轨道）节点，将控制组件部署在 GEO（Geosynchronous Earth Orbit，地球同

步轨道）节点。 

CF1 CF2

控制组件

MP SAG MP SAG

原始数据包DTN隧道

SFF
Computing

SFF
Security

SFF
Storage

原始数据包DTN隧道 SFC隧道

多路传输多路传输

源主机 目的主机

原始数据包DTN隧道

 

图 3  SCN服务功能部署 

A. 服务功能组件  

服务功能组件对应图 3  SCN 服务功能部署的 SFF（Service Function Forwarder，服务功能转发器）卫

星节点。3GPP 对 NTN 环境提出了与地面互联网相同的安全性要求[13]，我们通过在空间环境部署安全功

能组件，构建入侵检测系统来抵御 DDoS（Distributed Denial of Service，分布式拒绝服务）攻击。使用 Open 

vSwitc[14]作为服务功能链的分类器和转发器，实现流量沿服务路径的转发。服务功能组件通过 Docker[15]

实现虚拟化部署。转发脚本将进入 SFF 的流量根据预定义的规则转发到相应的功能组件。基于 Docker 实

现反射型 DDoS 攻击检测模块、网络层 DDoS 攻击检测模块、低速率 DDoS 攻击检测模块、应用层 DDoS

攻击检测模块、僵尸网络检测模块和防火墙模块。其中，各类型 DDoS 检测模块基于智能化检测算法保证

正常流量的转发，同时拦截对应类型的恶意流量。 

卫星节点接收到数据包后，去除 DTN 首部，接着 SFC 代理接收并解析数据包，去除 NSH（Network 

Service Header，网络服务头），将原始数据包发送至安全功能组件。SFC 代理根据路径判断流量是否进入

该 VNF，若进入，则将数据包 NSH 首部中的 SI（Service Index，服务索引）减 1，并将数据包封装发送至

SFF。 

B. 控制器组件 

使用 Opendaylight[16]作为功能链控制器，部署在 GEO 卫星。Opendaylight 使用 RESTful API 作为北
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向接口，配置服务功能组件的类型和 IP、绑定服务功能和转发器、配置服务功能链路径和获取服务功能链

路信息，通过 HTTP 请求和响应进行通信。控制器使用 Openflow 协议作为南向接口，向分类器和转发器

下发流表并配置路径。其中，控制组件包含四种 SFP 策略：基准路径、SFC1、SFC2 和 SFC 并行路径。如

图 4 所示。基准路径是本文的参考路径，确保所有流量依次经过所有类型的安全功能模块。SFC1 针对反

射型 DDoS 和低速率 DDoS 攻击检测场景。SFC2 针对网络层 DDoS 和僵尸网络 DDoS 攻击检测场景。SFC

并行路径将流量分流到不同路径上，该策略使系统可以同时应对所有类型攻击。通过流表的 NSP（Network 

Service Path，网络服务路径）项区分 SFP。 

MP SAG

FWDR ND BNDRDoS LD LDDoS network layer DDoS Botnet  firewall

MP SAG

DR LD

FW CF 2

BNND

CF 1

Base path SFC1 SFP SFC2 SFP  
（a）单一路径 single service function path 

MP SAG

FWDR ND BNDRDoS LD LDDoS network layer DDoS Botnet  firewall

MP SAG

DR LD

FW CF 2

BNND

CF 1

12

5
8

7

46
9 3

Subflow 1 Subflow 2  
（b）SFC并行路径  

图 4  SCN路径策略  

3  实验 

为验证本文方法并评估其性能，我们基于 Tr 星座[17]搭建 Linux 原型系统。在本节，我们首先描述原

型实现，然后定义性能指标，接着通过实验验证本文方案的可行性和原型系统的功能。 

3.1  原型系统搭建 

表 2  三层卫星星座参数 

卫星 轨道高度/公里 运行周期/小时 卫星数量 轨道倾角/° 
GEO 卫星 36000 24 1×3 0 
MEO 卫星 10390 6 2×5 45 
LEO 卫星 895.5 12/7 6×11 90 

卫星网络业务类型多样，流量巨大，当网络负载较高时，三层星座的高带宽、多路径、高可靠性等性

能优于单层星座，因此选择 LEO/MEO/GEO 三层 Tr 星座模型。星座参数如表 2 所示。采用 ION[18]

（Interplanetary Overlay Network）作为 DTN 网络协议栈的一种实现应用。使用 STK（Satellite Tool Kit）[19]
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对多层卫星网络建模输出星历信息。经由 Matlab 处理得到一系列由单位时间静态拓扑组成的有序快照集

合。依照快照信息配置卫星节点的邻居机制、传输协议引擎参数、转发方案、LTP 参数和接触计划等信息，

生成卫星节点管理文件，实现卫星节点配置。 

...
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图 5  网络拓扑图 

实验网络拓扑如图 5所示，实验参数如表 3所示。卫星接入网关基于linux 4.4.88内核、MPTCP v0.92

实现DTN-MPTCP算法部署，采用fullmesh模式进行路径管理。使用Open vSwitch交换机和OpenDaylight控

制器搭建服务功能链。使用Docker在部分MEO节点实现功能模块的虚拟化部署。其中，入口分类器和出口

分类器分别部署在MEO-4和MEO-7卫星节点。DRDoS攻击检测模块和网络层DDoS攻击检测模块部署在

MEO-10卫星节点。LDDoS攻击检测模块、应用层DDoS攻击检测模块和僵尸网络检测模块部署在MEO-6

卫星。防火墙模块部署在MEO-9卫星节点。在地面节点模拟包含时敏应用、高吞吐量应用和尽力而为应用

三种类型的持续on-off流量[20]，流量开关时间决定任意两个独立流之间的平均突发和空闲时间，均遵循帕

累托分布。模拟场景一和场景二中三种类型应用的流量比例分别为{20%，30%，50%}、{30%，55%，

15%}[21]。 

表 3  实验参数设置 

参数变量名称 数值 
流量形状参数与尺度参数 1.5ms，500ms 

通信时间 600ms 
场景一、二流量比例 {20%，30%，50%}、{30%，55%，15%} 

MPTCP 子流数量 3 
业务流数量 120 
调整系数 30 

资源开销权重系数 1 
单位带宽资源开销 1 

 

3.2  性能指标 

本文采用吞吐量、平均时延、丢包率、流完成度和总资源开销作为性能指标。 
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平均时延是所有成功传输的数据包的时延总和与数据包总数的比值，表示为式（1）： 

 
1 1 1 1 1 1

p j p jk kN f N fp p

k r r
j k r j k r

AD d  
= = = = = =

=   式（1） 

平均丢包率是丢包数量与总数据包数量的比值，表示为式（2）： 

 
1 1 1 1 1

1
p j p jkN f N fp

r k
j k r j k

APL p
= = = = =

= −   式（2） 

平均流完成度是成功传输的流数量与流总数的比值，表示为式（3）： 

 
1 1 1

1
p j pN f N

k j
j k j

AFR f
= = =

= −   式（3） 

SFC 总资源开销定义为总节点计算资源开销与总链路带宽资源开销之和，表示为式（4）： 

 
1 2com banC C C =  +   式（4） 

计算资源开销 comC 包含实例化计算资源开销和运行资源开销，表示为式（5）： 

 ( )
r
i

r
ir

i r

vv
com com v n nv

v V n N r R n Nv V

C k w y 
   

=   +     式（5） 

链路带宽资源开销 banC 是链路用于传输业务流所需的带宽资源，表示为式（6）： 

 ,
,

r
j

r m njr
m n Ej r
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C f z
 

=      式（6） 

设置单位计算资源开销 com 与两点间最小跳数平均值 hop 成正比，即
hop

com p  =  。其中， p 为

调整系数。 hop 由式（7）计算得出，
hop
mn 表示网络中节点m 和节点n 之间的最小跳数。 

 2
,

1hop hop
mn

m N n N n mN N
 

  

= 
−

 
 

式（7） 

 

3.3  实验与分析 

A. 星地融合网络多路径实验 

MP SAG 实现融合网络空间域与地面域的多路并行传输。TCP 与 MPTCP 吞吐量性能如图 6 所示。

MPTCP 由三条路径聚合形成，吞吐量均值由 100s 内的实时数据计算得到。图 6 显示 TN-TCP、TN-MPTCP、

NTN-TCP 和 DTN-MPTCP 的吞吐量分别在 1.705 Gbit/s、7.111 Gbit/s、0.895 Gbit/s 和 5.781 Gbit/s 上下浮动。

吞吐量均值依次为 NTN-TCP < TN-TCP < DTN-MPTCP < TN-MPTCP，其中 DTN-MPTCP 为 NTN-TCP 的

6.5 倍。在地面网络中，多路径传输的吞吐量显著高于单路径。然而，在空间网络中，多路径传输虽然优

于 NTN 单路径，但效果不及 TN-MPTCP，且吞吐量波动较大，主要由于卫星链路不稳定导致数据包丢失
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和重传增多。 

 
图 6  星地融合网络单/多路径吞吐量 

B. 基于服务类型的传输实验 

 

图 7  场景一、二每种应用的端到端时延 

（a）表示场景一、二业务流量比例；（b）表示时敏应用在整个通信周期内的平均时延；（c）表示

每种业务流量使用不同传输方案的端到端时延。 

 
图 8  场景一、二每种应用的平均丢包率 

图 7 展示了四种传输方法在不同业务应用下的时延性能。实验结果显示，DTN-MPTCP 方法在时敏应

用中的平均时延性能最优。与 NTN-TCP、TN-TCP 和 TN-MPTCP 方法相比，DTN-MPTCP 在两种场景下
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分别降低了 96.8%、36.2%、20.6%和 91.0%、21.3%、8.3%的平均时延。DTN-MPTCP 通过聚合空间和地

面的多路径优势，实现了最优的时延性能。对比图 7 左右两幅图可知，改变应用流量比例对 DTN-MPTCP

的时延性能影响不大。 

图 8显示了四种传输方法在不同业务应用下的丢包率性能。结果表明，DTN-MPTCP在高吞吐量应用

中的丢包率最低。与NTN-TCP、TN-TCP和TN-MPTCP相比，DTN-MPTCP在两种场景下的丢包率分别降低

了64.9%、46.3%、36.7%和78.4%、70.7%、25.3%。DTN-MPTCP利用空间和地面多路径的优势，能够有效

应对链路切换和拥塞问题，实现最优的丢包率性能。即使在场景二中高吞吐量应用流量增加，DTN-MPTCP

仍能显著降低丢包率。 

图 9 表明 DTN-MPTCP 方法可以提升三种应用的平均流完成度。在场景二中，DTN-MPTCP 相比

NTN-TCP 和 TN-TCP 分别提升了 14.1%、16.8%、19.6%和 5.7%、13.9%、14.0%的流完成度；相比 TN-MPTCP，

提升了 2.3%、10.1%、7.9%。即使在尽力而为应用比例减少至 15%时，DTN-MPTCP 仍能保持较高的流完

成度。三种应用的流量特性不同导致平均流完成度不同。DTN-MPTCP 方法通过使用最大数量的路径减少

时敏应用数据的传输时延，通过占用多条链路带宽满足高吞吐量应用的高带宽需求。尽力而为应用对带宽

和时延的要求最低，在网络资源有限的情况下被优先忽略，导致平均流完成度最低。 

 
图 9  场景一、二每种应用的平均流完成度 

C. 空间服务功能部署实验 

 

图 10  SFC1和SFC2在MEO-10节点的流表及进入功能节点Docker的情况 
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针对不同源 IP（36.6.0.2 和 36.6.0.3）的服务请求，数据包在空间域经过不同的 SFC。如图 10 所示，

NSP=45 和 NSP=58 分别表示 SFC1 和 SFC2，两条路径的 SI 在经过 DRDoS 和网络层 DDoS 检测模块后数

值减 1。实验使用正常流量，故检测模块前后数据包数量相同。在功能节点 Docker 中，去掉 NSH 头部后

解析源 IP 和目的 IP。 

对比流量通过不同安全服务功能路径的端到端时延。如图 11 所示，基准路径的平均时延为 7.22s，SFC1

的平均时延为 4.63s，SFC2 的平均时延为 4.90s，SFC1 较基准路径平均时延下降 35.87%，SFC2 较基准路

径平均时延下降 32.13%。由于空间环境链路特性，导致 SFP 端到端时延均处于秒钟级别。 

 

图 11  服务功能路径时延对比 

为比较功能路径的网络资源开销，设置场景二业务流总数为 120r = 。图 12 展示了 SFC 域内四种 SFP

运行状态下的节点计算资源和带宽资源开销。相较基准路径 MEO-10 和 MEO-6 两节点运行状态下的计算

资源开销，SFC1 分别减少 58.3%和 53.8%，SFC2 分别减少 45.0%和 37.1%，SFC 并行路径分别减少 33.7%

和 26.1%。这是因为 MEO-10 节点和 MEO-6 节点均包含两种虚拟功能，SFC1 路径和 SFC2 路径在每个卫

星节点只消耗一个虚拟功能的开销，SFC 并行路径不涉及卫星节点内部虚拟功能之间转发处理的开销。对

于带宽资源开销，除控制器外，SFC 并行路径节点所需带宽明显高于 SFC 基准路径、SFC1 和 SFC2，带宽

消耗集中在 MEO-10、MEO-6 和 MEO-9 三个卫星功能节点。因此，当功能节点处理业务流时，SFC 并行

路径方案能明显降低计算资源开销，但需消耗更多的带宽资源。 

 

图 12  节点运行计算与带宽资源开销（ 120r = ） 

图 13 展示了四种 SFP 经过 SFC 域的总资源开销。SFC 并行机制在保证业务流经过所有服务功能的情
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况下，在节省网络总资源开销方面表现最佳，能够降低 10.5%的总资源开销。在分类器开销、功能节点开

销、控制器与收发节点开销、带宽开销四种资源开销中，功能节点开销占比最大，在四种路径方案中的比

例分别为 51.4%、44.3%、46.9%和 46.3%。其中，基准路径和 SFC 并行路径是五种服务功能的开销、SFC1

和 SFC2 是三种服务功能的开销。因此，空间域 SFC 并行机制能明显降低功能节点开销在总资源开销中的

占比，优化服务功能节点部署对星上资源受限的空间域网络意义重大。 

 

图 13  SFC域总资源开销（ 120r = ） 

4  结束语 

在本文，我们提出一种支持服务功能的多路径传输机制。该机制使用 DTN-MPTCP 方法将接入流量分

割至空间核心网与地面核心网，使用 SFC 引导流量遍历空间核心网功能。基于不同类型的业务流量，分析

DTN-MPTCP 方法的端到端时延、丢包率和平均流完成度性能。在空间域以安全服务功能为例，部署 SFC

并行传输机制，旨在降低路径时延和资源开销。最后，搭建星地融合网络原型系统，投放两种不同比例的

业务流量进行性能测试。实验结果表明，DTN-MPTCP 方法能够有效实现空间网络与地面网络的连通。场

景一和场景二中，相比于 NTN-TCP 方法，所提的 DTN-MPTCP 方法可以分别降低 64.9%和 78.4%的时延、

降低 64.9%和 78.4%的丢包率、提升 14.1%和 5.7%的流完成度。在空间域网络中，相比于基准路径，SFC

并行传输机制能够降低 10.5%的总资源开销。本文验证了所提方法的实用性，未来将进一步研究空间域多

元化服务功能部署问题，基于业务需求选择多条功能路径，以最小化时延、丢包率等链路属性作为优化目

标，采用人工智能算法实现业务流量的多路径分割，进一步提高星地融合网络的智能化水平。 
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  Abstract—Recently, space information 

networks(SIN), especially satellites, have become 

crucial for providing global connectivity. Efficiently 

allocating resources in these networks remains a 

significant challenge due to constraints in 

bandwidth and power, particularly as user demand 

increases. Dynamic Channel Allocation (DCA) is an 

effective technology for improving spectrum 

utilization and service quality, and it has been 

studied in many research works on multi-beam 

satellite systems. However, little research considers 

multiple resource allocations while accounting for 

performance constraints in practical scenarios.  

This paper introduces a Deep Reinforcement 

Learning-based Dynamic Resource Allocation 

(DDRA) algorithm designed to enhance traffic 

satisfaction rates and reduce blocking rates in space 

information networks. The study employs 

simulations to evaluate the performance of the 

DDRA algorithm against traditional fixed resource 

allocation and greedy random allocation methods. 

The results demonstrate that the DDRA algorithm 

significantly outperforms the other methods, 

achieving lower blocking probabilities and higher 

traffic satisfaction rates.  
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I. INTRODUCTION 

The Space Information Network (SIN) is a 

networked system that utilizes space platforms (such as 

geostationary satellites, medium and low Earth orbit 

satellites, stratospheric balloons, aircraft, etc.) as 

carriers, in combination with ground network nodes, to 

accomplish the tasks of space information acquisition, 

preprocessing, transmission, and reprocessing. The 

Space Information Network primarily consists of 

various types of satellites, constellations, spacecraft, 

and other space-based infrastructures in different orbits, 

integrated with corresponding ground facilities. It 

forms a comprehensive space-ground information 

system through inter-satellite and satellite-to-ground 

links[1]. 

In recent years, due to the continuous expansion of 

Internet services and application demands, the gradual 

maturity of microsatellite technology, and the 

challenges of achieving global coverage with 

ground-based networks, the development of the Space 

Information Network has attracted increasing attention. 

[2]. 
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The communication transmission network formed 

between satellites and ground users is the most typical 

example of a Space Information Network. As 

communication demands continue to grow and the 

Space Information Network rapidly develops, 

increasing the system's spectrum utilization, service 

quality, and the dynamic allocation of its schedulable 

resources has become a key research focus. 

DCA (Dynamic Channel Allocation) is an effective 

technology for improving spectrum utilization and 

service quality, and it has been studied in many 

research works on multi-beam satellite systems. 

Reference [3] proposed two DCA algorithms based on 

predefined cost functions, which effectively reduce the 

blocking probability but have high algorithm 

complexity and computational overhead. Reference [4] 

addressed the problem of optimal power allocation and 

admission control in satellite networks using dynamic 

programming methods. However, the energy 

consumption of each user is generated based on a 

priori known probability distributions, while in reality, 

it is a random event and typically unknown beforehand. 

Reference [5] proposed low-complexity DCA 

algorithms based on interference measurement 

(IM-DCA) and user location (L-DCA), which can 

effectively reduce co-channel interference. References 

[6] and [7] improved the IM-DCA and L-DCA 

algorithms from the perspective of service quality by 

considering channel priority. These algorithms greedily 

allocate channels with the lowest interference levels to 

users but neglect the inherent temporal correlation in 

DCA sequence decisions, leading to reduced spectrum 

utilization. DCA algorithms need to consider beam 

traffic, terminal distribution, and the impact of 

subsequent allocation decisions, as well as constraints 

such as power and co-channel interference, making it a 

sequential decision problem in a complex environment. 

Deep reinforcement learning methods have shown 

great application potential in such problems and have 

been applied in many dynamic resource management 

issues [8]-[11]. These studies indicate that there is a 

certain research foundation on how to perform 

dynamic channel allocation or resource scheduling in 

satellite systems using deep reinforcement learning or 

DCA methods. However, there is still relatively little 

research that simultaneously considers multiple 

resource allocations while accounting for performance 

constraints in practical scenarios. In actual systems, 

allocating resources dynamically requires balancing 

between various users and services, and satellites have 

limited power, which must be efficiently allocated 

among various communication links. Due to delays, 

limited inter-satellite communication, and potential 

conflicts between resource demands, it is difficult to 

implement simulation algorithms efficiently. For 

simulation cases closer to actual systems, resource 

allocation models combined with intelligent algorithms 

will provide forward-looking support for the future 

development of satellite communication networks and 

space information networks. 

The main contributions of this paper are as follows: 

• This paper proposes a DDRA (DQN-based 

Dynamic Resource Allocation) under satellite 

communication systems that considers power 

and traffic constraints, aiming to improve 

traffic satisfaction rates and reduce user 

blocking rates. 

• A simulation system based on ns3 simulation 

software was built in this paper. By comparing 

the changes in the proposed algorithm with 

two traditional system resource allocation 

methods under different user service request 

rates, the feasibility of the proposed method in 

this system is demonstrated. 
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II. SYSTEM MODEL AND PROBLEM 

FORMULATION 

In this section, the system model of a Space 

Information Network composed of a multi-beam 

satellite and ground user terminals will be introduced, 

along with the formulation of the dynamic channel 

allocation problem. 

A. SYSTEM MODEL 

This paper primarily considers a Space Information 

Network system formed between a multi-beam satellite 

and ground user terminals, as shown in Figure 1. The 

solid-line circular area represents the coverage area of 

the satellite at a given time. To improve spectrum 

resource efficiency and avoid interference, the satellite's 

coverage area is divided into N beam coverage areas, 

represented by dashed circular regions. The set of all 

beams can be denoted as �� = {��|� = 1,2, … ,�}; 

The distribution of user terminals is indicated by red 

triangles, with the density of user terminals in different 

beam coverage areas being randomly distributed. 

coverage of the satellite 

coverage of each beam
user terminal  

Figure 1 Multibeam satellite system 

 

Let's assume the satellite system has a total of M 

available channels, which can be represented as the 

channel set �� = {��|� = 1,2, … ,	} , with each 

channel ��  having a bandwidth of 
� . The total 

bandwidth of the satellite system is 
���	
 = 	
� . 

Here, we consider that using the same channel at a 

sufficiently large distance will not cause significant 

interference, but using the same channel within the 

same beam will lead to mutual interference, reducing 

the transmission rate and degrading the quality of 

service (QoS) [12]. Therefore, it is stipulated that each 

channel can only serve a single user to ensure QoS. 

We use the vector �� = {��,�,��,�, … ,��,�} to 

represent the power distribution of beam �  when 

providing services to user terminals, where ��,�	 
represents the power of beam	�	when using channel 

mmm. If ��,� > 0, it indicates that the satellite is 

using channel � in the coverage area of beam � to 

provide service to users. The power distribution across 

all beams in the entire satellite coverage area can thus 

be represented by the matrix � = ���,��, … ,���. 
Considering the satellite's actual power limitations, 

let's assume the maximum total output power of the 

satellite is ����	
, the maximum power for any single 

beam �� is �, and the maximum power for a single 

channel transmission is ���	�. To simplify the system 

model and reduce the impact of interference and path 

loss in the environment, we assume that the minimum 

power required for using a single channel to serve users 

is �����. If the remaining allocatable power is less than 

�����, the satellite will refuse to provide service. 

Next, we consider the scenario where the satellite 

provides services to users. Since users need to establish 

a connection with the satellite, they must send a request 
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to the satellite, which then decides whether to respond 

based on the schedulable beams and channels, ensuring 

that existing services are not affected. For these 

requests, we assume the number of users in each area is 

randomly distributed, and that these requests can be 

successfully transmitted to the satellite without loss. 

The traffic demand for service � follows a normal 

distribution. To respond to users' requests and provide 

service, the satellite needs to allocate its power to 

ensure signal transmission and increase transmission 

rates to meet users' traffic demands. 

To meet users' traffic demands, the satellite must 

allocate transmission bandwidth to balance the traffic 

needs of different users, thereby alleviating issues of 

insufficient available bandwidth and long user waiting 

times under high load conditions. The transmission rate 

when serving users on channel � of beam � can be 

defined as ��,�. The bandwidth usage of beam � and 

the entire satellite coverage area can be represented 

by�� = {��,�, ��,�, … , ��,�}  and � = [��,��, … ,��] , 

respectively. To ensure service quality, the transmission 

rate must be greater than ����; otherwise, the satellite 

will consider it unable to provide service and will block 

the user request. 

B. PROBLEM FORMULATION 

The resource allocation problem in a multi-beam 

satellite system can be viewed as a decision-making 

problem in discrete time. Let's assume that each unit 

time step is �. Whenever a user sends a service request 

to the satellite, the satellite should make a decision to 

respond. The satellite needs to decide whether it can 

provide the requested service to the user based on the 

availability of channels and within its power limitations, 

while also striving to maintain the quality of other 

ongoing services. Assuming the request rate of all users 

is �, and it follows a Poisson distribution, we can 

consider that within a fixed period, an average of � 

service requests will be generated in the area. The 

duration of the service requested by users follows an 

exponential distribution with a mean of �. 

If the user's request cannot be fulfilled due to the 

satellite's power limitations and insufficient available 

channels, the request will be blocked; otherwise, the 

request will be accepted. Here, the ratio of the number 

of services the satellite is currently providing to the 

number of blocked user requests at a given time is 

defined as the service blocking rate at that time, 

denoted as �
����� . The value of �
�����  at any 

discrete time can be calculated using Eq.(1). 

�
����� =
�
�����
��� #�1�  

Here, �
����� represents the number of blocked 

service requests, and ��� represents the total number 

of user service requests. 

However, when the satellite's transmission 

bandwidth usage reaches its limit, the satellite must 

decide whether to block the user's request or to reduce 

the quality of other services within a certain range. 

Since reducing the quality of other services can lead to 

increased service time, this may cause the blocking rate 

to continue to increase. The unmet service demand 

(USD) is defined as the difference between the amount 

of traffic required by users and the amount of traffic 

provided by the satellite at a given time �: 

���� = �	
�

���

� !"��,� − ��,�, 0##�2�  

Here, ��,�  and ��,� represent the demand 

traffic and the traffic provided by the satellite on 

beam �� at time � , respectively. When the traffic 

provided by the satellite is greater than the demand, 



·94· 第八届“空间信息网络”学术论坛  

the unmet service demand is 0. 

Based on the above system modeling and problem 

setup, this paper aims to minimize the service blocking 

rate and unmet service demand over a period $. The 

objective is to provide high-quality service to as many 

users as possible while ensuring that the satellite's 

power meets the constraints, thus achieving a balance 

between resource utilization, service rate, and service 

quality. Considering the constraints related to power 

and traffic, the optimization problem can be modeled 

as Eq.(3) subject to Eq.(4)-(8). 

�%�%�%&'
	

�	
�

���

"�
�����,� + (����##�3�  

). �.		� 	
�

���

��,� < ����	
#�5�  

																					0 ≤ ��,� ≤ �, ∀�� ∈ 
�#�4�  

																				0 ≤ ���,� ≤ ���	�, ∀�� ∈ *�#�6�  

														� 	
�

���

� 	
�

���

��,�,� ≤ ����	
#�7�  

��,�,� ≥ ����#�8�  

where����	
 and ( respectively represent the total 

traffic for services that the system can provide and the 

normalization parameter for unmet service demand. 

For the optimization problem in Eq.(3), constraint in 

Eq.(4) means total transmitting power should not exceed 

total transmitting power. Constraints in Eq.(5)-(6) mean 

that any beam power should not exceed the maximum 

beam power, and any channel power should not exceed 

the maximum channel power at any time. Constraint in 

Eq.(7) means the total traffic for services should not 

exceed the total traffic for services. Constraint in Eq.(8) 

means the transmission rate should exceed the minimum 

transmission rate to ensure the QoS of the service. 

III. PROPOSED DDRA ALGORITHM 

A. DDRA ARCHITECTURE 

For the resource allocation problem in the 

aforementioned multi-beam satellite system, traditional 

decision-making methods rely on specific rules and 

prior information to make decisions, and they do not 

perform well in complex environments. In contrast, 

deep reinforcement learning-based methods allow the 

satellite agent to continuously interact with the 

environment, selecting actions based on environmental 

changes and reward feedback. This approach enables 

the agent to find the optimal actions within a specific 

system. The DQN based dynamic resource allocation 

architecture is illustrated in Figure 2 

In Figure 2, the left side represents the 

communication system formed between the satellite 

and the user terminals. From this system, state 

information ) and the current global feedback reward 

+ are obtained and fed to the agent for learning. The 

right side illustrates the decision-making process based 

on deep reinforcement learning. According to the input 

state, 

the required action is derived through the Q-network . 

The quadruple ()�, � , +�, )���)  which includes the 

current state )�, selected action  �, reward +�, and the 

next state )��� are stored. At each step, a small batch 

of historical data is randomly sampled from the 

experience replay pool and combined with the target 

network to calculate the loss function, continuously 

updating the Q-network. After every �  steps, the 

target network is updated. 
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Figure 2 DDRA Architecture

 

B. MPD MODEL 

Reinforcement learning tasks are often described 

using a Markov Decision Process (MDP), which is a 

mathematical method for solving sequential 

decision-making problems in discrete time. An MDP 

mainly consists of four key elements: states, actions, 

transition probabilities, and reward functions. The 

objective of the MDP is to maximize the long-term 

cumulative expected reward, i.e., to maximize 

,[∑ 	�
��� .�+���], where +���	represents the reward at 

time	� + /, and . ∈ (0,1) is the discount factor. 

Based on the system modeling and optimization 

problem described above, the definitions of state, 

action, and reward for this system based on MDP are 

provided. 

1. State 

 For the satellite to decide how to allocate 

schedulable resources at the next moment, it needs to 

consider the resources it has already allocated and the 

incoming requests at the current time, i.e., the known 

power and rate distribution across beams and channels, 

as well as the incoming request 0�,the request 0� 
includes the requested traffic volume ��, the service 

duration ��, and the beam area ��, where the user is 

located, i.e. 0� = [�� , �� , ��]. Therefore, the state 

space can be expressed as: 

)� = ��,1,0��#�9�  

2. Action 

The action involves how the satellite handles 

previously provided services and allocates channels, 

power, and traffic volume for new users. Given that 

each service request requires multiple resources to be 

allocated, the action space can become excessively 

large, making learning difficult. Therefore, the satellite 

must make several decisions to fulfill the service 

request. 

First, the satellite must assign a channel	�� ∈ {0,*�} 

to the user. If a channel is available, it should select 

one from *� for the user; otherwise, the user will be 

blocked. If a channel is assigned, the satellite will 

allocate traffic �� to the user within the limits. If the 

power does not meet the constraints (4), (5), (6), the 

user will still be blocked. When the traffic reaches its 

limit, the satellite must decide whether to reduce the 

service quality of other ongoing services to free up 

bandwidth for the current service, while ensuring that 

constraints (7) and (8) are met. Therefore, the action 

space will include: 

 � = ���, �� ,2��#�10�  

where 2� ∈ {0, −1} indicates whether to reduce the 

traffic of other nodes. If the traffic is not reduced, then 

2� = 0. If the traffic is reduced, it frees up �� of 

traffic from the other users to meet the needs of the 
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current user. 

3. Reward 

The reward is the feedback the agent receives after 

taking an action. The agent primarily relies on the 

reward and the state to determine its actions, so the 

design of the reward function is crucial. The objective 

of this paper is to enable the satellite agent to provide 

as many high-quality services as possible under the 

constraints of power and traffic, thereby reducing user 

blocking rates and increasing user satisfaction with the 

allocated traffic. Therefore, the reward function in this 

paper is designed as follows: 

+� = 3 +
����� ,			�45�/'2
+�	������� ,			5�ℎ'+6%)' #�11�  

When the agent's current choice successfully meets 

the new service request, it will receive a positive 

reward +�	������� based on the degree of satisfaction. 

Conversely, if the service is blocked, a negative reward 

+
����� will be given. 

C. DDRA ALGORITHM 

Based on the MDP model constructed above and the 

reinforcement learning framework, this paper 

introduces a Dynamic Resource Allocation algorithm 

(DDRA) based on the Deep Q-Network (DQN) 

algorithm. In the DQN-based algorithm, we use 

techniques such as exploration, experience replay, and 

a target network to improve the stability and 

convergence speed of the Q-network. For action 

selection, the 7-greedy algorithm is used for 

exploration. The exploration rate 7 is initialized at 7� 

=0.99 and eventually converges to a minimum value of 

7��� = 0.01. The exploration value convergence 

strategy adopted here is: 

7 = 7��� + �7� − 7���� ∗ '��/������#�12�  

Here, � represents the current elapsed time steps, 

and 7���	� is the decay rate. 

According to the reinforcement learning framework 

shown in Figure 2, in this algorithm, the maximum 

memory capacity for experience replay is ��. During 

each training process, newly generated tuples 

()�, �, +� , )���) are stored, and a small batch	
 is 

randomly sampled and input into the mean squared 

error loss function. The Q-network is then trained 

using stochastic gradient descent. The loss function is 

calculated as follows: 

� =
1

∣ � ∣
� 	

���,��,��,�����∈�

���	�, 
��− �� + ��
�
��

Q��	�	
,
����#�13�  

Based on the above content, here provides the 

process flow of the DDRA algorithm: 

Algorithm 1: DQN-based dynamic resource allocation  

1. Initialize replay memory   to capacity !� 

2. Initialize action-value function " with random weights # 

3. Initialize target action-value function "$  with random weights 

#� 

4. for %&'()*%	 = 	1,+ do 

5.   Initialize the system parameters ,,-,!�����	
 ,!�� = 0 

6.   for .	 = 	1,/ do 

7.     Observe the arrival user 0� and generate the state (�	as (9) 

8.     Update user nums !�� = !�� + 1 

9.     Calculate the available channel set 1� by - 

10.     If  1� = ∅ do 

11.       Update blocked users !�����	
 	= !�����	
 + 1 

12.       Calculate the reward 2� = 2�����	
 

13.     Else do 

14.       Calculate the available choice set *� by V 

15.       If  *� = ∅ do 

16.         Update blocked users !�����	
 	= !�����	
 + 1 

17.         Calculate the reward 2� = 2�����	
 

18.       Else do 

19.         With probability 3 select a random action 4� 

20.         Otherwise select 4� = 546

"((�,4;#) 

21.         Execute action	4�	and observe the reward 2� = 2������	
  

22.         Observe the next state (��� 

23.         Store transition((�,4�, 2� , (���) in   

24.         Sample random minibatch ((� ,4� , 2� , (���) from   

25.         Calculate the loss 7(#) by (13) 

26.         Every 1 steps reset "$ = " 

27.       End If 

28.     End If 

29.   End for 

30. End for 

IV. SIMULATION RESULTS AND ANALYSIS 

In this section, we present the simulation 
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experiments to validate the performance of the 

proposed model and deep reinforcement learning 

method in the system, and compare them with existing 

methods to demonstrate their superiority. First, the 

validation parameters used in the simulations are 

provided. Then, the training results of the algorithm in 

this system are presented and analyzed to demonstrate 

the feasibility of the algorithm. Finally, we analyze the 

variations in blocking rates and service satisfaction 

rates under different user service request rates in this 

system and compare them with traditional methods. 

A. SIMULATION PARAMETERS 

The simulation experiments in this paper are 

conducted using the ns-3 simulation platform, with the 

ns-3 and ns-3-ai modules employed to implement 

satellite communication simulations and the proposed 

algorithm. The simulation tests will be performed on a 

computer equipped with an Intel i7-9700K CPU and an 

RTX 2080Ti GPU for training and verification. The 

simulation parameters are listed in TABLE 1. 

 Table 1  Simulation Parameters 

Parameters Values 

System parameters  

Number of beams	� 

Number of channels M 

Total bandwidth	������ 

Channel bandwidth �� 

Total transmission power	������ 

19 

16 

5 MHz 

312.5 kHz 

23 dbW 

Maximum beam power	�� 20 dbW 

Maximum channel power ���	
 0.35 dbW 

Minimum channel power ����� 0.3 dbW 

Traffic of requests for services	� 
Gaussian 

distribution 

Total traffic for services	��	� 20 Mbps 

Minimum traffic for services	���� 500 kbps 

Traffic arrival rate	� 
Poisson 

distribution 

Traffic duration		 Exponential 

Total time steps 
 distribution 

1000 

Algorithm parameters  

Replay memory size	�� 20000 

Batch size � 64 

Target update frequency	� 100 

Learning rate 8 

Initial epsilon	7� 

Minimum epsilon	7��� 

Epsilon decay 7���	� 

Discount factor . 

0.01 

0.99 

0.01 

1000 

0.99 

To verify the feasibility of the proposed algorithm, 

two traditional fixed allocation methods are provided 

for comparison: 

Fixed Resource Allocation Method: For service 

requests, channels are allocated in a fixed order, and a 

fixed amount of traffic and power are provided. The 

allocation does not change based on the current 

situation or past resource allocation. 

Greedy Random Allocation Method: For service 

requests, the satellite randomly allocates channels to 

users and provides as much traffic and power as 

possible. This method does not reclaim or restrict 

resources that have already been allocated. 

B. SIMULATION RESULTS 

Firstly, the reward-episode curve as the training 

results of the proposed algorithm are shown in Figure 

3. We can observe that, due to the longer training steps 

in each iteration and the extensive model adjustments, 

the network quickly adapts its channel allocation 

pattern within the first 10 iterations. The system then 

gradually stabilizes in subsequent iterations. It is 

important to note that during the training, the average 

user request frequency was set at 16 users per unit time, 

with an average service request time of 3 units. This 

implies that all bandwidth will be fully utilized, and 

the random positions of users will quickly push the 

system to the boundary between blocked and 

unblocked states. The algorithm initially focuses on 

maximizing user traffic satisfaction, indicated by 

higher rewards, and gradually converges to a balanced 

state between user traffic satisfaction and blocking 

rates, maintaining relative stability. 
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Figure 3 reward-episode curve of training 

In the experimental validation, the comparison is 

based on variations in the system's blocking rate and 

traffic satisfaction levels under different user service 

request rates. These are compared with the fixed 

allocation strategy and the greedy random allocation 

strategy, as shown in Figure 4 and Figure 5 

For both blocking rate and traffic satisfaction rate, it 

is evident that the current algorithm outperforms the 

other two methods across all traffic scenarios. When 

the user service request rate is approximately 20 

requests per minute, the blocking rate is significantly 

lower compared to the fixed allocation and random 

strategy methods, and the traffic satisfaction rate is 

also notably higher than that of the fixed allocation 

method. When the number of user service requests is 

high, the differences between these methods diminish 

because the traffic constraints become very severe. 

This results in new user service requests being almost 

unable to be properly accommodated. 

 

FIGURE 4 block rate curve under different user request rates 

 

FIGURE 5 traffic satisfaction rate curve under different user 

request rates 

V. CONCLUSION 

This paper proposes a Deep Reinforcement 

Learning-based Dynamic Resource Allocation (DDRA) 

algorithm aimed at increasing traffic satisfaction rates 

and reducing blocking rates. The simulation results 

indicate that, compared to traditional fixed resource 

allocation strategies and greedy random allocation 

methods, the DDRA algorithm achieves lower 

blocking probabilities and higher traffic satisfaction 

rates. However, further research is needed to address 

channel and power limitations more effectively and to 

better reflect the impact of power allocation in the 

algorithm. 
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面向人机友好的遥感图像编码多尺度框架 

张真，肖晶*，王密 

摘  要：随着遥感数据量的增加和机器协同解译的发展，遥感影像传输除了需要高效的压缩之外，还需要

服务于人机视觉双重需求。然而现有的以像素表示为优化基础的压缩方法在面对下游的机器分析任务时会

存在性能下降的问题。针对该问题，提出了一种特征域优化的人机友好的遥感影像压缩框架。设计一个紧

凑的多尺度特征提取器，将图像变换到特征域，并对紧凑特征进行压缩以实现高效传输。解码时，将压缩

后的特征直接用于机器分析，避免了人机视觉的权衡。为了重建视觉上令人愉悦的图像，我们利用任务间

的协同作用，利用高级任务中的特征增强图像重建。在 AID 和 NWPU-RESISC45 数据集上的实验结果表

明，在同等视觉效果的情况下，所提方法在分析性能上优于现有方法。 
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1  Introduction 

The development of remote sensing imaging technology produced a huge amount of remote sensing data, 

which is impossible to fully interpretation and analysis by limited manpower. In contrast, the widespread application 

of deep learning in the field of remote sensing has significantly boosted the ability of machine to understanding 

remote sensing images. In the nearest future, human-machine collaborative understanding of remote sensing images 

will become a mainstream method. Therefore, efficient human-machine vision friendly image compression is an 

indispensable study to support the premium application of remote sensing data. 

To achieve high-efficiency image transmission, many efforts have been made over decades of research ranging 

from predictive coding, transform coding to hybrid coding. Recently, with the development and expansion of neural 

networks, learning-based codecs [1, 2, 3] have rapidly evolved and attained promising performance. Nonetheless, 

the development of image compression efficiency is sluggish and limited, and it is challenging to achieve higher 

compression ratios by orders of magnitude to support the explosive growth of remote sensing data traffic. In addition, 

image compression methods are usually designed for human vision and are independent of machine analysis. Since 

the principles of machine vision are different from human vision [4], the reconstructed images optimized by human 

vision may obtain sub-optimal analysis results. Particularly, the compression artifacts under low bit rates seriously 

affect the semantic analysis accuracy since feature fidelity is not considered. 

In this paper, we proposed a human-machine vision friendly image compression framework to satisfy the 

requirements of human-machine collaborative understanding and high-efficiency compression. Rather than 

compressing and transmitting images directly, we tend to extract compact feature from the input image and 

compress the feature to ensure semantic fidelity. On the encoding side, we employ multi-scale dilated convolutions 

to extract features, which assists in alleviating the challenge of large scale discrepancies across remote sensing 

objects. On the decoding side, the compressed features are directly used in downstream tasks. We set up two 

branches to perform image reconstruction for human vision and machine analysis for machine vision using the 

reconstructed features. To address the challenge of downstream task performance degradation caused by feature 

distortion, we explore the inter-task relationships and employ high-level task features to enhance the low-level task 

performance. Specifically, we inject the intermediate features from the image classification branch into the image 

reconstruction branch, which are then aggregated with the compressed features and fed to the deconvolution decoder 

for image reconstruction. 

In summary, the main contributions of this paper are: 

1) We design a remote sensing image compression framework for both human and machine vision to support 

collaborative understanding of remote sensing images, which performs image classification and reconstruction from 

the compressed features.  
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2) We propose to extract compact multi-scale features by multi-scale dilate convolutions to facilitate both 

compression and downstream analysis, and leverage the synergy between tasks to enhance the low-level task with 

features from high-level task. 

3) Our method achieves reconstruction quality comparable to the state-of-the-art in image compression, and 

outperforms classification methods from the decoded images in term of bit-accuracy on both two remote sensing 

image classification datasets. 

2  Related Work 

2.1  Image Compression 

Image compression aims to reduce the storage volume and transmission bandwidth of images while retaining 

the important information as much as possible. Traditional hand-craft methods, such as JPEG [5], JPEG2000 [6], 

AVC [7], HEVC/H.265 [8], VVC/H.266 [9], remove signal redundancy and human imperceptible information with 

intra prediction, discrete cosine transformation or wavelet transformation, quantization, and entropy coding pipeline. 

The development of deep learning significant facilitated learning-based codecs. Balle et al. [1] proposed the most 

widely used learning-driven lossy image compression model with auto-encoder. Zhou et al. [2] utilized a pyramidal 

encoder for fusing features of multiple scales to generate the latent representation of auto-encoder. Cheng et al. [3] 

proposed to use discretized Gaussian mixture likelihoods to parameterize the distributions of latent codes and 

achieved substantial performance improvement. Recently, Xie et al. [10] largely mitigate the information loss 

problem by introducing invertible neural network as enhanced encoder. However, these methods are optimized with 

pixel-level metrics that designed for visual fidelity, which is sub-optimal for machine vision. 

2.2  Image Coding for Machine 

Different from image compression for human visual perception, image coding for machines aims to compress 

and transmit source images to support the downstream machine analysis tasks. A naive solution is to jointly optimize 

the image compression models and the downstream intelligent tasks in the image domain. Based on task-oriented 

heuristic prior knowledge, [11], [12] and [13] proposed to utilize region of interest based bit allocation strategy to 

save transmission overhead. However, these methods imply a trade-off between semantic fidelity and pixel fidelity, 

leading to sub-optimal results for machine vision. Therefore, some methods compresses the features of 

corresponding tasks instead of original images for both coding efficiency and calculation load. Hu et al. [14] 

transmitted a compact edge map for machine vision tasks with the reference pixels as enhanced layer for human 

vision. Liu et al. [15] proposed to learn features with pyramid structure for scalable encoding to support multi-

grained tasks. Feng et al. [16] extracted a compact omnipotent feature by contrastive learning for various 

downstream tasks. However, these methods are not optimized for the multi-scale characteristic of remote sensing 

images. 
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3  Proposed Method 

3.1  Framework Overview 

The structure of proposed framework is shown in Fig. 1. Given a image 𝑥𝑥 with label 𝑦𝑦, we firstly extract its 

multi-scale compact feature 𝑧𝑧 at the encoder side with the proposed multi-scale dilated convolution (MSDC) 

module. Subsequently, the feature 𝑧𝑧 is fed into a lossy compression module with a hyper-prior module to facilitate 

transmission. At last, the compressed representation �̂�𝑧 is reconstructed at the decoder side and used to predict the 

label �̂�𝑦 and reconstruct the image �̂�𝑥 respectively. More specifically, we use standard Transform blocks to build 

the image classification branch and aggregate the features of the image classification branch for image 

reconstruction. 

 

 
Fig. 1. Overview of proposed human-machine vision friendly remote sensing image compression framework. 𝒔𝒔 and 𝒓𝒓 

in convolution layers represent stride and dilation rate respectively. 𝑸𝑸   uuantization.𝑨𝑨𝑨𝑨   Arithmetic Encoder.𝑨𝑨𝑨𝑨   

Arithmetic Encoder. T-Block  Transformer Block. 

 

3.2  Feature Extraction and Compression 

Considering the large scale discrepancies between remote sensing objects, we stack four MSDC modules to 

extract multi-scale compact representation and gradually reduce the spatial dimension. Specifically, the MSDC 

module employs a convolutional layer with stride of 2 to reduce the spatial resolution to half. Then, multiple dilated 

convolution layers with different dilation rate are utilized to capture features at different scales in parallel. At last, 

the features from all branches are concatenated in channel and then fed into a convolution layer for channel 

dimension reduction. The input image 𝑥𝑥 ∈ ℛ3×𝑤𝑤×ℎ, where 𝑤𝑤 and ℎ donate the width and height, respectively, is 

transformed into compact representation 𝑧𝑧 ∈ ℛ𝑐𝑐×𝑤𝑤
16×

ℎ
16 through by four MSDC modules, where 𝑐𝑐 is the number 

of channels. 
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Since the value range of the feature 𝑧𝑧  is continuous, we quantize it to the discrete-valued �̂�𝑧  before 

compressing it. A hyper-prior module [3] of learning-based image compression method is employed to estimate the 

hyper-prior conditional probability distribution for the entropy coding of �̂�𝑧. Note that the proposed modules on the 

encoding side are relatively lightweight, thus can be deployed on satellites with limited computational capacity. 

3.3  Downstream Feature Application 

The bitstream is restored to �̂�𝑧 on the decoding side, which is then sent to the machine analysis branch and 

image reconstruction branch respectively. In particular, we selected the image classification task as the machine 

analysis branch. 

Classification Branch. Rather than reconstructing the image from �̂�𝑧 and then classifying it, we directly utilize 

�̂�𝑧 for inference. We employ the standard Transform blocks in ViT [17] to build our analysis branch. Following ViT, 

we adopt the learnable position embedding to maintain the spatial information, and the class embedding for 

classification. At the end, the transferred class embedding is fed to the classification head with a softmax activation 

function to predict class probabilities. 

Reconstruction Branch. To reconstruct images with higher visual quality, we attempt to utilize the features 

of classification branch to enhance image reconstruction, motivated by the consideration that features of high-level 

vision tasks may assist low-level vision tasks. Transformers are able to extract global context information from the 

compressed features, which has been demonstrated to help improve compression performance in [18]. Therefore, 

we inject the intermediate layer features from the classification branch into reconstruction. Specifically, we 

aggregate the decompressed feature �̂�𝑧 with the features from the first three layers of classification branch. We 

concatenate these features in the channel dimension and employ convolution layers for information fusion. At last, 

the decoder utilizes the aggregated features to reconstruct the high-quality image. 

3.4  Training Objectives 

Our optimization objectives include image reconstruction quality, image classification accuracy, and feature 

compression bit rate. The 𝐿𝐿2 loss between 𝑥𝑥 and �̂�𝑥 constrains the reconstruction quality, and the cross-entropy 

loss is utilized for classification branch. The rate loss is expressed by the entropy of latent variable 𝑧𝑧. The entire 

loss function can be expressed as: 

𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛼𝛼𝛼𝛼(𝑦𝑦, �̂�𝑦) + 𝛽𝛽‖𝑥𝑥 − �̂�𝑥‖22 − log𝑝𝑝(�̂�𝑧), 

(1) 

where 𝛼𝛼(·,·) denotes the cross entropy, 𝛼𝛼 and 𝛽𝛽 are the associated weights. 

4  Experimental Results 

4.1  Experimental Setup 

Datasets. We evaluate our method on the AID dataset [19] and NWPU-RESISC45 dataset [20]. AID is a well-
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known remote sensing image scene classification dataset containing 30 scene classes with 10,000 images. Its image 

resolution is 600×600, and the ground resolution ranges from 8 meters to half a meter. NWPU-RESISC45 is large-

scale scene classification dataset containing 31,500 images, covering 45 scene classes with 700 images in each class. 

We split them equally into training set and validation set. 

Implementation Details. We implement our method with Pytorch and optimize it using AdamW for 300 

epochs. The initial learning rate is set to 0.0001 with a cosine decay learning rate scheduler. We set 𝛼𝛼 𝛽𝛽⁄  to 100 

and 𝛼𝛼 to 0.1, 0.3, 0.6, 0.9, respectively to equip networks with different compression ratio. 

Comparison Methods. We compare our method with the traditional codecs including JPEG, JPEG2000, BPG, 

and the learning-based image codecs including mbt [21] and GMM [3]. In addition, we take the decoded images as 

the input of images classification models to validate analytical performance. We select the CNN-based model, 

ResNet50 [22], and Transformer-based model, Swin-T [23] to compute the Top-1 accuracy. 

 

    

(a) Rate-accuracy Comparison (b) Rate-distortion Comparison 

Fig. 2. Classification accuracy (a) and image reconstruction PSNR (b) under different bitrates. The results on AID and 

NWPU-RESISC45 are shown from left to right, respectively. 

 

4.2  Effectiveness and Superiority 

Image Classification. We report the rate-accuracy result of our model on both AID and NWPU-RESISC45 in 

Fig. 2 (a). We jointly trained the image compression and image classification networks for a fair comparison. Our 

method significantly surpasses ResNet50 and Swin-T applied to the reconstructed images. This is mainly due to the 

serious distortion of reconstructed images at low bit rates, which are not robust to machine analysis. However, our 

method performs compression in the feature domain, thus the semantically fidelity information can be transmitted 

at a lower bit rate. 

Reconstruction Results. Fig. 2 (b) demonstrates the rate-distortion performance. The proposed method 

significantly outperforms the traditional image codecs, i.e., JPEG and JPEG2000, and achieves performance 

comparable to the learning-based codecs, that is, the PSNR difference is no more than 1dB under the same bpp. We 
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also present the visual comparison of the reconstructed images in Fig. 3. At low bit rates, the proposed method 

retains more fidelity edge and texture and produces the most pleasing visual effects. All learning-based codecs are 

fine-tuned on remote sensing datasets for fair comparison. 

 

    

(a) Input/bpp/PSNR (b) mbt/0.135/27.82dB (c) GMM/0.120/28.48dB (d) Ours/0.129/27.65dB 

Fig. 3. uualitative comparison on image compression methods. All images are controlled at similar bit rates for fair 

comparison. The reconstruction quality is measured by PSNR. 

 

  
Fig. 4. The ablation study on multi-scale feature extraction and collaboration between tasks. The image reconstruction 

quality is on the left side, while the picture classification accuracy is on the right. 

4.3  Ablation Studies 

We validate the effectiveness of the proposed multi-scale feature extraction (MSF) and task-collaboration (TC). 

Fig. 4 shows the comparison of with and without MSF and TC on AID dataset. MSF results in a slight bit rate 

increase, but has a positive effect on both human and machine vision with richer information. Although TC is only 

applied to the human vision branch, it can help with both image classification and reconstruction by the optimization 

in Eq. 1. All designed modules promote the improvement of both rate-distortion and rate-accuracy performance. 

5  Conclusion 

In this paper, we proposed a novel framework to simultaneously tackle the needs of remote sensing picture 

compression for both human and machine vision. Instead of reconstructing the image from the code stream, we 
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extract and directly transmit the compact multi-scale features of remote sensing images for machine analysis. In 

addition, we exploit the features from classification branch to enhance the quality of image reconstruction. 

Experimental results demonstrate the effectiveness of the proposed method on both human and machine vision. 
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Abstract—Spectrum sharing among the satellite, unmanned
aerial vehicle (UAV), and terrestrial components is crucial to
alleviate spectrum scarcity in a hybrid maritime communication
network (MCN). In the time domain, spectrum sharing opti-
mization based on fine-grained time slices is widely envisioned.
However, fine-grained time synchronization is rather challenging
due to the large diversity in the link delay. In this paper, we focus
on link-cluster-based spectrum sharing based on coordinated link
scheduling in terms of subcarrier and time slice allocation. By link-
cluster-based scheduling for the satellite links, time-slice-oriented
spectrum sharing is realized with coarse time synchronization at
time scales much larger than single time slice duration. Only
large-scale channel state information (CSI) is utilized for saving
cost. An NP-hard mixed integer programming (MIP) problem
is formulated, and with the aid of link clustering, a suboptimal
spectrum sharing scheme, with only a small performance gap to
the optimal one, is proposed. Simulations show that a significant
improvement in both energy efficiency and spectrum efficiency
could be achieved by the proposed scheme.

Index Terms—Maritime communication, hybrid network, spec-
trum sharing, time synchronization, channel state information (CSI)

I. INTRODUCTION

Ubiquitous coverage is ranked among the top targets of the
sixth generation (6G) network, for which enhanced maritime
coverage is considered to be a key scenario [1], [2]. Since
the terrestrial base stations (BSs), in general, are only suitable
for off-shore coverage, the non-terrestrial network components,
including satellites and unmanned aerial vehicles (UAVs), are
indispensable for realizing broadband maritime communica-
tions [1]–[3]. With the ability to integrate the advantages of
different networks together, the hybrid satellite-UAV-terrestrial
maritime communication network (MCN) is considered to be
a promising solution for 6G maritime coverage [3]. To counter
spectrum scarcity in such hybrid MCN, spectrum sharing
among different links is necessary [2], [5]–[8].

For efficient spectrum utilization, time slicing could be
adopted together with subcarrier division in both the terrestrial
and satellite components [3]. As the maritime users in a

hybrid MCN are usually dispersively distributed in a large
area, the links for different users are usually largely different
in path loss and propagation delay [1]–[3]. Due to the high
altitude of satellites, the difference between satellite links and
UAV/terrestrial links is especially prominent. While the diver-
sity in path loss of these links brings chances for opportunistic
spectrum utilization, the difference in propagation delay makes
it difficult to achieve fine-grained network-wide time synchro-
nization, especially when the satellite, UAV, and terrestrial
components are operated separately with limited information
exchange [3], [4]. Thus, it is rather challenging to fully exploit
the performance gains of cooperative spectrum sharing among
all links in the time domain based on time-sliced subcarriers [3].
In previous research [5]–[7], spectrum sharing was mainly
achieved through opportunistic coordination between satellite
and UAV/terrestrial links in the frequency domain. Coordinated
optimization in the time domain, e.g., across time slots, was
either not considered or just considered for UAV/terrestrial
links [5]–[7]. To the best of our knowledge, no spectrum
sharing scheme has been designed for hybrid satellite-UAV-
terrestrial networks based on opportunistic transmission across
both the frequency and time domains.

In this paper, we focus on spectrum sharing for a hybrid
satellite-UAV-terrestrial MCN, where UAV-to-vessel (U2V) and
vessel-to-vessel (V2V) links reuse the same frequency band
with vessel-to-satellite (V2S) links. With spectrum resource
being utilized in terms of time-sliced subcarriers for all links,
coordinated link scheduling in terms of subcarrier and time
slice allocation is explored. To circumvent challenges brought
by network-wide fine-grained time synchronization, the V2S
links are dynamically grouped into clusters according to the
inter-link interference. Then, the V2S link clusters, instead
of individual links, are jointly scheduled with U2V and V2V
links. By such V2S-link-cluster-based scheduling, successive
time slices of each subcarrier could be grouped together and
assigned adaptively to each of the V2S link clusters as a whole.
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Fig. 1. Illustration of a hybrid satellite-UAV-terrestrial MCN.

With delicately-designed V2S link clusters, fine-grained time-
slice-oriented coordination between V2S links and U2V/V2V
links could be achieved with coarse time synchronization at
time scales much larger than a single time slice. Besides,
only large-scale channel state information (CSI) is utilized in
the above procedure. Due to the slow varying of large-scale
fading, the acquisition of large-scale CSI incurs a much reduced
overhead and signaling cost compared to instantaneous CSI [4],
[8].

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

Fig. 1 shows a hybrid satellite-UAV-terrestrial MCN. The
satellite provides macro coverage for both service and signal-
ing. The UAVs and some of the vessels with spare commu-
nication capabilities provide hot-spot access for coverage en-
hancement. The vessels as users could be served either directly
by the satellite or via the UAV/vessel-based hot spots. Assume
that there are M UAVs and N vessels. Set N1 = {1, ..., N1},
N2 = {N1+1, ..., N1+N2}, and N3 = {N1+N2+1, ..., N1+
N2+N3}, with N = N1+N2+N3. N1 of the vessels, indexed
with n1 ∈ N1, are served directly by the satellite in the uplink
via V2S links, and N2 of the vessels, indexed with n2 ∈ N2,
are served by the UAVs and the other N3 vessels, indexed
with n3 ∈ N3, in the downlink via U2V and V2V links, with
N2 ≥ M +N3. For efficient spectrum utilization, the U2V and
V2V links share the same frequency band with the V2S links,
coordinated by a central controller.

Suppose that K (K ≤ N1) subcarriers, each with a band-
width of B, are available. In a serving time duration of T , the
V2S links serving the N1 vessels n1 ∈ N1 are scheduled in the
subcarriers with time slicing, as illustrated in Fig. 1. The time
slicing in each subcarrier could be even or uneven, according
to the QoS requirements of the vessels. To avoid collision, at
most one V2S link is active in each subcarrier at each specific
moment. At the same time, the U2V and V2V links for the
N2 vessels n2 ∈ N2 share the K subcarriers opportunistically.
Time slicing is also adopted for the scheduling of the U2V and
V2V links. To control interference, at most one U2V or V2V
link is scheduled in each subcarrier at each specific moment.

Besides, each of the vessels n1 ∈ N1 and n2 ∈ N2 can only
be served in one subcarrier at each moment.

For spectrum sharing, the V2S links are firstly grouped into
clusters, and then jointly scheduled with U2V and V2V links
in terms of link clusters instead of individual links. With V2S
link clusters, the scheduling of the V2S links and that of the
U2V and V2V links are only coarsely synchronized at the time
scale T , instead of the duration of a single time slice. Due to
the downward pointing of the antennas on UAVs for the U2V
links, as well as the down tilt of those on the vessels n3 ∈ N3

for the V2V links, the interference from the U2V and V2V
links to the V2S links is ignored [4]. The received signal of
the V2S and U2V/V2V links can be written as

y(s)n1
= R(s)

n1
h(s,v)
n1

T (v)
n1

x(v)
n1

+ z(s), (1a)

y(v)n2
= R(v)

n2
h(v,uv)
n2

T (uv)
n2

x(uv)
n2

+ R̂
(v)
n2,n̂n2

ĥ
(v,v)
n2,n̂n2

T̂
(v)
n2,n̂n2

x
(v)
n̂n2

+ z(v). (1b)

y
(s)
n1 denotes the received signal at the satellite from vessel n1,

and y
(v)
n2 is that at vessel n2 from the UAV or vessel that serves

it. |R(s)
n1 |2, h(s,v)

n1 , |T (v)
n1 |2, and x

(v)
n1 are the receive antenna gain,

the channel, the transmit antenna gain, and the transmit signal
of the V2S link for vessel n1, respectively, |R(v)

n2 |2, h
(v,uv)
n2 ,

|T (uv)
n2 |2, and x

(uv)
n2 represent those of the U2V/V2V link for

vessel n2, and |R̂(v)
n2,n̂n2

|2, ĥ(v,v)
n2,n̂n2

, |T̂ (v)
n2,n̂n2

|2, and x
(v)
n̂n2

are
those of the interference link from vessel n̂n2

to n2. n̂n2
∈

N1 is the vessel served by the V2S link that interferes the
U2V/V2V link serving vessel n2. z(s) and z(v) denote the white
Gaussian noise at the satellite and the vessels, respectively.

A composite channel model consisting of large-scale fading
and small-scale fading, i.e., h =

√
lw, is adopted for all the

links [4], [9]. l denotes the large-scale fading, and w is the
small-scale fading, with E[|w|2] = 1. E is the expectation
operator. The large-scale fading is mainly caused by path loss,
and the small-scale fading could be Rayleigh or Rician [9].
To save cost, only large-scale CSI of the links is utilized for
spectrum sharing. Without loss of generality, we assume the
large-scale CSI of each link is the same in different subcarriers.

B. Problem Formulation

Let CV 2S , 1 ≤ CV 2S ≤ N1, denote the number of V2S
link clusters. Set K = {1, ...,K} and C = {1, ..., CV 2S}. Let
δn1,c, n1 ∈ N1, c ∈ C, denote the cluster indicators for the V2S
links. If the V2S link for vessel n1 is in cluster c, δn1,c = 1,
and otherwise δn1,c = 0. Further, let ηk,c and θk,n2

, k ∈ K,
c ∈ C, n2 ∈ N2, represent the scheduling indicators for the V2S
links clusters and the U2V/V2V links, respectively. If some
link in the V2S link cluster c is scheduled in subcarrier k, then
ηk,c = 1, and otherwise ηk,c = 0. Similarly, if the U2V/V2V
link for vessel n2 is scheduled in subcarrier k, then θk,n2

= 1,
and otherwise θk,n2

= 0.
When only the large-scale CSI is available, the transmission

rates of the V2S and U2V/V2V links can be expressed as

Rn1
= BEw log2(1 +

|R(s)
n1 |2l

(s,v)
n1 |w(s,v)

n1 |2|T (v)
n1 |2p(v)n1

σ(s)2
), (2)
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Rn2
= BEw log2(1 +

|R(v)
n2 |2l

(v,uv)
n2 |w(v,uv)

n2 |2|T (uv)
n2 |2p(uv)n2

In2 + σ(v)2
),

(3)
in which Ew denotes the expectation operator with respect to
the small-scale channel fading. σ(s)2 and σ(v)2 are the power
of z(s) and z(v), respectively. In2

is the interference suffered
by the U2V/V2V link for vessel n2, and

In2
= Ew

[
|R̂(v)

n2,n̂n2
|2 l̂(v,v)n2,n̂n2

|ŵ(v,v)
n2,n̂n2

|2|T̂ (v)
n2,n̂n2

|2p(v)n̂n2

]

= |R̂(v)
n2,n̂n2

|2 l̂(v,v)n2,n̂n2
|T̂ (v)

n2,n̂n2
|2p(v)n̂n2

.
(4)

p
(v)
n1 = E[|x(v)

n1 |2], p
(uv)
n2 = E[|x(uv)

n2 |2], and p
(v)
n̂n2

= E[|x(v)
n̂n2

|2]
are the transmit power of the corresponding links. When the
U2V/V2V link for the vessel n2 is scheduled in subcarrier k,
i.e., θk,n2 = 1, it can be determined that

n̂n2 ∈ Nk = {n1|ηk,c = 1, δn1,c = 1, c ∈ C, n1 ∈ N1}. (5)

Correspondingly, when the U2V/V2V link for the vessel n2

is scheduled in subcarrier k, we introduce a worst-case model
to depict the interference and replace In2

by its upper bounds
Īn2,k in the spectrum sharing optimization, with

Īn2,k =

{
max
n1∈Nk

|R̂(v)
n2,n1

|2 l̂(v,v)n2,n1
|T̂ (v)

n2,n1
|2p(v)n1

, Nk ̸= ϕ,

0, Nk = ϕ.
(6)

Further, Rn2
given by (3) is replaced by its lower bound as

Rn2,k
= BEw log2(1 +

|R(v)
n2 |2l

(v,uv)
n2 |w(v,uv)

n2 |2|T (uv)
n2 |2p(uv)n2

Īn2,k + σ(v)2
).

(7)
To guarantee the QoS for the vessels n1 ∈ N1 and n2 ∈

N2, we assume that a minimum data volume V QoS
n > 0, n ∈

N1 ∪ N2, is required to be transmitted for vessel n within the
time duration of T . With a serving time of τn,k for vessel
n ∈ N1 ∪ N2 in subcarrier k, the total energy consumption of
the MCN for transmission can be written as

Etotal =

N1∑
n1=1

p(v)n1

K∑
k=1

τn1,k +

N1+N2∑
n2=N1+1

p(uv)n2

K∑
k=1

τn2,k. (8)

With the target of minimizing Etotal while guaranteeing the
QoS for the vessels, the spectrum sharing problem is formulated
as (9), where kn1

= {k|δn1,c = 1, ηk,c = 1, c ∈ C, k ∈ K}. (9b)
and (9c) are for the QoS guarantees for the vessels n1 ∈ N1

and n2 ∈ N2, (9d) is to assure that each of the vessels can only
be served in one subcarrier at each moment, and (9e) indicates
that at most one V2S link and one U2V/V2V link are active

in each subcarrier. Note that Rn2,k
is a function of δn1,c and

ηk,c, as shown in (5)–(7).

min
{CV 2S ,δn1,c,ηk,c,θk,n2

,τn1,k,τn2,k}
Etotal (9a)

s.t. Rn1

∑
k∈kn1

τn1,k ≥ V QoS
n1

, n1 ∈ N1, (9b)

K∑
k=1

θk,n2
Rn2,k

τn2,k ≥ V QoS
n2

, n2 ∈ N2, (9c)

K∑
k=1

τn1,k ≤ T,
K∑

k=1

τn2,k ≤ T, ∀n1, n2, (9d)

N1∑
n1=1

τn1,k ≤ T,

N1+N2∑
n2=N1+1

τn2,k ≤ T, ∀k, (9e)

1 ≤ CV 2S ≤ N1, τn1,k ≥ 0, τn2,k ≥ 0, ∀k, n1, n2, (9f)
δn1,c ∈ {0, 1}, ηk,c ∈ {0, 1}, θk,n2 ∈ {0, 1},

∀n1, n2, k, c, (9g)

III. LINK-CLUSTER-BASED SPECTRUM SHARING

It can be seen from (9) and (5)-(7) that the formulated
problem is a complicated NP-hard mixed integer programming
(MIP) problem [11], and it is rather challenging to solve. In
the following, the V2S links are firstly clustered, and then a
suboptimal spectrum sharing scheme is proposed.

A. V2S Link Clustering

Consistent with the context that spectrum sharing between
links is needed, the MCN is supposed to be in a full-load state
for the V2S links, i.e., (

∑N1

n1=1 V
QoS
n1

/Rn1)/T = K. With the
worst-case interference model in (6), it can be inferred that the
V2S links could be grouped into CV 2S = K clusters for inter-
ference coordination. Besides, to satisfy the QoS requirements
of the vessel users n1 ∈ N1, a single V2S link could belong to
different V2S link clusters simultaneously.

Intuitively, the V2S links that may cause similar interference
to the U2V and V2V links should be grouped together, so that
the diversity in interference could be reserved and opportunis-
tically utilized for spectrum sharing. Thus, to carry out V2S
link clustering, we define a feature vector for each V2S link as

Fn1
=

[
V QoS
N1+1

R̂(n1)
N1+1

p(uv)n2
, ...,

V QoS
N1+N2

R̂(n1)
N1+N2

p(uv)n2

]
, (10)

where R̂(n1)
n2 = BEw[log2(1 + γ

(n1)
n2 )] with γ

(n1)
n2 =

(|R(v)
n2 |2l

(v,uv)
n2 |w(v,uv)

n2 |2|T (uv)
n2 |2p(uv)n2 )/(Î

(n1)
n2 + σ(v)

2
), is the

transmission rate of the U2V/V2V link for vessel n2 when
it is scheduled in the same subcarrier with the V2S link for
vessel n1, and Î

(n1)
n2 = |R̂(v)

n2,n1 |2 l̂
(v,v)
n2,n1 |T̂

(v)
n2,n1 |2p

(v)
n1 . Further,

the similarity between the V2S link for vessel n1 ∈ N1 and
that for n′

1 ∈ N1 is measured by

Dn1,n′
1
= ||Fn1

−Fn′
1
||1 =

∑
n2∈N2

∣∣∣∣∣
V QoS
n2

R̂(n1)
n2

−
V QoS
n2

R̂(n′
1)

n2

∣∣∣∣∣ p
(uv)
n2

. (11)
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Algorithm 1 Proposed V2S link clustering algorithm
1: Set CV 2S = K, and allocate subcarrier k to the V2S link cluster

c = k, k = 1, ...,K.
2: Select K feature vectors of the V2S links, i.e., Fńi , i = 1...,K,

ńi ∈ N1, as the initial centers for the V2S link clusters, i.e., cj ,
j = 1, ...,K.

3: Let Φc, c = 1, ..., CV 2S , represent the set of the V2S links in the
CV 2S clusters, respectively.

4: Set δ = 10−2, Dsum
0 = 0, Dsum

1 =
∑N1

n1=1 ||Fn1 ||1.
5: while |Dsum

0 −Dsum
1 |/Dsum

1 > δ do
6: Set Dsum

0 = Dsum
1 and Dsum

1 = 0.
7: for n1 = 1, ..., N1 do
8: for j = 1, ...,K do
9: Calculate the distance between the V2S link for vessel

n1 and the center of the jth cluster based on (11), and
denote it as D̂n1,j = ||Fn1 − cj ||1.

10: end for
11: end for
12: Let Φ̄ denote the set of the V2S links that wait to be clustered,

and initialize Φ̄ = {1, ..., N1} and Φj = ϕ, j = 1, ...,K.
13: Initialize the serving time for all the vessels n1 in the K

subcarriers as τn1,k = 0, n1 ∈ N1, k ∈ K.
14: while Φ̄ ̸= ϕ do
15: Find {n∗

1, j
∗} = argmin

n1,j
D̂n1,j , and calculate the unoc-

cupied time in the subcarrier allocated to the V2S cluster
j∗, i.e., ∆tj∗ = T −

∑N1
n1=1 τn1,j∗ , to judge whether it is

unsaturated for the QoS guarantees.
16: if ∆tj∗ > 0 then
17: Cluster the V2S link for vessel n∗

1 into cluster j∗, and
set Φj∗ := Φj∗ ∪ {n∗

1}, D̂n∗
1 ,j

∗ = +∞, and Dsum
1 :=

Dsum
1 + ||Fn∗

1
− cj∗ ||1.

18: Calculate the serving time that could be allocated to the
V2S link for vessel n∗

1 in cluster j∗, i.e., τn∗
1 ,j

∗ :=

min{V QoS
n∗
1

/Rn∗
1
−

∑K
k=1 τn∗

1 ,k
,∆tj∗}.

19: if
∑K

k=1 τn∗
1 ,k

= V QoS
n∗
1

/Rn∗
1

then
20: Set Φ̄ := Φ̄ \ {n∗

1}.
21: end if
22: end if
23: end while
24: Update the centers for the K V2S link clusters as cj =

1
|Φj |

∑
n1∈Φj

Fn1 , j = 1, ...,K.
25: end while

Note that Fn1 and Dn1,n′
1

are defined based on the target utility
of (9), i.e., the energy consumption of the MCN.

With Fn1
and Dn1,n′

1
, we propose a V2S link clustering

algorithm based on a modified K-means method [12], as
illustrated in Algorithm 1. The fundamental idea is grouping
the V2S links with close distance between their feature vectors
into one cluster. Specially, the QoS requirement of the V2S
links shown in (9b) is also considered in clustering. The main
steps of Algorithm 1 are as follows.

1) Set CV 2S = K, and select K feature vectors of the V2S
links as the initial centers of the clusters.

2) Calculate the distance between the feature vectors of all
the V2S links and the centers of the K V2S link clusters,
and following the smallest-distance-first principle, group
each V2S link into the cluster that is unsaturated for the
QoS guarantees and has the center that is closest to the
feature vector of the V2S link.

Algorithm 2 Proposed spectrum sharing scheme for the MCN

1: Let Ŝ = {ĈV 2S , δ̂n1,c, η̂k,c, θ̂k,n2 , τ̂n1,k, τ̂n2,k | c ∈ Ĉ, n1 ∈
N1, n2 ∈ N2, k ∈ K} denote a solution for the problem in (9).

2: Randomly select K V2S links as the initial centers for the K V2S
link clusters, i.e., Fńi , i = 1...,K, ńi ∈ N1.

3: Form K V2S link clusters via Algorithm 1, and get ĈV 2S = K,
τ̂n1,k, δ̂n1,c, and η̂k,c, n1 ∈ N1, k ∈ K, c ∈ Ĉ.

4: Schedule the U2V and V2V links in the K subcarriers by solving
a linear programming problem derived from (9), and get τ̂n2,k

and θ̂k,n2 , n2 ∈ N2, k ∈ K.

3) Update the center of each V2S link cluster, and repeat
2)-3) until convergence.

The smallest-distance-first principle assures that the V2S
links with a smaller distance to the cluster centers are always
grouped first. Besides, a cluster c is judged as being unsaturated
for the QoS guarantees when the subcarrier allocated to it,
i.e., the subcarrier k = c, is not fully occupied in the time
duration of T , i.e.,

∑N1

n1=1 τn1,k < T . Note that the V2S link
for the vessel n1 may remain waiting to be clustered, i.e.,
n1 ∈ Φ̄, even if it has already been clustered into some of the K
clusters, until the required time for the transmission of V QoS

n1
,

i.e., V QoS
n1

/Rn1 , is satisfied. That is each V2S link is allowed
belong to multiple clusters simultaneously. Furthermore, τn1,k,
n1 ∈ N1, k ∈ K, are also obtained at the end of Algorithm 1.

B. Proposed Spectrum Sharing Scheme

Based on the V2S link clustering algorithm, we propose a
suboptimal spectrum sharing scheme for the hybrid MCN, as
shown in Algorithm 2.

By Algorithm 2, a solution can derived for (9) as Ŝ =
{ĈV 2S , δ̂n1,c, η̂k,c, θ̂k,n2

, τ̂n1,k, τ̂n2,k | c ∈ Ĉ, n1 ∈ N1, n2 ∈
N2, k ∈ K}, with Ĉ = {1, ..., ĈV 2S} and ĈV 2S = K.
Specifically, after K V2S link clusters Φc, c ∈ Ĉ, and τ̂n1,k,
n1 ∈ N1, k ∈ K, are obtained via Algorithm 1, we can get
δ̂n1,c and η̂k,c, n1 ∈ N1, c ∈ Ĉ, k ∈ K, as

δ̂n1,c =

{
1, n1 ∈ Φc,

0, n1 /∈ Φc,
(12)

η̂k,c =

{
1, k = c,

0, k ̸= c.
(13)

Then based on the observation that θk,n2 = 1 if τn2,k > 0
and θk,n2 = 0 if τn2,k = 0, τ̂n2,k, n2 ∈ N2, k ∈ K,
can be obtained by solving a linear programming problem
derived from (9), in which CV 2S , δn1,c, ηk,c, τn1,k are replaced
by ĈV 2S , δ̂n1,c, η̂k,c, τ̂n1,k and all θk,n2

are removed. Finally,
we have θ̂k,n2

= 1 if τ̂n2,k > 0 and θ̂k,n2
= 0 if τ̂n2,k = 0.

IV. SIMULATIONS AND DISCUSSIONS

A. Settings for the hybrid MCN

In the simulations, we consider a hybrid satellite-UAV-
terrestrial MCN with M = 5, N = 205, N1 = 100, N2 = 100,
N3 = 5, K = 10, fc = 2GHz, and B = 1MHz. Suppose that
the satellite is deployed in an orbit with an altitude of 1000km,
and the UAVs are deployed at the height of 200m. The UAVs
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Fig. 2. A random topology for the hybrid MCN with V2S link clusters.

and the vessels are all assumed to be randomly distributed in a
circular area A with a radius of 5km within the coverage area
of the satellite. Each UAV serves 10 of the vessels n2 ∈ N2

located in the circular area of a radius of 1000m around it,
and each vessel n3 ∈ N3 serves 10 of the vessels n2 ∈ N2

located in the circular area of a radius of 500m around it. The
serving time duration is set as T = 10s, during which the sub-
satellite point is assumed to be located at (125◦E, 10◦N), and
the center of A is at (110◦E, 10◦N).

A random topology for the hybrid MCN, with no indication
of the position of the satellite, is shown in Fig. 2. The V2S
link clusters formed based on Algorithm 1 are also presented.
Different V2S link clusters are indicated by closed lines with
different colors. The V2S links for vessels n1 ∈ N1 circled by
the line/lines with the same color belong to the same cluster.
The number next to each of the vessel n1 ∈ N1 indicates the
index of the cluster its V2S link belongs to.

All the vessels n1 ∈ N1 are supposed to be equipped with
an antenna array with an aperture of 0.5m, the pattern of which
follows the recommendation ITU-R S.465. Correspondingly,
we have |T (v)

n1 |2 = 18.5dBi, and |T̂ (v)
n2,n̂n2

|2 is dependent on the
off-axis angle. Each vessel n2 ∈ N2 is assumed to be equipped
with a single omni antenna, and thus |R(v)

n2 |2 and |R̂(v)
n2,n̂n2

|2 are

all 0dBi. Set |R(s)
n1 |2 = 25dBi, |T (uv)

n2 |2 = 5dBi, p(v)n1 = 30dBm
for all n1 ∈ N1, p

(uv)
n2 ∈ [0, 20]dBm for all n2 ∈ N2, and

σ(s)2 = σ(v)2 = −114dBm. The small-scale fading of the
V2V links is assumed to follow the Rayleigh distribution, and
that of the V2S and the U2V links is assumed to be Rician
distributed, the K-factors of which are respectively set as 0.3
and 0.5. The large-scale fading of the V2S links is set as the
free-space path loss with an extra atmospheric loss of 1dB,
and that of the U2V and V2V links are obtained based on the
channel models proposed in [13] and [14], respectively. The
channel parameters for the U2V links are set as a = 5.0188,
b = 0.3511, ηLOS = 2.3, and ηNLOS = 34 [13]. The antenna
height of the vessels n1 ∈ N1 and n2 ∈ N2 is set as 10m, and
that of the vessels n3 ∈ N3 is set as 30m [14].

Without loss of generality, the QoS of the vessels is set in
proportion to the transmission rates of the V2S, U2V and V2V

links, i.e., V QoS
n1

= (KT/N1)Rn1
and V QoS

n2
= minn1 R̂

(n1)
n2 +

α(maxn1 R̂
(n1)
n2 −minn1 R̂

(n1)
n2 ), n1 ∈ N1, n2 ∈ N2. Note that

larger α indicates more stringent QoS for the vessels n2, and
the problem (9) may be infeasible when α ∈ [0, 1) is too large
for some MCN topologies. In the simulations, only feasible
MCN topologies are considered for the selected α.

B. Performance of the Proposed Spectrum Sharing Scheme

Note that with fixed p
(v)
n1 and

∑N1

n1=1

∑K
k=1 τn1,k =∑N1

n1=1 KT/N1 = KT , the energy consumption of the V2S
links, i.e.,

∑N1

n1=1 p
(v)
n1

∑K
k=1 τn1,k =

∑N1

n1=1 p
(v)
n1 KT/N1, is

a constant. Thus, only the energy consumption of the U2V
and V2V links, i.e., Êtotal =

∑N1+N2

n2=N1+1 p
(uv)
n2

∑K
k=1 τn2,k, is

demonstrated in the following.
The energy consumption with the proposed spectrum sharing

scheme for α = 0, 2/3 and Ls = (125◦E, 10◦N) is shown in
Figs. 3–4. The energy consumption in Figs. 3–4 is obtained
by averaging over 10 random topologies of the MCN. For
comparison, performance of three benchmark schemes are also
shown, which are denoted as the optimal scheme, Random-
I scheme, and Random-II scheme, respectively. The optimal
scheme is derived based on optimal spectrum sharing among
individual V2S, U2V and V2S links with perfect time-slice-
based network-wide time synchronization, which, however,
is not achievable in practice. By considering each V2S link
individually and with perfect fine-grained time synchronization,
the optimal scheme can be obtained by linear programming.
The Random-I scheme is obtained based on random clustering
of the V2S links and optimal scheduling of the U2V and
V2V links based on randomly-formed V2S link clusters. The
Random-II scheme is a completely random scheme with both
random clustering, of the V2S links, and random scheduling, of
the U2V and V2V links. Note that in the Random-II scheme,
the QoS is assured by adjusting the serving time for the
U2V and V2V links, and when T = 10s is not enough, the
serving time is extended until the required V QoS

n2
is transmitted.

Further, when the Random-I scheme is not feasible for the QoS
guarantees, the result achieved by the Random-II scheme is
adopted instead.

It is shown by Figs. 3–4 that the proposed scheme achieves
a significant performance gain in reducing the energy con-
sumption compared to the Random-I and Random-II schemes,
especially for large α. Furthermore, the proposed scheme has
only a small performance gap from the lower bound achieved
by the optimal spectrum sharing with the assumption of perfect
fine-grained network-wide time synchronization. Note that the
sudden turning point on the curve of the Random-I scheme in
Fig. 4 is due to the variation of the feasibility of the scheme in
ensuring the QoS for the U2V/V2V links along with the SNR.
In some of the 10 topologies, the Random-I scheme is infeasible
in the lower SNR region and feasible in the higher SNR region.
Besides, since the transmission rate of the U2V/V2V links
given in (7) is more sensitive to interference at low transmit
power, a larger performance gain is observed in the low SNR
region for the proposed scheme.
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Fig. 3. Energy consumption for α = 0, Ls = (125◦E, 10◦N).
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Fig. 4. Energy consumption for α = 2/3, Ls = (125◦E, 10◦N).

The spectrum efficiency achieved by the proposed scheme,
the Random-I scheme, and the Random-II scheme for 2/3,
Ls = (125◦E, 10◦N) is shown in Fig. 5. Note that the
spectrum efficiency is calculated based on V QoS

n , n = n1

or n2, and the practically-occupied transmission time by the
links. The spectrum efficiency with only the V2S links is also
presented for comparison. A prominent improvement in the
spectrum efficiency is observed with the proposed scheme.

V. CONCLUSIONS

A link-cluster-based spectrum sharing scheme has been
investigated for a hybrid satellite-UAV-terrestrial MCN based
on large-scale CSI. With the target of minimizing the energy
consumption, an NP-hard MIP problem is formulated. With the
help of a novel V2S link clustering algorithm, a suboptimal
spectrum sharing scheme is proposed, by which time-slice-
oriented spectrum sharing can be carried out with coarse time
synchronization at time scales much larger than single time
slices. With the advantages of both low complexity and high
flexibility, the proposed scheme is quite promising for practical
applications.

Fig. 5. Spectrum Efficiency for α = 2/3, Ls = (125◦E, 10◦N).
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摘  要：基于高分辨率遥感影像进行建筑物提取已经被广泛应用于自动化测绘。近年来，实例分割算法引

入到建筑物提取，通过先检测后分割的思路提取建筑物实例掩膜，相比于其他算法可以同时统计建筑物个

数和面积。但在建筑物实例提取中，存在以下挑战：1）单幅遥感影像中存在多尺度的建筑物；2）相邻建

筑物彼此遮挡导致无法区分。为了解决上述问题，本文提出特征金字塔卷积神经网络建筑实例提取框架。

关于多尺度问题，构建特征金字塔卷积神经子网络，利用自底向上和自顶向下联合的多尺度特征来描述不

同尺度的目标；关于遮挡问题，构建多尺度目标感知实例提取子网络，引入多尺度注意力机制来感知目标，

提高模型的分辨能力，从而有效区分邻近建筑物。结果显示该模型具有良好的性能并在多尺度建筑物提取

上有较好的鲁棒性。为验证模型的实用性，本文还将提出的方法应用于常州市建筑物提取，实验结果表明

该模型在实际场景是有效的。 

关键词：深度学习；实例分割；多尺度建筑物提取；高分辨率遥感影像 

Feature Pyramid Convolution Neural Network Based  

Multi-Scale Building Extraction Framework in High  

Resolution Remote Sensing Imagery 
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Abstract: Building extraction based on high-resolution remote sensing imagery has been widely used in 

automatic surveying and mapping. Recently, the instance segmentation algorithm has been introduced to the 

building extraction, which extracts the building instance mask in a detection before segmentation way. Compared 

with other algorithms, it can calculate the number and area of buildings simultaneously. In building instance 

extraction, there are some challenges: 1) buildings with various scales exist in the imagery; 2) occlusion by other 

adjacent buildings. In this paper, to solve these problems, we propose a feature pyramid Convolution Neural 
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Network (CNN) building instance extraction framework for high spatial resolution remote sensing imagery. In 

order to solve the multi-scale problem, a feature pyramid CNN is proposed, which describes multi-scale objects 

by combining multi-scale features from both the bottom-up and top-down architectures. In order to solve the 

occlusion problem, a multi-scale object-aware instance proposal network is proposed. It introduces the multi-scale 

attention mechanism to aware objects as well as to improve the performance of the network, which effectively 

distinguishes neighbor buildings. The experiments conducted on a self-annotated dataset and two public datasets 

show that the proposed method can achieve an excellent performance and shows great robustness at different 

scales. To verify the practicality of the proposed model, it is applied to the building extraction in Changzhou city. 

The experimental results show that the model performs well in real applications. 

Key words: Deep learning; instance segmentation; multiscale building extraction; high-resolution imagery 

1  引言 

随着 IKONOS、Worldview、国产的资源三号和高分一/二号等高分辨率遥感卫星影像的大量获取，基

于高分辨率遥感影像进行精细地物感知和认知越来越普及。海量遥感数据中，地物类别相当丰富。遥感数

据体系中，道路作为系统的骨架，建筑物是血肉，在地物要素中所占比重非常大。高分辨率遥感数据支持

精细的建筑物语义信息表达，为基础测绘工作、地理国情监测、城市规划等相关部门精细化制图提供了数

据基础。其中，本文选取常州市作为研究区，开展该地区的建筑物提取。为响应“四个全面”和“五位一

体”战略布局，江苏省常州市积极推动城市经济建设和智能化的步伐。常州市建筑物作为民生的一大经济

体，在满足实施区域发展总体战略的需求、政府科学管理和智慧江苏建设的需求、强化公共服务与改善民

生的需求等方面有重要意义。 

建筑物提取方法主要包括传统建筑物提取方法和基于深度学习的建筑物提取方法。传统建筑物提取方

法主要包括：1）基于概率统计的建筑物提取。文献[1]在提取框架的前段采用支持向量机（SVM）进行建

筑物与非建筑物区域的划分。2）基于面向对象的建筑物提取。文献[2]研究一种基于面向对象的建筑物提取

方法，获得较好的提取效果。流程主要包括：多分辨率分割、基于对象的分类。3）基于辅助信息的建筑

物提取。文献[3]针对太阳光照（方向、角度和辐射季节等属性）以及阴影信息（长度、范围等）建模，通

过阴影信息反推建筑物的感兴趣区域，辅助建筑物提取。基于深度学习方法主要包括：1）基于语义分割

方法。文献[4]最早提出基于 CNN 的语义分割方法 FCN，该方法用卷积层替换基于 CNN 分类模型的全连接

层，并在编码网络的后端添加解码结构得到语义分割预测结果。文献[5]设计轻量级的 U 形编码-解码结构，

融合深层和浅层信息以提升空间细节表达能力。文献[6]的思路与 FCN 类似，级联多层特征，但他们采用多

路径优化、残差卷积单元（Residual Conv Unit，RCU）、链式残差池化（Chained Residual Pooling, CRP）等

模块提升融合效果，通过对称解码结构融合多层卷积的特征。文献[7]采用空洞卷积和空洞空间金字塔池化

(atrous spatial pyramid pooling，ASPP)增大感受野。文献[8]是目前基于特征金字塔结构的最好实现，成为众
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多模型中的特征提取网络。2）基于目标检测方法。文献[9]是目前主流的 One-stage 目标检测方法，由特征

提取模块、目标检测模块和非极大抑制（Non-maximum suppression，NMS）模块组成。文献[10]最早提出端

到端的 two-stage 目标检测模型 Faster R-CNN。该模型由深度特征表达、感兴趣区域提取、感兴趣区域池

化和预测端（分类和矩形框坐标回归）构成。文献[11]基于 Faster R-CNN 提出 Cascade R-CNN 模型，通过

多层级联的方式实现检测结果迭代优化，成为目前性能最佳的目标检测模型。上述深度学习方法具有较强

的特征提取能力，但无法同时统计建筑物的个数和面积，难以适应实际的生产需求。 

近年来，实例分割算法被提出，通过先检测后分割的思路提取目标实例掩膜。实例分割算法主要包括

两类：第一类是 proposal-based 方法。文献[12]采用多任务级联实例分割框架赢得 2015 MS-COCO 实例分割

挑战赛，但是他们没有考虑遮挡问题。文献[13]采用 position-sensitive 得分图解决目标间相互遮挡的问题，

但提取结果存在锯齿化边缘。文献[14]在 Faster R-CNN 模型上增加一个语义分割分支，提出的 Mask R-CNN

可提取更加精细的边缘。之后，文献[15]基于 Mask R-CNN 提出 PAN 获得更好的性能。第二类是 proposal-free

方法。文献[16]引入判别损失函数将深度特征映射到一个新的特征空间以提取实例掩膜。文献[17]结合度量学

习和种子点选取等方法生成可以代表该目标的掩膜。文献[18]通过组合语义分割掩膜和边缘检测图来提取遥

感影像中的车辆目标。文献[19]采用深度分水岭变换方法进行实例提取，将传统的分水岭变换用深度信息提

取不同遮挡顺序的目标。 

实例分割算法引入到建筑物提取，用于获取建筑物实例掩膜，统计建筑物个数和面积。但在高分辨率

遥感影像建筑物提取中依旧存在如下问题： 

1）多尺度特性。常用的解决方案是影像金字塔（缩放影像得到多尺度输入）、多尺度特征（不同大小

卷积核得到多尺度输出）等。文献[20]在模型前端共享 CNN 权重参数，最后一个卷积层采用多核卷积表达

多尺度特征并将特征进行融合，提升模型效率。文献[21]首先将多尺度影像输入平行的深度网络，再用多核

学习做特征融合。文献[22]采用级联多层特征的方法提取建筑物，结合符号距离函数提升边缘精度。 

2）邻近建筑物遮挡。建筑物分布于三维空间，在遥感传感器探测方向上可能发生重叠和遮挡，这给

地籍数据库入库带来不便。文献[23]结合 GIS 中的建筑物实例数据和街景数据进行细粒度分类。文献[24]基于

实例分割方法进行建筑物实例掩膜提取，引入可旋转矩形框获取建筑物最小外包矩形，解决密集目标填充

率低的问题。这些方法考虑了遮挡问题，但只是从单一尺度上对目标加以区分，可区分性有限。 

基于深度学习方法中的一些研究针对上述问题做了一定的工作：1）针对多尺度问题的深度学习方法。

2）提取建筑物实例的深度学习方法。虽然这些深度学习方法在一定程度上解决建筑物提取存在的两个问

题，但仍然没能从本质上很好解决这些问题。 

为了解决上述问题，本文提出特征金字塔卷积神经网络建筑实例提取框架。 

关于多尺度问题，构建特征金字塔卷积神经子网络，利用自底向上模块提取抽象特征，利用自顶向下

模块解码深层特征得到空间细节信息，通过联合两个模块的多尺度特征来描述不同尺度的目标。这一建模

方式从特征层面和尺度层面加以融合，有效保留丰富信息。 
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关于遮挡问题，构建多尺度目标感知实例提取子网络，引入多尺度注意力机制来感知目标，将不同尺

度目标映射到不同尺度的特征图上。这一映射机制将邻近建筑物稀疏化表达，提高模型的分辨能力，能很

好区分邻近建筑物。 

本文在两个公开的建筑物数据集和自主构建的常州建筑物数据集上开展实验，证明模型在实际应用中

的可行性。 

2  特征金字塔卷积神经网络建筑实例提取框架 

本文中，提出特征金字塔卷积神经网络建筑实例提取框架提取高分辨率遥感影像中建筑物实例掩

膜。这是一个端到端的模型，其中的建筑物目标检测和掩膜标记共享深度卷积特征。该模型由两个部

分组成：特征金字塔卷积神经子网络、多尺度目标感知实例提取子网络，结构如图 1 所示。 

 

图1 特征金字塔卷积神经网络建筑实例提取框架图。由特征金字塔卷积神经子网络、多尺度目标感

知实例提取子网络两个模块组成 

首先，遥感影像输入特征金字塔卷积神经子网络学习多尺度特征。然后，采用多尺度目标感知实

例提取子网络来提取建筑物实例。多尺度目标感知实例提取子网络引入注意力机制来提取建筑物矩形

框，多尺度目标感知有助于解决重叠目标的遮挡问题。 

2.1  特征金字塔卷积神经子网络 

本文构建特征金字塔卷积神经子网络提取多尺度特征，该网络由自底向上和自顶向下两个模块组

成，自底向上模块中每个单元都采用残差结构，即将输入 X 直接与卷积后的输出 F(X)相加。自顶向下

模块将包含语义信息的深层特征和包含空间细节的浅层特征进行逐像素相加融合，并利用卷积和上采

样恢复尺寸。最终，将不同尺度（原图尺寸 1/4、1/8、1/16、1/32）的特征图输出给多尺度目标感知实

例提取子网络。 

2.2  多尺度目标感知实例提取子网络 

网络中的多尺度目标感知模块在多尺度卷积特征图上滑动 3 3 的小窗口，并对区域内特征进行卷

积操作将其映射至低维特征向量，再输入给两个并行的1 1 卷积层（边界框回归层和前背景分类层）进

行目标感知。每个小窗滑动的位置对应原始影像的一系列区域，称为 Anchor， 12k = ，包括 4 种尺寸增

益（4，8，16，32）和 3 种长宽比（1：1，1：2，2：1）。 
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为了训练该模块，需要为每个候选区域设定一个二值分类标签（建筑物或背景），其中正样本定

义包含两种情况：与真实标签的 Intersection over Union（IoU）最大；与真实标签的 IoU 大于 0.7。负

样本定义如下：与真实标签的 IoU 小于 0.3。其余样本不参与训练。为有效拟合模型参数，对候选区域

坐标进行坐标参数化，具体形式如下： 

* *

* *

* *

* *

( ) / , ( ) /
log( / ), log( / )

( ) / , ( ) /

log( / ), log( / )

x y
i a a i a a
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i a a i a a

w h
i a i a

t x x w t y y h
t w w t h h

t x x w t y y h

t w w t h h

= − = − 
= = 
= − = − 


= =   

其中，
*,x x

i it t  分别表示预测值与真实值的参数化坐标（x、y、w、h 分别表示中心坐标及长宽）。 , , ,a a a ax y w h  

表示 Anchor 对应区域的位置信息。 

利用上述模块提取候选矩形框后，对区域内特征进行池化，并输入三个并行卷积层，分别用于分

类、矩形框坐标回归和掩膜提取，对应类别损失，矩形框损失和掩膜损失。类别损失定义如下： 

* * *( , ) log( (1 )(1 ))cls i i i i i iL p p p p p p= − + − −  

其中，
*,i ip p  表示预测标签和真实标签。矩形框损失定义如下： 

1
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掩膜损失定义如下： 

* * *( , ) log( (1 )(1 ))mask i i i i i iL x x x x x x= − + − −  

其中，
*,i ix x  表示像素的预测标签和真实标签。基于三种损失求和得到总损失函数，如下：  
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通过上述过程，基于多尺度目标感知进行目标检测和掩膜提取，实现建筑物个数和面积统计。  

3  基于特征金字塔卷积神经网络建筑实例提取框架的高分遥感建筑物提取 

本节主要描述基于特征金字塔卷积神经网络建筑实例提取框架的高分遥感影像建筑物实例提取过程。  

3.1  遥感影像数据预处理 

为了能更好地表达遥感影像中的地物信息，在开始训练特征金字塔卷积神经网络建筑实例提取框架之

前，需要对高分遥感影像进行数据预处理，以增加样本的多样性。首先，对一幅大图进行滑窗裁剪，得到 

大小的影像块，然后通过图像归一化算法，调整影像的对比度和亮度，减少光照对场景分类的噪声影响。
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然后，采用水平翻转、随机抖动、高斯噪声等数据增强操作将数据集数量扩大为原来的 12 倍。 

3.2  高分遥感影像建筑物实例提取 

本文提出的特征金字塔卷积神经网络建筑实例提取框架是一种端到端的深度学习方法，由用于提取多

分辨率多尺度深度卷积特征的特征金字塔卷积神经子网络模块、提取建筑物实例的多尺度目标感知实例提

取子网络模块组成。 

首先，影像输入特征金字塔卷积神经子网络模块，通过逐层卷积得到抽象语义特征。为了获取多尺度

特征，将包含语义特征的深层网络和包含空间细节的浅层特征进行相加融合。 

然后，深度卷积特征输入多尺度目标感知实例提取子网络模块，该模块通过对候选框进行前/背景判断

及坐标回归生成代表目标实例的矩形框。在分类分支中，经过 Softmax 分类器输出 维的预测结果（经过样

本数的正则化）以识别候选区域是前景/背景。在矩形框回归中，矩形框基于建筑物中心坐标，采用 Smooth 

L1 损失函数进行回归。最后，基于单个建筑物的感兴趣区域被感知。 

最后，对生成的感兴趣区域进行精细化分类和坐标回归，得到最终的实例提取结果。在训练阶段，将

批尺寸为 m 的影像块输入该端到端模型，每次迭代中，通过计算模型输出和真实标签的差值计算损失函数，

通过梯度下降算法进行模型参数更新。在测试阶段，将原始影像裁剪成 的影像块，输入训练得到的模型，

输出预测结果。 

4  基于特征金字塔卷积神经网络建筑实例提取框架的建筑物提取实验及分析 

为了有效地评估特征金字塔卷积神经网络建筑实例提取框架模型在高分遥感影像建筑物实例提取的性

能，在两个有挑战性的建筑物遥感数据集上进行测评(ISPRS Vaihingen semantic labeling contest dataset 和

WHU aerial image dataset)。为了验证模型的实用性，特征金字塔卷积神经网络建筑实例提取框架在自主构

建的常州市建筑物数据集上进行测评。 

4.1  实验设置 

特征金字塔卷积神经网络建筑实例提取框架基于 MXNet 深度学习框架进行训练和测试。为控制对比

实验的变量，设定特征金字塔卷积神经网络建筑实例提取框架、FCIS 及 Mask R-CNN 的基准学习率为

0.004，batch 的大小为 4，weight decay rate 和 momentum 分别为 0.0001 和 0.9。模型采用随机梯度下降进

行参数更新和优化。实验分别在 Tesla K40C 及 Titan X 两种型号的显卡上部署，每次实验均使用单块显卡，

显卡内存为 12G。 

公开的建筑物数据集：The ISPRS Vaihingen Semantic Labeling Contest Dataset 由近红外、红、绿波段

组成，实验中这三个通道被转换为 RGB 通道得到彩色影像。该数据集由 33 个 像素的大图片块组成，其

地面采样距离（ground sample distance，GSD）为 0.09m。其中，16 个图像块标有真实标签，并被随机裁

剪成固定尺寸的 像素的样本。样本集按 5：3：2 的比例被随机分为训练、验证和测试子数据集。WHU Aerial 

Image Dataset 影像覆盖新西兰的 Christchurch 市 450 平方千米区域。该数据集的空间分辨率是 0.3 米。在
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测试集中，包含 2416 幅 像素的影像切片（共计 42000 个建筑物实例）。 

常州市建筑物数据集：常州市位于江苏省南部，影像范围：（119.75°E，31.58°N）至（120.00°E，

31.71°N）。建筑物比较稀疏，拥有大面积农田，包含大面积水域——滆湖。原始影像为航飞数据，于 2016

年采集，包含 RGB 三波段，其空间分辨率为 0.3 米。采集的影像尺寸为 46281×79154，无重叠裁剪成 1024

×1024 的样本，总共 3840 张。通过 ArcGis 软件人工标注建筑物的多边形轮廓，生产.shp 矢量文件。在输

入模型训练前，对矢量文件栅格化，得到真实标签的掩膜。栅格文件中不同的建筑物多边形用不同 ID 表

示，对邻近建筑物的边界加以区分。 

4.2  ISPRS Vaihingen 数据集实验 

在 ISPRS 数据集上测评的结果表明：特征金字塔卷积神经网络建筑实例提取框架模型在较大尺寸的建

筑物提取上也有鲁棒的性能，实验结果见表 4.1。从表中可以看出，当 IoU 小于 0.5 时，本文提出的方法显

著优于其他几种对比方法，说明该方法在提取 ISPRS 数据集中大尺寸建筑物的有效性。 

表 4.1 在 ISPRS Vaihingen Semantic Labeling Contest 数据集上的对比实验 
对比方法 mAP@0.3（%） mAP@0.4（%） mAP@0.5（%） 

Mask R-CNN 95.35 94.15 94.98 

FCIS 90.77 90.77 90.76 

本文方法 96.62 95.84 95.17 

4.3  WHU Aerial Image Dataset 数据集实验 

为了验证特征金字塔卷积神经网络建筑实例提取框架模型的泛化性，本文对比了特征金字塔卷积神经

网络建筑实例提取框架和 Mask R-CNN 在不同训练集和测试集上的泛化性能，测评结果见表 4.2。在自己

标注的建筑物实例数据集上训练的模型直接在具有挑战性的 WHU aerial image dataset 上进行鲁棒性测试。

正如表 4- 4 所示，特征金字塔卷积神经网络建筑实例提取框架在泛化能力上优于 Mask R-CNN，而且当

IoU=0.5 和 0.7 时，提出的特征金字塔卷积神经网络建筑实例提取框架模型的 mAP 分别超过 Mask 

R-CNN4.1%和 1.2%。通过对精度和召回率的分析发现，特征金字塔卷积神经网络建筑实例提取框架表现

更好因为它可以召回更多建筑物实例正样本。 

表 4.2 在 WHU aerial image 数据集上测试的对比实验 
方法 IoU=0.5 IoU=0.7 

mAP（%） 精度（%） 召回率（%） mAP（%） 精度（%） 召回率（%） 

Mask 

R-CNN 

63.2 85.4 66.3 56.1 66.5 54.7 

本文方法 67.3 86.1 71.2 57.3 64.3 55.2 

4.4  常州市建筑物提取实验 

为了验证本文提出的模型在实际场景的有效性，采用特征金字塔卷积神经网络建筑实例提取框架模

型，对常州市建筑物提取开展实验。首先，将常州市研究区获取的 3840 景影像划分成训练集（3000 景）

和测试集（840 景）。然后对训练集进行迭代训练，并在测试集上进行测试。实验结果表明：当 IoU=0.5

时，mAP 为 56%，验证了该模型在实际场景中的有效性。可视化结果如图 2 所示。 
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图2 常州市建筑物可视化结果（基于本文提出的算法） 

5  结束语 

本文将实例分割算法引入到建筑物提取，通过先检测后分割的思路提取建筑物实例掩膜，相比于其他

算法可以同时统计建筑物个数和面积。但在建筑物实例提取中，存在以下挑战：1）单幅遥感影像中存在

多尺度的建筑物；2）相邻建筑物彼此遮挡导致无法区分。为了解决上述问题，本文提出特征金字塔卷积

神经网络建筑实例提取框架。针对多尺度问题，构建特征金字塔卷积神经子网络，利用自底向上和自顶向

下联合的多尺度特征来描述不同尺度的目标；针对遮挡问题，构建多尺度目标感知实例提取子网络，引入

多尺度注意力机制来感知目标，提高模型的分辨能力，从而有效区分邻近建筑物。 

提出的特征金字塔卷积神经网络建筑实例提取框架方法在ISPRS Vaihingen semantic labeling contest 

dataset上与Mask R-CNN进行对比实验，结果显示：当IoU=0.5时，特征金字塔卷积神经网络建筑实例提取

框架在两个数据集上的mAP比Mask R-CNN高0.19%。此外，在WHU aerial image dataset上进行鲁棒性测试，

结果表明：当IoU=0.5时，特征金字塔卷积神经网络建筑实例提取框架的mAP超过Mask R-CNN4.1%。此外，

特征金字塔卷积神经网络建筑实例提取框架模型还在常州市研究区开展实用性研究，实验结果表明：特征

金字塔卷积神经网络建筑实例提取框架在实际场景中也有较好的适应性。 
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The 8th Space Information Networks Symposium Research paper

FANETs in Low-Altitude Space: a Q-Learning
Enabled Routing Algorithm with Visual

Information
Haoran Shen1, Jingzheng Chong1, Zhihua Yang1,2

Abstract—Flying Ad Hoc Networks (FANETs) draw
people’s attention these years due to their wide range
of civil and military applications. Due to the high mo-
bility and limited battery capacity of Unmanned Aerial
Vehicles (UAVs), it is difficult to exploit existing Ad
Hoc network routing algorithms protocols in especially
low-altitude complex environments with dense obstacles
for FANETs. Therefore, this paper proposes a Q-learning
based Visual Information assisted Routing algorithm
(QVIR) for FANET in low altitude complex environments,
which could make use of the imaged data collected by
the onboard camera to reduce the influence of flight
environment on the network. Simulation results show that
compared with the classical FANETs routing algorithm,
the QVIR algorithm has better performance with respects
to lower delay, higher packet delivery ratio and better
energy efficiency.

Keywords—FANETs, Q Learning, Low Altitude, Rout-
ing

I. INTRODUCTION

The field of Unmanned Aerial Vehicles (UAVs), which are
also known as drones, has experienced rapid growth since the
21st century [1]. In recent years, the production of low-cost
drones has started to become popular in view of the advances
in the field of embedded systems and the scale of integration
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zhen, China, 518055.

2. The Network Communication Department, Pengcheng Laboratory,
Shenzhen.
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that can be achieved. Drones are suitable for formation flying.
With the continuous development in technology, nowadays,
drones can be easily equipped with various sensors such as
cameras, radars, etc. These on-board sensors have brought
great convenience to drones in carrying out their missions
[2]. Researchers have proposed Flying Ad-Hoc Networks
(FANETs) based on Mobile Ad-Hoc Networks (MANETs)
and Vehicular Ad-Hoc Networks (VANETs) [3].

However, due to the limitation of the communication range
of UAVs, it is difficult for each drone in the formation to
communicate directly with the ground Base Station(BS). In
this case, UAV-to-UAV communication is the solution to the
problem [4]. UAVs can transmit the data to the BS through a
multi-hop relay. Given the mobility and flexibility of UAVs,
paths between nodes in FANETs can change rapidly. These
rapid changes can leave the communication link in an unsta-
ble state. In addition, different numbers of UAV nodes may
join or leave the network at any time while performing certain
tasks. This leads to unpredictable topological changes and
problems. Therefore, in order to make the communication be-
tween UAVs efficient and reliable, academia and industry have
started to focus on the design of routing protocols in FANETs.

Before FANETs was proposed, there have been many
topology-based routing protocols for Ad-Hoc networks. The
researchers found that these traditional routing protocols are
not well adapted to FANETs scenarios [5]. To solve these
problems, location-based routing protocols gained popularity
among researchers. But it is still difficult to solve problems
such as void area problem. Therefore, to overcome these
drawbacks, researchers have developed Q-learning based
routing protocols with the help of techniques like Machine
Learning (ML) and Artificial Intelligence (AI) [6].

However, we find that most of current Q-learning-based
routing protocols make decisions by only considering the met-
rics of the UAVs, ignoring the impact of the real environment
if deploying UAV formations in urban downtown, residen-
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tial neighbourhoods and other low-altitude complex environ-
ments. For example, a drone with excellent metrics is about
to avoid many buildings in the next period of time. Under the
traditional Q-learning-based protocol, this drone is likely to
be selected as the next node for packet forwarding. However,
it may lose contact with the UAV swarm in the next few sec-
onds even minutes for avoiding buildings, or even crash due to
excessive manoeuvres. This may cause problems to the net-
work such as packet loss and restarting of the route search,
deteriorating the performance of FANETs.

Therefore, We attempt to solve these challenges by con-
sidering load balancing to minimize the network failure and
performance degradation via exploiting the visual information
of surroundings of FANET. Contributions of this study are as
follows:

• We develop a Q-learning-based Visual Information as-
sisted Routing Algorithm (QVIR) for FANET in low-altitude
complex environments, which could make use of the imaged
data collected by the onboard camera to reduce the influence
of flight environment on the network.

• We propose a simple and efficient environment evalua-
tion method with modified YOLOv5 algorithm, in which the
results of the evaluation are incorporated into the design of Q-
learning to reduce the impact of dynamic and complex flight
environments.

• The simulation results indicate that QVIR has lower de-
lay, higher packet delivery ratio and energy efficiency com-
pared with typical algorithm GPSR and QGeo.

The remain of this paper is ordered as follows. Section II
describes the related work of this paper. In section III, we
state the system model and formulate the problem. In section
IV, the proposed algorithm is introduced in detail. In section
V, the simulation results are presented to verify the efficiency
of the proposed scheme. Finally, conclusions of this study is
given in Section VI.

II. RELATED WORK

Due to the rapid development of FANETs, researchers have
conducted many research on the design of routing protocol.
Owing to the effects brought by the high dynamics of UAVs,
some traditional routing protocols are not well suited for
FANETs. Therefore, scholars have tried various approaches to
solve the FANETs routing challenges. We briefly review the
existing routing protocols along three lines: general topology-
based routing, position-based routing, and Q-learning-based
routing.

Topology based protocols can be further classified into
three categories: proactive, reactive and hybrid [7]. Proac-
tive routing protocols are those in which each node in the net-
work maintains one or more tables containing routing infor-

mation to each node in the network. Reactive routing pro-
tocols discover paths when data needs to be transmitted and
usually determine paths by sending route requests and wait-
ing for route replies. Waheed et al. [8] proposed a link-aware
on-demand routing protocol LAOD, enabling the estimation
of effective link lifetime. Hybrid routing protocols combine
the characteristics of both proactive and reactive routing pro-
tocols. Zone Routing Protocol (ZRP) [9] uses the concept of
zones for UAV swarms, effectively solves the scaling problem
of UAV networks.

Considering drone characteristics, topology based proto-
cols can not make the network performance optimal. There-
fore, researchers have proposed to use location based routing
information. In location based routing, the node’s geographic
location information is used for packet forwarding decisions.
In [10] MPGR was proposed, where the mobility prediction
scheme is merged with geographic routing mechanism in or-
der to minimise the impact of high mobility of UAVs on rout-
ing performance.

As for Q-learning-based routing, a Q-learning-based geo-
graphic routing protocol (QGeo) is proposed in [11], which
is designed to enhance the network performance of unmanned
robotic networks, critical for remote control and monitoring of
mobile robotic devices. QGeo uses a reinforcement machine
learning algorithm to make distributed geographic routing de-
cisions without global network knowledge and aims to reduce
network overhead in high-mobility scenarios. Its performance
evaluation indicates that QGeo has a higher packet delivery
ratio and lower network overhead than existing methods.

In [12], the author introduces QMR protocol. It aims to pro-
vide low-latency and low-energy network services by adap-
tively adjusting Q-learning parameters to suit the highly dy-
namic nature of FANETs. A new exploration and exploitation
mechanism is proposed to discover potential optimal routing
paths while utilizing existing knowledge. Simulation results
demonstrate the superior performance of the QMR protocol
in terms of packet arrival ratio, reduced delay, and energy
consumption compared to existing Q-learning based routing
methods.

Recently, Hu et al. designed a Q-routing protocol based on
fuzzy logic for FANETs (FQR) [13]. FQR uses a fuzzy logic
approach to evaluate wireless link quality based on multiple
metrics such as relative mobility, residual energy, and link
quality. Simulations using a real UAV trajectory model show
that the proposed approach outperforms traditional strategies
in packet delivery ratio, end-to-end delay, and network life-
time.
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III. SYSTEM MODEL AND PROB-
LEM FORMUALTION

A. System model

As shown in Figure 1, this paper constructs a FANET in a
low-altitude complex environment. The drones set Ω can be
denoted as Ω = {u1,u2, ...,un}. For each node ui, the neigh-
bor set of ui at time t can be denoted as Ni (t). Every node can
transmit the packet to their neighbors if the link is not bro-
ken. With the help of knowledge of graph theory, the network
topology can be regarded as a graph G(Ω,E (t)), where E (t)
is the set of edges, representing the connection between the
UAVs at time t. Specifically, the link of the whole network
can be further expressed using the matrix Φ(t), where Φi j (t)
means whether a link between the UAV node ui and u j exists.
If Φi j (t) = 1, it means that there is a stable link between these
two drones. Otherwise, it means the opposite.

Figure 1 FANET model in low-altitude complex environment

• Energy Consumption Model: For each UAV node ui,
there is an initial energy capacity engi

init . The flying move-
ment and packet transmission will consume the energy, de-
noted as engi

m and engi
t . So the residual energy engi

res can be
expressed as follows:

engi
res = engi

init − engi
m − engi

t . (1)

If engi
res is less than a threshold, it means that the drone can

no longer fly and will leave the swarm later.
• Mobility Model: In this paper, all drones can obtain its

location (xi,yi,zi) and velocity vi through some devices like
GPS. A Gaussian Markov mobility model is adopted. Ac-
cording to this model, the position of a drone at time t can be
updated according to equations below.

pt
i = pt−1

i +vt−1
i ×∆ t, (2)

where pi = (xi,yi,zi). Velocity at time t can be updated ac-
cording as follows:

vt
i = αvt−1

i +nv, (3)

where α is the velocity autocorrelation coefficient and nv is a
random perturbation term obeying a zero-mean Gaussian dis-
tribution. In short, each increment of the components of the
velocity in different directions as the drone moves obeys a
Gaussian distribution and is not affected by the previous state.

• Flight Environment Model: Unlike usual airspace, low
altitude one has many obstacles which may cause problems to
the flight and packet transmission. Considering the limitations
of the UAV, we build a very simple model of the surrounding
environment for each drone. We consider that each UAV has
an onboard camera, where You Only Look Once version 5
(YOLOv5) algorithm is implemented in its core. Through the
camera, pictures of the front environment can be taken and an-
alyzed. YOLOv5 is a real-time object detection system [14].
It is widely used for object detection tasks in images. With the
help of YOLOv5, the drone ui can easily sense the number of
obstacles OBSi such as buildings ahead by analyzing the pic-
ture. The number of obstacles can somewhat indicate whether
the environment in which the UAV is currently located is safe
and suitable for data transmission.

B. Problem Formulation

In this paper, we assume that a swarm of UAVs is perform-
ing a mission in a low altitude complex environment, where
one UAV needs to deliver the collected mission data to an-
other UAV close to the base station. The former is the source
node us and the latter is the destination node ud . We hope
that the packet can be transmitted by muti-hop relay by us-
ing proposed routing algorithm QVIR which aims at ensuring
the data to be successfully delivered from the source node to
the end point with low latency and high delivery ratio. That
means, for Φ(t), Φsi (t) ,Φi j (t) , ......,Φ jd (t) = 1. So, the
problem above can be formulated as:

Φ(t)∗ = argmax
Φ(t)

R(Φ(t) ,M) , (4)

where R(Φ(t) ,M) is an effectiveness function. This function,
related to the effectiveness metric M, judges whether the route
path can guarantee the low delay and high delivery ratio. M
is the combination of some metric of the UAV itself, such as
eng j

res and the link between drones. The details will be shown
in the next section.

The above equation is subject to the following constraints:

Φi j (t) =

{
1, j ∈ Ni (t)

0, otherwise,
(5)

eng j
res > threshold, j ∈ Ni (t) . (6)

It means that for node ui, the next hop node can only be cho-
sen from its neighbor set. In other word, us can not build
connection with nodes out of its communication range. Also,
the candidates must have enough energy.



	 	 Haoran Shen, et al FANETs in Low-Altitude Space: a Q-Learning Enabled Routing Algorithm with Visual Information	 ·129·
4 The 8th Space Information Networks Symposium

IV. QVIR Algorithm

A. Overview

In this paper, the UAV nodes will make routing decisions
based on information about their neighbors and themselves,
so they will use HELLO packets to exchange their own in-
formation with neighbor nodes. Considering the complex low
altitude environment, the drone will use the convenient and
fast YOLOv5 algorithm to evaluate the environment and in-
corporate the results into the design of some metrics. Then,
to solve the problem in section II, the Q-learning algorithm is
adopted to calculate the matrix Φ(t)∗.

B. Environment Evaluation

Figure 2 Environment evaluation process

In this study, according to environment model in section II,
we evaluate the surrounding environment by the only using
detection results.

The result of the evaluation is denoted as ENVi. Moreover,
considering that there is also certain randomness in the effect
of the complex environment on the UAV, we use the random
function. We use the following formula to obtain ENVi.

ENVi =




RAND(0,0.3) , 0 ≤ OBSi ≤ 1

RAND(0.3,0.6) , 2 ≤ OBSi ≤ 3

RAND(0.6,1) , OBSi ≥ 4.

(7)

The above equations mean that we regard the environment as
safe if the number of obstacles is between 0 and 1, normal if
it is between 2 and 3, and dangerous otherwise.

A low ENVi indicates that the current surrounding environ-
ment is safe for flying and communication. While a node has
a too high ENVi, it may not regarded as candidates of data
transmission node.

C. Neighbor Discovery

To get neighbors’ information, each node performs neigh-
bor discovery by sending HELLO messages periodically. The
HELLO message packet contains each node’s own geographic
location, speed vector, residual battery energy, queuing delay,
etc.

Each node also maintains a neighbor information table that
stores the content of Hello messages sent by its neighbors, the
message arrival time and the calculated Q-value. These infor-
mation will be used in the Q-learning algorithm later. Apart
from that, the neighbor information table also holds the cur-
rent node’s learning rate and discount factor. When an infor-
mation entry exceeds the time limit, the neighbor information
table removes that entry.

D. Q-learning Algorithm in QVIR

Figure 3 QVIR Algorithm framework

a. Basic Design

According to the problem in section II, we use Q-learning
algorithm to get the matrix Φ(t)∗. Q-learning is a model-free
reinforcement learning algorithm that learns an action-value
function, known as the Q-function, to assist an agent in choos-
ing the best action in a given state [15].

Initially, the Q-table is initialized. At each time step, the
agent selects an action and observes the outcome (the next
state st+1 and reward rt+1). Then it updates the Q-table. Fi-
nally, the estimation of the Q-function will gradually converge
to the optimal value, at which point the agent can choose the
optimal action based solely on the Q-table. The update of the
Q-table follows the rule below:

Q(st+1,at+1)=Q(st ,at)+α[rt+1+γ max
at+1

Q(st+1,at+1)−Q(st ,at)].

(8)
Here, Q(st ,at) is the Q-value for the current state-action pair.
α is the learning rate, which determines the speed at which
new information overrides old information. γ is the discount
factor, which determines the importance of future rewards rel-
ative to immediate rewards. maxat+1 Q(st+1,at+1) is the maxi-
mum Q-value among all possible actions in the next state st+1.

In our proposed algorithm, a data packet travels from a
source node to a destination node by a multi-hop relay. So,
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Algorithm 1 Q-learning Algorithm

1: Initialize Q(s,a) for all state-action pairs
2: Initialize parameters: step size α ∈ (0,1] and small ε > 0
3: repeat
4: Choose an action at according to some policy(e.g., ε −

greedy policy)
5: Take action and observe rt+1 and st+1 from environ-

ment
6: Update Q value in the Q-table using equation (8)
7: Change to next state st+1

8: until st+1 is the destination

we regard the whole network as an environment, and each
data packet as an agent. Each state of the agent indicates a
node which currently holds the packet.

For example, when a packet is at node ui, the current state
is si. An action ai j means that the packet is to be forwarded
from node ui to its neighbor node u j. After that, the state of the
packet moves from si to s j. At last, the packet gets a reward.

b. Delay

In the physical layer, the propagation delay is almost negli-
gible in FANET. Considering the cache of the UAV node itself
and the delay brought by the MAC layer, we define the delay
metric as follows:

dealyi j = delay maci j +delay quei j, (9)

delay maci j = tACK − tSend . (10)

According to the queuing theory:

delay queuei, j =
1

sr j
× 1

1−util j
, (11)

where sr j means service rate, util j means the resource utiliza-
tion.

c. Energy

To balance the energy consumption of the forwarding
nodes, we consider the residual energy of the neighbor nodes
when selecting the next hop. To avoid the problem caused
by running out of energy, we introduce an energy metric in
our algorithm to represent the energy level. It is expressed as
follows:

engi =
eng resi

eng initi
, (12)

where eng resi is the residual energy and eng initi is the initial
energy of node ui.

d. Link Stability

We obtain a quantitative result by the calculating the pre-
dicted link maintenance time. The link stability can be ex-
pressed as follows:

LSi j =





R+di j

|vi−v j| × (1−ENVj) ,cosimi j ≥ 0
R−di j

|vi−v j| × (1−ENVj) ,cosimi j ≤ 0,
(13)

where di j is the distance between two nodes, cosimi j is the co-
sine similarity of vi and v j. They can be expressed as follows:

cosimi j =
vi ·v j
vi2 ×v j2

, (14)

di j =


(xi − x j)

2 +(yi − y j)
2 +(zi − z j)

2. (15)

e. Reward Function

To reduce the delay and energy consumption while main-
taining delivery ratio, we jointly consider the delay, energy
metric and link stability of the possible node in the reward
function design. The reward function is defined as follows:

fR (st ,at) =




rmax,st+1 is the destination

rmin,st+1 is local minimum

a× eng j +b× e−delayi j+

c×
�
1− e−LSi j


,otherwise,

(16)

where a, b, c is the weight (a+b+ c = 1).
The above equations indicate that at current time t, the

agent is a packet at node ui, the state is si. Then the agent
takes action at and the state changes to s j. The reward will be
different according to the next state.

If next hop is the destination, the agent (data packet) gets
maximum reward. If next hop is local minimum, it indicates
that all neighbor nodes are more far away from the destination
than the current node. So, the agent will get little reward,
indicating that the action is not good.

f. Adaptive Q-learning Parameters

Due to the dynamic nature of FANET, when the link be-
tween nodes becomes unstable, the learning rate should be-
come larger, allowing the Q-value to be updated faster. Thus,
we consider the link stability metric in order to adjust the
learning rate. We first normalize the link stability:

LSnormi j =

LSi j −µi j


σi j
, (17)

where µi j is the mean value and σi j is the variance of the link
stability metric. Then, the learning rate αi j can be expressed
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as follows:

αi j =

{
e−LSnormi j ,σi j ̸= 0

0.3, σi j = 0.
(18)

Apart from the learning rate, discount factor is another im-
portant parameter. We calculate the discount factor γi of node
ui as follows:

γi = (1−ENVi)×
Ni (t −1)∩Ni (t)
Ni (t −1)∪Ni (t)

, (19)

where Ni (t) is current neighbor set and Ni (t −1) is the previ-
ous neighbor set of node ui.

g. Penalty Mechanism

To minimize the routing hole problem which will signif-
icantly increase the delay of the network, we introduce a
penalty mechanism. This mechanism is applied under two cir-
cumstances. One circumstance is that node u j detects a rout-
ing hole problem and inform node ui. If the packet at node ui

wants to take action ai j, it will get a minimum reward. An-
other circumstance is that node ui does not receive the ACK
packet within the expiration time, the agent will also get a
minimum reward.

Algorithm 2 QVIR Algorithm

Input: UAV nodes, packet and related information
Output: route path

1: while eposide ≤ M do
2: for t = 1,2,3, ...,N do
3: Each node executes environment evaluation
4: Each node executes neighbor discovery
5: if neighbor table of current node is empty then
6: Initialize the Q-value of neighbor nodes
7: end if
8: The agent performs an action based on ε − greedy

policy
9: The agent calculates the reward of action

10: The agent obtains the next state from the environ-
ment

11: The agent updates the Q value in neighbor table
12: if routing hole problem happens or packet is expired

then
13: Execute penalty mechanism
14: end if
15: t = t +1
16: end for
17: eposide = eposide+1
18: end while

E. Computation Complexity

We denote the number of neighbor nodes of ui is Ni. For
nieghbor discovery, there is not any f or loop, so the time com-
plexity is O(1). For environment evaluation, node ui needs
to send the HELLO packets to all its neighbors one by one.
That means the command will be repeated Ni times, so the
time complexity is O(Ni). For Q-learning-based routing in al-
gorithm 2, there is a while loop and a f or loop, so the time
complexity is O(MNNi).

V. SIMULATION RESULT

Table 1 Simulation Parameters

Parameters Settings

Number of drones 20 ∼ 100

Velocity of drones 10 ∼ 40m/s

Space size 2000m×2000m×200m

Communication range 200 m

MAC protocol IEEE 802.11n

Transport protocol UDP

Initial energy 100000 units

Hello interval 250 ms

Mobility model Gaussian Markov mobility model

Some important parameters are given in Table 1. We will
evaluate the algorithm from three aspects: average end-to-end
delay (E2E), packet delivery ratio (PDR), energy consumption
and routing overhead.

According to Fig 4 and 5, for all algorithms, there is a no-
ticeable increase in delay as the number of drones increases.
This trend may results from the heightened communication
and processing load as the network grows. However, our
QVIR algorithm consistently shows the lowest delay across all
numbers of drones compared with QGeo and GPSR. Delay in
QVIR is about 25% and 50% lower than QGeo and GPSR re-
spectively. As is shown in Fig 5, As the velocity of the drones
increases, our QVIR also outperforms the QGeo and GPSR
in delay, which is reduced around 18% and 42% respectively.
The reason might be our more holistic consideration of some
factors in the algorithm design which may influence the net-
work delay performance.

PDR is defined as the ratio of the number of data packets
successfully delivered to the destination to the total number of
packets that were sent from the source. It is expressed as a
percentage.

Fig 6 and Fig 7 indicate that all algorithms perform a de-
cline in PDR as the velocity of drones increases, opposite to
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Figure 4 Average E2E delay at different number of drones
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Figure 5 Average E2E delay at different velocity of drones

the situation when the changing factor is number of drones.
Across both charts, the QVIR algorithm consistently demon-
strates the highest PDR, reaching over 90% when the environ-
ment is good. It is probably due to the better Q-learning design
and our decrease of routing hole problem which thanks to the
environment evaluation method in some way.

Energy consumption in FANETs refers to the total amount
of electrical energy used by UAVs for various operations, in-
cluding communication.

Fig 8 and Fig 9 show that QVIR maintains the best energy
efficiency across all tested velocities, consuming around 5%
and 10% less energy than that in QGeo and GPSR as the node
density increases.There is a similar situation when velocity of
drones rises. The benefit of QVIR may result from our consid-
eration of energy consumption and evaluation of surrounding
environment, reducing extra packet retransmission.

Routing overhead refers to the additional resources, such
as additional control packets, that are required to manage the
routing of data packets through a network.
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Figure 7 PDR at different velocity of drones

From Fig 10 and Fig 11, we can find that routing overhead
increases as the number of drones becomes larger. A same
trend can be seen as the velocity rises. Through all tests,
QVIR has higher overhead than other two algorithms. The
reason might be our larger HELLO packets which are sent
to transmit the neighbor node information, including velocity,
energy, environment metric and so on.

VI. CONCLUSION

The dramatic changes in FANET topology in low altitude
and the limited energy of UAVs make it challenging to de-
sign a suitable FANET routing algorithm. In this paper, we
propose QVIR algorithm, in which a modified YOLOv5 al-
gorithm is added to the design of Q-learning. By taking into
account latency and energy, we also dynamically adjust the
learning rate and discount factor according to the link stability
between UAVs and their neighbourhood changes. The simu-
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Figure 9 Energy consumption at different velocity of drones

lation results illustrate that QVIR performs better than QGeo
and GPSR in terms of delay, packet delivery ratio, and energy
efficiency, although QVIR has a larger routing overhead. In
the future, with the further development of AI, how to design
an efficient FANET routing algorithm that can performance
better through AI may be an issue of interest.
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Abstract—To efficiently provide coverage for the machines
and robots in remote areas, satellites and unmanned aerial
vehicles (UAVs) can be utilized. In such scenarios, UAVs need
to integrate different functions to support the control tasks of
robots efficiently, while satellites can serve as backhaul to the
cloud. To improve the overall performance of the closed-loop
control tasks of robots, we jointly optimize the communication
and computing resource allocation with data offloading. Specif-
ically, we explore the linear quadratic regulator (LQR) cost to
measure the control performance and formulate a sum LQR
cost minimization problem. An iterative algorithm is proposed to
solve the optimization problem. Simulation results are provided
to demonstrate the superiority of the proposed scheme.

Index Terms—Closed-loop control, linear quadratic regulator
(LQR), satellite, unmanned aerial vehicle (UAV).

I. INTRODUCTION

The future sixth generation (6G) networks are envisioned
to facilitate the operation of machines and robots for their
tasks [1]. When serving robots in post-disaster or remote areas
where terrestrial infrastructures are unavailable, non-terrestrial
infrastructures, such as satellites and unmanned aerial vehicles
(UAVs), can be utilized [2]. Due to the limited capabilities
of individual robots, extra devices should be deployed on
UAVs to assist in task execution. For example, sensors are
required to obtain environmental information, computing units
are required to process data and formulate robotic actions,
and communication modules are required for information
exchanges. Therefore, UAVs can integrate sensors, base sta-
tions, and mobile edge computing (MEC) servers to efficiently
support robots.

Due to the limited capacity of UAVs, the onboard resources
are usually constrained [3]. Therefore, UAVs may need satel-
lites to offload a portion of data to the cloud for processing.
In such cases, the resource allocation and data offloading
strategies should be meticulously designed to maximize re-
source utilization. In the literature, recent research efforts
have focused on improving the communication performance
by optimizing the resource allocation and data offloading. For
example, Hu et al. investigated a UAV-aided MEC system and

jointly optimized the UAV trajectory, the ratio of offloading
tasks, and the user scheduling to minimize the total delays
[4]. Authors in [5] maximized the energy efficiency of a
space-air-ground integrated network by optimizing the UAV
trajectory and resource allocation, while satisfying the quality-
of-experience requirements. The above works are valuable for
the satellite-UAV networks. However, most of these works
focus on the communication performance only, such as latency
or energy efficiency. When serving robots for their tasks,
the communication systems are designed to enable control.
Therefore, the control performance may be more important
than merely optimizing communication performance.

Recently, several works have considered the control per-
formance when designing communication systems. Yang et
al. [6] optimized the power and time allocation to maximize
the ratio of the remaining energy to the linear quadratic
regulator (LQR) cost, where the LQR cost is a measure of
the control performance. Reference [7] maximized the spectral
efficiency of a wireless control system by optimizing the
bandwidth and power allocation, while satisfying the control
convergence rate requirement. These studies have made signifi-
cant advances towards control-oriented communication system
designs. However, the sensing, communication, and computing
components in the system need to be jointly considered, as
they cooperate closely to accomplish tasks. Furthermore, MEC
should be integrated into the system to reduce the computation
delay and enhance the control performance.

Motivated by the above issues, we investigate a satellite-
UAV network that serves multiple robots simultaneously. The
UAV is integrated with sensing, computing, and communi-
cation modules to support the control tasks of robots. The
satellites offload a portion of the data. We utilize the LQR
cost to evaluate the control performance, and formulate an
optimization problem to minimize the sum LQR cost by opti-
mizing the communication and computing resource allocation
and the data partition. We propose an iterative algorithm to
solve this optimization problem. Simulation results are pro-
vided to demonstrate the superiority of the proposed scheme
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Fig. 1. Illustration of a closed-loop-control-oriented satellite-UAV network.

over the traditional communication-oriented schemes.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, we consider a satellite-UAV network
that serves K robots to perform mission-critical tasks. The
UAV is equipped with a sensor, an MEC server, and a com-
munication module. Due to the limited computing capability of
the UAV, some sensing data is offloaded to the cloud server
through the satellite, as described in [8]. The satellite links
provide backhaul to the powerful cloud center, while the UAV
achieves edge capabilities such as sensing and controlling,
thereby combining the wide coverage of satellites with the
on-demand deployment capabilities of UAVs.

During the periodic control process, the onboard sensor
monitors the state of the controlled object. Next, the acquired
data is analyzed on the servers to generate control commands.
The communication module then transmits these commands
to robots to guide their actions. The whole process consti-
tutes a closed loop of sensing, communication, computing,
and control components, which is referred to as a sensing-
communication-computing-control (SC3) loop. The system
enables K SC3 loops to simultaneously serve K robots.

As described above, different components in the SC3 loop
cooperate closely to accomplish tasks. Considering the cou-
pling of the components, we propose treating the sensing,
computing, and communication modules on the UAV as a
unified entity. As a center of the task-related information, this
entity can be referred to as an edge information hub (EIH) [9].
This allows us to comprehensively consider the influence of
the components on the closed-loop performance. Next, we will
present the model of the components within the SC3 loop.

In this paper, we model each robot and its corresponding
object as a linear control system. Note that some complicated
control systems can also be analyzed as linear systems by
local linearization [10]. The discrete-time system equation of
the k-th control system in cycle t is given by [11]

xk,t+1 = Akxk,t +Bkuk,t + vk,t, (1)

where t denotes the cycle index, xk,t ∈ Rnk and uk,t ∈ Rmk

represent the system state and the control input, nk and mk

denote their dimensions, vk,t ∈ Rnk denotes the Gaussian
noise with mean zero and covariance ΣV

k , and Ak and Bk are
nk × nk and nk ×mk parameter matrices, respectively.

We utilize the LQR cost to evaluate the control performance
of the SC3 loop, which is formulated as [11]

lk ≜ lim
N→∞

E

[
1

N

N∑
t=1

(
xT
k,tQkxk,t + uT

k,tRkuk,t

)
]
, (2)

where Qk and Rk are semi-positive definite weight matrices.
The term xT

k,tQkxk,t denotes the deviation of the system
from zero state, and the term uT

k,tRkuk,t represents the
control energy consumption. The LQR cost is a comprehensive
measure of the state convergence and energy consumption. A
small LQR cost indicates a good control performance.

The sensing process is also linear, and the observation
equation can be written as

yk,t = Ckxk,t +wk,t, (3)

where yk,t ∈ Rqk is the sensing output with qk denoting
its dimension, Ck ∈ Rqk×nk is the observation matrix, and
wk,t ∈ Rqk is the Gaussian sensing noise with mean zero and
covariance ΣW

k .
After the sensing process, the acquired data is analyzed by

the computing modules to generate control commands. Due
to the limited computing capability of the MEC server, some
of these data is transmitted to the cloud server through the
satellite. We assume that these data can be arbitrarily split into
three parts: the first part is completely processed on the MEC
server, the second part is pre-processed on the MEC server to
extract semantic features and then sent to the cloud for further
processing, and the third part is completely processed on the
cloud. The data sizes of these three parts are denoted as Dk,1,
Dk,2 and Dk,3 in bits. We have

Dk,1 +Dk,2 +Dk,3 = Dk, (4)

where Dk is the size of data in the k-th SC3 loop.
These three parts of data are processed in parallel as

data streams. We next analyze the processing time of each
data stream. The computing capabilities of the MEC server
allocated to the first part and second part of data in SC3 loop
k are denoted as fk,1 and fk,2, respectively. The backhaul rates
from the UAV to the satellite for the second part and third part
of data are denoted as Rk,2 and Rk,3, respectively. We have
the following resource constraints

K∑
k=1

(fk,1 + fk,2) ≤ Fmax, (5)

K∑
k=1

(Rk,2 +Rk,3) ≤ RU2S
max , (6)

where Fmax denotes the computing capability of the MEC
server, and RU2S

max denotes the satellite-backhaul rate constraint.
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The computation time for the first part of data is

T comp
k,1 =

αDk,1

fk,1
, (7)

where α denotes the number of CPU cycles for processing the
first part of data per bit.

Similarly, the time for pre-processing the second part of
data is formulated as

T proc
k,2 =

βDk,2

fk,2
, (8)

where β denotes the number of CPU cycles for pre-processing
the second part of data per bit. We assume that the semantic
compression ratio of the features-extracting process is ρ, i.e.,
ρDk,2-bits features will be sent to the cloud server for further
processing. The transmission latency from the UAV to satellite
is

T trans
k,2 =

ρDk,2

Rk,2
. (9)

We assume that the downlink transmission latency from the
satellite to the cloud and the computation time on the cloud
server are negligible compared with T trans

k,2 and T proc
k,2 , due to the

typically large downlink transmission data rate and computing
capability of the cloud. In addition, since the output data size is
much smaller than the input data size, the transmission latency
of the output data is also assumed negligible. In this case, the
overall processing time of the second part of data is

T comp
k,2 =


0, if Dk,2 = 0,

max

T proc
k,2 , T trans

k,2


+ 4τ, if Dk,2 > 0,

(10)

where τ is the propagation latency between the ground and the
satellite. Since the pre-processing and transmission processes
are in parallel, we consider the maximum of these times as
the overall latency. When Dk,2 = 0, the latency for the second
part of data is 0.

Similarly, the time for processing the third part of data can
be calculated by

T comp
k,3 =




0, if Dk,3 = 0,

Dk,3

Rk,3
+ 4τ, if Dk,3 > 0.

(11)

Based on the above analysis, the overall computation time
is the maximum time for processing the three parts of data as

T comp
k = max


T comp
k,1 , T comp

k,2 , T comp
k,3


. (12)

After analyzing the data, control commands will be trans-
mitted to the corresponding robots. The transmit data rate from
the UAV to robot k can be calculated as

RU2G
k (pk) = log2


1 +

gkpk
σ2


, (13)

where pk denotes the transmit power of SC3 loop k, gk
represents the channel power gain, and σ2 denotes the channel
noise power. The channels between the UAV and robots are
assumed to be dominated by line-of-sight (LoS) links [12],
so we have gk = γ0

d2
k

, where dk denotes the distance between

the UAV and robot k, and γ0 is the reference channel power
gain at a distance of one meter. Due to the limited onboard
resources, we have

K
k=1

pk ≤ Pmax, (14)

where Pmax represents the transmit power constraint.

Denoting the transmission time for the control commands
as T commu

k , we have

T comp
k + T commu

k ≤ Tk, (15)

where Tk is the time resource reserved for the computing and
communication processes in each cycle of SC3 loop k.

To improve the control performance, we optimize the re-
source allocation and data offloading in the system. Next, we
establish the relationship between the control performance and
the communication capability. According to [11, Theorem 5],
to achieve a certain LQR cost lk, the average data throughput
transmitted through channel k per cycle must satisfy the
following constraint

BT commu
k RU2G

k (pk) ≥ ek (lk) , (16)

where the left side of (16) denotes the information entropy
transmitted per cycle, and

ek (lk) ≜ hk +
nk

2
log2


1 +

nk| detNkMk|
1

nk

lk − lmin,k


(17)

denotes the minimum entropy to achieve the LQR cost lk,
hk ≜ log2 | detAk| is the intrinsic entropy rate of object
k, lmin,k = tr

�
ΣV

kSk


+ tr

�
ΣkA

T
kMkAk


denotes the lower

bound of the LQR cost, Nk, Mk and Sk are the solutions to
the matrix equations shown in [11], which are related to the
control parameters, i.e., Ak, Bk, Rk, Qk, ΣV

k , and ΣW
k .

Using (16), we minimize the sum LQR costs of all SC3

loops by jointly optimizing the transmit power allocation p =
{pk}, the computing capability allocation f = {fk,1, fk,2}, the
satellite transmission rate allocation R = {Rk,2, Rk,3}, and
the data partition D = {Dk,1, Dk,2, Dk,3}. The optimization
problem is formulated as

min
p,f ,R,D,l

K
k=1

lk (18a)

s.t.
K

k=1

pk ≤ Pmax, (18b)

Dk,1+Dk,2+Dk,3 = Dk, k = 1, 2, · · · ,K,
(18c)

K
k=1

(fk,1 + fk,2) ≤ Fmax, (18d)

K
k=1

(Rk,2 +Rk,3) ≤ RU2S
max , (18e)

T comp
k + T commu

k ≤ Tk, k = 1, 2, · · · ,K, (18f)
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BT commu
k RU2G

k (pk) ≥ ek (lk) , (18g)

where l = [l1, l2, · · · , lK ]. Problem (18) is difficult to solve
due to the non-convex and non-continuous expression of T comp

k

as in (12). Next, we will recast this problem to a more tractable
form and propose an iterative algorithm to solve it.

III. JOINT RESOURCE ALLOCATION AND DATA
OFFLOADING

In this section, we will solve the optimization problem (18)
by proposing an iterative algorithm based on the successive
convex approximation (SCA) method.

A. Problem Simplification

From (18), we can find that the data partition parameters of
each SC3 loop will be decoupled if the computing capability
allocation and satellite-backhaul rate allocation are given. As
lk is monotonically decreasing with the transmission time
T commu
k , the optimal offloading scheme to minimize the LQR

cost also minimizes the computing time. Therefore, the opti-
mal data partition scheme in SC3 loop k, given the computing
capability allocation and satellite-backhaul rate allocation, can
be obtained by solving the following optimization problem

min
Dk,fk,Rk

max
{
T comp
k,1 , T comp

k,2 , T comp
k,3

}
(19a)

s.t. Dk,1+Dk,2+Dk,3 = Dk, (19b)
fk,1 + fk,2 ≤ fk, (19c)
Rk,2 +Rk,3 ≤ Rk, (19d)

where fk and Rk denote the computing capability and satellite-
backhaul rate allocated to SC3 loop k, respectively, and the
variable vectors to be optimized are Dk = [Dk,1, Dk,2, Dk,3],
fk = [fk,1, fk,2] and Rk = [Rk,2, Rk,3].

Once the problem (19) is solved, the optimal resource
allocation can be obtained via the following problem

min
p,f ′,R′,l

K∑
k=1

lk (20a)

s.t.
K∑

k=1

pk ≤ Pmax, (20b)

K∑
k=1

fk ≤ Fmax, (20c)

K∑
k=1

Rk ≤ RU2S
max , (20d)

T comp,∗
k (fk, Rk) + T commu

k ≤ Tk, k = 1, 2, · · · ,K,
(20e)

BT commu
k RU2G

k (pk) ≥ ek (lk) , (20f)

where f ′ = {fk} and R′ = {Rk}. The function
T comp,∗
k (fk, Rk) denotes the minimal computation time of

loop k when fk and Rk are given, which is solution to (19a).
To solve (20), we give the closed-form expression of

T comp,∗
k (fk, Rk) by solving (19) in the following proposition.

Proposition 1: T comp,∗
k (fk, Rk) is given by the piece-wise

function shown in (21) on the next page.

Proof: If fk ≥ αDk

4τ , we have αDk

fk
< 4τ , indicating that

the time to process all the data locally will be less than the
propagation delay 4τ . In such a case, all the data should be
processed on the MEC, and we have T comp

k = T comp
k,1 = αDk

fk
.

On the contrary, if fk < αDk

4τ , we have

T comp
k,1 = T comp

k,2 = T comp
k,3 , (22)

T proc
k,2 = T trans

k,2 . (23)

Otherwise, we can adjust the data partition or the resource
allocation within SC3 loop k, to keep the overall comput-
ing time non-increasing. In addition, as the latency is non-
increasing with respect to fk,1, fk,2, Rk,1 and Rk,2, we have
fk,1 + fk,2 = fk and Rk,2 +Rk,3 = Rk. Based on the above
equations, we have fk,1 = fk − fk,1, Rk,2 = ρ

β fk,2, and
Rk,3 = Rk − ρ

β fk,2. Substituting these variables into (19b)
and (22), we can formulate T comp

k as

T comp
k =

αβDk − 4βτfk + 4βτfk,2
(α− αρ− β) fk,2 + βfk + αβRk

+ 4τ. (24)

In (24), we formulate T comp
k as a fractional linear function

of fk,2. Therefore, T comp
k is monotonic with respect to fk,2.

If 4βτRk − (α− αρ− β)Dk + 4 (1− ρ) τfk ≥ 0, it can be
proved that T comp

k is increasing with respect to fk,2. In such
case, fk,2 = 0 must hold to minimize T comp

k , and we have

T comp
k =

αDk − 4τfk
fk + αRk

+ 4τ. (25)

Similarly, if 4βτRk − (α− αρ− β)Dk + 4 (1− ρ) τfk ≤
0, fk,2 should be as large as possible. With the constraints
fk,1 ≥ 0 and Rk,3 ≥ 0, we can obtain the optimal value of
fk,2, and calculate the corresponding computing time, which
completes the proof. More detailed proof can be found in our
extended paper [9]. □

B. Iterative Algorithm to solve (19)

Although we recast the original problem (18) to a more
tractable form (19), it is still difficult to solve it as it is
a non-convex optimization problem. In this subsection, we
propose an iterative algorithm to solve (19) based on the SCA
method [13].

First, in order to address the non-convexity of constraint
(20f), we include the communication time {T commu

k } as vari-
ables to be optimized, and rewrite (20) as

min
p,f ′,R′,l,Tcommu

K∑
k=1

lk (26a)

s.t.
K∑

k=1

pk ≤ Pmax, (26b)

K∑
k=1

fk ≤ Fmax, (26c)
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T comp,∗
k (fk, Rk)=





T 1
k (fk, Rk)≜

βDk

βRk+(1−ρ) fk
+4τ, (fk, Rk) ∈ S1 ≜


(f,R) | 0 ≤ f ≤ min


(α− αρ− β)Dk − 4βτR

4 (1− ρ) τ
,
βR

ρ



T 2
k (fk, Rk)≜

ραDk−4ρτfk+4βRkτ

ρfk + (α− β)Rk
+4τ, (fk, Rk) ∈ S2 ≜


(f,R) | βR

ρ
≤ f ≤ (α− αρ− β)Dk − 4βτR

4 (1− ρ) τ
,R ≥ 0



T 3
k (fk, Rk)≜

αDk − 4τfk
fk + αRk

+ 4τ, (fk, Rk) ∈ S3 ≜


(f,R) | (α− αρ− β)Dk − 4βτR

4 (1− ρ) τ
≤ f ≤ αDk

4τ
, f ≥ 0, R ≥ 0



T 4
k (fk, Rk)≜

αDk

fk
, (fk, Rk) ∈ S4 ≜


(f,R) | f ≥ αDk

4τ
,R ≥ 0



(21)

K∑
k=1

Rk ≤ RU2S
max , (26d)

T comp,∗
k (fk, Rk) + T commu

k ≤ Tk,

k = 1, 2, · · · ,K,
(26e)

BRU2G
k (pk) ≥

ek (lk)

T commu
k

, k = 1, 2, · · · ,K,

(26f)

where Tcommu = {T commu
k }. It can be shown that the func-

tion ek(lk)
T commu
k

is convex with respect to (lk, T
commu
k ). Therefore,

constraint (26f) describes a convex set. Next, we handle the
non-convexity of the function T comp,∗

k (fk, Rk) in (26e).
To solve (26), we propose an iterative algorithm based on

the SCA method. First, we introduce the following proposition
in order to approximate T comp,∗

k (fk, Rk).

Proposition 2: For any x > 0, y > 0, x0 > 0 and y0 > 0,
we have the following inequality

1

xy
≥ 1

x0y0

(
3− x

x0
− y

y0

)
. (27)

The equality holds when x = x0 and y = y0.

Proof: Using the Hessian matrix, it can be shown that 1/xy
is convex with x > 0, y > 0. The inequality in (27) can
be obtained immediately through the first-order condition of
convex functions [14, Section 3.1.3]. □

Substituting x = 1/u, y = au + bv, x0 = 1/u0, and y0 =
au0 + bv0 into (27), we have

u

au+ bv
≥ u0

au0 + bv0

(
3− u0

u
− au+ bv

au0 + bv0

)
, (28)

where a > 0, b > 0, u > 0, and v > 0. Based on
(28), we approximate T comp,∗

k (fk, Rk) by a convex func-
tion T

comp,∗
k (fk, Rk|fk0, Rk0), which is formulated as (29)

on the next page. The functions T
2

k (fk, Rk|fk0, Rk0) and
T

3

k (fk0, Rk0) in (29) are two functions that approximate
T 2
k (fk, Rk) and T 3

k (fk, Rk) based on (28), respectively, as
shown in (30) and (32) on the next page.

The following proposition gives the properties of T
comp,∗
k .

Proposition 3: The function T
comp,∗
k (fk, Rk|fk0, Rk0) shown

in (29) is convex, and satisfies the following inequality

T
comp,∗
k (fk, Rk| fk0, Rk0) ≥ T comp,∗

k (fk, Rk) , (34)

where fk0 and Rk0 are non-negative constants, and the
equality holds when fk = fk0, and Rk = Rk0.

Proof: First, as T 1
k , T

2

k, T
3

k and T 4
k are reciprocal functions

of the linear combination of fK and Rk, we can obtain the
convexity of T

comp,∗
k (fk, Rk|fk0, Rk0).

Next, by comparing the values of T i
k (fk, Rk) for i ∈

[1, 2, 3, 4], we can establish the relationship among the four
functions when (fk, Rk) is in different regions as

T 4
k (fk, Rk) > T 3

k (fk, Rk) > T 1
k (fk, Rk) , (fk, Rk) ∈ S1, (35a)

T 4
k (fk, Rk) > T 3

k (fk, Rk) ≥ T 2
k (fk, Rk) , (fk, Rk) ∈ S2, (35b)

T 1
k (fk, Rk) ≥ T 2

k (fk, Rk) ≥ T 3
k (fk, Rk) , (fk, Rk) ∈ S3, (35c)

T 4
k (fk, Rk) ≥ T 3

k (fk, Rk) , (fk, Rk) ∈ S3, (35d)

T 2
k (fk, Rk) ≥ T 3

k (fk, Rk) > T 4
k (fk, Rk) , (fk, Rk) ∈ S4. (35e)

Therefore, if (fk0, Rk0) ∈ S1 ∪ S2, we have

T
comp,∗
k (fk, Rk| fk0, Rk0) (36a)

=max
{
T 1
k (fk, Rk) , T

2

k (fk, Rk|fk0, Rk0)
}

(36b)

≥max
{
T 1
k (fk, Rk) , T

2
k (fk, Rk)

}
(36c)

≥T comp,∗
k (fk, Rk) , (36d)

where (36d) can be obtained from (35a)-(35e) by examining
the cases separately where (fk, Rk) belongs to different re-
gions.

Following a similar procedure, it can be proven that
T

comp,∗
k (fk, Rk| fk0, Rk0) ≥ T comp,∗

k (fk, Rk) when
(fk0, Rk0) ∈ S3 and (fk0, Rk0) ∈ S4.

Finally, since T
2

k (fk0, Rk0|fk0, Rk0) = T 2
k (fk0, Rk0) and

T
3

k (fk0, Rk0|fk0, Rk0) = T 3
k (fk0, Rk0), the equality condi-

tion in Proposition 3 is obtained. □

By approximating T comp,∗
k (fk, Rk) to

T
comp,∗
k (fk, Rk|fk0, Rk0), the approximate optimization

problem of (26) is formulated as

min
p,f ′,R′,l,Tcommu

K∑
k=1

lk (37a)

s.t. T
comp,∗
k

(
fk, Rk|f (i−1)

k , R
(i−1)
k

)
+T commu

k ≤Tk,

k = 1, 2, · · · ,K,
(37b)

(26b) − (26d), (26f), (37c)
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T
comp,∗
k (fk, Rk|fk0, Rk0) =




max

T 1
k (fk, Rk) , T

2

k (fk, Rk|fk0, Rk0)

, (fk0, Rk0) ∈ S1 ∪ S2

T
3

k (fk, Rk|fk0, Rk0) , (fk0, Rk0) ∈ S3

T 4
k (fk, Rk) , (fk0, Rk0) ∈ S4

(29)

T
2

k (fk, Rk|fk0, Rk0) ≜
ραDk

ρfk + (α− β)Rk
+ 4

ατ

α− β
−

4ρατ
α−β fk0

ρfk0 + (α− β)Rk0


3− fk0

fk
− ρfk + (α− β)Rk

ρfk0 + (α− β)Rk0


(30)

≥ ραDk

ρfk + (α− β)Rk
+ 4

ατ

α− β
−

4ρατ
α−β fk

ρfk + (α− β)Rk
= T 2

k (fk, Rk) (31)

T
3

k (fk, Rk|fk0, Rk0) ≜
αDk

fk + αRk
+ 4τ − 4τfk0

fk0 + αRk0


3− fk0

fk
− fk + αRk

fk0 + αRk0


(32)

≥ αDk

fk + αRk
+ 4τ − 4τfk

fk + αRk
= T 3

k (fk, Rk) (33)

Algorithm 1: Iterative algorithm for solving problem
(26)

Input : System parameters Pmax, Fmax, Rmax,
etc; the convergence tolerance ϵ.

Initialization: Calculate a feasible f ′0 and R′0 based
on (26c) and (26d), and set i = 0

1 repeat
2 Set i = i+ 1;
3 Update pi, f ′i and R′i by solving (37), denote the

value of the objective function as Lt;
4 until Li−1−Li

Li−1 < ϵ;
Output : The optimal resource allocation pi, f ′i,

R′i, and the sum LQR cost Li.

where i is the iteration index, and f
(i−1)
k and R

(i−1)
k

denote the solutions in the (i− 1)-th iteration. As
T

comp,∗
k (fk, Rk|fk0, Rk0) is a convex function, problem

(37) is convex, which can be solved efficiently by convex
optimization tools [14].

By solving (37) iteratively, Algorithm 1 is proposed to solve
(26). Denoting the optimal solution to problem (37) in the i-th
iteration as

�
pi, f ′i,R′i, li,Tcommu,i


, we have

T
comp,∗
k


f
(i−1)
k , R

(i−1)
k |f (i−1)

k , R
(i−1)
k


+ T commu

k (38a)

= T comp,∗
k


f
(i−1)
k , R

(i−1)
k


+ T commu

k (38b)

≤ T
comp,∗
k


f
(i−1)
k , R

(i−1)
k |f (i−2)

k , R
(i−2)
k


+ T commu

k (38c)

≤ Tk, (38d)

where (38c) follows from (34), and (38d) holds because f ′i−1

and R′i−1 are the optimal solutions to (37) in the (i− 1)-
th iteration and should satisfy the constraint (37b). Therefore,�
p(i−1), f ′(i−1),R′(i−1), l(i−1),Tcommu,(i−1)


is also feasible

to the optimization problem (37) in the i-th iteration, indi-
cating that the objective function is non-increasing during the

iteration. Therefore, Algorithm 1 converges.

IV. SIMULATION RESULTS

In this section, simulation results are provided to evaluate
the proposed joint resource allocation and data offloading
scheme. We use the CVX toolbox to solve the convex opti-
mization problem [14]. The number of robots is set as K = 5.
The robots are assumed to be randomly distributed in a circular
area with a radius of 5000 m, where the UAV is at the center
of the circular area with a height of 100 m. We set B = 5
kHz, τ = 5 ms, β0 = −60 dB, and σ2 = −110 dBm [15].
For the computing parameters, we set Dk = 300 Mb, ρ = 0.2,
α = 100 CPU cycles/bit, and β = 50 CPU cycles/bit. Unless
otherwise specified, the resource constraints are set as Tk = 70
ms, Fmax = 5 GHz, Pmax = 10 dBW and RU2S

max = 50 Mbps.
The control parameters are set as follows. The state matrices

Ak are assumed to be 50× 50 diagonal matrices with diago-
nal elements randomly selected in [−10, 10]. The covariance
matrices of the control system noise and sensing noise are
ΣV

k = σ2
V,k × In and ΣW

k = σ2
W,k × In, with n = 50,

σ2
V,k = σ2

V = 0.01, and σ2
W,k = σ2

W = 0.001. The observation
matrices and the LQR weight matrices are set as Ck = In,
Qk = In,Rk = 0.

To evaluate the proposed algorithm, we compare it with the
following benchmark schemes.

• Closed-loop-oriented power allocation: optimizing trans-
mit power allocation to minimize the sum LQR cost as
in [16], where the computing capability and the satellite-
backhaul rate are allocated equally to the loops.

• Communication-oriented scheme: optimizing the com-
puting capability allocation to minimize the sum com-
putation time [17], where the satellite-backhaul rate is
allocated equally to the loops, then the transmit power
allocated is optimized to maximize the data throughput.

Fig. 2 shows the LQR cost achieved by the three schemes
under different transmit power constraints. Note that the
control system with the communication-oriented scheme is
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Fig. 2. LQR cost achieved by different schemes, varying with the transmit
power constraint.
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Fig. 3. LQR cost achieved by different schemes, varying with the computing
capability constraint.

unstable when the power constraint is lower than 12 dBW,
so the corresponding LQR cost is infinite. It is seen that the
LQR cost decreases with increased power constraint. This is
because more exact control commands can be transmitted as
the transmit power increases, leading to an improved control
performance. In addition, the proposed scheme achieves the
lowest LQR cost among the three schemes, showing its
superiority.

In Fig. 3, we show the LQR cost under different com-
puting capability constraints. We can see that the proposed
scheme achieves lower LQR cost than the benchmark schemes.
Similar to Fig. 2, it is shown that the LQR cost decreases
with increased Fmax, as the time available for communication
increases with the increase of the computing capability.

V. CONCLUSION

In this paper, we have investigated a satellite-UAV network
serving multiple robots to perform control tasks. In order

to improve the overall performance of these control tasks,
we have formulated a sum LQR cost minimization problem
by jointly optimizing resource allocation and data offloading.
We have recast the problem to a more tractable form and
proposed an iterative algorithm to solve it. Simulation results
have demonstrated the superiority of the proposed scheme.
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摘  要：针对LEO星座中航天器接入和数据中继的波束资源调度难题，提出一种基于星载分布式计算的多波

束源任务调度算法。航天器可以动态申请波束资源并获得准实时任务调度结果响应。在求解过程中，需要考

虑任务的属性和资源的限制，如开始和结束时间、优先级、可见窗口和链路建立时间。因此，任务调度是一

类复杂约束条件下的组合优化过程，需要大量计算资源。基于二维个体描述模型和单一父代遗传（遗传算法）

的设计，旨在支持分布式计算，以提高星上应用的可行性和突破LEO卫星星载计算能力的限制。同时，分布

式计算框架提升了系统和调度过程的鲁棒性。本文设计了由八个嵌入式设备组成的分布式集群，用于模拟 LEO 

卫星分布式计算的场景。对算法流程、数学模型、触发策略、基于遗传算法的创新改进和分布式计算架构进

行了研究和验证。仿真和实测结果表明，与传统的双链路遗传算法相比，所提算法在分配结果和响应时间上

都有明显提升。 

关键词：波束源分配、分布式计算、LEO星座、航天器接入、卫星任务调度 
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Abstract: Aiming at the problem of beam resource scheduling for spacecraft access and data relay in LEO 

constellation, a multi-beam source task scheduling algorithm based on spaceborne distributed computing is proposed. 

The spacecraft can dynamically apply beam resources and obtain near-real-time mission scheduling results. In solving 

the process, you need to consider the attributes of the task and resource constraints, such as start and end time, 

priority, visible window, and link establishment time. Therefore, task scheduling is a combinatorial optimization 

process under complex constraints, which requires a lot of computational resources. The design, based on a 

two-dimensional individual description model and single parent genetics (genetic algorithm), aims to support 

distributed computing to improve the feasibility of on-board applications and break through the limitations of 

on-board computing power on LEO satellites. At the same time, the distributed computing framework improves the 

robustness of the system and scheduling process. In this paper, a distributed cluster composed of eight embedded 

devices is designed to simulate the distributed computing scenario of LEO satellites. The algorithm flow, 

mathematical model, trigger strategy, innovative improvement based on genetic algorithm and distributed computing 

architecture are studied and verified. The simulation and experimental results show that compared with the traditional 
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dual-link genetic algorithm, the proposed algorithm has obvious improvement in both the distribution result and 

response time. 

Keywords: beam source allocation, distributed computing, LEO constellation, spacecraft access, satellite mission 

scheduling 

 

1 引言 

随着通信、导航、遥测、遥感、载人航天和深空探测等空间应用的快速发展，航天器数量迅速增长。 传

统的GEO（地球同步轨道）数据中继卫星（DRS）系统存在卫星数量少、设备成本高、传输时延高、波束源有

限等缺点，无法为大量航天器提供接入和数据中继服务。 高速发展的LEO 通信和传输卫星星座基于相控阵天

线和数字波束形成（DBF）技术，为航天器的接入和数据中继提供了更多机会。 低轨星座由大量 LEO 卫星组

成，并提供低延迟和高容量的网状网络来连接航天器和地面站。 航天器通过通信和中继波束接入网络后，空

间数据可以传输到任意目的地。 然而，LEO 卫星星座规模和航天器数量增加了波束源分配的难度
[1,2]

。  

LEO 星座波束资源的任务调度应考虑更多的约束。 当航天器动态提交波束请求时，自主调度系统应尽快

提供响应。 还考虑了LEO卫星与请求航天器之间的可见窗口、任务的开始和结束时间、通信链路建立时间等

因素。 此外，服务体验还受到响应时间的影响。 在这种约束下，提供准实时的任务调度响应是一个困难
[3]
。 

针对传统GEO DRS 的星载调度性能提出了很多研究，由于LEO 技术正处于上升阶段，因此LEO 卫星领域的研

究较少。 

星载任务调度的过程包括三个部分：（a）需求提交（b）触发判断（c）任务调度。 组合优化问题的范围

更有吸引力，因此，大多数研究集中在第三步的性能提升上。 提出了许多算法和策略来最大化多目标函数，

因为卫星波束任务调度是源约束下的类似优化问题。 

2 低轨星座任务调度模型 

1.1 任务调度场景与流程 

图 1 给出了多卫星和多航天器的场景。 LEO 星座用于为来自航天器的各种波束请求提供准实时响应。 

LEO 星座轨道高度为1000km，卫星数量为RS。 每颗 LEO 卫星有 1~8 个可移动点波束，以满足航天器的要求。 

此外，每一个波束一次只能服务一个航天器。 航天器的轨道高度和数量分别为500km 和 TS。 

 

FIGURE 1. The multi-satellite and multi-spacecraft model 

所有航天器都可以随机动态地向 LEO 星座提交他们的波束请求。 星座应尽快给出基于需求和波束状态的

波束资源任务调度响应。 大量的LEO 卫星和航天器增加了任务调度计算难度的挑战
[4,5]

。 

一个完整的任务调度过程的详细步骤包括三个部分： 1）收集航天器请求和波束资源状态的信息。 2) 检

查触发条件。 3) 任务调度并获得优化结果。  

Step 1: 信息收集  

第一步，应将请求和波束状态收集到在 LEO 星座中起中心作用的卫星。 这意味着中心卫星知道任务调
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度的所有必要信息。 然后，当满足触发条件时，可以根据波束需求将波束源分配给不同的航天器。 

中心卫星表示为核心节点，其他卫星命名为正常节点，如图 2所示。 所有节点都可以收集来自航天器的

波束请求，并将请求信息传输到核心节点。 信息收集由分布式资源监控应用程序实现。 

 

FIGURE 2. The different notes in the LEO constellation 

 
Step 2: 触发条件判断 

触发条件用于确定何时触发观察窗口的新任务调度。提出的触发条件由循环触发条件和动态触发条件两

部分组成。 

循环触发的周期设置为 3 分钟，以避免长时间没有触发任务调度。在这样的触发下，观察窗口可以继续

向前移动。任务调度可以流式运行。 

如果航天器的动态请求很紧急，而下一个周期触发太远，无法满足调度，任务就不会被满足。设置动态

触发器以避免这种情况。如果任务队列中任务的开始时间距离当前时间小于 ts，则应该触发调度。本文将 ts 

定义为 40s。 

任务调度触发频率不能太频繁，因为调度过程需要时间。定时器用于记录触发新任务调度的时间，当任

务调度被循环触发或动态触发触发时，定时器设置被更新。在这项工作中，两次关闭触发器之间的最小间隔

设置为 20 秒。详细的时序图如图 3 所示。 

如第一节所述，卫星波束源的任务调度是一个典型的优化问题，具有很多复杂的约束条件。本文采用改

进的遗传算法对任务调度结果进行优化。 

由于 LEO 卫星的计算能力有限，因此应考虑优化迭代产生的计算成本。受到广泛应用于地面云计算和边

缘计算的分布式计算的启发。所提出的遗传算法旨在支持多卫星分布式计算集群。这意味着调度的计算任务

可以由多颗卫星同时处理，以避免单一的功率约束，提高响应速度。分布式集群是基于资源虚拟化构建的。

板载计算由资源池的形式提供，避免单颗LEO 卫星的功率受限
[6,7]

。第三节和第四节给出了分布式计算的详细

技术介绍。 

Step 3: 分布式任务规划 

 

FIGURE 3. The proposed trigger sequence chart. 
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FIGURE 4. The distributed computation resource pool. 

1.2 任务模型与资源模型 

根据遗传算法设计，在任务调度的优化过程中，约束主要来自两个因素：任务请求和波束资源
[8]
。 

波束请求（来自航天器）被认为是一个任务请求模型，它可以由一个向量表示，它有 10 个元素，表示

如下： 

BR=[TID,RTS,TSID,TSN,TP,TF,TS,TE,TD,TED] 

其中TID 为专属任务号，RTS 为任务状态，TSID 为提交该任务的航天器 ID号，TSN为补充参数，TP 表示

任务的优先级，TF表示是否可以将任务分解为 TS 和 TE 是任务可用窗口的开始时间和结束时间，TD 是时间

窗口的长度，可以通过TE-TS计算，TED是实际任务时间。 

� TID: 详细信息可以随时通过该ID 在系统和数据库中进行索引，因此，TID号应该是唯一的。 

� RTS: 不同的值表示任务的不同状态。 这 5种状态包括：待提交、已提交、已调度、正在执行、已

执行和失败。 

� TSID, TSN: LEO 星座与请求航天器之间的可见窗口是根据轨道和天线信息计算得出的，这些信息

可以通过 TSID 进行索引。 并且 TSN可以加速索引过程。 

� TP: 优先级影响波束资源分配结果。 随着 TP的增加，任务将更早地获得波束资源。 

� TF: 由于高速运动，LEO 卫星与航天器之间的可用时间窗可能不够长。 对于时间较长的任务，可

能需要将任务分解为两部分以满足可用的时间窗口。 这意味着两束波束通过它们的合作来支持一

个航天器的请求。 

� TS, TE: 可以执行任务的时间窗口的开始时间和结束时间。 

� TD: 时间窗口的长度和 TD 可以计算为 TE-TS。 

� TED: 任务的实际时间。 如果传感图像的大小为 5GB，一个波束的链路容量为 1Gbps，则 TED 可

以预测为 40s。 例如 TS 是 8:00 am TE 是 8:30 am, TED 是 40s 表示任务调度系统应该在 8:00 

和 8:30 之间提供一个超过 40s 的波束源来满足这个任务 是。 时间窗口TD是 30min，但实际任

务时间只有 40s. 

在这个模型中总结了一个任务的必要信息，并且足以被调度。 航天器可以随时随地向 LEO 星座提交这样

的波束请求，星座会对其进行调度并尽快做出响应。 

波束资源的信息作为数学模型给出如下 

RS=[BID, BT, BD] 

其中 BID 是唯一的波束编号，BT 是微波和激光等波束源的类型。 BD 是一个补充参数，用于补充 BT，

如机械扫描和相位扫描。 

此外，约束对于LEO 卫星和航天器之间的链接非常重要。 该模型如下所示。 

CP=[OED,RED,VED, BRT, LBT] 

其中 OED 是观察时间窗口，RED 是可见时间窗口，VED 是可用可见时间窗口，BRT 是波束资源的状态。 
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� RED: RED 包括两个元素 RS 和 RE，即窗口的开始时间和结束时间。 LEO 卫星和航天器之间的可见

时间窗口可以通过轨道和天线信息计算出来。 空间可视关系如图5所示。 

 

FIGURE 5. The visible relationship between moving satellite and spacecraft 

� VED: VED 包括两个元素 VS 和 VE，它们是可用可见窗口的开始时间和结束时间。 可用的可见时间

窗口是 RED 和 TD 之间的交集。 当两个约束同时满足时，星间链路是有效的。 图 6 给出了不同

的时间窗口。 

 

FIGURE 6. The different time windows 

� BRT: 只有未占用的波束资源可以分配给任务。 BRT 用于记录波束源的状态。  

� LBT: LEO 卫星和航天器之间建立通信链路的时间成本。 典型值为 100 秒。 

上面介绍的所有参数都用于描述场景和所提出算法的输入。 不同的场景可以通过不同的参数设置进行设

置。 所提出的算法具有更广泛的适用性
[9]
。  

3 改进的 GA算法 

本节详细介绍改进的 GA 算法。 主要创新点分别是二维个体模型和不相关单父继承法。 该算法基于新

的个体描述模型，不需要传统遗传算法中的基因编码和解码。 因此，提高了算法的效率。 同时，遗传过程

仅与单个父系个体关联，以支持分布式计算。 与传统的集中式 GA算法相比，基于这两个要点，最终优化任

务调度结果的效益值得到提高，响应时间得到降低
[10,11]

。 

3.1GA算法流程 

所提出的 GA 算法有几个主要步骤。 首先，随机生成具有 CN个体的初始种群。 个体由二维矩阵描述，

每个个体是可用但不是最优的波束资源任务调度结果。 其次，父系个体可以通过基因操作产生子个体。 具

有 CN个体的新父系群体根据目标函数从老父系群体和子代群体中选出。 最后重复第二步，直到结果收敛或
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满足结束条件，得到优化结果。 重要的是基因编码和解码过程不在流程图中操作，以提高算法效率。 

 

FIGURE 7. The flowchart of the proposed GA algorithm. 

3.2 二维个体描述模型 

波束资源状态、任务时间、航天器和LEO卫星等信息可以直接从甘特图中获取。 因此，最终优化的波束

资源任务结果通常以甘特图的形式来描述。 受甘特图的启发，个体方法被设计为相同的二维矩阵形式，如图

8和（4）所示。 

 

FIGURE 8. The flowchart of the proposed GA algorithm. 

 

(4) 

在图 8 中，横轴任务调度窗口（30 分钟）被划分为 90 个相同长度的跨度（20 秒）。 纵轴是束资源编

号。 有色矩形表示航天器请求的任务调度结果。 甘特图可以用 (4) 给出的矩阵来描述。 矩阵元素的值可

以是 0 或任务 ID。 当元素值为0时，beam 资源可用。当元素值为任务 ID 时，beam 资源被占用。 总占用
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时间可以通过被视为基因的连续任务ID来计算。 并且可以通过下标j间接获得开始时间和结束时间信息。 优

化后的 FMP 就是最终的任务调度结果。 所提出算法中的个体模型使用这样的矩阵形式进行基因操作，避免

了常规的基因编码和解码
[12]
。 效率得到提高。 第四节给出了详细的模拟、测量、比较和分析。 

3.3 单一父代遗传 

所提出的 GA 算法旨在应用于 LEO 卫星。应考虑板载计算能力的限制。一个大的计算任务应该根据所提

出的算法分解成小的子任务，以支持分布式计算
[10]
。本文对基因操作和遗传方法进行了改进。 

图 7 所示的基因操作有两个主要步骤。步骤 1：从矩阵FMP中取出一些调度的任务，如果有的话，这意

味着一个父代个体释放被占用的beam 资源。第二步：将所有未调度的任务放入矩阵中，采用随机、优先、顺

序等策略，得到一个新的矩阵，即子代个体。此外，在这种情况下，子代个体的产生只与一个父代个体有关。

该过程对于分布式计算很重要。 

分布式计算的流程图如图 9 所示。在初始步骤中，将种群的大小设置为较大的值 CN*N，这有利于优化

结果。为了避免无法忍受的计算成本，种群被分成 N个大小为 CN的子种群。这意味着子任务大小仅为初始任

务的 1/N。优化的过程可以在不同的卫星上运行。 

 

FIGURE 9. The distributed computing of proposed GA. 

3.4 目标函数与结束条件 

目标函数旨在评估个体的质量。 函数的输入是FMP 得到的个体状态矩阵，输出是个体的收益值。 收益

值越大，个体越好。 

(5) 

其中，TN 是计划任务的数量。 PF 是任务的优先级。 SW 是波束切换数。 当前两项较大时，结果对航

天器有利。 这意味着更多的任务计划成功。 当第三项较小时，结果对卫星有利。 这意味着系统开销很小。 

结束条件由收敛条件和最大迭代条件组成。 如果 OF 的升级率变小或迭代达到预设值（LX），将自动停止

优化以节省计算时间. 

4 仿真结果与讨论 

在本节中，给出了三种数值模拟结果来说明所提出算法的可用性和性能。 首先给出改进 GA的特征曲线

结果来表明有效性。 然后，提供了不同方法之间的比较结果。 最后，提出的算法在 Docker 和 Kubernates 

(K8S) 中实现，以说明分布式计算的可用性。 

4.1 算法有效性验证 

为了验证所提出的算法，在 Matlab 中创建并模拟了一个多卫星和多航天器模型。 模拟设置的详细参数

如表 I 所示。 

1 1 1

TN TN TN

i j k

i j k

OF PF I SWα β λ
= = =

= ⋅ + ⋅ − ⋅∑ ∑ ∑
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TABLE I. PARAMEMTERS OF FIRST EXAMPLE 

Index Parameter Value 

1 RS Number of LEO Satellite 25 

2 BN Beam Number of per LEO Satellite 4 

3 TS Number of spacecraft 100 

4 OED Observation time window(min) 30 

5 LBT Time of Link Build(s) 100 

6 CN The population size of i-GA 20 

7 LX The iteration limitation of i-GA 20 

航天器任务甘特图如图 10 所示，其中横轴为时间，纵轴为航天器。 OED创建期间共有 675 个任务，任

务的TS、TE信息可以通过彩色矩形的位置间接表示。  

 

FIGURE 10. The Gantt chart result of the mission from spacecraft. 

该优化在集中计算模型中运行以验证算法。 初始种群大小设置为 20，最大迭代次数设置为 20。优化结

果如图 9 所示。 LEO 卫星与航天器之间的通信链路建立时间（LBT）设置为100s。 这意味着每个任务添加

一个100s的标题。 因此，图 11 中的任务长度看起来更长。 

仿真耗时 9.23s，成功调度 674个任务。 成功率为 99.85%。 特征曲线如图 12 所示。 

 

FIGURE 11. The Gantt chart result of task scheduling (the time cost of link building is considered). 

 

FIGURE 12. The characteristic carves calculated by objective function. 
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所提算法能快速得到收敛优化结果，对航天器和LEO 卫星均有较好的效果。 验证了算法的有效性。 

4.2 算法对比 

给出了三个例子来说明与传统算法相比所提出的算法的改进。 

Comparison Example 1: 稀缺束源情况下的性能分析。 

本例中TS的值为[50:4:86]，RS的值为[10:1:19]，BN为 4。样本量为100。特征值曲线、成功率和计算

时间结果 如图 13-15 所示。 

 

FIGURE 13. The characteristic carve comparison results. 

结果由 20 次迭代中 100 个样本的平均值计算得出。 很明显，所提出的算法（红色）比传统算法（蓝

色）具有更好的性能。 

 

FIGURE 14. The comparison results of success rate. 

由于波束资源不足，部分任务可能无法调度成功。 但是，所提出的算法（红色）仍然比传统算法（蓝色）

具有更高的成功率。 

 

FIGURE 15. The comparison results of computation time. 

很明显，传统算法（蓝色）的计算时间比提出的算法（红色）要长得多，尤其是在波束源明显较少的情

况下。 

Comparison Example 2: 足够束源情况下的性能分析。 

本例中TS的值为[40:4:76]，RS的值为[10:1:19]，BN为 4。样本量为100。特征雕刻、成功率和计算时

间结果 如图 16-18 所示。 
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FIGURE 16. The characteristic carve comparison results. 

 

FIGURE 17. The comparison results of success rate. 

 

 

 

FIGURE 18. The comparison results of computation time. 

这三个结果的结论与示例 1 相似，但优势越来越小。 

Comparison Example 3: 波束资源充分情况下的性能分析。 

本例中，TS的值为[20:4:56]，RS的值为[10:1:19]，BN为 4。样本量为100。特征雕刻、成功率和计算

时间结果 如图 19-21 所示。 

 

FIGURE 19. The characteristic carve comparison results. 
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结果由 20 次迭代中 100 个样本的平均值计算得出。 随着波束源的增加，传统算法（蓝色）与提出的

算法（红色）相比具有狭窄的优势。 

 

FIGURE 20. The characteristic carve comparison results. 

当波束资源丰富时，两种算法的成功率相同。 航天器的所有任务都安排成功。 

根据图 21 中的结果，所提出的算法（红色）具有更大的时间成本，因为在调度任务时会检查 FMP 中所

有可用的波束资源。 当可用的波束资源更丰富时，检查过程产生时延导致优势会降低。 

 

FIGURE 21. The comparison results of computation time. 

这三个例子用于说明所提出的遗传算法在不同情况下的性能。 该算法在真实场景的波速资源稀少时具有

明显的优势。 

4.3 分布式计算模型分析 

随着LEO卫星规模的增大，动态任务调度的计算量越来越大。因此，受星上计算能力的限制，大规模计算

任务仅靠一颗低轨卫星无法实时处理。受云计算技术启发，多卫星间分布式计算模型可用于LEO星座，利用云

集群丰富的计算资源解决波束任务调度问题。换句话说，一个大型计算任务可以由多颗卫星同时处理，以减

少处理时延。 

实验室搭建了一个基于 Docker 和 Kubernetes（K8S）的原理验证分布式系统，如图 22 所示。由八个

嵌入式设备用作卫星计算有效载荷的模拟器。基于Linux工具tc和netem模拟动态网络。容器引擎 Docker 和 

K8S 集群组件安装在每台设备上。分布式架构可以将计算任务自动调度到设备中，实现多星协作。 

 

FIGURE 22. The principle proof distributed system. 

波束资源的任务调度过程如图23所示，描述如下。第一步：波束资源任务调度应用的核心节点根据航天

器的请求和LEO卫星的波束资源状态创建计算任务。第二步：然后，将计算任务划分为4-5个规模相同的子任

务，分别提交给分布式计算集群。第三步：虚拟代理组件 KubeProxy 根据负载均衡策略将子任务放入不同的



 徐潇审等：基于天基分布式计算的动态低轨星座接入任务调度 ·153· 

集群节点。子任务独立处理，任务调度结果返回核心节点，如步骤1所述。 步骤4：子任务结果对比分析得到

优化结果。换句话说，最终结果是从子任务的结果中选择出来的。 

在这样的流程图中，大型计算任务被分成许多小的部分，作为不相关的子任务。如上所述，分布式计算

由基于单父继承的改进遗传算法支持。在这种情况下，虽然任务调度结果的最大收益略有降低。由于计算任

务规模的减小，计算时间显着减少。 

 

FIGURE 23. The flowchart of distributed task scheduling. 

图 24 和图 25 给出了不同模拟样本的数值结果，以说明传统集中计算与提议的分布式计算之间的差异。  

 

FIGURE 24. The flowchart of distributed task scheduling. 

在图 24 中，R-M 表示集中计算结果的好处。 R-A 和 R-C 表示分布式计算结果的平均和最差收益。 结

果表明，集中计算的效益值优于分布式计算结果，但差异不明显。  

 

FIGURE 25. The flowchart of distributed task scheduling. 



·154· 第八届“空间信息网络”学术论坛  

在图 25 中，T-M 表示集中计算结果的计算时间。 T-A 和 T-L 表示分布式计算的平均和最长计算时间。 

如结果所示。 分布式计算时间明显少于集中式计算时间。 

可以得出结论，分布式计算可以节省大量的计算时间，但代价是降低了收益。 如果考虑到不同卫星之间

的典型时间延迟（17-30ms），在计算规模较大的情况下，结论仍然正确。 

常规算法不支持分布式计算模型，因此进队提出算法进行分布式性能分析。 

5 结论 

针对LEO星座动态波束资源任务调度问题，提出了一种可运行于机载分布式计算系统的改进GA算法。 与

传统算法相比，基于二维个体模型和不相关单父继承方法的收益和计算时间都有所提高。 给出了仿真结果来

说明算法的有效性。 此外，构建了基于Docker和K8S的分布式计算原理证明系统，展现了计算时间相对于集

中式计算的优势。 

分布式计算集群虽然可以解决单颗卫星计算能力有限的问题，但在后续工作中仍需考虑时延和动态网络

对星载分布式集群的影响。 
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低轨通信星座覆盖性能仿真分析 

刘二江，徐潇审，王良 

（中国人民解放军 32039部队，北京 102300） 

摘  要：低轨通信星座具有广覆盖、高带宽、低时延等特点，成为未来航天和通信领域的重要发展方向，

已受到世界各国的广泛关注。本文首先梳理了具有代表性的 6个低轨星座研究现状，对各个星座系统功能

和星座构型进行了总结。然后构建了一种混合星座，由 66颗近极轨道卫星和 216颗倾斜轨道卫星组成，

并针对该星座构型的覆盖性能进行了全面分析，基于 STK软件从星座全球覆盖性、典型位置覆盖性和区域

覆盖性等多个维度进行仿真分析。仿真结果表明，本文所设计的星座可实现全球覆盖，在部分区域可实现

多重覆盖。 

关键词：低轨星座；STK软件；覆盖性能；构型设计 

Simulation analysis of LEO communication constellation coverage performance 

Liu Erjiang, Xu Xiaoshen, Wang Liang 

（Unit 32039 of the Chinese PLA, Beijing 102300, China） 

Abstract: The low Earth orbit communication constellation has the characteristics of wide coverage, high 

bandwidth, and low latency, and is becoming an important development direction in the future aerospace and 

communication fields, receiving widespread attention from countries around the world. This article first reviews 

the current research status of six representative low Earth orbit constellations, and summarizes the functions and 

configurations of each constellation system. Then, a hybrid constellation is constructed, consisting of 66 near 

polar orbit satellites and 216 inclined orbit satellites. A comprehensive analysis is conducted on the coverage 

performance of the constellation configuration. Based on the STK software, simulation analysis is conducted from 

multiple dimensions including constellation global coverage, typical location coverage, and regional coverage of 

the constellation. The simulation results show that the constellation designed in this paper can achieve global 

coverage and multiple coverage in some areas. 

Key words: low orbit constellation, STK simulation software, coverage performance, constellation design 

1  引言 

在当今数字化时代，高速、稳定且广泛覆盖的通信网络已成为社会发展和人们生活的关键需求。随着

卫星模块化技术、批量部署技术和 5G 技术的发展，低轨通信星座应运而生，利用大量低成本微小卫星组

建的巨型星座系统来为地面提供互联网等各类服务，成为未来航天和通信领域的重要发展方向。低轨通信
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星座由成百上千甚至上万颗运行在低地球轨道上的卫星组成，与传统的地球同步轨道卫星相比，低轨通信

星座具有带宽成本低、传输时延短、系统容量大、覆盖区域广等特点，可以实现全球范围内的稳定通信，

具有巨大的发展潜力。此外，随着卫星批量化生产、一箭多星发射和火箭复用等技术的日益成熟，低轨星

座的建设和部署成本得到了有效控制，Space X、Amazon、Oneweb、Telesat等多家商业航天公司提出了多

项星座部署计划并在加速建设中。 

覆盖性能是衡量低轨通信星座有效性的关键指标之一，它直接关系到星座所能提供的服务地区以及服

务质量。对低轨通信星座覆盖性能的准确评估与分析，不仅有助于星座构型的优化设计，提高资源利用率，

同时也可为通信系统的规划和运营提供重要的决策依据。为此，本文针对低轨通信星座的覆盖性能分析问

题开展研究，设计了一种混合星座，基于 STK仿真软件对该星座的全球覆盖性、典型位置覆盖性、区域覆

盖性进行了仿真对比分析。 

2  低轨星座研究现状 

2.1  星链星座 

Starlink星座系统
[1]
由 SpaceX公司于 2015 年首次向 FCC提交申请，计划发射和运营 4425颗卫星，并

于 2018 年 3 月通过审批。后续 SpaceX公司又在 2018 年 11 月、2019 年 8 月、2020 年 4 月对该构型的星

座进行了多轮修改。从 SpaceX公司 2021 年 4 月公开申请的星链星座轨道构型可见，星链一期部署 11926

颗卫星，二期部署近 30000颗卫星，工作在 328-614km高度的 LEO（低地球轨道）和 VLEO（极低地球轨

道）。截至 2024 年 4 月 12日，SpaceX公司共计发射 6189颗“星链”卫星，其中 5721颗在轨正常工作
[2-4]
。

星链星座构型方案如表 1所示。 

表1 星链星座方案 

实施阶段 轨道面数 每轨卫星数 轨道高度（km） 轨道倾角（°） 总数 

一期 

第一阶段 72 22 550 53 1584 

第二阶段 

72 22 540 53.2 

2824 
36 20 570 70 

6 58 560 97.6 

4 43 560 97.6 

小计 190 - - - 4408 

一期 第三阶段 

- - 345.6 53 2547 

- - 340.8 48 2478 

- - 335.9 42 2493 

小计 - - - - 7518 

二期 - - - - 30000 

总数 - - - - 41926 
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2.2  “星盾”星座 

2022 年 12 月 2日， SpaceX公司官方网站发布“星盾”（StarShield）计划，将“星盾”定义为服务于国家

安全的卫星星座，区别于“星链”的商业化运行，“星盾”专为美军政部门服务，主要提供通信、遥感和载荷托

管三方面服务，并且“星盾”在“星链”数据加密服务基础上使用额外加密技术来保证托管载荷数据处理安全性，

以满足官方需求。2023 年 9 月 1日，美太空系统司令部授予 SpaceX公司首份价值 7000万美元合同，用于采购

“星盾”互联网服务。合同约束了端到端服务、用户终端、辅助设备、网络管理和其他相关服务。 

从 SpaceX 官网公布信息来看，目前“星盾”系统的功能主要涉及三项：一是全球通信，“星盾”系

统通过用户设备，为政府用户提供可靠的全球通信。SpaceX公司已获得美国联邦通信委员会（FCC）批准

发射 7500 颗二代“星链”卫星，其中部分卫星可能用于建设“星盾”卫星。“星盾”将继承“星链”星

间激光通信链路天线和对地天线，实现与“星链”无缝组网。二是地球观测，“星盾”系统可发射带有遥

感设备有效载荷的卫星，并将处理后的数据直接提供给用户。SpaceX公司官方解释是带有传感器的卫星对

地观测，不光局限于光学观测，还有红外等波段的遥感观测。三是搭载先进的传感器。“星盾”将打造能

力更强的卫星平台，能集成多种有效载荷，满足军事用户最为苛刻的托管要求，帮助军方实现通信导航、

侦察监视、态势感知、反导预警等多重能力。 

2.3  铱星星座 

Iridium 移动通信系统是美国于 1987 年提出的第一代卫星移动通信星座系统，主要提供话音和短数据服

务。Iridium 系统主要采用星间微波链路组网实现互联互通，地面多个信关站分别独立管理不同区域的用户接

入。1999 年 8 月宣布破产，并改组成立美国 Iridium 网络公司，美国国防部成为其最重要的政府用户。2010 

年，第二代 Iridium 系统（Iridium Next）开始筹划建设
[5, 6]
，2017 年 1 月，Iridium Next 首批 10 颗卫星发射

成功，拉开了 Iridium Next 系统的部署进程，2019 年 1 月，Iridium Next 最后 10 颗卫星的发射成功，标志

着第二代铱星系统组网成功。目前，Iridium Next 星座有 66 颗卫星工作（不含在轨备份 9 颗、地面备份 6 颗），

工作于极轨轨道，高度 780km，轨道倾角 86.4度。Iridium Next 星座设有星间链路，每颗卫星与其前后左右

相邻的四颗卫星建立连接。卫星配置 1 副 L 频段移动通信天线（120个馈源形成 48个波束）、4 副 Ka 频段星

间链路天线以及 2 副 Ka 频段馈电链路天线，支持 Ka 频段宽带通信（馈电复用 1个波束），搭载导航增强载

荷和航空航海监视载荷，支持 GPS全球连续监测、全球安全定位授时。 

2.4  OneWeb星座 

2014 年，OneWeb 公司提出了部署数百颗 LEO 卫星组成的宽带通信星座计划，采用 716 颗卫星构

成星座，提供 3G、LTE、5G和 WIFI 覆盖的用户终端，通过空中、海上和陆地在全球范围向个人用户内
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提供高速接入服务
[7-11]
。2017 年 6 月底，美国联邦通信委员会（FCC）正式授权 OneWeb 公司，批准其

在美国使用 OneWeb星座提供互联网接入服务。OneWeb 星座采用开放式架构，可在原有系统基础上通过

增加卫星以提升星座整体容量。OneWeb 计划发展的星座将分为两个阶段部署，第一阶段发射约 716 颗

卫星，实现全球范围的无缝覆盖服务，星座将具有约 5～6Tbps 的容量；第二阶段完成后续卫星的增补、

扩充在轨容量等工作。OneWeb星座构型方案如表 2所示。 

表2 OneWeb星座方案 

参数 第一阶段 第二阶段 

轨道高度（km） 1200 1200 

卫星数量 716 6372 

单层架构卫星数量 588 128 1764 2304 2304 

轨道面数 12 8 36 32 32 

每轨卫星数 49 16 49 72 72 

轨道倾角（°） 87.9 55 87.9 40 55 

2.5  Telesat星座 

Telesat 系统是由 Telesat 公司提出的低轨互联网系统，是一种结合下一代技术的先进星座。该网络采

用极轨和倾斜轨道的混合轨道，目标为提供一个类似于地面光纤网络的宽带服务。星地使用具有优先权的

Ka 频段 4GHz带宽资源，星间采用高容量激光链路，能够为全球任意区域的固定用户和移动用户提供宽带

服务。2017 年 11 月 3日，Telesat公司获得美国联邦通信委员会（FCC）的批准，其由低轨卫星组成的 Ka

频段卫星互联网系统进入美国宽带服务市场，成为继 OneWeb公司之后，第二家进入美国宽带服务市场的

公司。同时 Telesat公司还拥有加拿大卫星互联网系统准入许可。 

Telesat 公司的第一阶段 Lightspeed 星座由 298 颗卫星组成，其中 78 颗卫星将部署至 1015km 高度的

近极地轨道，设置 6个轨道平面，单轨道面 13颗卫星；220颗卫星将部署至 1325km高度的倾斜轨道，设

置 20 个轨道面，单轨道面 11 颗卫星。此外，Telesat 向 FCC 申请了第二阶段的“最终星座”，将在第一

阶段“修改星座”的基础上增加倾斜轨道卫星的轨道面，将卫星总量增至 1671 颗。Telesat 一阶段星座构

型方案如表 3所示。 

表3 Telesat一阶段星座方案 

轨道类型 轨道面数 每轨卫星数 轨道高度（km） 卫星总数 

近极地轨道 6 13 1015 78 

倾斜轨道 20 11 1325 220 

2.6  Kuiper星座 

2019 年 7 月 4日，美国亚马逊公司向美国 FCC提交了一组审查文件，用于申请一个巨型低轨通信星
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座“Kuiper”在美国境内的商业运营权
[12]
。Kuiper 星座预计由 3236 颗低轨宽带通信卫星构成，在轨设计

寿命 7 年。Kuiper 系统空间段包括在 3 个不同轨道高度和倾角的轨道面上的 3236 颗先进非地球同步轨道

（NGSO）卫星。Kuiper星座构型方案如表 4所示。 

表4 Kuiper星座方案 

轨道面数 每轨卫星数 轨道高度（km） 轨道倾角（°） 卫星总数 

34 34 630 51.9 1156 

36 36 610 42 1296 

28 28 590 33 784 

Kuiper系统的分层轨道设计很好地满足了客户在全星座部署时的容量和覆盖范围，通过使用不同倾角

的重叠高度轨道面，星座设计最大限度地减少了在地理纬度上均匀分布覆盖所需的卫星总数，并在一颗卫

星与其他系统发生内联干扰事件时提供链路多样性。 

2.7  小结 

通过对比分析典型低轨通信星座可以看出，低轨通信星座大多由数百甚至上万颗卫星组成，采用不同

轨道高度、不同轨道倾角组成的混合星座进行组网，频率主要采用 Ka和 Ku 频段，可为用户提供更低时延、

更高带宽的高速卫星互联网接入。 

3  星座覆盖仿真与分析 

3.1 星座设计 

基于 OneWeb星座和铱星星座构型设计启发，本文设计了一种由近极轨道星座和倾斜轨道星座组成的

混合星座。其中近极轨道星座轨道高度设计为 1200公里，轨道倾角 86.4度，分布在 6个轨道面上，每个

轨道面上部署 11颗星；倾斜轨道星座轨道高度设计为 1200公里，轨道倾角为 55度，分布在 18个轨道面

上，每个轨道面上部署 12颗星。星上载荷利用先进的相控阵波束成形和数字处理技术，为简化仿真操作，

假设每颗卫星传感器均为圆锥形波束，半圆锥波束角为 55°。星座构型参数如表 5所示。 

表5 星座构型设计方案 

星座类型 
倾斜轨道星座 近极轨道星座 

216星 66星 

轨道高度 1200 km 1200 km 

轨道倾角 55° 86.4° 

轨道面数 18 6 

每轨卫星数 12 11 

对地覆盖角 ±55° ±55° 

星座全球分布态势示意图如图 1所示。 
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图1 星座全球分布态势示意图 

3.2 覆盖分析 

本文所设计的混合星座，其中近极轨道星座主要用于实现移动通信，在仿真分析中最低通信仰角设置

为 10°；倾斜轨道星座主要用于实现宽带通信，最低通信仰角分别设置为 20°和 30°进行仿真分析。本

节主要针对混合星座的全球覆盖性、典型位置覆盖性和区域覆盖性进行了仿真分析，其中覆盖性能指标主

要为同一时刻典型位置和目标区域内可视卫星数量。 

3.2.1全球覆盖仿真分析 

采用 STK软件的覆盖分析模块，针对本文所设计的星座进行全球覆盖仿真。考虑到星座对地覆盖具

有南北对称性，且倾斜轨道卫星倾角为 55°，因此仿真中仅分析近轨轨道星座在北纬 0°- 90°、倾斜轨道星

座在北纬 0°- 65°范围内的覆盖情况，仿真结果如图 2至图 4所示。 

 

图 2 近极轨道星座覆盖性（10°仰角） 

图 2仿真结果表明，66颗近极轨道星座卫星在 10°通信仰角的情况下，可实现全球 1重以上覆盖，
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在南北纬 62°- 90°范围内区域可实现 2重以上覆盖，最大覆盖重数为 6重。 

 

图 3 倾斜轨道星座覆盖性（20°仰角） 

图 3仿真结果表明，216颗近极轨道星座卫星在最低通信仰角 20°的情况下，可实现南北纬 0°- 65°

范围内区域 2重以上覆盖，最大覆盖重数为 7重。 

 

图 4 倾斜轨道星座覆盖性（30°仰角） 

图 4仿真结果表明，216颗近极轨道星座卫星在最低通信仰角 30°的情况下，可实现南北纬 0°- 65°

范围内区域 1重以上覆盖，最大覆盖重数为 3重。图 4与图 3对比可以看出，随着最低通信仰角的增加，

星座覆盖重数不断减少，这是由于随着通信仰角的不断增加，对空可视范围逐渐缩小，导致可视卫星数量

不断减少。 
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3.2.2典型位置覆盖仿真分析 

在我国南部、东北和西北各选择一个典型参考点，分别选择三亚（北纬 18.2°，东经 109.5°）、佳

木斯（北纬 46.8°，东经 130.4°）、库尔勒（北纬 41.8°，东经 85.7°）作为具体分析对象，仿真分析

一天时间内该地区对倾斜轨道星座可视卫星数量，仿真结果如图 5至图 10所示。 

 

图 5 三亚地区可视卫星数量变化曲线（20°仰角） 

 

图 6 三亚地区可视卫星数量变化曲线（30°仰角） 

图 5和图 6仿真结果表明，一天时间内，三亚地区在 20°通信仰角情况下，可视卫星数量在 2-7之间；

在 30°通信仰角情况下，可视卫星数量在 1-4之间。 
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图 7 佳木斯地区可视卫星数量变化曲线（20°仰角） 

 

图 8 佳木斯地区可视卫星数量变化曲线（30°仰角） 

图 7和图 8仿真结果表明，一天时间内，佳木斯地区在 20°通信仰角情况下，可视卫星数量在 6-11

之间；在 30°通信仰角情况下，可视卫星数量在 3-8之间。 

 

图 9 库尔勒地区可视卫星数量变化曲线（20°仰角） 
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图 10 库尔勒地区可视卫星数量变化曲线（30°仰角） 

图 9和图 10仿真结果表明，一天时间内，库尔勒地区在 20°通信仰角情况下，可视卫星数量在 7-11

之间；在 30°通信仰角情况下，可视卫星数量在 2-6之间。 

分别统计三亚、佳木斯、库尔勒三个典型位置仅可视 1颗星、2颗星、3颗星、4颗星和 5颗星及其以

上的时间占比，统计结果如表 6所示。 

表6 典型位置覆盖性分析 

地点 
通信

仰角 

可视卫

星数量 

仅可视 1

星占比 

仅可视 2

星占比 

仅可视 3

星占比 

仅可视 4

星占比 

可视 5星及

以上占比 

三亚 
20° 2-7 0% 0.01% 18.03% 42.69% 39.27% 

30° 1-4 4.55% 49.53% 43.445 2.485 0% 

佳木斯 
20° 6-11 0% 0% 0% 0% 100% 

30° 3-8 0% 0% 9.865 19.135 71.01% 

库尔勒 
20° 7-11 0% 0% 0% 0% 100% 

30° 2-6 0% 5.19% 6.15% 22.43% 66.23% 

通过对比三亚、佳木斯、库尔勒三个位置可视卫星数量时间占比可以看出，同一位置情况下，通信仰

角越大，可视卫星数量越少；同一通信仰角情况下，纬度越低，可视卫星数量越少，且可视卫星数量少的

时间占比越长，这是由卫星对地可视范围不变，地理位置纬度越低，经纬网格所跨的经纬度数相同的情况

下，面积就越大，因此导致低纬度地区可视卫星较高纬度地区少。 

3.2.3典型区域覆盖仿真分析 

在前一节典型位置覆盖仿真分析基础上，以三亚、佳木斯和库尔勒为中心，分别计算区域半径在

200km、500km和 1000km 情况下可视卫星数量，仿真结果如表 7所示。 

表7 典型区域覆盖性分析 
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地点 星座构型 通信仰角 
区域可视卫星数量 

200km 500km 1000km 

三亚 

近极轨道 66星 10° 1-4 1-4 2-5 

倾斜轨道 216星  
20° 3-8 5-9 8-14 

30° 2-4 2-7 5-9 

佳木斯 

近极轨道 66星 10° 2-5 2-6 2-7 

倾斜轨道 216星 
20° 7-11 9-14 12-18 

30° 4-8 6-11 9-13 

库尔勒 

近极轨道 66星 10° 1-5 1-5 2-6 

倾斜轨道 216星 
20° 8-12 9-13 13-18 

30° 3-8 6-11 9-13 

仿真结果表明，仿真区域面积一致情况下，仿真位置纬度越低，可视卫星数量越多；同一仿真位置情

况下，仿真区域面积越大，可视卫星数量越多；对于近极轨道星座，受限于星座规模，随着仿真区域面积

增大，可视卫星数量增加较少。 

3.2.4仿真小结 

通过对星座全球覆盖性、典型位置覆盖性和区域覆盖性仿真结果进行对比可以看出，星座覆盖性能与

星座规模大小、通信仰角、位置区域等因素密切相关。对于本文所设计的混合星座，同等情况下，通信仰

角越大，可视卫星数量越少；仿真位置纬度越低，可视卫星数量越少；仿真区域面积越大，可视卫星数量

越多。 

4  结束语 

本文首先梳理了具有代表性的6个低轨星座的研究现状。受此启发，设计了一个混合星座，包括一个

66星组成的近极轨道星座和一个216星组成的倾斜轨道星座，并采用STK软件对星座的全球覆盖性、典型位

置覆盖性和区域覆盖性进行了仿真分析。仿真结果表明，本文所设计的星座可实现全球覆盖，但在高通信

仰角情况下，可视卫星数量较少，尤其是在三亚等中低纬度区域覆盖重数有限，需进一步增加星座规模，

增强系统网络韧性。 
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Abstract—In the lunar missions, relay satellites on the
various orbits play critical roles in the cislunar commu-
nications, i.e. telemetry and telecommand to the probers
on the far side of moon, which could help achieving the
constant visibility between the actuator and the controller.
However, huge time span in the end-to-end communi-
cation incurs obvious delay during the controlling loop
which current controller design could not deal with
effectively. In this work, therefore, we propose a Greedy
Algorithm-based Scheduling Mechanism (GASM) for
multiple time-delay control systems through the cislunar
relay communication. In particular, we develop a novel
metric of Information Value Loss (IVL) to measure the
utility of the proposed GASA by considering the timeli-
ness of telemetry and telecommand data on the control
loop. The simulations show that the proposed GASM
could achieve excellent control stability and timeliness of
data compared with typical scheduling algorithms based
on Age of Information (AoI).
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Figure 1 The Proposed Cislunar Relay-Based Control System.

I INTRODUCTION

The study of cislunar communications has assumed
paramount importance as countries and prominent space agen-
cies hasten their Earth-Moon exploration undertakings. As
depicted in Figure 1, with the rapid progression of lunar ex-
ploration by diverse nations and the relentless advancement
of aerospace technology, a multitude of equipment, includ-
ing repeaters, orbiters, probes, flybys, and rovers, will be
integrated into future lunar exploration missions. However,
unique characteristics of long-distance propagation delays and
relay communications in cislunar space introduce significant
constraints to typical ground control processes. In the nascent
stages of space exploration, telemetry and telecommand tech-
nologies are evolved independently. This kind of multifaceted
joint measurement and control process inherently brings a se-
ries of challenges, such as resource allocation, transmission
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scheduling, protocol interaction, etc. Emerging technologies,
such as the Unified Carrier TTC System (UCTTCS) and the
Unified Space Data Link Protocol (USLP) system as promul-
gated by Consultative Committee for Space Data Systems
(CCSDS), are facilitating the convergence of measurement
and control data transmission. Furthermore, the Earth-Moon
communication environment’s specific traits profoundly im-
pact the measurement and control process, notably with a
marked decline in data timeliness due to extensive propaga-
tion distances. Outdated data can compromise control perfor-
mance [1], as a challenge exacerbated by the integration of
measurement and control data transmission for multiple tar-
gets. A moderate amount of time-lag is allowed in the con-
trol process, and the relevant time-lag control system technol-
ogy can reduce the harm brought about by this communica-
tion time delay [2-4], thus providing operational leeway for
deploying various target measurement and control processes
within the Earth-Moon environment’s constrained communi-
cation resources. However, optimization of time-lag control
has an upper performance limit, necessitating the optimization
of the communication process within the permissible bounds
of the control process. This requirement diminishes the ef-
ficacy of general communication optimization methods based
on time delay. Consequently, it is imperative to further investi-
gate the timeliness requirements of measurement and control
data within the communication system. Typically, telemetry
data and telecommand data may simultaneously focus on both
timeliness and utility values. Data proximate to the moment of
measurement is conducive to more effective decision-making,
while a period of availability exists for measured data, after
which it may become obsolete and unusable for analysis. Re-
mote control telecommand data shares similar characteristics.
That is, the stability of the control process is intimately linked
to the timeliness of measurement data.

Imperfect communication links carrying the feedback loop
add layers of complexity, as data delays and loss can nega-
tively impact performance and potentially destabilize the sys-
tem [5][6]. The lunar exploration measurement and control
mission’s control process demands high stability, high accu-
racy, and high timeliness. Most of typical control system
performance indicators abstract the impact of data transmis-
sion into parameters such as communication delay and packet
loss rate, modeling the control system in a black-box man-
ner, which makes it difficult to analyze and evaluate the fac-
tors affecting time-sensitive performance of measurement and
control data. Given that the timeliness of data significantly
influences the stability and other performance aspects of the
measurement and control process, the transmission schedul-
ing mechanism in the relay or multi-hop communication link
play critical role in the entire control system’s operation. In
this paper, therefore, we attempt to solve the transmission re-
quirements of multiple measurement and control processes by

investigating the relay scheduling mechanism on simultane-
ous cislunar telemetry and telecommand data. In particular,
we will propose a time-effective scheduling strategy to meet
the performance needs of various measurement and control
process data. The main innovations are summarized as fol-
lows:

• We develop a novel metric, IVL, for evaluating the time-
liness of telemetry and telecommand data in the cislunar time-
lag control system. This metric considers the effect of the
measurement and control data on the control loop after expe-
riencing significant delay. Compared to the traditional Age of
Information (AoI) [7], IVL better reflects the impact of com-
munication delays on control performance, thereby aligning
the communication optimization directly with the control per-
formance requirements.

• We propose a Greedy Algorithm-based Scheduling
Mechanism (GASM) based on IVL minimization, which
adeptly utilizes the relay’s storage and transmission resources
to manage multiple control processes. This algorithm, in con-
trast to typical scheduling algorithms based on AoI [8], en-
sures the stable operation of multiple control processes simul-
taneously given the constrained relay resources.

• Simulation results underscore the proposed scheduling
algorithm’s distinct advantages over the typical AoI minimum
scheduling algorithm in terms of control performance and
timeliness.

II RELATED WORKS

The timeliness of measurement and control data signifi-
cantly influences the performance of the control process, in-
cluding its stability. The literature [1] delves into the haz-
ards associated with stale information on control system per-
formance, defining the maximum degree of staleness that can
be tolerated to maintain specified stability, thereby underscor-
ing the critical importance of information timeliness for con-
trol system stability. In the field of information timeliness
research, AoI as a novel metric in real-time networked sys-
tems has emerged as a novel metric, guiding the optimization
of systems’ ability to transmit fresh data by quantifying the
age of data. As evidenced by the works [9,10], AoI is ex-
tensively employed for system optimization in scenarios in-
volving just-in-time transmission or wireless network control.
The simplicity of the definition has led to a plethora of AoI-
related studies [11,12] proposing various AoI-derived metrics.
However, these metrics are largely independent of the control
system, rendering the co-optimization of control and commu-
nication systems unattainable. Additionally, some studies as
highlighted in [13], demonstrate that minimizing the average
freshness of information does not necessarily ensure satisfac-
tory control performance for individual systems and may re-
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sult in subpar collective performance. This illustrates that the
aggregation of numerous communication control subsystems
hinders AoI from fulfilling stability requirements essential for
the control process. Literature [14] seeks to stabilize multiple
control systems by introducing AoI to optimize the transmis-
sion of multiple system control processes. It formulates an op-
timization problem aimed at minimizing the estimation error
induced by the network on the controllers and determines the
optimal transmission scheduling for each link. Literature [15]
introduces a delay-dependent Value of Information (VoI) met-
ric based on a trade-off analysis that quantifies the value of
transmitted packets. However, the metric characterizes the fi-
nal target cost function in the form of a simple summation
of control and communication costs, which does not match
in a physical sense, leading to results that deviate from the
true optimal performance of the system. In order to solve the
mismatch problem in the sense of control and transmission
dimensions, literature [16] proposes a joint control and trans-
mission design architecture based on Full Loop Age of In-
formation (FL-AoI) for integrating multi-sub-system ICPSs in
multi-hop networks. By introducing the this new cost metric,
it solves the dimensional mismatch problem brought by the
weighted summation form of control and transmission costs,
and provides a new usable metric for the joint optimization of
network and control systems.

III problem formulation

A System Models

Lunar missions are increasingly focused on regions such
as the lunar back and south pole, and the special characteris-
tics of these regions require that cislunar communication must
rely on the participation of relay satellites. In the cislunar re-
lay communication for the measurement and control scenario
shown in Figure 1, the Earth E or the Moon M sends telemetry
and telecommand packets to the relay satellite R forwarding
the packets to the other end.
Relay Model: As shown in Figure 2, the periodic task gen-
erates periodic state packets, so it is assumed that the pack-
ets arrive at a fixed frequency, by which each source gener-
ates packets at a time interval of Ti. The size of each arriving
packet is randomized. However, given that the USLP can sup-
port a maximum of 65536 byte transmission frames, individ-
ual packets can all be encapsulated in a single spatial trans-
mission frame. The data processing capacity of the relay node
is set to a fixed value, i.e., it can only process p packets at the
same time, and the propagation delay of the two links is set
to Tm2e and Te2m. The life cycle of a series of measurement
and control packets generated by each measurement and con-
trol process is a function of time, which is set to be Ci(t). In
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Figure 2 The Cislunar Relay Model on Telemetry and telecommand Data.

addition, the moment of generation of each measurement and
control packet is set to be ui(t), and the time of expiration of
the packet is set to be di(t), then Ci(t) = di(t)−ui(t). Multiple
packets generated by different measurement and control pro-
cesses arrive at the relay satellite through the lunar relay link
and wait in the cache queue of the relay satellite for scheduling
and forwarding. Let the moment of the data packet k gener-
ated by the i source application be noted as ui,k, the life cycle
of the measurement and control data Ci,k is encapsulated in
the data packet as meta-information and decoded in the re-
lay satellite to obtain the expiration time of the data packet
di,k. Then, all the measurement and control packets are for-
warded by the relay satellite based on the scheduling policy,
and finally the data packet arrives at the destination at the ri,kth
moment. The relay satellite forwards all the measurement and
control packets according to the scheduling policy, and finally
the data packets arrive at the destination at the time of ri,k. As-
sume that the queuing delay of the k-th data packet generated
in the measurement and control process i in the cache queue is
τw

i,k, let τ p
i,k represents the two-hop spatial wireless link propa-

gation delay of the data packet, τ t
i,k represents the transmission

delay, τo
i,k represents other processing delays respectively, that

is, the delay deviation value is:

∆τi = τ p
i,k + τw

i,k + τ t
i,k + τo

i,k. (1)

Then the arrival moment of the packet can be expressed as:

ri,k = ui,k +∆τi. (2)

In this case, the computational process latency of a general
device is much smaller than the latency generated by the com-
munication process, so the effect of τo

i,k will be ignored sub-
sequently, i.e., τo

i,k = 0. In the design of controllers with con-
stant time deviation ∆τ , it is required that the time-lag of the
data is constant, but in practice, due to the design of the com-
munication network, the use of protocols, interference packet
loss, and other phenomena occur, resulting in the time delay
of the data transmission is not a controllable constant. How-
ever, one effective way is to set up buffers at the controller
side and at the actuator side respectively, so that the stabil-
ity of the control system can be ensured as long as at least
one available sampling data is guaranteed during the control
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sampling period. This design is simple and efficient: on the
one hand, it can be applied to multiple control objects without
the need to design separate controllers for each control object;
on the other hand, it simplifies the design of communication
protocols, and only needs to calibrate the maximum constant
transmission delay for each data. Based on the stability re-
quirements of different control systems, there is a maximum
sampling period for sampling the state data, which is set as
Ti,max. The design of the controlled object controller requires
a certain sampling frequency, i.e., the sampling period deter-
mines the latency of the data transmission. For example, the
sum ∆τi of the delay deviation value of the state data and con-
trol data must satisfy the relation

∆τi < Ti,max. (3)

The relation (3) also specifies the expiration time of the data.
The sensing data must reach the controller before the next
sampling data is generated, otherwise the controller can not
make a decision. At the same time, the actuator input sig-
nals generated by the controller need to arrive at the actuator
and complete the transfer of the state before the next sam-
pling comes, otherwise the stability of the control system may
be affected. In this way, the expiration time of the data di(t) is
calibrated according to the maximum sampling period Ti,max

of different control systems. There can be many ways to cali-
brate the data, and different channel resources can be assigned
different constant time-lags. Therefore, if the upstream chan-
nel (i.e., the Earth-side to the relay satellites to the Lunar-side)
has a better communication condition, then it can be assigned
a smaller constant time-lag. The downstream channel with a
poor communication condition should be able to be assigned a
larger constant time-lag. While, the channel with worse com-
munication conditions should be able to allocate more con-
stant time-lag. More specific settings should be set in con-
junction with a variety of specific control systems. In this pa-
per, upstream and downstream channel communication link
parameters are the same to continue the next study as:

di,max(t) = ui(t)+∆τi,max, (4)

where u(t) denotes the time of data output, ∆τi,max =
Ti,max

2 .
Control Model The end-to-end delay in a wireless system
consists of several components, i.e., over-the-air propagation
delay, queuing delay, processing/computation delay, and ad-
ditional delay due to retransmission. In particular, increase in
one or more of these delays will be reflected as in the end-to-
end delay [17]. A time-lag system captures how the dynamic
error between the actual state and the target state of a motion
planner design changes over time under the influence of wire-
less factors such as delay. As shown in Figure 3, in the mea-
surement and control loop model [18], in the reference signal
input, is the output state of the controlled object expected in

Input Output

Ground control
center

Cislunar
 link

Lunar control
objective

Hold

MeasureRelay 
Satellite

Figure 3 The Proposed Remote Control Loop Model.

the measurement and control mission, for example, the des-
tination coordinates of the lunar rover operation. The actual
output signal denotes the output state of the control object in
the measurement and control mission, for example, the coor-
dinates that the lunar rover is currently arriving at. The general
automated control process is described as follows: first, in the
feedback control loop, a measurement tool (e.g., a telemetry
satellite) measures the output state of the control object (e.g.,
the actual positional coordinates of the lunar rover), and sam-
ples the continuous physical signals over a T time interval to
obtain y(kT ). The sampled signal is delayed to reach the con-
troller after transmission through the zero-order keeper and
the communication network, i.e., the state signal of the input
control object at the controller’s end is the signal y(kT − τsc)

at the past moment kT − τsc. The controller analyzes the de-
sired reference input signal r(kT ) and the current feedback
past state signal y(kT −τsc) to calculate the desired execution
input signal u(kT ). Because of the network communication
delay, the execution signal input to the detector at moment t
is also the signal u(kT − τsc) of the past moment kT − τca,
and the detector changes its state and outputs a state signal
when it finishes execution. Currently in the control field to
deal with this time-lag control system using a controller with
a constant time-lag ∆τ [18], this controller is designed based
on the premise that the feedback data has a constant time de-
lay for the design, and the determination of the constant time
delay value can be realized by the time-lag control system into
a general control system.

For the measurement and control process consisting of two
transmission links, measurement and control constituting a
loop structure, the constant time-lag upper limit is able to mea-
sure the utility value of data. The controlled object i generates
new telemetry data xi,k after a certain processing delay τa

i,k dur-
ing the execution of the control packet ui,k and then transmits
it to the control destination. The console is analyzed and after
a certain processing delay τc

i,k, new control data ui,k+1 with a
defined life cycle Ci,k+1 is generated. After a certain commu-
nication delay, the data reaches the execution side to update
until the application is completed.
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B Problem Description

Definition 1 Remaining age of Information: RoI = d(t)−t
is the lifetime of the latest packet that is available at destina-
tion at moment t, i.e., the data expiration time d(t) minus the
current time t.
Definition 2 Value of Information:

V : indicator → value, (5)

denotes that information is mapped to a specific form of value
representation through the corresponding application indica-
tor. The timeliness indicator, AoI = t − u(t), can be mapped
to a value by vAoI = v(t − u(t)). The usefulness indicator,
RoI = d(t)− t can be mapped t oa value by vRoI = v(d(t)− t).
Definition 3 Loss fuction:

l(t) = l(vm(t)),m = 1,2, ,M, (6)

where M denotes the total number of indicators participating
in the evaluation of information value, vm(t) denotes the infor-
mation value characterized by indicator m, and l is the func-
tional relationship between indicator values. Thus, Informa-
tion Value Loss (IVL) is defined as a functional mapping of
AoI and RoI,

IV L =V (AoI,RoI). (7)

The purpose of this paper is to study the scheduling mech-
anism of the communication for all the measurement and con-
trol packets, i.e., how the transmission order of the measure-
ment and control packets should be assigned, while meeting
the timeliness requirements of the measurement and control
process. Then we have

πk = argmin
i∈1,··· ,N

L (i,k) , (8)

where L characterizes the loss of information value generated
by the transmission in the communication system.

IV ALGORITHM DESCRIPTION

A AoI&RoI

To construct a two-hop transmission scheduling model, de-
fine the source-relay-destination model as: the source sends
data packets continuously to the destination in a certain time.
In particular, the parameter of each data packet is defined
as [uk,rk,dk], in which uk,rk,dk are denoted as the generat-
ing moment, the arriving moment, and the expiration moment
of the packet, respectively. Assuming that uk < rk < dk and
rk−1 < rk, then the AoI and RoI of the destination packet are
shown in Figure 4. The closed expression of AoI is applied in
the relay measurement and control model. The meaning of the

Data Life

Figure 4 AoI and RoI.

basic AoI formula AoI = t −u(t) is the age of the most recent
packet available at destination at moment t, i.e., the current
time t minus the time of birth u(t), which is a typical segmen-
tation function segmented by the range of time t:

AoI = t −u(t) =




t −u1 if r1 ⩽ t < r2

t −u2 if r2 ⩽ t < r3

· · · if · · ·
t −uk−1 if rk−1 ⩽ t ⩽ rk.

(9)

Examine the cumulative AoI of k packet transmissions in the
time period [r1,rk], set to ∆AoI(k):

∆AoI(k) =
 rk

r1

t −u(t)dt =




 r2
r1

t −u1dt+ r2
r1

t −u2dt+

· · · rk
rk−1

t −uk−1dt.

(10)

Then we have

∆AoI(k) =
k−1

∑
i=1

ui(ri − ri+1)+
1
2
(r2

k − r2
1), (11)

which is a typical segmentation function segmented by a range
of time t:

RoI = d(t)− t =




d1 − t if r1 ⩽ t < r2

d2 − t if r2 ⩽ t < r3

· · · if · · ·
dk−1 − t if rk−1 ⩽ t ⩽ rk.

(12)

Examine the cumulative RoI of k packet transmissions in the
time period [r1,rk], set to ∆RoI(k):

∆RoI(k) =
 rk

r1

d(t)− tdt =




 r2
r1

d1 − tdt+ r2
r1

d2 − tdt+

· · · rk
rk−1

dk−1 − tdt.

(13)
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Then we have

∆RoI(k) =
k−1

∑
i=1

di(ri+1 − ri)+
1
2
(r2

1 − r2
k). (14)

B IVL

Based on the aforementioned metrics analysis require-
ments, this paper defines IVL expressions as

l(t)≜ exp(
vAoI − vRoI

d(t)−u(t)
lnα)

≜ exp(
v[t −u(t)]− v[d(t)− t]

d(t)−u(t)
lnα)

≜ exp(
2t − [u(t)+d(t)]

d(t)−u(t)
lnα),

(15)

where α is the information indicator value coefficient, char-
acterizing the rate of change of the value of information with
the performance indicator parameters. d(t)−u(t) denotes the
information life cycle , which characterizes the length of the
full utility period of information since its generation. This def-
inition is used to characterize the accumulation of the age of
information and the decrease of the remaining survival time
of data during the transmission process. l(t) characterizes the
rate of reduction of information value in different time scales,
and in a period of time [ta, tb], the Cumulative Information
Value Loss (CIVL) can be defined. Information Value Loss
(CIVL) can be defined as

L =
 tb

ta
l (t)dt

=
 tb

ta
exp(

2t − [u(t)+d(t)]
d(t)−u(t)

lnα)dt.
(16)

Indicates the cumulative degree of loss of information value
of consecutively arriving packets during the examined time
period, and can be used to reflect the magnitude of the trans-
mission system’s ability to retain information value. Let
ta = u(t), tb = t , then the cumulative information value loss
as a function of time t can be obtained:

L(t) =
 t

u(t)
l (τ)dτ

=
 t

u(t)
exp(

2τ − [u(τ)+d(τ)]
d(τ)−u(τ)

lnα)dτ.
(17)

Let the value loss coefficient of the information index of the
i-th application process be αi, then its loss function is also a
segmented function:

li(t) =




exp( 2t−[u1+d1]
d1−u1

lnαi) if r1 ⩽ t < r2

exp( 2t−[u2+d2]
d2−u2

lnαi) if r2 ⩽ t < r3

· · · if · · ·
exp( 2t−[uk−1+dk−1]

dk−1−uk−1
lnαi) if rk−1 ⩽ t ⩽ rk.

(18)

Algorithm 1 IVL based GASM.

Input: Number of processes N and time stages K
Output: Optimal policies Π∗

π ← perms(N) /* All possible strategies.

*/
for k = 1 : K do

if k = 1 then
π∗ ← π[1] /* Initial strategy π[1]. */

else
for j = 1 : length(π) do

Lk
NIV L (π[ j]) = ∑N

i=1 ∆li(t)(k)
L ← ∑k Lk

N(π[ j])
end
π∗ ← argminπ(L) /* Find optimal

strategy π∗. */

end
Π∗[k]← π∗

end

Examine the cumulative transmission loss of k packet trans-
missions in the time period [r1,rk], set to ∆li(t)(k):

∆li(t)(k) =




 r2
r1

exp( 2t−[u1+d1]
d1−u1

lnαi)dt+
 r2

r1
exp( 2t−[u2+d2]

d2−u2
lnαi)dt+

· · · rk
rk−1

exp( 2t−[uk−1+dk−1]
dk−1−uk−1

lnαi)dt,

(19)

where f ( j) =
 r j+1

r j exp( 2t−[u j+d j ]
d j−u j

lnαi)dt. Then we have

∆li(t)(k) =
k−1

∑
j=1

d j −u j

2lnαi


α

2r j+1−(d j+u j)
d j−u j

i −α
2r j−(d j+u j)

d j−u j
i


 , (20)

Lk
N (π(k)) =

N

∑
i=1

∆li(t)(k). (21)

C Greedy Algorithm Scheduling Mechanism

Based on (21) as a metric and optimization model for
scheduling, at each moment k the scheduler always adopts the
policy of the smallest LN of the current N measurement and
control packets as follows:

π∗(k) = argmin
π(k)∈Π(k)

Lk
N (π(k)) , (22)

where Lk
N (π(k)) is given by (20) and (21). The algorithm for

GASM is given in Algorithm 1. The greedy algorithm always
makes the choice that looks best at the moment. By calculat-
ing the CIVL value of the destination, GASM schedules pack-
ets based on the current optional decision π[ j]. Then it deter-
mines the current optimal decision π∗ based on the smallest
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Figure 5 Halo Orbit Satellite.

CIVL taken at each sub-stage, and finally the decision at each
sub-stage is the final scheduling optimal decision Π∗. The
time complexity analysis of the GASM algorithm is O(N),
where N is the number of the measurement and control pro-
cesses, i.e., the number or length of measurement and control
data to be processed. This is because the greedy algorithm
usually requires only one traversal of the data and takes only a
constant amount of time in selecting the optimal solution each
time. Therefore, the time complexity of the entire algorithm
can be expressed as O(N).

V SIMULATION RESULTS

In the USLP protocol of CCSDS, the maximum length of
transmission frame is 65536 bytes, considering that the data
transmission rate of space conventional communication satel-
lites is 10Mbps and is used for 100 communication virtual
channels, so that a single application process is assigned a data
transmission rate of 100 Kbps.

A Halo Orbit Relay Satellite

In this work, we employ a Halo-orbit satellite in the earth-
moon system as the relay in the cislunar communication. As
shown in Figure 5, the satellite in Halo orbit at the L2 point
needs to schedule and forward all the arriving measurement
and control data within the given visibility window. Figure 5
gives two curves, the spatial distance with propagation de-
lay curves between the Halo relay satellite and the lunar sur-
face, and the spatial distance with propagation delay curves
between the satellite and the Earth, where the difference in

Figure 6 IVL and CIVL.

propagation delay between the farthest and the closest point is
about 84ms.

B IVL

Setting the parameters u(t) = 0s , d(t) = 100s, Figure 6
shows the theoretical IVL curve based on the given IVL met-
rics (15). The curve of IVL with time t for different Lossrates
α is shown in Figure 6.

For any t > 0 moment, l(t)> 0, indicating that IVL always
exists and accumulates over time t. IVL is referenced at α = 1,
when there is l(t) = 1, indicating that information occurs at a
rate of one unit of value lost per unit of time. The curves for
different α values all intersect at the same point ( d(t)+u(t)

2 ,1),
implying that the midpoint of age is the point at which the
IVL rates are equal in the timeliness system characterized by
the two indicator variables u(t) and d(t). The meaning of
equality here means that the growth rate of IVL governed by
t −u(t) and d(t)− t is equal at per time unit. In details, when

Table 1 Simulation parameters

Parameter Value Symbol

Data Package Size (Byte) 0 ∼ 65535

Cislunar Link Bandwidth (Mbps) 10

Lunar-Terrestrial Distance (km) 384400

Halo Satellite Orbital Amplitude 13000

Halo Satellite Orbital Period (s) 1.277×106

Number of Processes 4 N

Sampling Frequency (s) 1 Ti

Time Range (s) 101 ∼ 200 T

Number of Stages 100 K

Lossrate 0 ∼ ∞ α

Max Sampling Frequency (s) 15,10,8,6 Ti,max
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Figure 7 Simulation Performance.

the measurement and control data is more dependent on the
timely arrival of the data, this type of data in the initial stage
u(t) will have a huge loss of value over time, the optimization
model will give priority to this type of measurement and con-
trol data for scheduling in order to minimize the IVL of the
system, and this type of data needs a smaller α , respectively.
When the measurement and control data puts emphasis on the
destructive nature of data expiration data, such data will not
produce explosive value loss until close to the expiration time
d(t). The optimization model, in order to ensure that the IVL
of the system is minimized, likewise, needs to ensure that this
type of data can be transmitted within the validity period. In
general, by setting the appropriate value of information loss,
coefficient α value can allow different application processes
in the system to realize the jointed optimization of multiple
measurement and control data.

C Performance of Algorithms

The receiving data bandwidth of the relay satellite is much
larger than the sending data bandwidth, so the data from mul-
tiple sources are directly received into the data buffer after be-
ing sent to the relay satellite. After the packet forwarding pro-
tocol reads the necessary information of each application pro-
gram packet, such as data expiration time d(t) and generation
time u(t), it enters the queuing and forwarding queue to wait
for the scheduler to send it to the Earth control destination.
Since the space link propagation delay τ p

i,k = 1.4s sent to the
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Figure 8 Performance of different algorithms.

Earth’s control end is basically a fixed value, the relay satel-
lite scheduler can perform scheduling based on calculating the
information value transmission loss of the packets arriving at
the Earth’s end. As Figure 7 shows the simulation results un-
der different scheduling methods. Here Figure 7 (a)∼(e) show
the result of AoI value in different loss rates α . AoI (via the
blue curve) becomes larger when the loss rate of Temetry1 be-
comes larger. For example, when the loss rate α of the other
three measurement and control processes are 0.8,1.2 and 1.6
respectively, the α of the measurement and control process
represented by the blue curve increases from 0.2 to 1.6. As
loss rate α increase, the scheduling process will ignore the
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timeliness of data, which will lead to an increase in the AoI
of the data. Figure 7 (f) shows the performance improvements
of IVL based GASM in the multi-measurement and control
processes. Under the IVL-based GASM algorithm, with the
passage of time, the total value loss LN of all measurement
and control processes grows the smallest, indicating that the
performance improvement of the entire stage is the greatest.
Compared with the algorithms based on AoI or RoI, the per-
formance improvement is about 10%. Figure 7 (g)∼(i) further
shows the variation of different indicators under IVL-based
GASM. The parameters of the four telemetry processes are
shown in the figure, with Telemetry 1 having a maximum sam-
pling delay of Tmax = 15 and a minimum loss rate α = 0.2.
A larger sampling delay indicates that the data is less time-
sensitive and therefore produces a larger IVL for all telemetry
processes, while a smaller α = 0.2 results in a smaller AoI
but a larger RoI for the data. The performance comparison
between the GASM algorithm and the Weighted Round Robin
(WRR) scheduling algorihm is added in Figure 8. The WRR
algorithm does not take into account the AoI or RoI of the
data, and is a deterministic scheduling mechanism based on
the pre-set scheduling weights, so the value loss of the mea-
surement and control processes under the GASM algorithm
are all less than the WRR algorithm.

VI CONCLUSION

In the multi-mission measurement and control data trans-
mission in cislunar communication, this paper proposes the
IVL index of information value transmission loss and derives
the closed expression of cumulative transmission loss CIVL
during Earth-Moon relay communication. Based on it, we
construct an optimization model for multi-measurement and
control data communication, and propose a GASA scheduling
algorithm. The final simulation results show that the newly
proposed timeliness indexes satisfy the requirements of multi-
task measurement and control. Compared with the general
AoI and other timeliness indexes, is able to effectively reduce
the value loss of the information transmission, and realize op-
timal scheduling of multiple measurement and control pro-
cesses.
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卫星物联网通信下基于双相关算子的极简同步方案 
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摘要：在卫星物联网通信中，导频资源和存储资源均受到了一定的限制，使得传统同步方案及其硬件实现面临着很大的挑

战。为此，本文提出了一种基于双相关算子的极简同步方案，包括频相解耦合估计和分块相关数据补偿两部分。其中，频

相解耦合估计部分提供了一个对莱斯衰落鲁棒的自相关频偏估计器和一个抗频偏能力强的低复杂度相偏估计器；分块相关

数据补偿部分只需要使用基于互相关算子的少量数据补偿值便可以显著降低残留频偏的影响。仿真结果表明，在有限的导

频开销下，所提的极简同步方案能够实现频偏对相偏的解耦合，同时获得比传统同步方案更少的存储空间占用和接近的误

码性能，有利于工程实现。 
关键词：导频资源；存储资源；双相关算子；分块补偿；卫星物联网通信 
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A minimal synchronization scheme based on double correlation 
operators for satellite IoT communications 

Zhongyang Yu1,2, Yuqian Yan2,1, Hai Zhu1, Mengmeng Xu1, Yuanyuan Wang1, Hengzhou Xu1 

(1. School of Computer Science, Henan University of Engineering, Zhengzhou 451191, China; 2. College of Information Science and Engineering, Henan 
University of Technology, Zhengzhou 450001, China) 

Abstract: In satellite Internet of Things (IoT) communications, both pilot and storage resources are limited such that 
conventional synchronization scheme and its hardware implementation have faced great challenges. To this end, this paper 
proposes a minimal synchronization scheme based on double correlation operators, including an auto-correlation based 
frequency-phase decoupled estimation and a cross-correlation based crorelation blockwise data compensation. In specific, the 
former provides an auto-correlation frequency offset estimator robust to the Rice fading and a low-complexity phase offset 
estimator with a strong ability of anti-frequency offset; the latter uses a small amount of cross-correlation based data 
compensation values to greatly lower the impact of residual frequency offset. Simulation results show that with the limited pilot 
overhead the proposed minimal synchronization scheme can implement the frequency-to-phase decoupling, and achieve less 
storage space occupation and near error performance compared with the conventional synchronization scheme. 
Keywords  pilot resource; storage resource; double correlation operators; blockwise compensation; satellite IoT 
communications

卫星物联网通信逐渐应用到地质监测、应

急通信、海上通信等通信领域[1-3]。然而，有限

的导频资源和存储资源将会给传统同步方案及

其硬件实现带来很大的挑战。因此，如何在资

源受限条件下设计一种极简同步方案来支持可

靠的卫星物联网通信具有非常高的研究价值。 
对于使用低成本振荡器的卫星物联网通信

系统，相应的收发端会遭受到较大载波频偏和

相偏的影响，从而导致传统同步方案在少量导

频辅助下对应的频偏估计会严重影响相偏估计

且后续的数据补偿会占用较大的存储空间。文

献 [4] 针对短突发成形偏移正交相移键控

（SOQPSK）传输系统提出了一种导频辅助的载

波同步方案。考虑 LoRa 协议中的前导结构，文

献[5]给出了一种联合时延、载波频偏和相偏的

同步方案。针对宽带线性调频雷达系统，Yuan
等人以包络互相关的频率峰值作为输入设计了

一种有效的联合频偏和相偏估计[6]。考虑低轨卫

星正交时频空调制（OTFS）系统，Li 等人利用

导频辅助完成了对载波频相偏的准确估计[7]。此

外，针对低轨卫星通信系统中存在的大多普勒

频移和相偏问题，文献[8]设计了一种导频辅助

的载波同步方案。然而，这些传统同步方案都

采用了所谓的频相耦合估计，即频偏估计器在
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相偏估计器之前执行，则相偏估计器的性能依

赖于频偏估计器精度，这就是频偏对相偏的耦

合作用。为了减弱该耦合作用，传统同步方案

往往需要使用较大的导频开销，但这不利于卫

星物联网通信。在文献[9]中，Rice 指出在频相

耦合估计中，只要初始采样时刻设置在前导结

构中间位置时，频偏估计的克拉美罗界（CRB）
会与相偏估计的 CRB 解耦合。但由于接收端不

知道初始采样时刻位置，故无法人为设置该初

始位置。另一方面，在频相耦合估计之后，传

统同步方案大多会采用连续时刻数据补偿，即

对接收数据进行逐时刻的频相偏补偿[4-8], [10-12]。

这种数据补偿方式可以获得良好的解调性能，

但缺点是需要占用较大的存储空间（与传输的

数据长度成正比），这势必会加剧卫星物联网

通信系统的硬件实现难度。 
鉴于传统同步方案中频相耦合估计和连续

时刻数据补偿的缺点，设计了一种基于双相关

算子的极简同步方案。该方案包含频相解耦合

估计和分块相关数据补偿两部分：第一部分包

括对衰落不敏感的自相关频偏估计和低复杂度

且抗大频偏的最大似然相偏估计；第二部分可

显著降低存储空间占用并大大降低每个数据块

中由残留频偏带来的最大累积相位。通过仿真

验证了所提极简同步方案的有效性。 

1 系统模型 

对于窄带低速率卫星物联网上行通信，考

虑莱斯平坦衰落信道下的单载波通信系统。则

基于波特采样的接收信号可以表示为： 
       j 2π

p d,  d sf T k kr k h s k e n k       (1) 
式中，h表示信道增益，其幅度服从由莱斯因子

K 决定的莱斯分布， df 和 分别表示载波频偏

和相偏， ( )s k 表示能量归一化的调制信号，

( )n k 表示均值为 0、方差为 2
n 的复高斯随机变

量， p p{ 1 },
i

i m    为图 1 所示的数据帧结

构 [13] 中 所 有 导 频 采 样 索 引 集 合 ，

d d{ 1 1},
j

j m     为所有数据采样索引集

合（其中 m为导频块个数， 1m  为数据块个

数），且 pi
 和 d j

 的具体形式分别由式(2)和式

(3)给出： 
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图 1 数据帧结构 

2 基于双相关算子的极简同步方案 

图 2 展示了基于双相关算子的极简同步方

案的实现流程，包括去调制操作、一般化相关

操作以及由此产生的频相解耦合估计和分块相

关数据补偿。首先介绍去调制操作与一般化相

关操作的基本原理。 

2.1 去调制操作与一般化相关操作 

所谓的去调制操作就是利用已知导频调制

信号的共轭形式与接收导频信号相乘，从而消

除其调制信息，进而获得去调制信号 ( )v k 。 

     
   j 2π

p,  d sf T k

v k r k s k

h e n k k 





    
      (4) 

式中， ( ) ( ) ( )n k n k s k   仍是高斯噪声，这是因

为 ( )s k 是一个确知的导频信号。显然，去调制

信号 ( )v k 的可靠性不仅受到噪声项 ( )n k 的影

响，还取决于信道增益 h。进一步地，当 k遍历

p 时，便可以获得一个去调制序列集合

{ , 1, 2, , }i i m v v  ，其中， p{ ( ), }
ii v k k  v

表示对应于第 i个导频块 pi的去调制序列。 

所谓的一般化相关操作就是自相关操作和

互相关操作的统称。它可以利用这两种相关操

作估计出附加了任意相偏的载波频偏。前提是

使用一个相关值集合 1 1( | ) { ( | ),i iR R β v v  
1, 2, , }i m  ，其中 1{ 1, 2, , },i i m β  表示

第 1 个导频块和第 i个导频块之间的自/互相关

延迟长度 1i 的集合， 1{ 1, 2, , },i i m v v  表示

第 1 个去调制序列和第 i个去调制序列的并集

1iv 的集合，即 1 1i iv v v 。特别地，当 1i  时，

11v 简记为 1v ，那么基于式(4)，可以定义一个相

关算子 11 1( | )R  v ，且具有如下表示形式： 

 
   

 

p 111
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p 11

j2π
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L
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f T
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v    (5) 

由于上式仅使用了第一个导频块 1p ，所以该相

关算子称作自相关算子 [14-16]。在式 (5)中，

111 p(0, 1]L   表 示 自 相 关 延 迟 长 度 ，



	 										 		余忠洋等：卫星物联网通信下基于双相关算子的极简同步方案	 ·181·

 

2{| | }h   表示接收导频信号的等效平均能 量， 11( ) 为噪声项且由式(6)给出。 

一般化

相关操作

v

( ) βR v

去调制操作
pr

d̂f

频偏估计器 相偏估计器

1p
11

1
2
L







̂
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dr

dr分离器
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1dr d j
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组合器
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图 2 基于双相关算子的极简同步方案的实现流程框图（其中表示共轭相乘） 
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(6) 

另一方面，当 1i  时，同样基于式(4)，还

可 以 定 义 另 一 个 相 关 算 子 ( | ) R β v 且

1{ 2, , },i i m  β  ， 1{ 2, , },i i m  v v  ，如

下式所示：
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  (7) 
由于该相关算子利用了多个不相交的导频块

1p pm ，故称为互相关算子[16-18]。式(7)中，

1
11 p d( )

l l

i
li L L 
  表示互相关延迟长度，

1( )i 是噪声项，且具有类似于式(6)的表达形

式： 
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(8)
 

接下来，根据图 2，基于双相关算子即式(5)
和式(7)，我们将详细阐述极简同步方案中频相

解耦合估计和分块相关数据补偿两部分的具体

实现步骤。 

2.2 极简同步方案之频相解耦合估计 

借助式(5)的自相关算子，设计一种频相解

耦合估计模块，包括一个自相关频偏估计器和

一个基于特定自相关值的最大似然相偏估计

器。下面先给出该模块的实现步骤。 
步骤 I：基于自相关算子 11 1( | )R  v ，可以

得到一个自相关频偏估计器，其频偏估计值为

d̂f ，即 

  11 1
11

|
1ˆ arg

2πd
s

f R
T




 v  

   

  

p 111

1

11

1

11
0

11 p 11
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1 arg
2π

d s
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s

f T

s
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T L

e
T







 




 

  




        
 

  

(9) 

其估计范围为 110.5 0.5][ ,  ( )sT ， 11( ) 亦为

噪声项，其形式见式(6)。特别地，当 11 1  时，

该自相关频偏估计器可以估计出接近于符号速

率1 sT 一半的频偏。由上式可知，在平坦衰落

信道下，自相关频偏估计器的估计精度仅受到

噪声项 11( ) 的影响。 
步骤 II：考虑一个特定的自相关值

11 1( | )R  v （其中
111 p( 1) (2 )L   ， 称作

解耦合系数），将其共轭形式带入到最大似然

相偏估计器中，可以得到无频偏补偿下的相偏

估计值 ̂ ： 
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需要说明的是，当莱斯因子 K 和信噪比
2SNR (2 )n 适 中 时 ， 有 Im{ } 0h  和

Im{ } 0  ，且考虑
1p| | ( )d sf L T ，那么式(11)

成立，否则，需要引入信道均衡来消除信道增

益 h的影响。在上式中， 为噪声项，且具有如

下形式： 
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(12) 

同时讨论以下两种情况： 
1 ） 当 1  时 ， 在 较 大 频 偏 范 围

1p| | 1 ( )d sf L T 内，均有 ̂  且满足 | | π  ； 
2 ） 当 1  时 ， 在 更 大 频 偏 范 围

1p| | ( )d sf L T 内，有 ˆ π (1 1)d sf T     且

满足
1p| | π π( 1) L    。 

相较于第 1 中情况，第 2 种情况下的最大

似然相偏估计器会牺牲一些估计范围但获得了

成倍增加的抗频偏范围。实际上，第 2 中情况

下真正的相偏估计值可以由下式给出： 
1ˆˆ ˆ π 1d sf T 


     
 

         (13) 

式中， d̂f 和 ̂ 分别可以从式(9)和式(11)中得到。 
另一方面，对于式(11)，如果频偏超过了约

定范围即
1p| | ( )d sf L T ，可以通过选择自相

关延迟长度满足
111 p (2 )L  的频偏估计器

来保证所设计的频相解耦合估计的可靠性。 
为了比较起见，再介绍下传统同步方案中

频相耦合估计的实现流程，如图 3 所示。 

ĉ
d̂f

11 1
( )R  v

1v  

图 3 传统同步方案之频相耦合估计的实现流程框图 

同样，其频偏估计器也是基于式(9)给出的

自相关算子的。不同于上文的频相解耦合估计，

该估计需要先将得到的频偏估计值按照第 1 个

导频采样索引集合
1 1p p{ : 0 1}k k L    

依次补偿到对应的去调制信号中，然后再进行

最大似然相偏估计，即 

 
p1

p1

1 ˆj2π
c

0

  

ˆ arg d s
L

f T k

k

L

v k e




 





 
      
 


次复乘

    (14) 

 

1
p1

p
j π 1

c

sin π
arg

sin π
d s

L d sf T

d s

L
f T

h e
f T


 


  
        

  
  

      
  

 

,  0df                           (15) 

式中， ˆ
d d df f f  为估计补偿后的剩余频偏，

p1 1 j2π
0c ( ) d sL f T k

k n k e 


 为噪声项。上式的成

立条件类似于式(11)的成立条件。但区别在于该

最大似然相偏估计要求剩余频偏 df 接近于 0，
也就是说，传统同步方案中（最大似然）相偏

估计器的性能很大程度上依赖于自相关频偏估

计器的估计精度。 
另外，除了解耦合特性外，观察式(10)和式

(14)可以发现，对应于极简同步方案中的最大似

然相偏估计器仅需要 1 次复乘运算，而对应于

传统同步方案中的最大似然相偏估计器则需要

1pL  次复乘运算。这是所提同步方案的“极

简”体现之一。 

2.3 极简同步方案之分块相关数据补偿 

根据图 2，需要先将在频相解耦合估计中得

到的估计值 d̂f 和 ̂ 考虑到分块相关数据补偿

中。这么做有两个目的：一是用来补偿接收数

据序列 dr 得到 dr ；二是用来校正式(7)中的互相

关值序列 ( | ) R β v 获得 ( | ) R β v ，其中， v 为

v 经频相偏估计值补偿后的结果。接着再利用

dr 和 ( | ) R β v 便可以实现分块相关数据补偿。

对应的实现步骤如下： 
步骤 I：补偿数据序列 dr 的分离： dr 分离成

1m  个数据块即 d{ }
j

r （ 1, 2, , 1j m  ），其

中， d d{ ( ),  }
j j

r k k  r  且 ( )r k 具有如下形式： 
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f T k

r k r k e

hs k e n k e
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(16) 

式中，
ˆ ˆj(2π )( ) ( ) d sf T kn k n k e    仍是一个高斯噪

声， ˆ    为剩余相偏。 
步骤 II：补偿互相关值序列 ( | ) R β v 的分

离： ( | ) R β v 分离成 1m  个互相关值即

1 1( | )i iR  v （ 2, 3, ,i m  ），其中 1 1i i  v v v  ，

且 1 1( | )i iR  v 可以表示为： 

     

    
 

p1

1

1

1

1 ˆ ˆj 2π
1 1

0p

ˆ ˆj 2π
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j2π
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1
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i i
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f T
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v

  

     

 (17) 
式中， 1( )i 也是噪声项，其形式类似于式(8)。 

步骤 III：互相关值分块补偿到数据块中：

d d 1 1 1 1( | ) { ( ) ( | ) ( ),
j j i i i iR r k R r k        r r v v 

d }
j

k  ( 1 {1, 2, , 1}j i m    )，且 ( )r k 可以

由下式给出： 

     

 
 

   

p d
1

1 1

j 2π

j 2π

j

d s l l
l

d s

i i

f T k L L

f T k

Rr k r k

h s k e

h s k e







 

 





  
         

 





 

  

  

v

 (18) 
式中， 1 p d d( ) { : 1}

l l j

j
lk k L L k L k         

为 新 的 数 据 采 样 时 刻 索 引 ，
1j2π

1 1( ) ( ) ( ) ( ) ( )+ +d s if T
i in k e n k hs k         

j(2π )d sf T ke  
为一个叠加噪声项，因而会对所提

的分块相关数据补偿有较大影响。需要通过以

下两种方式来降低这个影响：方式一是在保持

较小的导频块长度 pi
L 下增加导频块个数m；方

式二是考虑较少的导频块个数m而增大每个导

频块长度 pi
L 。 

步骤 IV：二次校正数据信号 d j
r 的组合：将

d{ 1, 2, , 1},
j
j m  r  组合成完整的数据序列

dr 。 

结合式(3)对每个数据采样索引集合的定

义，便可以从式(18)中发现，所提的分块（互）

相关数据补偿能够显著降低每个数据块 d j
r 的

最大累积相位（ 1, 2, , 1j m  ），其原因在

于新数据采样时刻索引 k 的范围已经由原来的
1
1 1p d p p d[ ( ) , ( ) 1]

l l j l l

j j
l lL L L L L
      减 少 到

d[ , 1]
j

L  。 

为了比较起见，再介绍下传统同步方案中

连续时刻数据补偿的实现流程。在执行频相耦

合估计之后，连续时刻数据补偿需要先对式(17)
进行取幅角操作再利用 1m  个两两导频块求

和取平均操作得到剩余频偏 df 的估计值 d̂f ，

即 

  

  1

1 1
2

1

j2π
1

2

1

1 arg
1ˆ

2π
1 arg

1
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m
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s i

m f T
i

i

s i

R
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T

e
m

T











 











 

 


v

  

(19) 

其估计范围为 10.5 0.5][ ,  ( )m sT ，显然取决于

第一个导频块 1p 和最后一个导频块 pm 之间的

互相关延迟长度 1m 。 

然后，再利用获得的估计值 d̂f 按照连续时

刻遍历整个数据采样索引集合 d 方式补偿到式

(16)中，即 

   
     

     

ˆj2π
ct

ˆj 2π j2π

ˆj 2π
d,  

d s

d s d s

d d s

f T k

f T k f T k

f f T k

r k r k e

hs k e n k e
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(20) 

式中，
ˆj2π( ) ( ) d sf T kn k n k e   。与所提数据补偿

相比，连续时刻数据补偿所需要的补偿值数量

为
1 2 1d d dm

L L L


   （与传输数据符号个数有

关），即补偿值 p p1 1
ˆ ˆj2π ( 1) j2π ( 2){ , , ,d s d sf T L f T Le e      

1
p d1

ˆj2π [ ( ) 1]}
m

d s l ll
f T L Le




   

。显然，传输数据符号个

数要远远大于数据块个数（ 1m  ），因此所提的

分块（互）相关数据补偿可以大大减少对补偿

值的存储空间。此外，它仅需要 1m  个互相关

值就可以完成整个接收数据序列的相位补偿。

这是所提同步方案的另一个“极简”体现。 

3 仿真分析 

本节将要比较极简同步方案与传统同步方

案中频相解耦合估计和频相耦合估计的估计性
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能，以及分块相关数据补偿和连续时刻数据补

偿的存储空间占用及误码性能。 
仿真条件一：正交相移键控（QPSK）调制，

符号周期 50 μssT  ，第 1 个导频块长度

1p 11L  ，信噪比SNR 0 : 5 : 25 dB ，莱斯因子

0,  5, 10 dBK  。 
仿真条件二：QPSK 调制，符号周期

50 μssT  ，（执行频相解耦合估计或频相耦合

估计之后的）剩余频偏 200 Hzdf  ，莱斯因

子 5 dBK  ，导频块个数 3m  （则数据块个数

1 2m  ），数据符号长度为 150，导频符号长

度分别为 3、6、9。需要说明的是，当导频长度

为 3 时，需要使用第 1 个导频块中的 1 个导频

符号，且设置第 2个和第 3个导频块长度均为 1，
类似地，当导频长度为 6 和 9 时，需要使用第 1
个导频块中的 2 个和 3 个导频符号，且设置第 2
个和第 3 个导频块长度均为 2 和 3。 

3.1 频相解耦合估计和频相耦合估计的比较 

考虑仿真条件一，根据式(11)、式(13)及讨

论的两种情况可知，对于频相解耦合估计下的

最大似然相偏估计器，当 1  时，它可以在

| | 1800 Hzdf  内捕获到[ π, π) 范围内的相偏；

当 1  时 ， 以 2  为 例 ， 它 可 以 在

| | 3600 Hzdf  内估计出 [ 10π 11, 10π 11) 范围

内的相偏。 
1）自相关频偏估计器的估计性能：假设频

偏 1600 Hzdf  （在 1  时频相解耦合估计对

应的最大似然相偏估计器的抗频偏范围内）。

图4给出了自相关频偏估计器的均方误差（mean 
square error, MSE）性能。 

 
图 4 自相关频偏估计器的估计性能 

由上图的仿真结果可知，对于 0 dBK  和

10 dBK  ，自相关频偏估计器均能够取得较好

的 MSE 性能。其原因在于式(9)中的 是一个正

实数，从而不会影响其取幅角操作。当

SNR 25 dB 时，自相关频偏估计器的 MSE 会

小于
41 10 。从统计平均角度来看，剩余频偏

41 10 200 Hzd sf T    。这一数值就是仿

真条件二中剩余频偏 200 Hzdf  的来源。 
2）最大似然相偏估计器的抗频偏性能：考

虑SNR 20 dB 。图 5 展示了频相解耦合估计和

频相耦合估计下最大似然相偏估计器的MSE性

能。可见，只要频偏取值在约定的范围内即

1p| | ( )d sf L T ，不管解耦合系数 和莱斯因

子 K如何，频相解耦合估计下的最大似然相偏

估计器就可以获得比频相耦合估计下的最大似

然相偏估计器更好的性能。这是因为在自相关

算 子 中 选 择 一 个 特 定 的 延 迟 长 度

111 p( 1) (2 )L   不仅可以减少相偏估计的复

乘运算次数，还可以降低较大频偏对相偏估计

的影响。此外，由于莱斯因子 K的增加会使信

道增益 h的虚部趋近于 0，因而对应的最大似然

相偏估计器性能就越好，因此 10 dBK  的相偏

估计性能要优于 5 dBK  的相偏估计性能。 

 

（a） 1   

 

（b） 2   

图 5 最大似然相偏估计器的抗频偏能力 
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3.2 分块相关数据补偿和连续时刻数据补偿的

比较 

考虑仿真条件二，接下来从存储空间占用

和误码性能两方面比较分块相关数据补偿和连

续时刻数据补偿。 
1）存储空间占用：从卫星物联网通信应用

的角度来说，其硬件实现的存储资源是相当宝

贵的。因此，评估这两种数据补偿的存储空间

占用很有必要。基于上述的条件可知，连续时

刻数据补偿的存储空间占用可视为传输的数据

长度，即 150；而所提分块相关数据补偿的存储

空间占用仅与使用的数据块个数有关，即 2。显

然，在数据补偿的过程中，后者对补偿值的存

储空间占用极少。 
2）误码性能：图 6 给出了这两种数据补偿

的误比特率（bit error rate，BER）性能。可以

发现，当剩余频偏存在时，不作频偏补偿的

QPSK 系统无法正常工作；但采用了分块相关数

据补偿和连续时刻数据补偿后，对应的系统性

能均会有不同程度的改善，且导频块长度越大，

相应的性能改善程度就越明显。这是因为导频

块长度的增加会平滑分块相关数据补偿中式(18)
中的噪声项 和改善连续时刻数据补偿中式

(19)中的估计值 d̂f 。总体上，所提数据补偿的

性能与连续时刻数据补偿的性能是相似的。不

过在高信噪比区域（比如SNR 21 dB ）且使用

很少导频（比如小于 6 个）时，所提数据补偿

要比连续时刻数据补偿差 1 个多 dB。其原因是

在高信噪比下后者的噪声方差会更小些。 

 

图 6 两种数据补偿的性能比较 

4 结论 

针对卫星物联网通信导频资源和存储资源

双重受限下传统同步方案存在频相估计耦合及

数据补偿占用存储空间大的问题，本文提出了

一种基于双相关算子的极简同步方案。该方案

包括频相解耦合估计和分块相关数据补偿两部

分。具体地，对于频相解耦合估计部分，给出

了一种对莱斯 K 因子不敏感的自相关频偏估计

器和一种对抗频偏能力强的低复杂度最大似然

相偏估计器；对于分块相关数据补偿部分，利

用少量的等效数据补偿值便可以降低频相解耦

合估计下残留频偏对数据解调的影响和连续时

刻数据补偿过程中的存储空间占用，从而有助

于工程实现。 
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  Abstract—The stability of satellite-terrestrial link 

communications is essential for ensuring high-

quality satellite network performance. However, the 

complex environment of satellite-terrestrial links 

under high-speed satellite movement introduces new 

challenges to the reliability and anti-interference 

capabilities of communications between the mega 

satellite constellation and the terrestrial users. In 

this paper, we model low Earth orbit (LEO) satellite 

constellation and terrestrial users as a Poisson Point 

Process (PPP), incorporating two distinct channel 

states and establishing them as a two-state Markov 

process model. Combined with large-scale fading 

and small-scale fading of the communication link, we 

derive a closed-form expression for the outage 

probability of the satellite-terrestrial link. 

Additionally, we perform a numerical analysis of co-

channel interference caused by adjacent satellites 

within this framework and assess the coverage 

performance of mega satellite constellations. 

Simulation results for the derived outage probability 

validate the accuracy of our proposed expression. 
1 

  Keywords — LEO satellite constellation, 
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stochastic geometry, Markov model, co-channel 

interference, outage probability 

I. INTRODUCTION 

With the rapid development of satellite 

communication technology, LEO satellites have 

become integral to global communications and earth 

observation due to their ability to provide low-latency 

and high-bandwidth data transmission. In recent years, 

countries have been deploying dense satellite networks 

in space, including G60, OneWeb, Starlink, and Kuiper. 

These satellite constellations expand internet coverage 

and specifically target users in remote and 

underdeveloped regions, effectively filling the gaps left 

by traditional terrestrial networks [1,2,3]. By expanding 

network connectivity, these constellations play a crucial 

role in enhancing global information exchange.  

To achieve higher-quality satellite-terrestrial link 

communication, improvements must be made to the 

coverage and anti-jamming capabilities of the satellite 

constellation. Research on the communication 

performance of satellite-terrestrial links has garnered 

considerable interest. Existing studies [4,5] simulated 

the satellite network coverage based on deterministic 
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satellite constellation data. The literature [6] focuses on 

the Iridium constellation and analyzes the interruption 

probability of large LEO constellations from multiple 

dimensions, accompanied by simulation validation. 

However, the studies are primarily based on 

existing satellite constellations' networks and data, 

making it difficult to ensure that the channel models 

apply to other constellations. Researchers have 

introduced stochastic geometry into the modeling of 

LEO satellite constellations. [7,8] have modeled 

satellites using stochastic geometry, deriving the angle 

distribution or distance distribution between satellites 

and terrestrial stations, and providing key performance 

metrics for satellite-terrestrial communication systems. 

The mainstream stochastic geometric modeling 

methods currently include the Binomial Point Process 

(BPP) and the Poisson Point Process (PPP). [9,10] have 

modeled the positions of satellites as BPP and analyzed 

the downlink coverage between satellites and terminal 

devices under a single channel state. 

Although BPP effectively simulates uniformly 

distributed satellites on a spherical shell, its application 

in modeling satellite networks is limited due to its 

reliance on extensive prior knowledge and complex 

parameter settings, making it unsuitable for large 

satellite constellations. In contrast, PPP describes the 

number of visible satellites using a Poisson distribution, 

offering greater flexibility and universality. Moreover, 

the communication environment between satellites and 

terrestrial stations is quite complex in high-dynamic 

scenarios. The performance of the satellite-terrestrial 

link is significantly affected by environmental 

scattering and shadowing effects. The link state 

continually switches between direct line-of-sight and 

shadowed conditions, affecting signal quality. A single 

channel state cannot accurately capture the channel 

fading characteristics induced by the dynamic changes 

of satellites. Furthermore, variations in satellite-

terrestrial link distance lead to fluctuations in signal 

attenuation and multipath effects, impacting system 

coverage. Additionally, significant interference between 

adjacent satellites can further degrade communication 

performance. 

This paper establishes a comprehensive model of a 

mega LEO satellite-terrestrial communication system 

using stochastic geometry to address these challenges. 

We model the satellites and terrestrial users as PPP and 

account for dynamic changes in satellite-terrestrial link 

communication scenarios. The satellite network model 

incorporates a two-state Markov process for the 

satellite-terrestrial communication channel. The two 

primary states—direct line-of-sight and shadowed 

link—are modeled using the Rician distribution and 

Shadowed-Rician (SR) distribution, respectively. We 

derive a closed-form expression for the outage 

probability of the satellite-terrestrial communication 

system, considering both small-scale and large-scale 

random variations in the presence of adjacent satellite 

interference. We confirmed the accuracy of the 

proposed outage probability expression through 

extensive simulations and conducted a comprehensive 

analysis of the key performance metrics that impact the 

system's communication effectiveness. 

II. FRAMEWORK FOR THE MODEL 

A. SYSTEM MODEL 
The model studied in this paper is a giant LEO 

constellation consisting of N satellites, as shown in Fig. 

1. We assume that the Earth’s radius is Re, and the users 

are distributed on the Earth's surface following a 

homogeneous PPP with intensity λU. Additionally, we 

assume that the satellites orbit at a height h above the 

Earth's surface, distributed on a spherical shell with 

radius Re+h according to a homogeneous PPP with 

intensity λS. According to the Slivnyak theorem [11], for 

a stationary point process, the distribution of points 

around an observation point is independent of the 

location of the observation point. This means that the 
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representative of those experienced by any user within the point process. Therefore, we select a typical user on 

 
Figure 1. The LEO communication system.

the Earth's surface for analysis. 

Assuming that the typical user is connected to the 

satellite that provides the maximum average received 

power, we define this satellite as the service satellite. We 

assume that only satellites within the visible range of the 

typical user (i.e., above the typical user's horizon) can 

establish a communication link with the user. We denote 

the distance between a satellite and the typical user as 

Rn, where n=0, 1, …, N−1, and the maximum distance 

between the satellite and the typical user as rmax. 

Communication can only occur when at least one 

satellite is within the satellite's visible region, meaning 

that the distance between the satellite and the user must 

satisfy Rn≤rmax. The satellite's visible region is 

represented as a spherical cap above the typical user's 

horizon, as shown in Fig. 1. We model the satellite 

constellation using a homogeneous PPP, and the number 

of satellites within the visible region A is a random 

variable that follows a Poisson distribution with 

intensity 
( )2

min4S
e

N
r R




=
+

 . Thus, the probability of 

having k satellites in region A, where k=0, 1, …, ∞, can 

be expressed as: 

 ( )( ) ( )
!

S

k
S AA

P N A k e
k

 −= = , (1) 

where |A| denotes the surface area of the spherical cap A 

in the visible region of the satellite. According to 

Archimedes’ Hat-Box theorem, ( )2 eA h R h= + . 

B. Path Loss and Channel Model 

The wireless channel consists of large-scale fading 

and small-scale fading. For simulating the large-scale 

fading, we adopt a classical path loss model, which 

quantifies the attenuation based on the distance between 

the service satellite and the typical user. The path loss 

factor L(R) is given by: 

 ( ) 0L R L R −= , (2) 

where R is the distance between the service satellite and 

the typical user, L0 is the path loss constant 

(
2

0 4 c B n c

cL
f k T B

 
=   
 

 ), c≈3×108m/s is the speed of 

light, fs is the carrier frequency of the satellite 

communication system, kB=1.38×10-23J/K is the 

Boltzmann constant, Tn is the noise temperature of the 

LEO satellite, Bc is carrier bandwidth, and α is the path 

loss exponent which is set to α=2 in this work. 

The distance from the satellite to a typical user and 

the corresponding antenna gain are denoted by Rn and 

Gn, respectively. The distance from the serving satellite 

to the typical user and the corresponding antenna gain 

are denoted by R0 and G0, respectively. The received 

power at the serving satellite from the typical user can 

be expressed as: 

 2
0( ) | |r

s t Tol SUP PG L R h= , (3) 
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where Pt is the satellite transmission power, GTol is the 

total antenna gain (GTol= GrGt), Gr is the user's receiving 

antenna gain, and Gt is the satellite's transmitting 

antenna gain, |hSU|2 is the channel fading coefficient of 

the satellite-terrestrial link. 

We assume that the receiver is affected by additive 

white Gaussian noise (AWGN) with a mean of 0 and 

variance σ2. Then, the signal-to-interference-plus-noise 

ratio (SINR) at the receiver can be expressed as: 

 
2

0
2

( ) | |
1

r
s Tol SU

INR

P G L R hSINR
I


 

= =
+ +

, (4) 

where r
sP  represents the received power of the typical 

user as given in (3), 2
tP


=   denotes the average 

signal-to-noise ratio (SNR), 2INR
I


=   is the 

interference-to-noise ratio (INR), and I represents the 

co-channel interference caused by neighboring satellites. 

The interference I at the typical user can be expressed 

as: 

 2
,

1
( ) | |

IN

Tol j jj
j

kI P G L R h
=

= , (5) 

where NI is a random variable representing the number 

of interfering satellites, Pk is the power of the satellite, j 

denotes the j-th interfering satellite. 

Therefore, for the INR, we have: 

 2
2

1 1

( ) | |
I IN N

INR INR Tol i i
i i

I G L R h  
 = =

= = =  , (6) 

where 2INR
kP


=   is the average INR, TolG   is the 

average total antenna gain, ( )L R  is the average path 

loss. Assuming that the channel coefficients of the 

interference satellite-to-user link follow an exponential 

distribution, it can be seen from the above expression 

that γINR is the sum of NI independent and exponentially 

distributed random variables. According to literature 

[12], we have the PDF of 2

1

| |
IN

INR i
i

h
=
  , then the 

probability density function (PDF) of γINR can be 

obtained as follows: 

 ( ) ( )
1( ) 1 exp

I

I

INR

N
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I INR INR

G L Rf
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 , (7) 

By integrating (7), the cumulative distribution 

function (CDF) of γINR can be further obtained as: 
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, (8) 

To facilitate the analysis of interference, we can 

obtain the average power of γINR: 

  ( )
0

( )
INRINR INR I Tolx x df N G L Rx 


 = = , (9) 

We utilize a two-state Markov model to model the 

channel to accurately describe the small-scale fading 

and shadowing effects encountered in the 

communication link. This model captures the channel 

dynamics across two distinct states: 

State One: In open areas or scenarios with minimal 

obstructions, the satellite-terrestrial link encounters 

minimal scattering and no significant blockage, leading 

to a solid direct signal component. 

State Two: The satellite-terrestrial communication 

link experiences pronounced shadowing effects in 

scenarios with numerous obstacles. 

To characterize State One and State Two, we 

employ the Rician distribution and the SR distribution, 

respectively. The Rician distribution, which models the 

presence of a solid direct path, is appropriate for State 

One. In this state, the PDF of the channel fading factor 

2

SU Rh  can be expressed as: 

 
( ) ( ) ( )

( )( )
2

0

1 exp 1

             2 1

SU Rh
f x K K K x

I K K x

= + − − +  

 +
, (10) 

where K represents the Rician factor and I0(•) represents 
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the zero-order modified Bessel function of the first kind. 

By integrating (10), we get the CDF of 2

SU Rh : 

 ( ) ( )( )2 11 , 2 1
SU Rh

F x Q K x K= − + , (11) 

The SR distribution accurately captures the effects 

of multipath and shadowing, offering a realistic model 

for signal attenuation in the environment described in 

State Two, the PDF and CDF of the channel fading 

factor 2

SU SRh  are given by: 

 ( ) ( )2 1 1 ;1;
SU SR

bx
h

f x ae F m x−= , (12) 
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0
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+
=

= + , (13) 

where 1 2
2 2

mnma
n nm
 =  + 

 , 
( )2 2n nm

 
=

+
 , 

1
2

b
n

=  . Ω denotes the average power of the LOS 

component in the satellite-terrestrial link, 2n is the 

average power of the multipath component, m 

represents the Nakagami parameter which indicates the 

degree of shadowing affecting the channel. 1F1(·;·;·) and 

γ(·,·) represent the confluent hypergeometric and the 

lower incomplete gamma functions, respectively. 

Combining (10) and (12), the PDF of the overall 

channel fading coefficient |hSU|2 of the satellite-

terrestrial link can be expressed as: 

 ( ) ( ) ( ) ( )2 2 21
SU SU SUR SRh h h

f x pf x p f x= + − , (14) 

By integrating (14), the CDF of |hSU|2 can be 

obtained: 

 ( ) ( ) ( ) ( )2 2 21
SU SU SUR SRh h h

F x pF x p F x= + − , (15) 

where p is the probability that a satellite at a distance r 

from a typical receiver communicates with a terrestrial 

user through a path that is not blocked by shadow and is 

used to simulate the randomness of small-scale channel 

fading [13]: 

 2 2

( )

( ) )
2 2

e e

e e

p r

R h R rexp cot arcsin
rR R


   + −

= − −        

, (16) 

where β≥0 is a constant related to the geometry of the 

urban environment. 

III. PERFORMANCE ANALYSIS 

In this section, we discuss the downlink 

performance of communication between LEO 

constellations at various altitudes and terrestrial users 

under the proposed system and channel models. Using 

stochastic geometry, we express the outage probability 

as a function of critical parameters, such as the satellite 

constellation altitude h and the number of satellites N. 

We derive an exact expression for the outage probability, 

accounting for interference from adjacent satellites. 

As indicated by (2), the path loss of the satellite-

terrestrial link is primarily determined by the distance. 

Therefore, to calculate the system's outage probability, 

it is essential to understand the distribution of the 

shortest distance between satellites and users. In 

satellite constellations, significant research has been 

conducted on the statistical characteristics of the 

distance distribution from satellites to typical users. 

When satellites are uniformly distributed with a given 

intensity λS, the PDF of the service distance r0 can be 

expressed as [14] 
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2 2
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           exp
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r rN
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=
+

  −
 −    +  

, (17) 

where  0 min max,r r r  , ( )2 2
max Re Rer h= + −  , and 

rmin=h. Integrating (17), the CDF of the service distance 

can be obtained as: 

 ( ) ( )0

2 2
0 min

0
e e min

1 exp
4R RR

r rF r N
r

  −
= − −   +   

, (18) 

The outage probability is defined as the probability 
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that the SINR at the receiver falls below the minimum 

threshold required for successful data transmission, 

given that a communication link is established. 

Consequently, the outage probability of the LEO 

constellation's communication link can be expressed as: 
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2 0
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where τ is the SINR threshold. Combining (15) and 

(17), the exact expression of the outage probability can 

be obtained (20), where B=i+1, C=i+j+2, D=s+t+2, 

( )min4Re Re
N

r
 =

+
, ( )

0

1INR

tol LG




 +

= . 

IV. SIMULATION ANALYSIS 

In this section, we configure the SINR threshold 

τ=7, the frequency fS=9GHz, the path loss index α=2, 

the Rice factor K=2, and the SR parameters to n=0.158, 

m=19.4, Ω=1.29. By varying these parameters, we 

investigate the impact of the parameters of the satellite 

constellation (including the number of constellation 

satellites N, the constellation altitude h), the co-channel 

interference of adjacent satellites, and different channel 

states on the performance of the proposed model. 

 
Figure 2. Outage probability vs ASNR for different numbers of 

satellites. 

Fig. 2 illustrates the relationship between the 

average signal-to-noise ratio (ASNR) and the outage 

probability under different numbers of satellites. The 

more satellites there are, the lower the outage 

probability. As the number of satellites increases, the 

improvement in outage probability diminishes. Taking 

ASNR=10 dB as an example, when there are 100, 500, 

900, and 1300 satellites in the constellation, the outage 

probabilities are 1.076×10-4, 3.62×10-5, 2.68×10-5, 

2.319×10-5, respectively. This is because, as the number 

of satellites increases, users have more options for 

establishing a connection, reducing the outage 

probability. Notably, once the number of satellites 

reaches a certain threshold, further increases yield 

diminishing returns in coverage improvement. This is 

because, once global coverage is nearly complete, 

additional satellites contribute only marginally to 

enhancing coverage. Consequently, as the satellite count 

increases, the impact on communication quality 

becomes less pronounced, and the rate of change in 

outage probability slows. 

 

( ) ( )
( )

( )( ) ( )( )( )
( ) ( )

( ) ( ) ( )
( ) ( )

( ) ( )

2 21
2

0
0 0

1
2 2

max2
0 0

, , 2 Re
{ } exp

1
1 , ,

! ! 1

Ci

C
i j

t s tt s
s

s t

C B h C B h hK B
P SINR r p h K

C BB

b m
p a D h D r

t s D

 




 

− 

= =

+ + 

= =

 +  − + +
 =   −

 +

−    + −   −     −




.     (20) 



	 												QU Fangxin, et al  Performance Analysis of Satellite-Terrestrial Communication Networks Based on Stochastic Geometry Theory ·193·

Performance Analysis of Satellite-Terrestrial Communication Networks Based on Stochastic Geometry Theory 

 

 
Figure 3. Outage probability vs ASNR for different constellation 

heights. 

Fig. 3 describes the relationship between the 

ASNR and the outage probability under different 

heights h of the satellite constellation. The figure 

indicates that a higher constellation altitude for a fixed 

number of satellites results in an increased outage 

probability. For instance, at an average SNR of 20 dB, 

the outage probabilities for constellation heights of 500 

km, 1000 km, and 1500 km are 4.264×10-5, 6.852×10-5, 

1.019×10-4, respectively. This phenomenon occurs 

because an increase in altitude enlarges the distance of 

the satellite-terrestrial transmission link. According to 

the path loss in (2), the path loss is proportional to the 

square of the distance, leading to significant signal 

attenuation by the time it reaches the ground. Given the 

limited sensitivity of terrestrial receivers, an increased 

distance can result in received signal strength falling 

below the receiver's noise threshold, thereby degrading 

communication quality. 

Fig. 4 examines the impact of adjacent interfering 

satellites on the system outage probability, including the 

number of interfering satellites NI and the INR. This 

figure reveals that the outage probability rises as the 

number of adjacent interfering satellites increases. 

Similarly, an increase in INR correlates with a higher 

outage probability, with the rate of increase tapering off 

at a high average SNR. This is because more interfering  

 
Figure 4. Outage probability vs ASNR under different 

interference. 

satellites generate additional interference, diminishing 

the SINR of the target satellite's signal. As interference 

increases, INR also rises, exacerbating the relative 

interference compared to the noise signal. While high 

SNRs reduce the impact of noise, they do not 

significantly mitigate interference, causing only limited 

improvement in system performance despite increased 

SNR. Thus, the system's outage probability change 

becomes more gradual at higher SNR. 

 
Figure 5. Outage probability vs ASNR under different 

communication environments. 

Fig. 5 illustrates the effect of varying shadowing 

scenarios on the outage probability of the satellite-

terrestrial communication link. The parameter p 

represents the probability that the channel is in the “no 

shadow occlusion” state. When p=0, the satellite-
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terrestrial communication channel is heavily shadowed 

and described only by SR distribution. When p=1, the 

channel experiences minimal shadowing, and only the 

Rician distribution exists. The figure demonstrates that 

higher values of p correspond to lower outage 

probabilities. A higher p indicates less shadowing and 

fewer obstructions, resulting in less signal attenuation 

and reduced multipath effects, contributing to higher 

and more stable signal quality. The subplot shows the 

effect of p on outage probability at an average SNR of 

22 dB. For p=0, 0.3, 0.7, and 1, the outage probabilities 

are 5.527×10-5, 5.373×10-5, 5.218×10-5, 5.013×10-5. The 

results suggest that the outage probability lies between 

those for p=0 and p=1. This variability reflects that in 

practical satellite-terrestrial links, the channel state is 

dynamic rather than constant, alternating between 

“good” and “poor” conditions. Modeling the channel 

state as a Markov process allows for a more accurate 

representation of these dynamic conditions than a static 

state model. 

V. CONCLUSION 

In this paper, we model a giant LEO network using 

stochastic geometry and analyze the communication 

performance of satellite-terrestrial downlinks based on 

a two-state Markov model. Accounting for 

environmental variations and the distance changes 

between satellite-terrestrial links due to the rapid 

movement of satellites, we account for both large-scale 

and small-scale fading effects in our analysis of the 

proposed system's performance. We employ a 

comprehensive path loss model. The channel state of the 

satellite-terrestrial link is modeled using a two-state 

Markov model, with the Rician and SR distributions 

characterizing the two states, respectively. Additionally, 

we address co-channel interference from adjacent 

satellites and quantify its average power. Finally, we 

derive the outage probability expression and conduct a 

simulation analysis. Our findings indicate that modeling 

the satellite-terrestrial link as a two-state Markov 

process offers a more accurate representation of real-

world conditions than single-state models, thereby 

providing a more precise assessment and prediction of 

communication system performance. The outage 

probability expression derived in this study also offers 

essential guidance for developing satellite deployment 

strategies in complex environments. 
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 广义巨型星座体系架构研究 

 费立刚，常呈武，王瑛
*
，徐潇审，吕非超 

（中国人民解放军 32039部队 北京 102300） 

摘  要：巨型星座是国家太空战略体系的关键支撑。本文在对美国“星链”等巨型星座发展趋势分析的基

础上，提出了打造我国广义巨型星座的构想，从服务保障、空间布势、业务功能、运维管控和融合应用等

维度设计了体系架构，并给出典型应用模式和后续发展建议。研究结果为我国广义巨型星座建设提供了借

鉴参考，对空间信息网络创新发展具有推动作用。 

关键词：巨型星座；体系架构；太空战略；空间信息网络 

 

Research on System Architecture of Generalized Mega Constellation 

Fei Ligang, Chang Chengwu, Wang Ying, Xu Xiaoshen, Lv Feichao 

(Unit 32039 of the Chinese People's Liberation Army, Beijing 102300) 

Abstract: Mega constellations constitute a pivotal support for the national space strategy system. Drawing upon 

the analysis of the development trend of constellations such as US “Starlink”, this paper introduces the concept of 

establishing a generalized mega constellation for China. The system architecture is crafted from multiple 

dimensions, encompassing service assurance, spatial deployment, business functionalities, operation and control, 

as well as integrated applications. Furthermore, typical application scenarios and suggestions for future 

development are presented. These research findings serve as a valuable reference for the construction of China’s 

generalized mega constellations and foster innovative advancements in space information networks. 

Key words: mega constellation; system architecture; space strategy; space information network 

1  引言 

巨型星座是指由数千颗以上卫星在太空组成的规模庞大的卫星系统
[1]
。“星链”系统是全球领先的巨

型星座。2015年，美国宣布推出“星链”计划
[2]
，旨在开发全球卫星互联网系统。目前在轨已超 5900颗、

20重覆盖，在 70余个国家商业应用、超 230万用户。此外，2022年，美国启动“星盾”计划
[3]
，将继承

“星链”卫星的技术和发射能力，设计“星链”的军用版本。 

美国正在统筹军商盟力量，构建高中低轨结合、通导遥一体的广义巨型星座，具体发展趋势如下。 
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� 构建巨型星座，打造混合太空架构[4]
。将“星链”、“Skysat”

[5]
、“黑杰克”

[4]
、“鹰眼 360”

[6]
等新兴的卫星星座与传统的太空系统相集成，通过使用“可变信任”网络框架保证快速数据交

换安全性
[7]
，实现军商盟在情报监视侦察、卫星通信、定位导航授时、态势感知等方面的资源共

享。 

� 突出军用特点，打造核心专用星座。为了突出抗毁保底的军事应用特点，美国在“星链”技术资

源基础上建设“星盾”军事专用星座，还通过“黑杰克”项目构建出具有超高性价比、高度弹性

化的军用低轨星座，实现卫星通信、遥感探测、预警侦察、导航定位、电子对抗、太空打击等应

用。与此同时，美国在传统通导遥系统基础上，也加紧建设 AEHF通信卫星
[8]
、下一代铱星系统

[9]
、“锁眼”

[10]
、“FIA”遥感卫星

[11]
等军事专用卫星，实现“军用核心层+民商增强补充层”的

弹性体系。 

� 多域信息融合，构造信息支援一体化体系。美国在“黑杰克”项目中融合军事通信、导航、侦察、

预警等功能，并将技术成果应用到“扩散作战人员太空架构”
[12]
，实现了多域信息融合。同时，

美国在强化低成本、规模化卫星制造等技术优势基础上，加紧开展星上边缘计算和人工智能、超

大规模星群智能协同、星座自主运控等前沿技术开发，为信息支援一体化奠定基础。 

我国现有的百余颗卫星均为单系统、小规模组网运用，不同系统间技术体制差异显著、互联互通手段

匮乏，不具备以全域持续存在、海量泛在联接、通导遥算一体等为主要特征的巨型星座能力。目前，我国

在建的卫星互联网
[13]
具有向巨型星座演进的基础，但仍处于起步阶段，规模能力与美国差距明显。同时，

各类民商通信星座和民商遥感星座都在快速发展建设。上述系统如果能够在频段、协议、应用和终端等方

面开展综合设计，可望在现有系统基础上实现融合应用，打造属于我国的广义巨型星座。 

2  广义巨型星座体系架构设计 

2.1  总体设计 

充分利用我国本土信息网络优势和各空间层平台的驻留特性，以地面网云支撑为基础、以低轨卫星为

主体、以中高轨卫星为支柱、以海空平台为补充，通导遥统筹建设、融合应用，打造全球广域覆盖、区域

敏捷增强、跨域共享共用的中国特色广义巨型星座。 

在规划上统筹设计、建设上分域实施、应用上强化融合，大力推动体系融合，采用载荷搭载、软件无

线电、多模终端、网云一体处理、统一技术规范等多种方式，构建动态开放、创新迭代、弹性灵活的混合

巨型星座架构，实现通导遥有机统一，提升整体应用效能。 

通过多维度综合设计，广义巨型星座体系构架主要包括服务保障、空间布势、业务功能、运维管控和
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融合应用等 5个维度。 

2.2  服务保障维度 

构建“核心层+增强层+补充层”的服务型巨型星座，如图 1 所示。核心层为提供快响保底能力的专用

系统，增强层为提供弹性增强能力的专用载荷或共用载荷及应用系统，补充层为以采购等方式提供专用服

务的商用载荷及应用系统。 

核心层

快响保底

专用系统

增强层

弹性增强

专用载荷 共用载荷

补充层

专用服务

采购商用载荷

 

图1 服务保障维度示意图 

2.3  空间布势维度 

构建“天临空地一体”布势的弹性巨型星座，如图 2 所示。高中轨道以通信卫星、北斗导航卫星、遥

感探测和民商高通量等为基础，适度发展中轨星座；低轨以卫星互联网为基础，拓展民商星座资源，增加

卫星规模数量；高中低空敏捷部署驻留式网云节点和无人机探测体系；地面部署空地通信基站，海上固定

/机动平台按需补充网络覆盖；频轨空间统筹规划高中低轨卫星以及 6G、手机宽带直连等天地网络频段，

加强 30GHz以上高频段，以及极低轨、中轨等频轨资源储备。 

高中轨
通信卫星

北斗导航卫星

遥感探测卫星

民商高通量

中轨星座

低轨
星网等民商星座

高中低空
驻留式网云节点

无人机

地面
空地通信基站

海上平台

频轨空间
天地网络频段

频轨资源储备

 

图2 空间布势维度示意图 



 费立刚等：广义巨型星座体系架构研究 ·199· 

2.4  业务功能维度 

构建“通+导+遥”一体化服务的巨型星座，如图 3 所示。通信业务提供宽带、窄带、移动等通信服务

并支持手机直连，导航业务提供复杂条件下定位、导航及授时服务，遥感业务提供气象观测、资源考察、

地图测绘等服务。 

 

图3 业务功能维度示意图 

2.5  运维管控维度 

构建“联合+统一”的巨型星座运维管控系统，支持专管专用、联合管控、管用分离和整体纳管等多

种运维管控方式，如图 4 所示。通用功能以资源提供方为主管控、为使用方按优先级提供服务保障，专用

功能以使用方为主管控、资源提供方支撑保障，兼顾重要性层级、时序紧迫性和效能最大化设计优先级，

借鉴“可变信任”网络框架确保数据交换安全，有效推进卫星资源、数据和地面网络、站点共享共用。 

 

图4 运维管控维度示意图 

2.6  融合应用维度 

构建“分域+体系”融合的巨型星座，如图 5 所示。分业务领域推进协议融合、终端融合和地面融合。

协议融合方面，通信领域向卫星波形、5G/6G等协议融合发展，导航领域使用信号体制兼容的导航信号，

遥感领域规范设计多载荷类型数据格式协议，提高系统互联互通能力。终端融合方面，通信和导航领域研

制多频段多模终端，实现通信星座、导航星座的多模集成，提升系统弹性服务能力。地面融合方面，建设

地面网云数据一体化处理系统，融入人工智能和边缘计算技术，高效实现数据地面交换和数据专业处理。

同步推进不同业务领域之间体系融合，通过搭载频谱监测载荷，实现对通导遥等频段的全球监测；利用通

信链路，支持导航增强和遥感数据传输。 
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地面网云数据一体化处理

通信与导航：

多频段多模终端

星座多模集成

• 通信：卫星波形、5G/

6G协议融合

• 导航：信号体制兼容

• 遥感：多载荷类型     

数据协议

体系融合
通导遥多频段频谱监测

通信链路支持导航增强

通信链路支持遥感数传

...

 协议融合
 终端融合

 地面融合

 

图5 融合应用维度示意图 

3  广义巨型星座典型应用 

广义巨型星座集成了通信、导航和遥感技术，打破传统星座系统界限，构建全方位、高性能的空间信

息服务体系，其融合应用的典型模式如下。 

� 通导遥集成搭载。在满足体积、重量、功耗及电磁兼容等约束条件的前提下，在轨卫星可按需搭

载通信、导航和遥感等多种不同载荷，导航增强载荷实现导航信号增强，通信载荷为导航增强载

荷产生的导航增强信息电文提供传输通道、为遥感载荷获取与处理的观测数据提供传输通道，频

谱监测载荷实现对通导遥等频段的全球频谱态势实时监测。 

� 通信信号导航定位。利用低轨卫星通信信号，实现基于多普勒频移的定位功能，以及基于载波相

位的定位功能。通信信号导航定位发挥低轨卫星通信网络信号强、覆盖重数多的优势，仅需要升

级现有通信终端兼容导航功能，即可在北斗系统不可用的情况下提供高性能导航定位服务。进一

步地，还可实现北斗导航信号和低轨通信信号融合定位。 

� 地面多源信息融合。构建地面网云数据一体化处理系统，引接各类卫星系统获取的对地观测数据、

海洋探测数据、气象数据以及其它开源数据，开展多源产品融合处理、多域数据关联分析，提供

标准化信息服务和融合态势信息产品。 

4  广义巨型星座体系发展举措 

广义巨型星座建设投入大、运维成本高，过硬的应用需求是现有星座体系聚优的主要动力，良好的商

用市场是星座未来可持续发展的重要支撑。在保障用户的基础上，开拓培育民商产业生态，主要发展举措
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如下。 

� 需求统领政策引导。聚焦维护海外利益等战略需求，兼顾国民经济发展需要，通过在国家层面明

确有关政策制度，引导各方力量协调一致，加快形成广义巨型星座能力。 

� 卫星发射能力提升。加强海量卫星发射能力，具备更高的一箭多星发射运载能力，以及应急情况

下快速发星补网能力。加大商用发射场支持力度，为卫星多工位发射、应急备份发射创造条件。 

� 技术体制通用兼容。统一卫星载荷搭载、星间数据传输、星地业务管控接口协议，推进卫星平台

和基站设备通用化、系列化、标准化，任务载荷模块化、板卡化、芯片化，支撑按需灵活搭载专

用载荷，打牢系统互联互通和业务融合基础。 

5  结束语 

作为空间信息网络的重要形态，巨型星座正在加速战略布局，大国博弈竞争势头突显。本文提出的广

义巨型星座体系架构，通过共享共融、以融增效，推进精细化、弹性化、体系化、智能化服务能力的迭代

更新，力争在全球范围内达成战略平衡。 
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低轨卫星数据链直连应用的移动性管理方法 

 李靖 高凌云 傅裕 

天津七一二通信广播股份有限公司北京研发中心（北京华龙通科技有限公司） 

摘  要：通过在低轨卫星上搭载数据链载荷，能够实现地面数据链直连卫星，是对常数据链通信的有效拓

展。然而卫星的高速移动导致地面终端用户需要频繁切换卫星信号，对移动性管理技术提出了挑战。为实

现数据链直连低轨卫星应用，在分析数据链直连低轨卫星的网络架构的基础上，设计了移动性管理流程，

可以在不改变原地面数据链端机状态的条件下，实现在切换过程中提供数据链应用层会话的连续保持。 

关键词：低轨卫星；数据链；移动性管理 

Handover Management in Direct Data-Link Applications of LEO Satellites 

JingLi LingyunGao YuFu 

Tianjin 712 Communication & Broadcasting Co.,Ltd Beijing R&D Center 

（Beijing Hualongtong Science & Technology Co.,Ltd） 

Abstract: By equipping data link payloads on LEO satellites, it is possible to establish direct satellite-to-ground 

Data-Link, which effectively expand conventional data link communications. However, the high-speed movement 

of satellites leads to the need for ground terminal users to frequently switch satellite signals, posing a challenge to 

mobility management technology. To achieve direct data link applications with LEO satellites, a mobility 

management process has been designed based on the network architecture of LEO satellites. This process enables 

the continuous maintenance of data link applications during satellite switching.  

Key words: LEO Satellites, Data-Link, Handover Management 

1  引言 

数据链是适应现代战争的需要和信息技术的发展而产生的一种用于在指挥控制系统、传感器和武器平

台之间进行数据传输与交换的战术信息系统[1]。其典型代表就是美军的 Link-16数据链[2,3]，广泛应用于

美国军队和北约盟国的通信系统，旨在提供高效的战场情报共享和指挥控制能力。通过 Link-16 数据链，

作战人员可以实时地获取和共享战场情报，从而提高作战效率和战场指挥的能力。美军作战模式，从“平

台中心战”向“网络中心站”的转变过程中，所依托的就是数据链技术的发展，并且在此基础上，提出了

战术星座网的建设计划[4]，利用卫星覆盖范围广，传输信号稳定等特点，进一步拓展了数据链的投送能力。 

在轨卫星按运行轨道高度由高到低分为地球同步轨道卫星（GEO）、中轨卫星MEO）和低轨卫星（LEO）

[5]。相对于中高轨卫星，低轨卫星在轨高度较低，可以为星地间的数据传输提供较小的延时和更高的吞吐
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量，空间链路传输损耗也相对较小，具备在地面终端不改变波形体制的情况下，直接接入低轨卫星的能力。

但是，由于低轨卫星的波束范围覆盖区域较小，因此需要多颗的卫星来实现全域覆盖 [6]，同时由于低轨

卫星过境速度较快，对于地面用户而言，单颗卫星的业务覆盖时间较短，为了保障用户业务的长时间进行，

需要多颗卫星协同工作，不间断的为用户提供数据链服务，这种面向大规模低轨星座的链路切换管理为卫

星通信系统的设计提出了苛刻的要求。需要在不改变已有的单兵、车载、船载、机载、弹载等装备平台数

据链端机的前提下，实现天基站点的快速接入和切换，保持与指挥所和数据链组网中心之间实现无缝的数

据交互。本文分析了数据链直连低轨卫星的星地网络通信的主要网元功能及接口关系，提出了一种基于数

据链载荷端机身份识别策略的数据链的切换方式，可以在数据链直连低轨卫星的应用场景下，实现切换过

程中应用层会话的连续保持。 

2  低轨卫星切换管理研究进展 

在低轨卫星星座的建设过程中，星地链路间的切换管理问题吸引了大量的专家学者展开研究。早期的

研究中，卫星的接入和切换主要从用户角度展开，当用户需要发起数据业务通信时，根据当前区域的卫星

仰角、信号强度等条件进行筛选，寻找最优的卫星接入星上载荷，当快速移动的卫星即将过境时，通过查

阅星历，寻找下一颗可接入卫星继续业务通信[7,8]。这种基于用户终端搜星的方式进行链路切换，缺少对

卫星实际运行状态的考虑，比如星上负载、波束覆盖时间等问题，导致链路切换频繁，产生大量的用户与

卫星间的交互信令，影响通信服务质量，也造成不必要的信道浪费。在低轨卫星发展的过程中，另一种思

路是通过确定用户活动区域，预先对过境卫星进行业务规划，不间断的为用户获取区域提供数据链服务，

从而减少用户频繁发起的信令交互，缓解信令交互的压力[9]。但低轨卫星的过境时间很短，依然需要用户

参与不断的链路切换。由此，一些研究希望在通信任务过程中，将用户的会话层业务与链路层业务进行解

耦，通过一定的编址策略，使得用户不需要具体感知为其提供服务的卫星信息，只需在服务区域内向指定

的编码地址发起通信业务即可[10,11]，星地组网策略交付给地面组网中心，不再需要用户和卫星的直接参

与。在数据链终端直连应用上，其移动性管理方式应更趋向于后者。 

3  数据链终端直连低轨卫星的移动性管理方法 

3.1  网络架构 

低轨卫星数据链直连网络主要由“天基承载网”和“地面承载网”两部分组成。数据链端机工作在低轨卫

星上，借助于卫星构建天基数据链传输网络，实现装备平台、地面承载网的数据互通。地面承载网络由地

面信关站、数据链组网中心、卫星互联网控制中心、任务中心、指挥所共同构建，通过地面信关站与卫星

建立数据链路。整个网络的链路接口关系如图 1所示。 
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数据链空中接口

馈电链路

天基承载网

数据链网络管理
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数据链
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数据链

载荷

业务转发
地面链路接口

装备平台

数据链端机

图 1 低轨卫星数据链终端直连网络系统架构 

低轨卫星：天基承载网组成核心，用于承载数字转发器、以及数据链端机等各种通信链路载荷； 

信关站：用于与卫星交互专用数据的地面站点； 

卫星互联网控管中心：用于卫星星座的管理控制，包括卫星星座轨道管理、卫星健康管理、重构处理

等。在本应用的移动性管理方面，主要依据全网数据转发规则，完成数据链数据在天基承载网络转发时的

移动性管理； 

数据链组网中心：根据任务需求和卫星信息（星历、波束、数据链载荷时频资源等），规划星载数据

链任务，包括各种网络参数，并负责部分数据链信息的处理和交互转发。在移动性管理方面，主要完成数

据链业务层面的移动性管理； 

任务中心：根据作战需求，生成任务类型、区域和时段； 

指挥所：数据链业务态势和指控数据的生成、处理和使用单位，配备有数据链数据的解析处理机； 

装备平台数据链端机：已有的单兵、车载、船载、机载、弹载等装备平台数据链端机的用户。 

3.2  网元与身份识别信息 

为了实现应用业务与载荷平台的功能解耦，本文为天基数据链载荷端机设计了三层身份识别标识，分

别为载荷端机的 IP地址，虚拟平台编址（网络规划号）和载荷平台编址。三种编址识别方式的服务对象不

同，IP地址用于天基网络的规划寻址，虚拟平台编址（网络规划号）在用户层面为链路通信服务，载荷平
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台地址具体参与数据链的业务传输。 

IP地址：该 IP地址用于经数据链载荷在低轨卫星网络内做路由转发时识别数据源/目身份。每个数据

链载荷端机在正常工作状态下，只有一个 IP地址。该 IP地址遵循低轨卫星载荷的统一编址规则，其数据

的路由规划，接受卫星互联网控管中心的统一管理。 

虚拟平台编址号：该虚拟编址号用于某次任务中，站点与装备平台的数据链端机和组网中心、指挥所

的数据链信息格式化消息交互的身份识别。该虚拟平台编址号是数据链组网中心根据任务规划为数据链载

荷端机分配的身份识别信息。当某任务开始后，所有服务当前任务的卫星数据链载荷均使用一个相同的虚

拟平台编址号，从而使其他装备平台的数据链端机能够无感的工作在不同的卫星服务区内。数据链载荷可

拥有多个虚拟平台编址号，能够支撑不同数据链子网同时工作。 

载荷平台编址号：数据链载荷的唯一身份识别号，用于在数据链业务层面，组网中心或指挥所与其完

成数据交互。该平台编址号是数据链组网中心根据数据链载荷实际的在轨情况为为数据链载荷端机分配的

身份识别信息。一般的，一个数据链载荷使用一个平台编址号。 

3.3  移动性管理流程设计 

数据链直连低轨卫星的移动性管理流程如下图所示，可分为用户入网阶段和切换阶段。 
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图 2 数据链端机移动性管理各阶段流程图 
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（1）网络接入流程 

卫星数据链载荷端机为了正常工作，一方面需要在卫星互联网管控中心的管理下能够完成数据的转

发，另一方面需要在数据链组网中心的管理下，按任务完成数据链网络参数的配置。其中，卫星数据链载

荷端机的 IP地址遵循卫星互联网管控要求，一般在正常工作状态使用固定分配的 IP地址。卫星互联网管

控中心接收数据链组网中心的任务上报，根据卫星星座的构型做需相关卫星数据链载荷端机与地面网络的

路由规划，并经卫星网络管控接口完成对卫星、信关站等天基承载网络数据路由转发节点的路由规划更新。 

地面终端接入卫星的方法有随域接入和按规划接入等方式。由于数据链应用的特殊性，现阶段一般采

用预先规划的方式实现接入过程。 

首先，数据链组网中心定期接收卫星互联网管控中心下发的卫星星历信息（轨道外推结果），当接收

到任务中心下发的任务后，根据任务的类型、时段、区域，规划服务该次任务的低轨卫星数据链载荷。任

务规划信息经数据链网络管理接口下发给各相关卫星数据链载荷端机，卫星数据链载荷端机将得到该次任

务的“虚拟平台编址号”，在哪个圈次开始工作，以及波束照射的位置信息。若该卫星在不同时段服务多个

数据链子网，则其拥有多个“虚拟平台编址号”，按当前服务的任务确定其当前的“虚拟平台编址号”。 

当卫星运行到规定的圈次位置时，按要求将服务波束指向规定位置，并在运行过程中，根据自身的位

置和姿态，令照射满足服务要求。装备平台的数据链端机到达任务区后，即可开始正常工作，实现装备平

台的数据链端机的按时隙要求完成卫星接入。 

卫星数据链载荷端机将把完成接入的装备平台的数据链端机计入本站点服务的端机列表，并按数据链

规则上报数据链组网中心，中心获取当前装备平台的数据链端机的位置和接入所用站点完成接入流程。 

（2）卫星的切换流程分析 

现有条件下由于低轨卫星波束数量和照射范围有限，为了持续服务任务区域，地面需要规划一系列卫

星，实现对某区域（凝视固定位置）或该航迹（跟随移动目标）的连续覆盖，按照一下步骤完成切换流程。 

根据数据链组网中心的任务规划，在前序卫星 A星移出服务区前，后序卫星 B星将提前开机并将波束

照射到服务区域。B 星的数据链载荷端机此时使用与卫星 A 相同的数据链网络参数，以及相同的“虚拟平

台编址号”。 

B星完成上述操作后，向 A星发送“READY”指令，告知 A星自身已具备工作状态；A星将当前接入

其站点该子网的装备平台的数据链端机的用户信息，发送给 B星；B星向 A星回复确认应答；A星收到 B

星的确认应答后，向数据链组网中心发送切换交接完成上报。 

数据链组网中心根据站点 IP的变化，向管理数据链会话与 IP地址映射的网络设备发送会话 IP重映射
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的设置信息，在全网范围完成该数据链子网的会话指向 IP的更新；数据链组网中心完成会话的映射更新后，

向 A星发送交接完成上报应答；A星接收到数据链组网中心发来的交接完成上报应答后，向 B星发送切换

完成指令；B星收到切换完成指令后，按数据链网络规划要求开始正常工作和数据转发，并向 A星发送切

换完成应答；A星收到切换完成应答后，停止工作，并向数据链组网中心发送切换完成应答；数据链组网

中心接收后，回收 A星资源，用于其他任务分配。 

至此，完成 A星和 B星的切换，该过程中，装备平台的数据链端机无感。 

4  结束语 

通过低轨卫星搭载数据链载荷可以扩展数据链投送范围，是未来广域作战的发展方向。解决用户终端

与卫星间的切换问题是数据链低轨卫星关键问题之一。本文初步描述了简单场景的数据链直连卫星应用的

移动性管理的相关流程。后续的主要工作为针对实际的卫星星座场景开展直连数据链应用的切换仿真，并

针对该流程仿真测试其切换时延，给出切换策略的约束要求。后续还将研究基于广域覆盖情况下，数据链

随域接入卫星网络的可行性。 
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基于天地一体化的中国深空测控系统 

王振河，王冬冬，汤允昭，李超 

(北京遥测技术研究所 北京 100094) 

摘要：对于中国后续发展的以国际月球科研站为代表的载人深空航天器，地面中心与其保持全时无缝测控

通信导航将是重要需求。中国当前的地基深空测控系统，不能满足该需求。在借鉴天链中继卫星系统和北

斗卫星系统成功应用基础上，提出先后按天链深空、地月深空两个阶段论证建设天基深空测控系统。在中

国地面中心统一控制下，通过综合发挥地基深空测控系统、天基深空测控系统的天地一体化测控优势，提

高中国深空测控系统的可用性，满足以载人月球探测为代表的载人深空探测全时无缝测控通信导航需求。

此外，该设想可进一步促进中国地基测控网、天基测控网和深空测控网的融合创新。 

关键词: 深空测控系统；天链中继卫星；地月平动点中继卫星；载人月球探测 

 

China
’

s Deep Space TT&C System Based on Space-earth Integration 

WANG Zhenhe，WANG Dongdong，TANG Yunzhao，LI Chao 

（Beijing Research Institute of Telemetry, Beijing 100094, China） 

 

Abstract: For China’s subsequent development of manned lunar exploration as a representative of the deep space 

spacecraft,the ground center and its full-time seamless communication and navigation will be an important 

demand.China’s current ground-based deep space TT&C system can not meet the needs.On the basis of the 

successful applicationof TDRSS and BEIDOU satellite system,the space-based deep space TT&C system is 

demonstrated in two phases:deep space of TDRSS and deep space of Earth-moon.Under the unified control of 

China ground center,the usability of China’s deep space TT&C system is improved by taking full advantage of the 

space-ground integration of ground-based and space-based TT&C system,to meet the requirements of the 

full-time seamless TT&C navigation for deep space exploration represented by manned lunar exploration. In 

addition,the concept can further promote the integration and innovation of China's ground-based network、

space-based network and deep space TT&C network. 

Key words: Deep space TT&C system；Tianlian TDRSS; Lunar relay satellite; Manned lunar exploration 
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1 引言 

深空测控系统是对执行深空探测任务的航天器进行跟踪测量、监视控制和信息交换的专用系统，其在

深空探测任务中具有不可替代的重要地位和作用
[1]
。 

美国NASA深空网是目前世界上能力最强、规模最大的深空测控系统,主要包括美国戈尔德斯通、西班

牙马德里和澳大利亚堪培拉三个深空站，属地基深空测控系统。该系统始建于1958年，在全球范围内基

本按经度间隔120°规则均匀布站，可实现对深空航天器的连续跟踪、100%测控覆盖。随着时间

推移，美国NASA深空网沿着该技术路线迭代发展，终成现在规模。 

中国深空测控系统是伴随着探月工程“绕”“落”“回”三步走的战略步伐逐步建设和发展起来的。主

要包括国内佳木斯、喀什和阿根廷萨帕拉三个地基深空站，三站位置在地球经度上分布不均匀，对深空航

天器不能实现连续跟踪、测控覆盖率约90%左右
[1][2]

。 

随着载人航天发展，载人航天器和地面中心间的全时无缝通信已成为关系航天员安全、任务成败的关

键问题。基于此，人们开始思考体系结构和工作方式上的根本变化，提出了中继卫星系统概念，测控系统

也逐步由地基测控系统向天地一体化测控系统演变。如20世纪80年代中期，美国跟踪与数据中继卫星系统

(TDRSS)建成后，其载人航天器、中低轨卫星的测控任务逐步由中继卫星系统代替地面站完成，用于航天

器运行段测控的地面站相继关闭或移作它用
[3]
。中国从2008年以来建设运行的天链中继卫星系统，具有为

中低轨卫星、神舟飞船、中国空间站等航天器提供高可靠、实时和全球覆盖的天基测控与数据中继服务的

能力，为多批次航天员/科学家在中国空间站的常驻发挥了重要的测控通信保障
[4][5]

，而过去由十几个国内

外地面测控站和测量船组成的地基测控系统仅能实现18％左右的测控覆盖率。 

中国当前的地基深空测控系统，为中国的嫦娥探月、火星探测等深空探测任务发挥了重要作用，持续

做出了重要贡献，但当前任务均属非载人深空探测任务。随着以国际月球科研站为代表的载人深空探测任

务的蓬勃发展，地面中心与其保持全时无缝测控通信导航将是重要需求，这就要求当前不具备100%测控覆

盖、且国外站存在一定运行风险的中国深空测控系统，有必要发展完善、以适应未来载人深空探测任务需

求。借鉴中国载人航天任务的发展历程和成功运行实践，天链中继卫星系统从无到有、从弱到强，推动中

国航天测控系统由地基系统稳健发展为天地基一体化测控系统。当前，中国正面临着深空探测任务由无人

向载人发展的关键期，迫切需要立足国家航天测控系统整体现状，参照现有的天地基一体化测控系统，采

取继承发展、稳妥可靠、行稳致远的思路，通过重点拓展天链中继卫星系统的应用效能，探索建立发展天
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地基一体化的深空测控系统，低成本高效益地满足未来载人深空探测任务需求。 

2 空间探索任务及对深空测控系统的需求 

2.1 空间探索任务 

文献[6]中，包为民院士指出：世界航天科技发展迅速，载人空间站、太空旅游、载人月球探测等航

天任务需求持续增长，月球、小行星等空间资源的开发利用、在轨制造已成为国际热点，世界航天已进入

以大规模互联网星座、太空资源开发与利用、载人月球探测和大规模深空探测等为代表的新阶段
[6]
。中国

在成功完成探月工程三期任务基础上，后续规划建设国际月球科研站/月球基地、载人月球探测、火星探

测和小行星探测等重点任务
[7][8]

。 

2.2 对深空测控系统的需求 

包院士的论述，高屋建瓴，明确了中国后续的空间探索任务。分解到深空测控系统方面，可分析提炼

出如下需求。 

2.2.1 高精度的深空时频基准 

这是深空探测对深空测控系统的基本要求。只有建立稳定的高精度深空时频基准，才能对深空探测器

顺利实现测控通信导航。 

2.2.2 更强的深空测控通信能力 

为适应月球探测和遥远行星探测工程需要，需要深空测控系统具有更大的EIRP值、G/T值。主要技术

途径： 

1）增大收发天线增益G值。方法：增大天线口径D，如单天线口径直接增大、或天线组阵；或提高天

线收发频率f。 

2）研制更大功率P的发射机、更小T值的接收机。更小T值实现方式，减少天线和接收LNA间的损耗L、

减小LNA的噪声系数F、采用低温LNA设备。 

3）发展深空激光通信。激光链路在近地空间已开始应用，优势明显，后续需积极发展深空激光链路。 

2.2.3 100%的测控通信覆盖 

随着载人空间站、太空旅游、月球科研站/月球基地、载人月球探测等载人航天任务的持续增长。对
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这些载人航天器/探测器稳定保持100%的测控通信覆盖已是必不可少的要求。 

2.2.4 同时服务更多目标 

适应航天器/探测器进入空间的大规模需求，要求测控系统同时对更多目标实施测控通信。此时，大

口径窄波束的巨型天线同时对多目标航天器实施测控通信比较困难，而多天线、相控阵天线就表现出独特

的优势。 

2.2.5 高可用的深空测控系统 

随着世界航天进入以大规模互联网星座、载人月球探测和大规模深空探测为代表的新阶段。对（深空）

测控系统的长期稳定可靠性提出了更高的要求，系统的可用度必须满足新阶段航天测控需求。主要考虑两

方面因素： 

1）地球表面大气层对微波和激光信号传输产生的影响需要采取高性价比方式解决。这些影响主要包

含：降雨衰减、大气湍流、降雨去极化衰减、大气吸收衰减、云雾衰减、沙尘暴衰减、闪烁衰减、法拉第

旋转衰减等。 

2）国外建站的风险不容忽视。当今世界百年未有之大变局正加速演进。国外建站，容易受国际关系、

当地政局和治安影响，存在不能长期稳定由中国地面控制中心可靠使用的可能性，将降低测控系统长期运

行的可靠性。 

2.2.6 航天器间的实时通信 

以载人航天为例。并行同时实施载人空间站、太空旅游、载人月球探测等载人航天任务时，载人航天

器间的航天员/科学家实时交流是一个无法回避、必须解决的现实问题。如：2030年左右，航天员驻留国

际月球科研站时，与LEO轨道中国空间站的航天员进行实时通信交流将是一件自然而然的事情。 

3 国外深空测控系统应用现状 

目前，美国、欧洲航天局、中国已建立了深空测控系统。俄罗斯、日本、印度等国家也研制建设了自

己的深空测控设备，但并未形成完整的深空测控网。这些深空测控系统均属地基系统。文献[1]列出了全

球深空测控设施布局，引用如图1所示
[1]
。 
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图1  全球主要深空测控设施布局 

3.1 美国 NASA 深空测控网  

美国NASA深空网由在全球基本均匀分布的三个深空通信综合设施组成，分别位于美国戈尔德斯通、西

班牙马德里和澳大利亚堪培拉，深空网的操作控制中心位于美国加州帕萨迪纳的喷气推进实验室（JPL）。

NASA深空网是目前世界上规模最大、能力最强的深空测控系统。该系统始建于1958年，建设背景是美苏太

空竞赛，美国为顺利完成阿波罗登月任务，在全世界众多盟友国家范围内精选站址、全球均匀布局，以实

现对深空航天器的连续跟踪、100%测控覆盖。1961年建成包括戈尔德斯通、澳大利亚伍默拉（Woomera）

和南非约翰内斯堡（Johannesburg）3个深空站系统；之后在1965年新建了西班牙马德里和澳大利亚堪培

拉两个深空站。直到1974年，马德里、堪培拉取代了伍默拉和约翰内斯堡（NASA关闭），形成了目前的三

站格局。文献[1]列出了美国NASA深空网布局，引用如图2所示。 

 

图2 美国NASA 深空网布局 
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戈尔德斯通深空通信综合设施，位于美国加州的莫哈维沙漠。建有70m天线1个，34m高效率（HEF）天

线1个，34m波束波导（BWG）天线4个，正在新建1个34m BWG天线。 

马德里深空通信综合设施, 位于西班牙首都马德里以西60km。建有70m天线1个，34m高效率天线1个，

34m波束波导天线2个，目前有2个34m波束波导天线在建。 

堪培拉深空通信综合设施, 位于澳大利亚首都堪培拉西南40km ，建有70m天线1个，34m高效率天线1

个，34m波束波导天线2个，目前有2个34m波束波导天线在建。 

3.2 ESA 深空测控网  

ESA深空网的建设始于1998年，目前已经建成了全球分布的三个具有35m口径天线的深空站，分别

是澳大利亚新诺舍站、西班牙塞弗雷罗斯站和阿根廷马拉圭站，三个深空站可以由位于德国达姆施塔

特的欧洲空间操作中心（ESOC）进行远程操作控制。ESA是世界上第二个建成全球布站深空测控网的航

天机构。 

新诺舍深空站，位于澳大利亚西部珀斯市以北150km新诺舍镇以南8km，2003年建成。 

塞弗雷罗斯深空站，位于西班牙马德里以西的埃维拉省塞弗雷罗斯城以南12km，2005年建成。 

马拉圭深空站，位于南美洲阿根廷西部门多萨省马拉圭市以南30km，距离布宜诺斯艾利斯市1200km，

2012年建成。 

4 中国地基深空测控系统应用现状及优缺点分析 

4.1 应用现状 

中国深空测控系统分三个阶段建立。在探月工程一期中，利用中国服务于近地空间地球轨道卫星任务

的航天测控网完成40万公里以远目标测控任务，实现了远距离测控技术的突破；在探月工程二期中，建设

了国内2个深空站，即：佳木斯66m深空站、喀什35 m深空站，二者均于2013年建成，初步构建深空测

控网，具备了独立实施深空探测任务测控支持的能力。在探月工程三期中，限于国力，不能象美国NASA、

欧洲ESA深空网那样在全球范围内均匀布站，在阿根廷（萨帕拉）建设了35 m的第3个深空站，从而形

成了全球布局、功能体系较完备的深空测控网。从整体布局而言，中国深空测控网并不是最优的全球

布局，国内佳木斯、喀什两个深空站的经度差只有约54°，对月球及深空探测器的测控覆盖率约为60%，

即每天平均约有9~10个小时不能对月球及深空探测器实施测控；喀什、阿根廷两个深空站的经度差约

146°，可实现测控覆盖搭接；而佳木斯、阿根廷两个深空站的经度差达到160°，无法实现10°仰角

的测控覆盖搭接。因此，中国深空测控网对深空航天器的测控覆盖率只能接近90%，即每天平均约有2~3个
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小时不能对月球及深空探测器实施测控。文献[1-2]列出了3个深空站形成的对月球及深空探测器测控覆盖

情况，引用如图3所示
[1][2]

。 

 

图3  中国深空网对月球及深空探测器覆盖率示意图 

4.2 发展展望 

文献[1-2]指明了中国地基深空测控网的后续发展方向。随着后续月球探测工程和行星探测工程的实

施，中国地基深空测控网在规模和性能上都将会有大幅度的提升。文献[1-2]列出的主要技术发展路径为： 

1）更强的深空测控通信能力。主要包括构建地基天线组阵系统、应用Ka频段测控通信、研制100KW级

大功率发射机、发展深空光通信技术四个方面
[1][2]

。 

2）更高的深空导航精度。主要包括构建相位参考干涉测量系统、发展地月空间长基线干涉测量技术。

利用国内外深空站、中国VLBI（甚长基线干涉测量技术）天文观测网、甚至未来的月球VLBI天线，通过解

算相位模糊度，可为后续深空探测任务提供更高精度的导航支持。 

3）更多的科学探测应用。主要包括高精度时空基准测量、天体引力场测量、射电天文观测三个方面。 

4.3 优缺点分析 

对照2.2节分析提炼出的深空测控系统需求，发现地基深空测控系统存在如下特点。 
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4.3.1 优点 

中国的地基深空测控系统，具有高精度的深空时空基准、强大的深空测控通信能力、成熟的工程建设

运行实践，为中国的嫦娥探月、火星探测发挥重要作用,持续做出重要的贡献；随着后续系统的发展完善，

将具有更高精度的深空时空基准、更强大的深空测控通信能力、更高的深空导航精度，将为中国后续的国

际月球科研站/月球基地、载人月球探测、火星探测和小行星探测等重点任务持续发挥重要作用、继续做

出重要贡献。 

4.3.2 缺点 

1）对月球及深空探测器不能实现100%的测控通信覆盖。由于中国深空测控站在全球布站不均匀，依

靠国内佳木斯、喀什两个深空站时，对月球及深空探测器的测控覆盖率约为60%，即每天平均约有9~10个

小时不能对月球及深空探测器实施测控；依靠国内外佳木斯、喀什、阿根廷三个深空站时，对月球及深空

探测器的测控覆盖率约为90%，即每天平均约有2~3个小时不能对月球及深空探测器实施测控。 

2）对航天器/探测器同时服务的目标较少。由于三个深空站的天线口径是35m、66m的大口径窄波束巨

型天线，后续天线组阵的整体效果也与之等同，只能对同一波束内的多个目标实施测控服务。但由于波束

窄、目标运动矢量差异大，将不可避免导致同时服务的航天器目标较少。 

3）高可用性风险需持续关注。地球表面大气层客观存在，它对微波和激光信号传输产生的影响始终

存在。如对微波信号传输而言，频率越高导致的降雨衰减就越大，示例如图4所示。若欲解决该问题，需

要投入更多的资源、增加系统余量、以抵消这种影响,但费效比可能较差。另外，当今世界百年未有之大

变局正加速演进。国外建站，容易受国际关系、当地政局和治安影响，存在不能长期稳定由中国地面控制

中心可靠使用的可能性，将降低深空测控系统长期运行的可用性。 

4）航天器间的实时通信不易实现。中国地基深空测控系统发展的一个重点方向是强化对单一深空航

天器目标的测控通信能力，对于各种轨道航天器间的实时通信、或者异轨星座互联网构建着力不多，对以

LEO轨道的中国空间站、月球科研站间航天员的实时通信交流为代表的典型通信需求缺乏实现手段。 

后续，需大力深化完善中国地基深空测控系统优势，充分发挥地面大天线作用，有效满足深空探测器

与地面中心间的高速率测控通信需求。同时，适应航天发展需要，扬长避短，充分发掘天基深空测控系统

优势，天、地基融合发展、创新应用，通过综合发挥天地一体化深空测控系统优势，高费效比、高可用性、

全时无缝满足中国未来空间探索航天任务需求。 
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图4 地表附近降雨强度、公里雨衰和信号频率间关系示意图 

5 天基深空测控系统发展建议 

5.1 技术路线分析 

文献[9]中，借鉴天链中继卫星系统的设计、建设、应用、发展实际，提出一个“鹊桥卫星-天链卫星”

的星星双中继通信设想。从几何可见性角度进行多种条件的覆盖仿真分析，并从传输体制、链路设计、系

统组成、捕获跟踪、工作流程、整体定位等多方面进行研究分析，完成了基于星星双中继的国际月球科研

站全时无缝通信研究。在地面控制中心统一控制下，通过地面深空测控网、星星双中继的综合利用，国际

月球科研站与地面控制中心间将具备全时无缝通信的技术能力。 

文献[9]中，鹊桥卫星、国际月球科研站均属深空航天器。加装对天面天线的下代天链卫星，可以实

现与下代鹊桥卫星的全时无缝通信。换言之，在忽略深空遮挡情况下，天链卫星自然也具备与其他深空航

天器全时无缝通信的技术条件。其典型分析情况如下。 
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5.1.1 天链卫星覆盖鹊桥卫星仿真情况 

仿真场景： 

天链星：先采用当前天链星的三节点轨位；后增加第四节点，位置暂定在东、西节点外侧的中间位置。 

鹊桥卫星：采用已到寿、轨道公开的地月拉格朗日L2点的halo轨道。卫星实际轨道可能由变化，不过

与约45×10
4 
km的星间距离相比，其轨道变化量为小量，对覆盖性仿真分析结果影响有限。 

文献[9]列出了仿真情况，引用具体见表1。 

表1 天链星覆盖鹊桥星仿真情况 

天链星 当前在轨 加装对天载荷（三节点） 加装对天载荷（四节点） 

星间天线 对地 对地+对天 仅对天 仅对天 

假定天线转

动范围 

±45°圆锥角 ±45°、±60°圆

锥角 

±60°圆锥角 ±60°圆锥角 

覆盖率 约75% 100% 约80% 100% 

扩大天线转

动范围 

跟据实际情况确定 100%，重叠段增加 优于约80%，但

小于100% 

100%，重叠段增加，第四节点天链星轨位选择

更灵活 

应用分析 需大量挤占服务于

中低轨航天器的天

链星系统资源 

需大量挤占服务于

中低轨航天器的天

链星系统资源 

性能居中 对天星间天线服务深空航天器、对地星间天线

服务地球中低轨航天器，均100%覆盖； 

星间链路天地分开；同时又发挥天链星节点作

用，准实时实现地基、近地、深空目标间的信

息传递与交换。 

5.1.2 天链—鹊桥星星双中继间星间微波链路预算情况 

条件设定： 

天链星对天天线口径为4.2m抛物面天线，鹊桥卫星对天链天线暂按1m抛物面天线设计。 

Ka频段1m抛物面天线，按常规考虑，接收G/T值可取15dB⋅K
-1
；发射EIRP值可取60dBW。 

Ka频段4.2m抛物面天线，按常规考虑，接收G/T值可取27dB⋅K
-1
；发射EIRP值取70dBW。 

星星间传输的无线信号，需要星间天线动态跟踪，系统标校后存在剩余误差，导致天线不能完全对准，

将由此导致跟踪误差，另外还有诸如极化损失等内容，所有这些均归算为信号电平损失，取值2.5dB。 

通信质量，UQPSK调制解调体制，I路传输测量信息、Q路传输通信信息，按LDPC1/2编码方式，解调门

限取值：1×10-7的误码率下，理论解调门限Eb/N0≤3.0dB；考虑解调损失，设计解调门限Eb/N0≤4.3dB。 

设计采用UQPSK调制体制，信号能量主要集中于通信Q支路。星星双中继链路设计时，暂按Q支路占用

全部EIRP进行设计。 

文献[9]列出了预算情况，引用具体情况见表2。 
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表 2  星星双中继间星间微波链路预算 

天链星 发信息 10 Mbit⋅s
-1
 收信息 10 Mbit⋅s

-1
 

调制方式 UQPSK UQPSK 

编码方式 LDPC1/2 LDPC1/2 

星间距离（Km） 450000  450000  

工作频率（GHz） Ka 频段 Ka 频段 

信息速率（Mbit⋅s
-1
） 10.0  10.0  

 [EIRP](dBW） 70.0  60.0  

空间损耗(dB) 232.7  233.8  

其他损耗（dB） 2.5  2.5  

总传播损耗[L](dB) 235.2  236.3  

[Gr/Tr]（dB⋅K
-1
） 15.0  27.0  

接收[Eb/N0]（dB） 8.4  9.3  

理论解调门限（dB） 3.0  3.0  

设计解调门限（dB） 4.3  4.3  

设计余量（dB） 4.1 5.0 

上述链路条件下，天链星向鹊桥卫星发送信息速率为10 Mbit⋅s
-1
的前向信号，链路Eb/N0设计余量为

4.1dB；天链星接收鹊桥卫星信息速率为10 Mbit⋅s
-1
的返向信号，链路Eb/N0设计余量为5.0dB。该组双向链

路均满足3dB余量条件，说明技术可行，具有实施性。 

5.1.3 星星双中继通信链路情况 

星星双中继通信设备主要包括：鹊桥卫星一体化通信终端、天链卫星一体化通信终端、星地通信链路

设备、地面通信网和控制中心。文献[9]列出了国际月球科研站通信链路情况，引用如图5所示。 

China Space 

Station

International 

lunar research 

station

MCC

TL middle 

node

TL east 

node

TL west 

node

TL fourth 

node Relay 

station 1

Lunar relay 

satellite

Deep space 

station

Inter-satellite 

link

Inter-satellite 

link

 

图5  国际月球科研站通信链路 
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5.2 北斗卫星支持 

5.2.1 导航分析 

文献[10]表明，北斗三号卫星星座由3类轨道卫星组成。第一类为GEO地球同步轨道，卫星3颗；第二

类为IGSO地球倾斜同步轨道，卫星3颗；第三类为MEO中圆地球轨道，卫星24颗，均匀分布在3个轨道面上。

星上配置了氢原子钟、铷原子钟、星间相控阵天线、收发信机、自主星历生成等软硬件，星间采用Ka频段

星间链路实现星间通信和测距，各类收发信息通过星上数据处理、路由交换，将所有卫星和地面站相互连

接，实现单个或多个北斗地面站对整个卫星系统的测控和业务管理。文献[10]中列出了北斗星座星间链路

拓扑及相控阵天线示意，引用如图6所示。 

 

图6  北斗星座星间链路拓扑及相控阵天线示意 

文献[11]表明，北斗三号卫星Ka频段星间相控阵载荷，在承载系统自身星间测量、数据传输等基础上，

可将剩余链路、时隙等资源通过时分方式为高价值航天器用户提供测控支持服务。 

根据文献[10-11]所述，结合天链星作用和贡献，可确认天链星为“高价值航天器”；据此，可将北斗

三号星座的GEO卫星想定为“3+N”颗，其中“N”为天链星卫星颗数。后续天链星，严格按照北斗导航卫

星系统协议，将与时频基准传递相关的北斗导航载荷纳入天链星中，并与天链星其他载荷开展整星一体化

优化设计。天链星发射后，作为“准北斗”功能卫星，按协议要求与北斗卫星进行星间通信，实现时频基

准由北斗卫星同精度传递到天链星、再通过天链星与深空航天器的星间链路，将时频基准传递到深空航天

器上，最终实现深空航天器导航。 

同时，时频基准由北斗卫星同精度传递到天链星后，天链星对地星间链路的时频基准也将同步提高，

对地球中低轨航天器的服务效能也可得到显著改善。 

5.2.2 第四节点天链星测控通信分析 
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1） 测控分析 

第四节点天链星需布置在地球西半球GEO轨道的某定点附近，与国内任何地面站不能通视，国内地面

站不能对该节点中继星实施测控通信；基于国外建站容易受国际关系、当地政局和治安等不利因素的影响，

也不适合在国外建站对该节点中继星实施测控通信。基于上节导航分析，可基于北斗星座的强大功能，利

用第四节点天链星与北斗卫星的星间链路，实现第四节点天链星的测控任务。基本流程如下： 

返向遥测信息，由第四节点天链星通过星间链路，传递给某颗北斗卫星，通过北斗星座星间协议传递

信息，将该遥测信息落地至北斗国内地面站，再通过地面中心间地地协议，经北斗地面中心将该遥测信息

传递至天链地面中心，天链地面中心接收该遥测信息，经处理分析，掌握第四节点天链星状态。 

前向控制信息，由天链地面中心产生，通过地面中心间地地协议，经北斗中心传递至北斗地面站，经

星地链路信息上行传递至北斗卫星，通过北斗星座星间信息传递协议，将该控制信息传递至第四节点天链

星。 

在信息双向传递过程中，由于经历环节多，信息在信源、信宿间的传递时延可能较长，可能对信息传

递实时性产生不利影响，需要在后续工作中论证设计解决。 

2） 通信探讨 

文献[11]表明，北斗卫星上已搭载了激光星间链路载荷，实施星间高速数传通信。受此启发，在后续

各节点天链卫星上也搭载激光星间链路载荷，使第四节点天链星需转发的高速数据或深空航天器数据，通

过激光链路传递至其它节点天链星，并通过天链星地链路数据落地，最终分发至各用户中心。 

在星间激光通信工作期间，测控信息也可一并传递。 

5.3 论证建设运行天链深空测控系统 

5.3.1 目的 

面向地月空间航天器，以航天员/科学家可能常驻的国际月球科研站/月球基地为典型测控通信目标，

对地月空间航天器实现多目标、高可用、全时无缝测控通信导航。 

5.3.2 建设内容 

充分借鉴天链中继卫星系统和北斗卫星系统的成功建设应用实践
[12-16]

，融合创新，论证建设运行天链

深空测控系统。主要内容如下： 

1）深空测控通信。后续天链星采用四节点布置，采取当前成熟的Ka微波频段星间协议，星上均加装

对天面深空大天线，如采用4.2m口径抛物面天线、或Ka频段大型相控阵多址KMA(Ka-band Multiple Access )
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天线，以适应全时无缝、多目标的深空用户航天器需求
[9]
。 

2）地月空间航天器导航。后续天链卫星上加装原子钟等时频设备
[11]

，且与北斗卫星建立星间链路
[12]

，

进行星间测量通信
[10]

，将时频基准由北斗卫星同精度传递到天链星、再通过天链星与地月空间航天器的星

间链路，将时频基准传递到地月空间航天器上，最终实现地月空间航天器导航
[9]
。 

3）第四节点天链星测控通信。天链中心通过北斗卫星系统、利用天链/北斗星间链路实现对第四节点

天链星的实时无缝测控；后续天链卫星上搭载激光星间链路载荷
[17][18]

，使第四节点天链星需转发的高速数

据或深空航天器数据，通过激光链路传递至其它节点天链星，并通过天链星地链路数据落地，后分发至各

用户中心。 

4）建设运行天链星座骨干网。以四节点为骨架、星间激光为纽带、布置多颗天链星形成天链互联网

星座（每个节点可布置数颗天链星）。每颗天链星上，舱内布置一体化终端，具备星上信号变换、数据处

理、星间网络路由功能；舱外布置对天星间大天线、对地星间大天线和激光天线、对中继地面站星地天线、

天链星间激光天线、对北斗星间天线等，具有Ka频段深空星间链、S/Ka微波与激光天基星间链、星地链、

天链激光星间链、北斗星间链等。包含深空航天器在内的各类用户平台上安装相应的用户终端，接入天链

星座骨干网，完成（深空）航天器多目标天基测控通信及星间协同任务。深空航天器可以灵活选择与天链

中继星座、地面深空网通信。系统应用示意如图7所示。 

 

图7  基于天链深空的天地一体化测控系统应用示意 
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5）天地一体化深空测控系统融合应用。中国地面控制中心，实时无缝监控地面深空、天链深空测控

系统，灵活调配二者资源，充分发挥天链深空、地面深空的天地一体化测控优势，满足以载人月球探测为

代表的深空探测任务需求。 

5.3.3  系统定位 

天链深空、地面深空测控系统结合使用，可充分发挥天地一体化深空测控的综合优势： 

1）地面中心可根据要求，灵活调配二者资源，制定二者有机结合的统一工作计划； 

2）二者在深空航天器的共视覆盖范围内，都可以接收数据、传递至地面中心，从而实现数据接收的

互为备份；向航天器发送控制信息时，可灵活在二者之间选择，增强系统工作稳健性； 

3）天链深空星载天线口径比地面深空站小一个数量级，主要满足深空航天器全时无缝的高可用通信

导航基本测控通信需求，如航天员/科学家与地面间工作生活的全时通信保障；对于面向各类科研试验任

务的更高速率通信传输需求，需要由地面深空测控系统完成； 

4）当仅处于天链深空的覆盖范围时，可充分发挥天链深空全时无缝覆盖的天基优势，高可靠、广覆

盖完成地月空间航天器通信任务； 

5）天链深空在轨应用之初，需在天地基的共视段落内，以地面深空系统为标尺，验证调校其通信性

能；验证通过后，方可单独执行任务；长期在轨运行期间，天链深空状态发生较大变化后，仍需以地面深

空系统为标尺，重新进行在轨测试，验证调校其通信性能。 

5.3.4 主要性能比较 

面向国际月球科研站、载人月球探测、载人火星探测及未来载人深空探测的多用户多种需求，从中国

未来空天地综合测控网的系统实力、可用性、实时性、覆盖性、数传能力、同时服务深空用户数、性价比、

航天器间的实时通信等多方面，对地基深空测控系统、天链深空测控系统及天地一体化深空测控系统的性

能进行了性能比较。具体情况见表3。 

表 3  系统性能比较 

项目 地面深空测控系统 天链深空测控系统 天地一体化深空测控系统 

系统实力 深空控制中心、国内深空

站、国外阿根廷深空站 

天链星系统、深空航天器配套的测控系统、北斗

系统（支持） 

深空控制中心、国内外深空

站、天链星系统、北斗系统，

由国内控制中心统一调配 

可用性 大气层对地基站信号传输

造成的多种衰减永久客观

存在；且国外站受国际关

星间链路为真空、无大气层，信号没有如雨衰等

各种大气衰减； 

可用性高 
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系影响存在运行风险 中国空间设施，由国内中心统一控制，可用性高 

实时性 国内站实时性强，国外站

信息需通过卫通、跨洋通

信传回国内，较弱 

中国空间设施，由国内中心统一掌控，实时性强 实时性强 

覆盖性 对深空航天器覆盖率上限

约90% 

天链星对天天线可100%覆盖深空航天器； 

对天天线执行深空任务，对地天线执行常规天基

测控任务 

对深空航天器和中低轨航天

器均有100%覆盖能力 

数传能力 深空站天线口径大，数传

速率可达数百兆bit⋅s-1。 

近期星载天线尺寸小，数传速率可达十兆bit⋅s-1； 

未来采用更高频率微波或激光传输，数传能力将

逐步提高 

高低数传速率按需传输，更

好满足各类用户需求 

同 时 服 务

能力 

基本一天线跟踪一目标。

同时服务用户数较少 

一颗天链星含对天对地至少两幅星间天线，跟踪

多目标的能力强。同时服务用户数较多 

两系统结合，同时服务深空

用户数多 

性价比 深空站采用激光或更高微

波频率信号，始终受大气

影响，选址建设维护耗资

巨大，性价比较弱 

天链互联网中星间链路载荷一体化改造、系统综

合利用，性价比高 

性价比高 

航 天 器 间

的 实 时 通

信 

较难 通过天链/北斗互通、中低轨航天器天地一体化测控、天链卫星深空近地一体化测

控，在实现高低轨航天器间准实时通信的同时，可促进我国地基测控网、天基测

控网和深空测控网的融合发展，高效益助力国家空天地综合测控网的建设发展 

5.3.5 试验探索 

1）开展更高频段深空星间链路试验探索应用工作，如频率70GHz左右的V频段、120GHz左右的D频段。

充分发挥微波高频率带来的天线高增益、星间真空无大气层各种衰减的突出优势，在同样天线面积情况下，

可有效提高深空测控的测控通信速率。相比Ka频段，同口径V频段天线的增益约提高10倍，在其他条件不

变时，测控通信速率可提高10倍；相比X频段，同口径V频段天线的增益约提高近100倍，在其他条件不变

时，测控通信速率可提高近100倍，效果显著。而地面深空站受大气层影响，效果将减弱。对星间V/D频段

天线，可试验探索采用大口径抛物面天线、或大型相控阵多址VMA(V-band Multiple Access )/ DMA(D-band 

Multiple Access )天线，以适应深空用户航天器高速率、多目标测控通信需求。 

2）开展深空激光链路的试验探索应用工作
[17][18]

。首先瞄准地月空间星间激光链路试验探索应用，实

现地月航天器间的高速测控通信，早日实现工程化稳定应用。 
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5.4 适时论证建设地月深空测控系统 

1）启动条件。更高微波频段星间链路实现工程化稳定应用；深空激光链路实现工程化稳定应用；基

于天链深空的天地一体化深空测控系统稳定运行、持续完善；天链互联网中继星相继到达设计寿命，需要

更新换代。 

2）论证研制发射下一代天链互联网中继星。完成天链互联网星座平稳过度与更新，其星间载荷需进

行适应性更新，至少增加：与地月平动点中继星互联的的激光天线；服务深空航天器的激光天线、V/D频

段大型抛物面天线或相控阵天线。 

3）论证研制发射新一代深空航天器。其星间载荷技术/进度要求与下一代天链互联网中继星、地月平

动点中继星协调匹配，星间载荷主要包含激光天线、V/D频段小型抛物面天线或相控阵天线。深空航天器

可以灵活选择与地月平动点中继星、天链中继星或地面深空网通信。 

4）论证研制发射地月平动点中继星并接入天链互联网星座。首颗地月平动点中继星推荐发射运行在

拉格朗日L2点附近，试验同时兼顾服务月球航天器。在地月平动点中继星上，舱内布置一体化终端，具备

星上信号变换、数据处理、星间网络路由功能；舱外布置深空星间微波天线（如Ka/V/D频段）和激光天线、

地月平动点星间激光天线、对天链激光天线、对地面深空站星地天线等，具有Ka/V/D微波和激光深空星间

链、地月平动点间激光星间链、对天链激光星间链、对地面深空站星地链等。北斗卫星时频基准，基于天

链互联网星座，通过天链激光天线同精度传递到地月平动点中继星上，再通过地月平动点中继星与深空航

天器的星间链路，将时频基准传递到深空航天器上，最终实现深空航天器测控通信导航。 

5）建设运行地月空间高低轨异构的中继星互联网星座
[19]

。在首颗地月平动点中继星成功接入天链互

联网星座、圆满完成深空航天器测控基础上，对后续地月平动点中继星的设计研制进行优化完善后，陆续

向其它地月平动点发星及功能验证，逐步建设运行地月空间高低轨异构的中继星互联网星座，并持续进行

优化完善。最终形成：以GEO轨道的天链互联网星座为低轨星座、以地月平动点中继星座为高轨星座，在

地月平动点各中继星之间、天链中继星之间、地月平动点中继星与天链星之间，搭建激光星间链路，形成

地月空间高低轨异构的中继星互联网星座，最终组成地月深空测控系统。 

6）下一代天地一体化深空测控系统融合应用。中国地面控制中心，实时无缝监控中国的地面深空、

地月深空测控系统，灵活调配二者资源，制定二者有机结合的统一工作计划，充分发挥地月深空、地面深

空的天地一体化测控优势，满足以载人月球/火星探测为代表的并行交叉、大规模深空探测任务需求。 

系统应用示意如图8所示。 
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图8  基于地月深空的天地一体化测控系统应用示意  

示例：深空航天器以V频段接入地月空间中继星互联网星座，中继星对天（深空）星载天线口径暂定

5m，在其它条件不变情况下，地月深空测控系统与地面深空X频段测控系统的测控通信数传速率将基本相

当。 

6  结束语 

中国的地基深空测控系统，在中国的嫦娥探月、国际月球科研站/月球基地、载人月球探测、火星探测

及行星际探测，过去、现在、未来都将一直发挥重要作用、持续做出重要贡献。面向中国建设运行载人月

球探测和大规模深空探测全时无缝测控通信导航的任务需求，本文提出先后按天链深空、地月深空两个阶

段论证建设运行天基深空测控系统。在中国地面中心统一控制下，通过综合发挥地基深空、天基深空测控

系统的天地一体化测控优势，提高中国深空测控系统的可用性，满足以载人月球探测为代表的深空探测高

可用全时无缝测控通信导航需求。随着地月空间高低轨异构中继星互联网星座的持续应用完善，可进一步
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促进地基测控网、天基测控网和深空测控网的融合发展，为建设“空天地”综合测控网发挥有益作用。 
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  Abstract — Spectrum situation awareness by 

using low Earth orbit (LEO) satellites can 

comprehensively display current state and 

development trend of large-scale electromagnetic 

spectrum environment, thereby strengthening the 

overall control of electromagnetic space and the 

effective utilization of spectrum resources. 

However, the space-based electromagnetic 

spectrum monitoring system faces challenges such 

as limited computing, storage resources and 

long-distance transmission of satellite-ground links, 

which affect the integrity and timeliness of 

spectrum situation. To address these issues, this 

paper proposes a spec- 
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trum situation awareness scheme for space-based 

platforms based on multi-dimensional compressive 

sampling, in which a spatial spectrum situation 

online completion algorithm is designed via 

time-aware tensor factorization. The proposed 

scheme decomposes the high-dimensional spatial 

spectrum situation tensor into low dimensional 

temporal factor and non-temporal factors and 

iteratively update the low dimensional factor 

matrices in an online manner based on the 

spatiotemporal correlation, thereby achieving 

dynamic completion, anomalies correction, and 

real-time prediction of the spatial spectrum 

situation tensor. Simulation shows that the 

proposed algorithm can achieve reliable and 

efficient awareness of spatial spectrum situation.  

 

Keywords — Spectrum situation awareness, 

wide-band compressive sampling, power spectrum 

reconstruction, online tensor completion 

 

I. INTRODUCTION 
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A. BACKGROUND 

Compared to the limited coverage of ground-based 

electromagnetic spectrum monitoring systems [1][2], 

the space-based wideband spectrum monitoring system 

based on Low Earth Orbit (LEO) satellites can achieve 

continuous monitoring of the electromagnetic spectrum 

over a wide range. Therefore, to obtain a complete and 

continuous electromagnetic spectrum situation in time 

and space, relying on LEO satellites to build a 

space-based electromagnetic spectrum monitoring 

system is of great significance for the reconnaissance 

and identification of frequency equipment on a large 

scale.  

At present, the space-based electromagnetic 

spectrum monitoring based on LEO satellites has 

received widespread attention. Current space-based 

electromagnetic spectrum monitoring systems mainly 

include the United States' HawkEye 360, 

Luxembourg's Kleos Space, France's UnseenLabs, etc 

[3], in which HawkEye 360 is the world's first 

commercial LEO satellite constellation and have 

achieved high-precision radio mapping by collecting 

radio uplink transmission signals worldwide. In order 

to further enhance real-time perception and effective 

control of electromagnetic space, China is actively 

deploying electromagnetic spectrum monitoring 

satellite constellations, including high-resolution 

series and remote sensing 30 satellites, to fully utilize 

the "high frontier" advantage of satellite systems to 

improve the control capability of electromagnetic 

space. 

Although current multi-satellite system architecture 

and on-orbit processing and forwarding capabilities 

based on LEO satellites can achieve global networking 

and data exchange, bringing convenience to building a 

global spatiotemporal continuous spectrum situation, it 

is difficult to rely solely on the space-based spectrum 

monitoring system to construct large-scale and wide 

area situation data due to the limited in orbit 

computing capabilities of satellites. To address the 

limitations of processing and communication resources 

for lightweight and miniaturized LEO satellites, 

satellite-ground joint processing can be utilized to 

reduce the on-board payload constraint on the overall 

performance of LEO monitoring systems. Based on the 

spatiotemporal correlation characteristics and the 

powerful computing resources of ground fusion centers, 

it is expected to generate the multi-dimensional 

dynamic wide area spectrum situation through 

multi-source data fusion, thereby comprehensively 

displaying the current state, correlation situation, and 

development trend of the electromagnetic environment 

[4][5]. 

B. RELATED WORK 

At present, spectrum situation generation can be 

mainly divided into two categories: model-driven and 

data-driven approaches: 

The model-driven spectrum situation generation 

methods utilize prior information such as channel 

propagation models and radiation source locations to 

estimate spectrum situation parameters, therefore 

suitable for scenarios with few observations and 

insensitivity to location variations [6]. For example, 

[7][8] constructed the propagation channel model as a 

measurement matrix, and then used an algorithm based 

on compressive sensing. [9] constructed the generation 

mechanism of spectrum situation as a tensor 

decomposition model, and then used the structured 
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features combined with limited observations to 

estimate the actual physical components. However, in 

complex unknown electromagnetic environments, 

model-driven methods are difficult to obtain prior 

information and thus lack flexibility. 

The data-driven generation methods are suitable for 

scenarios without prior information. Common methods 

include interpolation, matrix/tensor completion, and 

machine learning. The interpolation methods utilize the 

adjacent space and variational relationship between 

observations to interpolate and complete the spectrum 

situation. For example, in [10], based on Kriging 

interpolation, a small amount of observation data from 

mobile users were used to iteratively estimate the 

linear unbiased estimation of unobserved points to 

generate the accurate spectrum situation. In contrast, 

matrix/tensor completion is based on the low rank 

property of situation completion. For example, [11] 

used rank minimization and transformed it to its 

tightest convex surrogate, i.e., nuclear norm 

minimization to apply smoothness constraints for 

spectrum situation generation. Machine learning 

methods extract and learn spatiotemporal features from 

observation data to achieve completion. For example, 

in [12], a convolutional neural network and a residual 

network were used to predict the spatiotemporal 

spectrum situation within the perception area. 

The above methods are batch processing 

optimization methods carried out under the fixed size 

of the spectrum situation. However, for the 

space-based spectrum monitoring system, the spectrum 

situation dynamically changes over time, which 

requires the algorithm to balance accuracy and 

real-time performance, and improve the efficiency of 

spectrum situation generation. [20] applied the online 

tensor completion method to spectrum prediction, 

utilizing a "predict first, complete later" approach to 

dynamically update tensor factors by integrating 

historical observation data, thereby efficiently and 

accurately predicting spectrum information. However, 

it didn’t reflect the real-time advantage of online 

methods compared to batch processing; Meanwhile, 

the online completion method adopted in the article is 

only applicable to three-dimensional tensors and has a 

high computational complexity. [21] proposed an 

incremental online tensor completion algorithm based 

on incremental update method, which reduced storage 

and computational burden and achieved real-time 

completion. However, the spectrum data in a single 

frequency band in 2-D space is used in the paper, 

without considering anomalies correction.  

To meet the spectrum situation awareness 

requirements of space-based electromagnetic spectrum 

monitoring system under large-scale spatiotemporal 

coverage, this paper proposes a spectrum situation 

awareness scheme based on the multi-dimensional 

compressive sampling. To address shadow fading, 

interference and time delay caused by long-distance 

transmission of satellite-ground links, a spatial 

spectrum situation online completion algorithm is 

designed via time-aware tensor factorization, which 

decomposes the high-dimensional spatial spectrum 

situation tensor into low dimensional temporal factor 

and non-temporal factors, and then iteratively updates 

the low dimensional factor matrices in an online 

manner by mining temporal characteristics, thereby 

achieving dynamic completion, anomalies correction, 

and real-time prediction of the spatial spectrum 

situation.  
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C. PRELIMINARIES 

In this subsection, some basic notations, operations 

and necessary definitions are presented, which are used 

throughout this paper.  

1) Variable and its Elements: 

Vectors are denoted by boldface lowercase letters, 

e.g., I
∈a �  and the i -th entry of it is denoted by 

i
a . 

Matrices are denoted by boldface capital letters, e.g., 

I J×

∈A �  and the ( , )i j -th element of it is 
,i ja . The 

column vector of A  is expressed as ( )n

ja . So A  is 

usually expressed as 1
[ , , , , ]j J=A a a a� � . A  is 

also written as
1

[ ; ; ]; ;
T T T

i I
=A a a a� � , where T

i
a  is 

the i -th row vector of A . Tensors are denoted by 

boldface Euler script letters, e.g., 1 2 NI I I× ×⋅⋅⋅×

∈�A and 

the 1 2
( , , , )

N
i i i⋅⋅⋅ -th of it is 

1 2, , , Ni i i
a

⋅⋅⋅

. Indices typically 

range from 1 to their capital version, e.g., 1, ,i I= ⋅⋅⋅ , 

and 1, , ,
n n
i I= ⋅⋅⋅  1, ,n N= ⋅⋅⋅ . The Frobenius norm of 

the N -order tensor A  which is represented as 

|| ||
F

A  is the square root of the sum of the squares of 

all its elements. 0
|| ||A  represents the 0

� -norm 

which calculates the number of non-zero elements in 

tensor A . 1
|| ||A  represents the 1

� -norm which 

calculates the number of the magnitudes of A .  

2) Important Operations: 

Matricization: Matricization is the process of 

reordering the elements of an N -order tensor A  

into a matrix and the mode- n  matricization can be 

expressed as ( )
n n k nI I

n

≠
×Π

∈X � . 

Khatri-Rao product [13]: The Khatri-Rao product 

between a matrix 1I J×

∈A �  and another matrix 

2I J×

∈B �  is 1 2

2

I I J×

∈Y � , which is denoted by

2 1 1 2 2[ ]K K= ⊗ ⊗= ⊗Y A B a b a b a b� � , where ⊗  

is the Kronecker product. The sequence of the 

Khatri-Rao products (1) ( )N
A A���  is denoted by 

( )
1

N n

n=

A� . And ( )
1,

N n

n n l= ≠
A�  denotes 

(1) ( 1) ( 1)l l− +

A A A��� � �
( )N

A�� . 

Hadamard product [13]: The Hadamard product 

between a tensor 1 2 NI I I× × ×

∈
�

�A  and another tensor 

with the same size 1 2 NI I I× × ×

∈
�

�B  is 1 2 NI I I× × ×

∈
�

�Y , 

which is denoted by 1 2 NI I I× × ×

∈
�

�Y = A�B . 

Hadamard product represents the multiplication of the 

corresponding elements of A  and B . 

Outer Product and Rank-one Tensor [13]: The 

vector outer product between two vectors I
∈a �  and 

J
∈b �  is a rank-one matrix 

4

I J×

∈Y � , which is 

denoted by 4
=Y a b� . It can also be extended to N

-dimensional format which is expressed as 

(1) (2) ( )N
= ⋅⋅⋅u u u� � �Y , where 

1
{ }kI N

k k =

∈u � , and 

1 2 NI I I× ×⋅⋅⋅×

∈�Y  is called a rank-one tensor. 

3) CP Factorization and Rank: 

Tensor factorization [14] is the high-order extension 

of matrix decomposition, which is a technique for 

decomposing a high-order tensor into multiple 

lower-order components with the goal of simplifying 

data representation, extracting features, or performing 

data compression. CP (CANDECOMP/PARAFAC) 

decomposition is a classic decomposition model, 

which decomposes a tensor into a sum of component 

rank-one tensors. For a tensor 1 2 NI I I× × ×

∈
�

�X , it can 

be written as (1) (2) ( )

1

R N

r r rr=

≈∑ u u u� ���X , where ( )n

r
u  

is the r -th column vector of the factor matrix ( )n

U . If 

a weight r
λ is assigned to each rank one tensor to 

form a new tensor 'X , it can be expressed as 

(1) (2) ( )

1
'

R N

r r r rr
λ

=

≈∑ u u u� ���X , where R
∈λ �  is the 

weight vector. The rank of the tensor X , denoted 

rank( )X , is defined as the smallest number of 

rank-one tensors in its CP model. 

II. SPATIAL SPECTRUM SITUATION 

AWARENESS SYSTEM MODEL 
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A. REPRESENTATION 

As shown in Figure 1, based on the on-orbit 

acquisition of electromagnetic signals within the 

Region of Interest (RoI), the LEO satellite 

constellation periodically transmits the observation 

data to the ground fusion center via the 

satellite-ground links. The ground fusion center fuses 

multi-source data and generates spatial spectrum 

situation in space, frequency, and time to visually 

display the spectral information such as spatial 

distribution of radiated signals in specific areas, 

spectrum occupancy and temporal changes in user 

frequency activities, thereby comprehensively 

analyzing and making decisions on the spatial 

spectrum situation. 

The spectrum situation in three-dimensional (3D) 

space is the combination of multiple radiation sources 

within and around the RoI. Typically, the spatial 

spectrum situation is modeled as the Power Spectrum 

Density (PSD) of the received signals. According to 

the principle of spectrum situation superposition [15], 

spectrum situation can be viewed as a linear 

superposition of the PSD of different radiated signals 

across various spatial positions, frequencies, and time. 

As illustrated in Figure 2, the spectrum situation 

exhibits the spatial heterogeneity and approximate 

smoothness, where regions with a redder hue indicate 

higher spectrum occupancy, and greener regions 

suggest lower spectrum utilization. The time axis 

reflects the temporal variations of the spectrum 

situation. 

The spatial spectrum situation, when discretized 

along the spatial, frequency, and temporal dimensions, 

can be represented as a tensor. The tensor-based 

discrete representation enables a more effective 

depiction of the structural information of the spatial 

spectrum situation across and within multiple 

dimensions. Specifically, in the space domain, the 3D 

space can be discretized into 
1 2 3

I I I× ×  spatial grids 

with an equal interval 
0

d , where
1

I , 
2

I , and 
3

I  

denote the grid number of the 3D space in x , y , z  

dimensions. In the time domain, the sensing interval 

which is assumed to be [0, ]
tr

T=T  can be discretized 

into T  sensing durations with an equal interval T
I , i.e. 

tr T
T I T·= . T

I  represents the smallest time interval 

during which changes in PSD are not significant, used 

to analyze the temporal variation patterns of the 

spectrum situation. In the frequency domain, the 

wideband spectrum 1 2
[ , ]f f=F  to be monitored in a 

sensing duration can be discretized into N  

frequency points while the duration is discretized into 

N  sampling points with the Nyquist sampling period 

1/
s s

T f=  in the time domain, where 2 1s
f f f= − . The 

relationship between T  and N  is shown in Figure 

3. 

Through the discretization, the spatial spectrum 

situation, the spatial transmission gain and the PSD of 

radiated signals can be represented in tensor forms, i.e. 

1 2 3I I I N T× × × ×

∈X R , 1 2 3I I I N T

r

× × × ×

∈H R , and N T

r

×

∈C R  , 

Figure 1 Schematic diagram of space-based 

electro-magnetic spectrum monitoring system. 
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respectively. At any spatial grid 1 2 3
( ), ,i i i , at any 

frequency point n  and in any sensing duration t , 

the relationship among the elements of X , 
r

H  and 

r
C  can be represented as  

1 2 3 1 2 3, , , , , , , , ,

1

( ) ,( )
s

R

i i i n t r i i i n t r n t

r

x c· h

=

=∑        (1) 

Where 
,

( )
r n t

c  is expressed as the PSD of the r -th 

radiated signal at any frequency point n  during the 

t -th sensing duration. The tensor-based representation 

described above can more effectively capture the 

higher-order structural information of the spatial 

spectrum situation across multiple dimensions. It 

facilitates the exploration of the correlations and 

structured features of spatial electromagnetic 

information in the spatial, frequency, and temporal 

dimensions. 

The spatial transmission gain 
r

H  of the radiated 

signals includes two components: the transmission 

gain from the radiation sources to different grids in the 

RoI, and the satellite-ground link transmission gain, 

which can be expressed as: 

 

( )
1 2 3

2

0

1 2 3, , , ,
0

2

2

Ground Transmission Gain

Satellite-ground Transmission Gain

( , , )
4

                      
4 2

r r
i i i n t

r

t

r

d c
h G G w i i i

d d f

c
g

h f

α

π

π

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⋅⎝ ⎠ ⎝ ⎠

⎠

⋅

⎛ ⎞
⋅⎜ ⎟

⋅
⋅

⋅

⋅

⋅⎝

���������������

���������

(2) 

where 
t

G  and 
r

G  represent the transmission and 

reception gain of the antenna. The ground 

transmission gain can be modeled as the product of 

free path loss and shadow fading [9]. And the 

parameters d , α , c  and 
r

f  are transmitted 

distance, path loss exponent and the carrier frequency 

of the r -th radiated signal. Shadow fading w  is 

typically modeled as a log-normal distribution with 

zero mean and a variance of 
s

σ . The satellite-ground 

transmission gain can be modeled as the product of 

satellite-ground path loss and channel fading 2
g . And 

the parameter h  is transmission distance of the 

satellite-ground Link. Considering that the received 

signal consists of both direct and multipath 

components, its envelope follows Rician distribution 

whose normalized probability density function is 

( )
2 2

02 2 2
exp

2
,

r r r

x x A xA
P x I

σ σ σ

+

= −

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
       (3) 

where A  and 2

r
σ  represent the line-of-sight direct 

Figure 2 Schematic diagram of spatial spectrum situation tensor. 
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path envelope and the power of the multipath 

components, respectively. The Rician factor, denoted 

as 2 2
/ 2

R r
f A σ= , indicates the proportion of the direct 

component; a larger value of R
f  signifies a higher 

proportion of the direct component. 
0
( )I ⋅  represents 

the zeroth-order modified Bessel function of the first 

kind [16].  

Due to the performance and power limitations of 

satellite payloads, high-speed wideband signal 

sampling is difficult to implement on LEO satellites. 

Therefore, this paper employs multicoset sampling [17] 

to perform low-speed sampling of wideband signals at 

rates far below than the Nyquist theorem. Multicoset 

sampling is a periodic, non-uniform sub-Nyquist 

sampling technique in the time domain, which can be 

implemented through a multi-channel parallel 

sampling architecture. Specifically, p  parallel cosets 

are utilized, each of which takes uniform samples at 

time instants ( )
i s

kL c T+ , 1,...,i p= , k ∈� , via a 

decimated sampling rate 1/
s

LT  with a sampling time 

offset of 
i i s

c Tτ = , where p L≤ . The result of 

multicoset sampling can be represented as 

( ) ( )
1

,    0, ,
s

Y f S f N f
LT

⎡ ⎞
= + ∈ ⎟⎢

⎣ ⎠
A      (4) 

where p L×

∈A C  is random measurement matrix of 

multicoset sampling and its ( ),i j -th element is 

( )2 /

,

11
.

i
j

s

L

i j

c j
a

T
e

L

π −

=           (5) 

( )S f  is the primary noise-free signal. Based on the 

low-rank property of the spatial spectrum, ( )S f  

exhibits joint sparsity property. Therefore, many 

common reconstruction algorithms can be used for its 

recovery, including greedy pursuit (GP), Multiple 

Signal Classification (MUSIC) reconstruction 

algorithms, sparse reconstruction algorithms based on 

1
� -norm, and sparse Bayesian learning (SBL) 

algorithms. The sampling and reconstruction 

processes not only achieve compressed reconstruction 

of the spectrum situation in the time-frequency 

domain but also retain a substantial portion 

information of the frequency domain, thereby 

ensuring efficient generation even with a limited 

number of observations. 

Based on the discrete estimates L M×

∈S �  obtained 

from sparse reconstruction, where /M N L= , the 

average PSD of different channels can be further 

calculated, which can be expressed as 

( )
,

1
,   1,2, , ,

i
i i

p r i L
BN

= = …
S

        (6) 

where i
p  and B  are the average PSD and the 

bandwidth of the i -th channel, respectively. r
S

 is 

the diagonal element of the discrete estimates signal 

auto-correlation matrix L L×

∈
S

R C , which is also the 

sum of the energy across total frequency points in the 

i -th channel [18]. 

The PSD of primary wideband signals are 

reconstructed and combined with geographic and 

Figure 3 Discretization relationship diagram of 

time-frequency domain transformation 
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temporal information to construct a multi-dimensional 

spatial spectrum situation tensor. However, due to 

constraints in data acquisition, computation, and 

communication resources of LEO monitoring 

satellites, the transmitted data to the ground exhibits 

characteristics of low spatial resolution and missing. 

In practice, the ground fusion center processes the 

spectrum situation sub-tensor sequentially in time. 

Therefore, it’s important to reconstruct the complete 

and clean spectrum situation sub-tensor 
t

X  according 

to the measurement sub-tensor 
t

Y . Their relationship 

can be expressed as 

( ) ,    1, 2, , ,
t t t t t

t T= + + = …Y O � X A N      (7) 

where 1 2 3I I I L

t

× × ×

∈�O  represents the binary observation 

sub-tensor, and the values at the observed and 

unobserved positions are set to 1 and 0, respectively. 

t
A  and 

t
N  represent sparse anomalies and noise 

sub-tensor. For the convenience of representation, all 

spectrum situation sub-tensors 
1

{ }
T

t t=
X  within the 

interval (1: )T  can be expressed as a tensor 

1 2 3

1:

I I I L

T

T× × × ×

= ∈�X X . 

As illustrated in Figure 4, this paper aims to obtain 

the complete and spectrum situation tensor X  and 

predict the future spectrum situation sub-tensor 1T +
X

through anomalies correction and tensor completion. 

Based on the low-rank property of the spatial 

spectrum situation tensor and the sparsity of 

anomalies, spectrum situation completion from 

incomplete and corrupted transmitted electromagnetic 

information can be formulated as a tensor completion 

problem, which can be described as follows: 

( )

( )

0,

2

min rank

 . . ,

 

F

s t

μ

ε

+

− − ≤

X A

X A

O� Y X A

       (8) 

where µ  is the sparsity control parameter, and ε  is 

the noise-related parameter. Table 1 summarizes 

several common tensor completion algorithms. 

However, since the future spectrum situation 

sub-tensor 1T +
X  is unknown, the prediction problem 

cannot be directly solved by using tensor completion. 

To address this issue, this paper proposes an Online 

Spectrum Situation Generation algorithm via 

Time-aware tensor Factorization (OSSGTF), which 

performs the spatial spectrum situation by exploiting 

its temporal variation characteristics. The detailed 

algorithm will be introduced in the next section. 

III. Online Spectrum Situation Generation 

Algorithm Based on Temporal Factors 

As rank( )⋅  and 0
� -norm criteria are NP-hard, 

convex relaxation is performed and can be represented 

Figure 4 Illustration of spatial spectrum situation generation, with the spatial dimension set to 1D for clarity. 
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as  

( )
2

(1) (5

,

1

)

1

1
min

2

     . .               .

F

R

r r
r

s t

µ

=

− − +

=∑ u u���

X A

O� Y X A A

X

   (9) 

Then, CP decomposition is introduced to decompose 

the spectrum situation tensor X  into factor matrices, 

i.e., ( ) 5
1{ }

n

n=

U , which encompasses five dimensions: 

three spatial dimensions, the frequency dimension, 

and the temporal dimension. The factors can further 

be divided into non-temporal factors ( ) 4
1{ }

n

n=

U  and 

temporal factor (5) T R×

∈U � . To address the 

incomplete and delayed perception results caused by 

sparse sampling on the satellite and long-distance data 

transmission, it is necessary to correct and complete 

the spatial spectrum situation tensor X  based on the 

returned measurement tensor Y  from T  sensing 

durations and to predict the future spectrum situation 

sub-tensor 1T +
X . To achieve it, the proposed method  

completes, corrects and predicts the spatial spectrum 

situation sub-tensors by leveraging the temporal 

variation characteristics between consecutive 

spectrum situation sub-tensors in conjunction with the 

sensing 

data. The proposed online spatial spectrum situation 

generation algorithm can be divided into the following 

four steps:  

A. INITIAL ESTIMATION 

Traditional tensor completion algorithms require 

prior information about the rank. However, in the 

context of a complex and dynamic spatial spectrum 

environment, the tensor rank is unknown. Therefore, 

the proposed algorithm first utilizes a short segment of 

observation data 1: 't
Y  to perform an initial estimation, 

and 't  is the number of durations for initial 

estimation. Since the temporal characteristics of the 

spectrum situation can be mapped onto the temporal 

factor, a smoothing constraint is applied to the 

temporal factors based on Equation (9) to fit the 

temporal characteristics of the spectrum situation. 

This approach not only helps improve the accuracy of 

spectrum situation restoration and completion but also 

lays the foundation for subsequent mining of temporal 

factor to capture temporal variations. The specific 

formulation is as follows:  

( )
(5))

1
( 4
'{ } ,

(1) (

1

2

1: ' 1: ' 1: ' 1: '

2 2
(5) (5)

1 1: ' 1

2) (3) (4) (5)
1: '

2

' ' ' '

( )
'

m
2

in

            

. .  , , , ,

      ( 1,  1,2,3,4,             

,

  

1

)

n init

n

t

m

t t t t

n

rt

t t t t
F

init s init t
F F

t init
s t

n

ρ ρ μ

=

− −

+ + +

=

= =

U U

U U

L U L U

u

U UU
� �
� �� �

O � Y X A

A

X

  

(10) 

where ( )
'
n

t
U  is the initial estimation of a non-temporal 

factor matrix and its r -th column vector is ( )
'( )
n

t r
u . 

) '(5 t R

init

×

∈U �  is the temporal factor matrix during the 

durations (1: ')t . 1
ρ  and 

s
ρ  are smoothing control 

Algorithm Anomalies fix High order >3 Type Rank prior Additional Information 

OLSTEC[19][20]  
√ ⅹ Online √ BCD+RLS 

ALS [22] √ √ Batch process √ ALS 

BRTF[23] 
√ √ Batch process ⅹ Variational Bayes 

BRST[24]  
√ √ Online ⅹ Streaming Variational Bayes 

Table 1 Comparison of Tensor Completion Algorithms 
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parameters for (5)
init

U  and ( )T i T

i

− ×

∈L �  represents a 

smoothness constraint matrix. As for [25], 25)
1

(
|| ||

in Fit
L U  

represents the smoothing constraint for short-term 

similarity, and 2(5)
|| ||

m init F
UL  represents the smoothing 

constraint for long-term periodicity. It’s always larger 

than m  for 't  called the long-term temporal period. 

To achieve rapid initial estimation, an Alternating 

Least Squares (ALS) method in Table 1 is employed. 

This approach includes anomalies correction and 

factor matrices updating, enabling quick and effective 

completion of 1: 't
Y . 

In the absence of rank prior, the above ALS 

optimization process requires determining the rank 

information through rank search step. A common 

method is to incrementally approach the true rank by 

gradually increasing the rank. After achieving 

convergence using the ALS algorithm, the rank is 

incremented by 1, and the R -th column vector of 

each factor matrix is initialized randomly to form a 

new factor matrix. The ALS optimization is then 

executed again, with this process being repeated until 

the residual change between two consecutive ranks is 

smaller than a predefined threshold, indicating 

convergence, which can be expressed as 

1
Δ Δ

,
Δ

R R

R

tol
−

−

<             (11) 

where ΔR  is the residual at rank R , which can be 

represented as 2

1: ' 1: ' 1: ' 1: 'Δ | |( )| |
R t t t t F

= − −O � Y X A . 

tol  is the pre-set discrimination threshold. Algorithm 

1 summarizes the above optimization steps.  

B. TEMPORAL ATTRIBUTES ANALYSES 

To reliably generate the spatial spectrum situation, 

temporal analyses is crucial to explore long-term and 

short-term temporal trends in the spectrum situation. 

Therefore, in this section, the temporal factor matrix 

(5)
init

U  obtained from the initial estimation is fitted to 

an additive Holt-Winters (HW) forecasting model [26]. 

These analyses lay the foundation for subsequent 

dynamic completion, anomalies correction and 

real-time prediction. 

Based on the Holt-Winters model, the level T

t
l , 

trend T

t
b , and seasonal components T

t
s , along with 

their corresponding smoothing parameters α , β , γ  

are extracted from the row vectors (5)T

t
u  of (5)

init
U : 

(5)

1 1

1 1

(5)
1 1

diag( )( )

                        ( diag( ))( ),

diag( )( )+( diag( )) ,

diag( )( )

                                        +( diag( )

T T T

t t t m

T T

R t t

T T T T

t t t R t

T T T T

t t t t

R

−

− −

− −

− −

= −

+ − +

= − −

= − −

−

l u s

I l b

b l l I b

s u l b

I

α

α

β β

γ

γ ) ,T

t m−

s

 (12) 

where diag( )⋅  is a diagonal matrix generated from 

the input vector. Thus, the prediction of the temporal 

factor row vector is conducted based on (12). 

Specifically, the temporal factor vector for the future 

τ -th sensing duration is predicted using the level 
'

T

t
l  

and the trend component 
'

T

t
b  from the 't -th 

duration, and the seasonal component '

' 1
{ }

T t

t t t m= − +
s  

from the last tempo ral period. It can be expressed as 

(5)
' ' '' | '

ˆ .
T T T T

t t t m τt τ t
τ

− ++
= + +u l b s        (13) 

C. DYNAMIC COMPLETION 

To construct a high-precision multi-dimensional 

spatial spectrum situation, traditional tensor 

completion algorithms face challenges such as high 

computational complexity and low efficiency. It’s 

considered that 
t

Y  is dynamically input sequentially 

over time during the processing. Thus, the 

requirement of real-time processing capability drives 
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the updating of previously obtained factor matrices 

estimates, rather than recalculating new ones each 

time a new observation becomes available. Based on it, 

an online problem at the t -th duration can be 

modeled as 

 

{ }
( )

4
( ) (5)

1
, ' 1

(5)

( )

(

2 2

1

2

1

(1) (2) (3) 4)

2

min

                 

. .    ; , , ,       

        1,  1,2,3, 4,

n T

t t
n

t

τ τ

F

τ t

T

τ τ
FF

s τ

τ

r

n

s t

n

τ τ τ

τ

τ

τ τ

ρ

ρ μ

=

= +

⎡ +
⎢⎣

+

− −

⎤+
⎦

=

= =

∑
U u

U U U U

u

p

q

u� �
� �� �

O � Y X A

A

X

              

(14) 

where 0 0
1, 2, ,t t t T= + + ⋅⋅⋅ , (5) (5)

1
T T

τ ττ −

= −p u u  and 

(5) (5)T T

τ τ mτ −

= −q u u . ( )n

t
U  represents the updated 

non-temporal factor matrix for the τ -th duration.  

Based on the initially estimated temporal and 

non-temporal factor matrices, as well as the level, 

trend, and seasonal components obtained from the 

Holt-Winters model in the temporal attributes analyses, 

the observed spectrum situation sub-tensors 
' 1

{ }
T

t t t= +
Y  

are incorporated to address the online optimization 

problem in (14).  

This approach enables the online update of the 

factor matrices, facilitating the dynamic generation of 

the spectrum situation. This process can be divided 

into the following three parts: 

1) Estimation of Anomalies Sub-tensor 
t

A  

The temporal factor vector for the t -th sensing 

duration is predicted according to (13), which is 

expressed as: 

(5)
1 1| 1 .

T T T T

t t t mt t − − −
−

= + +u l b s�         (15) 

Subsequently, the vector (5)
| 1

T

t t−
u�  and the non-temporal 

factor matrix ( ) 4
1 1{ }

n

t n− =

U  updated in the previous 

duration are computed through Kruskal operation to 

obtain the estimate of the spectrum situation 

sub-tensor | 1t t−

�Y , or denoted as 
t

�X :  

(1) (2) (3) (4)
| 1 1 1 1 1

(1) (2) (3) (4)
1

1

1

(5)
| 1

(5)
| 11 1

) ) ) )

      

( ) ( ( ( (

.        ; , , ,

R

T

t rt t

r

t t t r t r t r t r

t t t

T

t tt

u
−

=

−

− − − − −

− − − −

= ⋅=

=

∑ u u u u

U U U Uu

� � � �� �

� ��� �� 	

Y X
  

(16) 

The principle of online anomalies’ correction involves 

comparing and identifying elements in | 1t t−

�Y  that 

significantly differs from the actual observed 

sub-tensor 
t

Y  to extract anomalies. The estimation 

of anomalies sub-tensor can be expressed as:  

| 1

| 1 1

1

ˆ ˆΨ Σ ,
Σ̂

t t t

t t t t t

t

−

− −

−

⎛ ⎞−
= − − ⎜ ⎟

⎜ ⎟
⎝ ⎠

�

�

Y Y
A Y Y �     (17) 

where Ψ( )⋅  is a Huber Ψ-function that set a range 

[ , ]k k− , such that any element of the input tensor 

exceeding this range is defined as an anomaly and is 

automatically replaced with k−  or k . 1 2 3Σ̂
I I I L

t

× × ×

∈�  

is an error scale tensor for each of whose entries are 

the scale of the forecast error in the corresponding 

entry. It’s always defined as 

| 1 2
1 1

1

ˆ ˆ ˆΣ Σ (1 )Σ ,
Σ̂

t t t

t t t

t

φρ φ
−

− −

−

⎛ ⎞−
= + −⎜ ⎟

⎜ ⎟
⎝ ⎠

�Y Y
�   (18) 

Algorithm 1: OSSGTF-Initialization 

Input: 1: 't
Y , 1: 't

O , m , 1
ρ ,

s
ρ , µ , tol  

Output: 1: 't
X , ( ) 4

' 1{ }
n

t n=

U , (5)
init

U , R  
1: 1R =  

2: Initialize ( ) 4
' 1{ }n
n I R

t n

×

=
∈U � , (5)

init
U , randomly 

3:
( ) 4 (5)
' 11: ' 1: '{ , }{ } , , 
n

t n initt t=

U UX A  

←ALS ( ) 4 (5)
1: ' 1: ' ' 1{ { } , , }, , ,

n

t t t n init
R

=

⋅ ⋅ ⋅U UY O  

4: 
2

1: ' 1: ' 1: ' 1: '
Δ )|| ||(

t t t FR t
−← −O � Y X A  

5: repeat 

6:     1R R= +  

7:     Initialize ( ) 5
1{ }n

R n=

u , randomly 

8:     
( ) 4 (5)
' 11: ' 1: '{ , }{ } , , 
n

t n initt t=

U UX A  

         ←ALS ( ) 4 (5)
1: ' 1: ' ' 1{ { } , , }, , ,

n

t t t n init
R

=

⋅ ⋅ ⋅U UY O  

9:     
2

1: ' 1: ' 1: ' 1: '
Δ ( )|| ||

t t t t FR
− −← O � Y X A  

10: until 1
| Δ Δ | | Δ |

R R R
tol

−

− <  
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where 0 1φ≤ ≤  is a smoothing parameter and ( )ρ ⋅  is 

an elementwise biweight -ρ function which has a 

similar function with Ψ( )⋅ . 

2) Update ( ) 4
1{ }

n

t n=

U : 

Since the non-temporal factor matrix is updated 

based on previous updates, the proposed algorithm 

employs Stochastic Gradient Solvers to perform the 

update process. Based on this, we can focus solely on 

the t -th summand of (14) which is defined as  

( )

( ) 4 (5)
1

(5) (1) (2) (3) (4

(

2

)
2

)

(5) 5 (5) )
2

1
(5

1

({ } , )

  ,

' ; , , ,

T

T

t t

F

t

T T

s
F

n

t n

T T

t
F

m

f

ρ ρ

=

− −

=

−

−

+ + −

U

U

u

U U U

u

u

u u

u� �
� �� �O � Y   (19) 

where '
t t t

= −Y Y A . The principle of the Stochastic 

gradient solvers is to use the sub-tensor 
t

�X  predicted 

by Equation (16), substitute the corresponding factor  

( ( ) 4
1 1{ }

n

t n− =

U , (5)
| 1

T

t t−
u� ) into Equation (19), and solve for the 

gradient to guide the update direction of the 

corresponding factor. Here, a step size of 
t

µ  is taken, 

and the specific update process is as follows: 

( )

( )

( ) 4
1 1( ) ( )

1 ( )

|

4
( )

|
(

1
)

1 ( ) 1
1

5
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1

5
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n
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n l
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t
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−
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= ≠
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∂
= −

∂

= + ⋅

U
U U

U

U R U

u
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  (20) 

where ( )t n
R  is the mode- n  matricization of 

t
R , 

which is represented as | 1( )
t t t tt t −

− −=

�O � Y A YR .  

3) Update (5)T

t
u : 

Similar to the update of non-temporal factor 

matrices, the update of the temporal factor vector is as 

follows: 

( ) 4 (5)
1 1(5) (5)

(5)

4
( )

1

| 1

| 1

(5)
| 1

(5) (5) (5)
1 | 1
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1 1
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       2 [( ) vec( )
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n T
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−
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where vec( )⋅  is the vectorization operator. 

Subsequently, the level, trend, and seasonal 

components of the temporal factor vector (5)T

t
u  

within the current sensing duration are fitted based on 

(12), providing a foundation for the updates in 

subsequent sensing durations. 

D. Forecast 

Forecasting (5)
1|

T

T T+
u�  using Equation (15), and then 

forecasting 11|T T T+ +
=

��Y X  using Equation (16). In 

summary, the temporal factor estimate (5)
| 1

T

t t−
u�  obtained 

from the sequential update of the temporal factor 

serves several functions: it provides the sub-tensor 

estimate for anomalies correction, helping to identify 

anomalies by combining with observed values; it 

offers gradients of various factors for the online 

completion of sub-tensors; and it supplies immediate 

temporal factor estimates for predicting spectrum 

situation sub-tensor in future durations.  

Thus, OSSGTF effectively addresses the issues of 

incompleteness, reliability, and immediacy in 

Algorithm 2: OSSGTF-dynamic update 

Input: (1)
' 1

{ , }
T

t tt t= +
Y O , R , m , 1

ρ ,
s

ρ , µ ,
t

µ ,φ , 

(2) ( ) 4
' 1{ }n

t n=

U , (5) '
' 1{ }T t

t t t m= − +
u , 

(3) 
'

T

t
l ,

'

T

t
b , '

' 1
{ }

T t

t t t m= − +
s , α , β , γ  

Output: 
' 1

{ }
T

t tt = +
X , ( ) 4

1{ }
n

T n=

U , (5)T

T
u , 1T +

�X  

1: Initialize 
'

Σ̂
t
← /100µ × I  

2: for ' 1, ' 2, ,t t t T= + + ⋅⋅⋅  

3:    estimate (5)
| 1

T

t t−
u�  using (15) 

4:    estimate | 1t t−

�Y  using (16) 

5:    estimate ˆ

t
A  using (17) 

6:    update Σ̂
t
 using (18) 

7:    update ( ) 4
1{ }n

t n=

U  using (20) 

8:    update ( )5T

t
u  using (21) 

9:    update T

t
l , T

t
b , T

t
s  using (12) 

10:   

(5) (1) (2) (3) (4)
; , , ,

t t t t t t

T
= U U U Uu� �
� �� �X  

11: end for 

12: Predict 1T +

�X  using (15) and (16) 
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spectrum situation assessment, efficiently achieving 

dynamic completion, anomalies correction, and 

real-time prediction. The dynamic update process is 

summarized in Algorithm 2. 

 

IV. EXPERIMENTAL EVALUATIONS 

To validate the effectiveness of the proposed 

algorithm, a spatial spectrum situation model is first 

established based on the simulation parameters shown 

in Table 2. Next, the sensing process of a space-based 

electromagnetic spectrum monitoring system is 

simulated using multicoset sampling and spatial 

random sampling. Then, power spectrum 

recons-truction is performed using a reconstruction 

algorithm. Finally, the generation of the spatial 

spectrum situation is achieved using the proposed 

OSSGTF algorithm. 

The simulation parameters setting is summarized in 

Table 2. The sensing interval is scaled to facilitate 

simulation, with T
I  and tr

T  only considered at the 

‘ µs ’ level. It should be noted that, based on studies of 

the spatial distribution of radiation sources in 

real-world scenarios and time series data dominated 

by transmission power, the spatial distribution of 

radiation sources often exhibits significant regional 

clustering. This means that several radiation sources 

are typically located within a single grid in 3D space, 

making the actual number of spatial grids occupied by 

the radiation sources smaller than the number of 

radiated signals 
s

R . Furthermore, when simulating the 

transmission power of radiated signals, it follows 

long-term periodicity and short-term similarity trends 

in time variations. Based on these temporal 

characteristics, a transmission power time series is 

randomly generated with 10m = . Then, according to 

the parameter settings in Table 2, the radiated signals 

and the true spectrum situation 1: 1T +
X  during the 

entire sensing interval are generated using the 

multi-dimensional spectrum situation repre-sentation 

model based on (1). Low rank property is a 

fundamental premise and core aspect of spectrum 

situation generation. To verify it, the tensor 1: 1T +
X  is 

evaluated across each dimension using the Pearson 

correlation coefficient [20] as a standard. 

As shown in Figure 5, correlations can be observed 

in the three independent spatial dimensions, as well as 

across the overall spatial, frequency, and temporal 

dimensions of 1: 1T +
X , with particularly high correla- 

Table 2 Simulation parameters setting 

Variables/Parameters setting explanation 

1 2 3
I I I× ×

 15 15 10km× ×  3D spatial dimension size 

T  200  The number of sensing durations 

m
 10  Long-term temporal period 

N  10000  The number of sampling points in a duration 

s
R

 15  The number of radiated signals 

α
 ( )2,4U  Path loss exponent 

0
d

 1km  Unit distance of the spatial grid 

w
 ( )ln ~ 0,2 dBw N  Shadow fading 
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rt
G G⋅

 35.89dB  Transmission and reception gain of ground antenna 

h  550km  Transmission distance of satellite-ground link 

R
f

 10dB  Rician factor 

1 2
[ , ]f f

 [500,1500]MHz  Spectrum monitoring range 

s
f

 1GHz  Frequency bandwidth 

T
I

 10 sµ  Time interval in a duration 

tr
T

 1ms  The whole sensing interval 

B  20MHz  Channel bandwidth 

L  50  The number of channels 

tions in time domain. This demonstrates that the 

1: 1T +
X  is indeed approximately low rank. 

Subsequently, random spatial sampling with a 

consistent proportion is performed sequentially in 

each sensing duration to simulate the loss of the 

spectrum data. Multiple measurement vector sampling 

and power spectrum reconstruction are applied to the 

sampled spatial signals. To improve reconstruction 

efficiency, an algorithm called Fast Marginalized 

Block Sparse Bayesian Learning (BSBL-FM) [27] is 

employed, which can restore most of the information 

in frequency domain at the measurement grids. The 

sparse anomalies are then added to this incomplete 

spectrum situation, with the magnitude of the 

anomalies set to twice the maximum value of 1: 1T +
X , 

and the positions of them distributed randomly. These 

anomalies are incorporated into the original spatial 

situation tensor as shown in (7), forming the 

measurement tensor Y . 

To validate the effectiveness of the proposed 

OSSGTF algorithm, this section compares the scheme 

with those tensor completion algorithms summarized 

in Table 1. The performance is evaluated under 

different spatial missing rates using the logarithmic 

form of the Average Normalized Running Error - 

log(ANRE)  and runtime, where log(ANRE)  is 

expressed as: 

( )

2

2

1

1
log ANRE log ,

ˆT
t t

F

t t
F

T
=

⎛ ⎞−⎜ ⎟
= ⎜ ⎟

⎜ ⎟
⎝ ⎠

∑
X X

X

     (22) 

where t
X  and ˆ

t
X  are ground truth and completed 

and corrected spectrum situation sub-tensor, 

respectively.  

The algorithm parameters for OSSGTF are listed in 

Table 3. The simulation is configured with a sparse 

anomaly ratio of 20%, and each method listed in the 

table is executed 50 times to meet the requirements of 

Monte Carlo experiments. The actual missing rate is 

smaller than the spatial missing rate since BSBL-FM 

does not completely reconstruct the entire frequency 

band, but rather reconstructs narrowband channels 

with a high proportion of energy. It ensures good 

performance even under high missing rates.  

 

Table 3 OSSGTF parameters setting 

parameters Setting 

1
ρ  0.001 

s
ρ  0.001 

µ  10 

1
ξ  0.001 

2
ξ  0.01 

d  0.85 

tol  0.01 

t
μ  0.1 

φ  0.01 
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Figure 5 Correlation analyses of spatial spectrum situation in space, frequency, and time domains. 

 

Figure 6 reveals the comparison curves of average 

completion error and running time at different spatial 

sampling rates. Compared to batch processing 

methods such as ALS and Bayesian Robust Tensor 

Factorization (BRTF), OSSGTF has shorter running 

time and higher completion efficiency. Although the 

error of OSSGTF is slightly higher the difference is 

only about 0.2%. This is because BRTF is based on 

Bayesian methods, with high computational 

complexity and a high number of iterations. ALS is 

the batch processing method, and as the temporal 

dimension increases, its running time will show 

exponential growth. The difference in accuracy is 

mainly due to OSSGTF using a threshold like method 

to correct anomalies. Compared to iterative methods, 

the accuracy is not high, and anomalies correction is 

one of the main factors affecting accuracy.  

Compared to online completion methods such as 

Online Low-rank Subspace tracking by TEnsor CP 

decomposition (OLSTEC) and Bayesian Robust 

Streaming Tensor factorization (BRST), OSSGTF also 

demonstrate performance advantages of high 

efficiency and short running time. OLSTEC lacks 

inherent anomalies correction capability; however, 

when enhanced with ADMM-based anomalies 

correction, it demonstrates high performance. Not 

only that, as the missing rate increases, the error of 

OLSTEC also significantly increases. This is because 

it does not consider the smoothing constraint of 

temporal factor, thus ignoring the high correlation in 

the time dimension. In addition, OLSTEC only 

supports 3-D spectrum situation tensors. Therefore, it 

requires the 3-D space of the 5-D spectrum situation 

tensor to be vectorized, and then combined with the 

time and frequency domains to form a 3-D tensor. 

This approach does not meet the high-resolution 

requirements for generating the wide-area 3D spatial 

spectrum situation and ignores the correlation between 

different spatial dimensions. 

Similar to BRTF, BRST based on Bayesian methods 

has the characteristics of high accuracy and 

complexity compared to OSSGTF. Figure 7 illustrates 

the normalized mean square error (NMSE) curves 

between the predicted sub-tensor 
1

ˆ

T +
X  and the 

ground truth sub-tensor 1T +
X  under different 
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anomalies rates. Despite the high interference, 

OSSGTF is capable of accurately predicting the 

situation.  

 

         (a)  Completion error vs. Spatial missing rate 

 

(b) Run Time vs. Spatial missing rate 

 

Figure 6 Performance curve for spectrum situation. completion. 

completion in space, frequency, and time domains. 

 

In summary, OSSGTF meets the scenario 

requirements for space-based spectrum situation 

awareness and achieves efficient generation of 

spectrum situations without compromising accuracy.  

 

 

 

Figure 7 Prediction error vs. Spatial missing rate. 

 

V. CONCLUSION 

For spatiotemporal continuous spectrum situation 

awareness, this paper proposes a spectrum situation 

sensing model based on multi-dimensional 

compressive sampling and a spectrum situation 

generation algorithm via time-aware tensor 

factorization. Firstly, high-order structural information 

of the spatial spectrum situation is analyzed across 

multiple dimensions via tensor factorization to extract 

the correlation and structural characteristics of spatial 

electromagnetic information in the space, time, and 

frequency domains. Secondly, multi-dimensional 

compressive sampling is used to reduce the 

implementation cost of on-board broadband signal 

processing. Finally, by analyzing the temporal factor 

sequences from the situation decomposition, the 

proposed scheme simultaneously achieves anomalies 

correction, online completion, and situation prediction, 

thereby facilitating the efficient and reliable 

generation of the spatial spectrum situation. 
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面向超低轨通遥算一体化卫星星座的数传调度算法 

李海，李勇军，王翔，宋鑫康，李信，李玉，赵尚弘 

空军工程大学信息与导航学院 西安 710077 

摘  要：超低轨通遥算一体化卫星星座具有建设成本低、重访周期短和观测分辨率高等优点，在应急救援

和军事作战等关键领域发挥着重要作用。数传调度问题是影响超低轨通遥算一体化卫星星座效能发挥的关

键问题。为了提高资源利用效率，针对超低轨通遥算一体化卫星星座的数传调度问题，在综合考虑直连卫

星通信终端等多类型地面接收资源、差异化数传需求、遥感数据在轨处理和星间卸载传输等因素的基础上，

建立了以最大化调度数传任务总收益为目标的约束满足模型。该数学模型的变量规模巨大且约束间相互耦

合，难以直接进行求解，为此，提出了一种混合动态领域搜索算法和自适应大邻域搜索算法的两阶段数传

调度算法（DNS-ALNS）。在第一阶段，通过动态邻域搜索算法对时延敏感型数传任务进行调度；在第二

阶段，基于自适应大邻域搜索算法为时延容忍型数传任务分配数传资源；在两阶段迭代优化过程中，结合

Metropolis准则来提高全局搜索能力。一系列仿真实验结果验证了 DNS-ALNS算法相较于其他算法能够有

效地提高数传收益。 

关键词：超低轨；通遥算一体化；数传调度；动态邻域搜索；自适应大邻域搜索 

Data transmission scheduling algorithm for Communication, remote sensing 

and computing integrated ultra-low orbit satellite constellation 

LI Hai, LI Yongjun, WANG Xiang, SONG Xinkang, LI Xin, LI Yu, ZHAO Shanghong 

School of Information and Navigation, Air Force Engineering University, Xi'an 710077, China 

Abstract: Communication, remote sensing and computing integrated ultra-low orbit satellite constellation 

(VRC-USC) has the advantages of low construction cost, short revisit period, and high observation resolution, and 

plays an important role in key fields such as emergency rescue and military operations. The data transmission 

scheduling problem is a key issue that affects the effectiveness of the VRC-USC. In order to improve resource 

utilization efficiency, a constraint satisfaction model was established to maximize the total profit of scheduled data 

transmission tasks for the data transmission scheduling problem in the VRC-USC. This model takes into account 

multiple types of ground receiving resources such as direct satellite communication terminals, differentiated data 

transmission requirements, in orbit processing of remote sensing data, and inter satellite offloading and 

transmission. The variable scale of this model is huge and the constraints are coupled with each other, making it 

difficult to solve directly. Therefore, a two-stage data transmission scheduling algorithm (DNS-ALNS) combining 
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dynamic neighborhood search algorithm and adaptive large neighborhood search algorithm is proposed. In the 

first stage, delay sensitive data transmission tasks are scheduled using dynamic neighborhood search algorithms; 

In the second stage, data transmission resources are allocated for delay tolerant data transmission tasks based on 

adaptive large neighborhood search algorithm; In the two-stage iterative optimization process, the Metropolis 

criterion is combined to improve the global search capability. Extensive simulation experiments have verified that 

the DNS-ALNS algorithm can effectively improve data transmission profits compared to other algorithms. 

Key words: ultra-low orbit; integration of remote sensing, communication and computing; data transmission 

scheduling; dynamic neighborhood search; adaptive large neighborhood search 

1  引言 

对地观测卫星通过其搭载的光学和微波等传感器，可有效地获取地球表面的空间信息数据，其已经在

气象灾害预测、国土资源调查、生态环境保护等和军事侦察作战等领域发挥了关键作用
[1-3]
。超低轨通遥算

一体化卫星星座具有效费比高、观测效果好、重访周期短和能耗低等优势，不仅可为边远地区的用户提供

连续和稳定的通信服务，而且能够极大地提高卫星对地观测的分辨率，具有较高的战略价值和应用潜力
[4-6]
。

尤其在救灾减灾和军事作战等关键应用领域，超低轨通遥算一体化卫星星座借助于星载智能处理，星间通

信链路和星端直连等技术，可以实现观测数据直达用户通信终端，从而为用户提供准确和实时的高分辨遥

感图像。 

超低轨通遥算一体化卫星星座效能的发挥需要大规模卫星星座进行支撑，大规模卫星星座将产生海量

的对地观测数据。同时随着对地观测卫星传感器观测精度的提升，超低轨通遥算一体化卫星星座产生的遥

感数据规模越来越大。在超低轨通遥算一体化卫星星座中，观测数据通过星间通信链路和在轨数据处理等

技术可提高数据回传的时效性和提高地面接收资源的利用效率，然而，由于我国地面站部署位置受限和星

地通信链路容量有限等原因，如何将海量遥感数据及时回传到地面仍然面临着严峻的技术挑战
[7-8]
。因此，

数传调度问题即在满足卫星资源约束和时间窗口约束的前提下，如何分配数据传输资源来最大化地面接收

的遥感数据，成为了亟待解决的问题。 

近年来，数传调度问题受到了广泛的关注和研究，文献[9]提出了一种可控粒子群调度算法，该调度算

法设计了两种控制规则来自适应更新粒子的速度方向和尺度。文献[10]建立了一种考虑时间窗调整的数传

调度模型，并且基于吱呀轮优化算法框架设计了一种多星数传调度算法。文献[11]建立了考虑风险控制的

卫星数传模型，然后基于遗传禁忌求解算法提出了一种分布式并行求解策略。文献[12]提出了一种基于改

进蚁群系统的卫星数传调度算法，该改进蚁群算法设计了一种蚂蚁探索概率自适应调整机制来提高算法的
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性能。文献[13]在分析卫星数传资源筹划的特点基础上，提出了一种基于免疫遗传算法卫星数传资源规划

方法，最后基于层次分析法设计了卫星数传资源筹划效能评估框架和流程。文献[14]基于自适应大邻域搜

索（ALNS）框架提出了一种卫星数传调度问题求解算法，该算法结合卫星数传调度问题的启发式特征设

计了 4 种摧毁算子和 3 种修复算子，通过摧毁算子和修复算子的迭代优化来搜索最优调度方案。文献[15]

建立了一种考虑卫星数传等待时间的调度模型，并且基于模拟退火算法框架提出了一种两阶段调度策略，

该算法在第一阶段为每个数传任务分配一个地面站用于接收其遥感数据，基于第一阶段的任务分配结果，

在第二阶段，通过启发式策略为每个数传任务确定开始下传时间。 

现有的针对数传调度问题的研究都只关注卫星和地面站之间通信链路的资源调度，没有充分考虑差异

化数传需求、星间链路卸载传输、观测数据在轨处理和地面接收设备多样化等因素影响，这将导致现有的

数传调度算法不能直接用于求解超低轨通遥算一体化卫星星座的数传调度问题。因此，为了提高卫星资源

的利用效率，迫切需要针对超低轨通遥算一体化卫星星座设计一种高效的调度算法。 

基于上述分析，本文针对超低轨通遥算一体化卫星星座的数传调度问题展开研究，主要工作和贡献介

绍如下： 

1）针对超低轨通遥算一体化卫星星座数传调度问题，建立了以最大化调度收益为目标的数学模型。

该数学模型首次考虑了差异化的数传任务，多类型地面接收资源和观测数据在轨处理，并且包含了数传任

务在星间卸载和星地下行传输过程中的多种约束条件。 

2）提出了一种混合动态邻域搜索算法（DNS）和自适应大邻域搜索算法（ALNS）的两阶段数传调度

算法（DNS-ALNS）。在第一阶段，设计了一种包含多个邻域结构的动态邻域搜索算法来调度时延敏感型

数传任务；在第二阶段，在时延敏感型数传任务调度结果的基础上，针对时延容忍型数传任务调度问题，

提出了一种基于自适应大邻域搜索算法的调度算法。在上述两阶段的迭代搜索过程中，引入Metropolis准

则来提高算法全局搜索能力。 

3）进行了一系列仿真实验，仿真实验结果验证了本文提出的 DNS-ALNS算法的有效性。 

2  系统模型 

2.1  问题描述 

在超低轨通遥算一体化卫星星座中，地面站和个人卫星通信终端均可接收遥感数据，地面站位置固定

而个人终端的位置往往随机分布在地面网络覆盖不到的区域如高山和远海等。在超低轨通遥算一体化卫星

星座中，每个卫星具有四条星间激光通信链路（反向缝两侧轨道面的卫星只有三条激光通信链路），波长

是星间激光通信链路最小的频谱资源。卫星对地观测产生的遥感数据需要在给定的有效时间范围内下传给
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地面站或个人卫星通信终端（将地面站和个人卫星通信终端统称为地面接收设备），遥感数据可通过星间

激光通信链路卸载到其他卫星来实现实时下传，也可以先存储在星载内存中，等到卫星和地面站可见时，

再通过卫星和地面站的通信链路进行下传。由于我国地面站部署位置受限，对时效性要求较高的遥感数据

需通过星间通信链路将其卸载到和地面站可见的卫星才能实现实时下传。同时，卫星获取观测数据后可通

过在轨数据智能处理来提高观测数据传输效率以及缩短传输时延。综上所述，超低轨通遥算一体化卫星星

座的数传调度问题可概括为：通过合理分配星间通信链路的传输资源以及地面接收设备的接收资源，来最

大化下传的观测数据的收益。为了简化描述，本文后续数传调度特指针对超低轨通遥算一体化卫星星座的

数传调度。 

为了使研究的问题更加聚焦，本章在合理概括数传调度问题实际情况和特点的前提下，做出如下假设： 

� 只考虑卫星对地观测任务的观测数据的数据回传。 

� 数传任务对应的遥感数据以整体的方式在星间和星地间进行传输。 

� 假设下传给个人卫星通信终端的观测数据首先由其观测卫星进行数据处理然后再进行传输。 

� 假设所有数传任务在调度周期开始前已经被确定，不考虑随机到达的动态任务。 

� 假设每个通信天线一次只能建立一条通信链路，即任意一个卫星天线同一时刻只能和一个地面站

天线建立通信链路，任意一个地面站天线同一时刻只能和一个卫星天线建立通信链路。 

� 星间通信链路和星地通信链路在数据传输期间不允许被抢占； 

� 数传任务在星间传输时只考虑传输时延，不考虑传播和处理等带来的延时，且每个数传任务在星

间传输时只允许占用一个波长资源。 

2.2  变量和符号定义 

（1）数传任务集合 { | }
i t

T t i n= ≤ ，观测地面目标产生的待下传的观测数据被视作数传任务，每个数传

任务对应一个观测目标的观测数据。数传任务根据时效性要求可分为时延敏感型和时延容忍型数传任务，

时延敏感型数传任务具有较强的时效性，此类任务要求在较短的时限内完成观测数据的下传，而时延容忍

型数传任务的有效下传时间较长，允许延迟一段时间再进行下传。此外，地面接收设备主要有地面站和直

连卫星的个人终端如智能手机等，地面站位置是固定的，而个人终端的位置信息由用户位置决定，通常分

布在地面网络无法提供泛在连接的区域。因此，本文根据地面接收设备和数传任务时效性要求将数传任务

分为 3 类：1）个人终端时延敏感型数传任务；2）地面站时延敏感型数传任务；3）地面站时延容忍型数

传任务；考虑到个人终端的数传任务往往对时效性要求较高，本文不考虑个人终端时延容忍型数传任务。

综上所述，对于任意数传任务 i
t ，定义了以下任务属性： 
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� 
i

p 是数传任务 i
t 的单位数据收益，其反映了任务的重要性和紧急程度，不同类型任务的单位数据

收益不同，第一类任务单位数据收益最高，第二类任务单位数据收益次之，第三类任务单位数据

收益最低， 

� 
i

d 是数传任务 i
t 的数据大小，数传任务必须在其有效时间窗口内下传到地面站，否则数传任务将

失去其效用。 

� [ , ]
i i

fst fet 是数传任务 i
t 的有效时间窗口，有效时间窗口反映了任务对时效性的要求，数传任务必

须在其有效时间窗口内下传到地面站，否则数传任务将失去其效用。时延敏感型任务的有效时间

窗口较短，而时延容忍型任务的有效时间窗口较长。 

� 
i

ids 为数传任务 i
t 所属的卫星标识。 

� t

i
ξ 表示数传任务

i
t 的类型， t

i
kξ = 代表任务

i
t 是第 k种类型任务。如果任务需下传给个人终端即

1
t

i
ξ = ，则

i
pt 代表接收数传任务

i
t 的个人通信终端， i

s
pos 表示接收数传任务

i
t 的个人终端所在位

置的经度、纬度和高度信息。此外，
1

Nξ 、
2

Nξ 和
3

Nξ 分别表示第一类、第二类和第三类任务的数

量 

（2）卫星集合 { | }jS s j M= ≤ ，其用于获取地面目标的观测数据以及将观测数据下传给地面站，其中M

为对地观测卫星数量，对于任意对地观测卫星 js ，定义了以下卫星属性： 

� 
j

E 是卫星 js 的能量容量，卫星的能量容量表示在调度周期内卫星可消耗的能量的最大值。 

� s

i
ξ 表示卫星 js 的类型， 0

s

i
ξ = 表示卫星 js 是通信卫星即只具备通信功能，反之， 1

s

i
ξ = 表示卫星

js 是通遥算一体化卫星即具备通信和遥感功能。 

� i
E 表示卫星 js 的最大数传能量即在调度周期内允许用于执行数传任务而消耗的能量的最大值，

通常通遥算一体化卫星执行数传任务可消耗的能量大于通信卫星。 

� i

s
v 、 i

gv 和 i

pv 分别表示卫星 js 的星间通信链路、卫星与地面站的通信链路以及卫星与个人终端的

通信链路的传输速率。 
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� i

s
e 、 i

ge 和 i

pe 分别表示卫星 js 的星间通信链路、卫星与地面站的通信链路和卫星与个人终端的通

信链路的能量效率，通信链路的能量效率表示传输单位数据而消耗的能量。 

� i

s
tr 为卫星 js 传输遥感数据到不同的地面接收设备所需要的转换时间。 

（3）地面站集合 { | }
k

G g k N= ≤ ，其中 N是地面站数量，对于任意地面站 kg ，定义以下地面站属性： 

� k
gpos 代表地面站 kg 的位置信息，包含经度、维度和高度信息。 

� k
gtr 为地面站 kg 接收来自不同卫星的遥感数据所需要的转换时间。 

（4） { | , , }jkl jk
g g gW w j M k N l L= ≤ ≤ ≤ 表示卫星和地面站间的可行传输时间窗口集合，其中 jk

gL 表示卫星 js

和地面站
k

g 的可行传输窗口数量，卫星
i

s 和地面站 jg 的第 k个可行传输窗口
jkl
g gw W∈ ，可表示为对

[ , ]
jkl jkl jkl
g g gw st et= ，其中 jkl

gst 和 jkl
get 分别表示可行传输窗口 ijk

gw 的开始时间和结束时间。 

（5）
1

{ | , , }jkl jk
p p pW w j M k N l Lξ= ≤ ≤ ≤ 表示卫星和个人设备间的可行传输时间窗口集合，其中 jk

gL 表示

卫星 js 和接收任务
k

t 的个人终端
k

pt 之间的可行传输窗口数量， jkl
p pw W∀ ∈ ，可表示为 [ , ]

jkl jkl jkl
p p pw st et= ，

其中 jkl
pst 和 jkl

pet 分别表示可行传输窗口 jkl
pw 的开始时间和结束时间。 

（6） { | }i fsFS fs i N= ≤ 是为了保证遥感数据实时下传而预留的波长资源， fsN 为预留的频隙资源数量。 

（7） { | }
i

i ij osOS os j N= ≤ 表示任务
i
t 的卸载卫星集合，任务

i
t 的卸载卫星集合由在任务

i
t 的有效时间

窗口内与地面接收设备存在可行传输窗口的卫星组成。 

（8）任务从其所属卫星通过星间激光通信链路传输到卸载卫星存在多条卸载路径，基于星间光网络

拓扑结构和任务的卸载卫星集合，可计算出任务卸载路径集合 { | }
i

R r i N= ≤ ，其中任务
i
t 的卸载路径集合

可表示为 { | , }
i

i ij ij rr r r j N= ≤ ，其中
i
r

N 为任务
i
t 的卸载路径数量， ij ir r∀ ∈ ， 1[ , , , , ], | |l e

ij i ij ij ij ijr ids r r r l r= ≤� ， ijr

为任务
i
t 的第 j条卸载路径，其中 | |ijr 为卸载路径 ijr 包含的星间通信链路的数量， k

ijr 表示卸载路径 ijr 的第 k

跳卫星节点标识， e

ijr 为卸载路径 ijr 的下传卫星节点标识，下传卫星节点用于将任务下传给地面接收设备，

其可以是任务
i
t 所属的卫星或其对应的卸载卫星。 

{ | }
i

i Nϕ ϕ= ≤ 表示考虑大众用户的卫星数传调度结果，其中
i

ϕ 为任务
i
t 的调度结果，可表示为： 
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[ , , , , , ]
i i i i i i ii

x X Y Z TW DWϕ ′=                             （1） 

其中
i

x′为二进制变量， 0
i

x′ = 表示任务
i
t 没有成功下传或任务

i
t 通过星间卸载的方式进行下传， 1

i
x′ = ，

表示任务
i
t 通过其所属卫星直接进行下传， { | }

i
i ij rX x j N= ≤ 表示任务的

i
t 卸载路径选择结果， 1ijx = 代表

任务
i
t 选择卸载路径 ijr 进行传输； { | , , , }

i

lnm
i ij r fsY y j N l N n M m M= ≤ ≤ ≤ ≤ 表示任务

i
t 的卸载路径传输结果，

1
lnm
ijy = 代表任务

i
t 选择卸载路径 ijr 以及基于频隙

l
fs 进行传输，并且卸载路径中包含卫星

n
s 到

m
s 的星间激

光通信链路。
i

Z 反映任务
i
t 下传到地面接收设备时选择的可行传输窗口，其可表示为： 

{ | , , }, 2

{ | , }, 3

ijkl jk
g g i

i jil ij
p p i

z j M k N l L if
Z

z j M l L if

ξ

ξ

≤ ≤ ≤ ≤

=

≤ ≤ =

                    （2） 

1
iljk
gz = 和 1

ijk
pz = 分别表示在可行传输窗口 ljk

gw 和 ijk
pw 下传任务

i
t 到地面接收设备。 [ , ]

i i i
TW Tst Tet= 为卸载

传输时间窗口，其中
i

Tst 和
i

Tet 分别表示任务
i
t 在星间卸载传输时的开始时间和结束时间，

i
DW 表示任务

i
t

的下传结果，其可以表示为: 

{ | , , },  1

{ | , },  1

jkl jl iljk
i g g

i jl jk jil
i p p

dw j M k N l L if y
DW

dw j M l L if y

≤ ≤ ≤ =

=

≤ ≤ =

                （3） 

其中 [ , ]
jkl jkl jkl

i i idw dst det= 以及 [ , ]
jk jk jk

i i idw dst det= ， ( )jkl jl
i idst dst 和 ( )jkl jl

i idet det 分别表示任务
i
t 在可行传输

时间窗口 ( )jkl jik
g pw w 内进行下传的开始时间和结束时间，其中 jkl jkl j

i i i gdet dst d v= + 以及 jl jl j
i i i pdet dst d v= + 。 

2.3  约束满足模型构建 

基于以上介绍，将面向超低轨通遥算一体化卫星星座的数传调度问题建模为约束满足模型。该模型的

主要包括目标函数和约束条件，具体介绍如下： 

 

2.3.1  目标函数 

本文以数传收益最大化为目标即最大化成功调度的数传任务的收益之和，目标函数可表示为： 

: max ( )

ri

i ij i

i N j N

f x x p
≤ ≤

+∑ ∑ i

                            （4） 
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2.3.2  约束条件 

（1）数传任务唯一性约束：每个数传任务
i
t 可以通过其所属卫星直接下传或卸载到其他卫星进行下传，

但只需要被执行一次。 

1,

ri

i ij

j N

x x i N

≤

+ ≤ ∀ ≤∑                                （5） 

（2）数传任务下传时间窗口唯一性约束：每个数传任务
i
t 只能通过一个可行传输窗口下传到地面接收

设备。 

, ,

,

1, , 2

1, , 3

jk
g

ji
g

ijkl
g i

j M k N l L

jil
g i

j M l L

z i N if

z i N if

ξ

ξ

≤ ≤ ≤

≤ ≤

≤ ∀ ≤ ≤

≤ ∀ ≤ =

∑

∑
                       （6） 

（3）数传任务下传时间窗口相关约束：任务
i
t 的下传开始时间和结束时间必须在卫星和地面接收设备

的可行传输时间窗口内。 

, , 2, 1
jkl jkl jkl ijkl
g i g i gst dst et i N if zξ≤ ≤ ∀ ≤ ≤ =                    （7） 

, , 2, 1
jkl jkl jkl ijkl
g i g i gst det i N if zξ≤ ≤ ∀ ≤ ≤ =                     （8） 

, , 3, 1
jil jl jil jil
p i p i pst dst et i N if zξ≤ ≤ ∀ ≤ = =                     （9） 

, , 3, 1
jil jl jil jil
p i p i pst det et i N if zξ≤ ≤ ∀ ≤ = =                    （10） 

（4）星间激光通信链路的波长唯一性约束：星间激光通信链路的一个波长资源只能同时支撑一个数

传任务在星间的卸载传输。 

[ , ] [ , ] ,

, , , ,   1

i i i i

lnm lnm
ij i j

Tst Tet Tst Tet

i i N n m M if y y

′ ′

′ ′

∩ =∅

′∀ ≤ ≤ =i

                      （11） 

（5）卫星传输唯一性约束：卫星某一时刻只能和一个地面接收设备建立通信链路： 

[ , ] [ , ] ,

, , , , ,  

jkl jkl jk l jk l
i i i i

jk jk
t g g

dst det dst det

i i N k k N l L L L

′ ′ ′ ′

′ ′

′

∩ =∅

′ ′ ′∀ ≤ ≤ ≤ ≤
                      （12） 
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[ , ] [ , ] ,

, , ,  

jl jl jl jl
i i i i

ij i j
t p p

dst det dst det

i i N l L L L

′ ′

′ ′

′

∩ =∅

′ ′∀ ≤ ≤ ≤
                        （13） 

[ , ] [ , ] ,

, , , ,  

jkl jkl jl jl
i i i i

jk i j
t g p

dst det dst det

i i N k N l L l L

′ ′

′ ′

′

∩ =∅

′ ′∀ ≤ ≤ ≤ ≤
                       （14） 

其中（15）和（16）分别表示卫星不能和地面站、个人终端同时保持 2条通信链路，以及（17）表示卫

星天线不能同时传输数据给个人终端和地面站。 

（6）地面站传输唯一性约束：地面站某一时刻只能和一个卫星建立通信链路： 

[ , ] [ , ] ,

, , , , ,  

jkl jkl j k l j k l
i i i i

jk j k
g g

dst det dst det

i i N j j M l K l K

′ ′ ′ ′

′ ′

′

∩ =∅

′ ′ ′∀ ≤ ≤ ≤ ≤
                     （15） 

（7）卫星天线转换时间约束：卫星下传遥感数据给不同的地面设备需要一定的时间间隔来建立通信

链路。 

, , , , ,

, ,  

jkl j jk l
i s ti

jl j l jkl jk l
g g i i

det tr dst i i N k k N

l L l L if dst dst

′ ′

′

′ ′ ′

′

′ ′+ ≤ ∀ ≤ ≤

′≤ ≤ ≤

                     （16） 

, , ,

, ,  

jl j jl
i s ti

ij i j jl jl
p p i i

det tr dst i i N

l L l L if dst dst

′

′

′ ′

′

′+ ≤ ∀ ≤

′≤ ≤ ≤

                          （17） 

, , ,

, ,  

jkl j jl
i s ti

jl i j jkl jl
g p i i

det tr dst i i N

l L l L if dst dst

′

′

′ ′

′

′+ ≤ ∀ ≤

′≤ ≤ ≤

                          （18） 

其中（19）和（20）表示卫星下传遥感数据给两个不同的地面站和两个不同的个人终端时需要一定的转

换时间，式（21）表示卫星下传遥感数据给不同类型的地面接收设备需要一定的转换时间。 

（8）地面站天线转换时间约束：  

, , , , ,

, ,  

jkl l j kl
i g ti

jl j l jkl jkl
g g i i

det tr dst i i N j j M

l L l L if dst dst

′ ′

′

′ ′

′

′ ′+ ≤ ∀ ≤ ≤

′≤ ≤ ≤

                     （19） 

（9）卫星能量约束：  
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, , ,

, , ,

,

jk ji
t g t p

r fsi

ijkl j jil i
g i g p i p

i N k N l L i N l L

ljm j
in s j

i N n N l N m M

z d e z d e

y e E j M

≤ ≤ ≤ ≤ ≤

≤ ≤ ≤ ≤

+

+ ≤ ∀ ≤

∑ ∑

∑

i i i i

i

                   （20） 

3  两阶段数传调度算法 

本节首先介绍两阶段数传调度算法框架，然后对框架的具体组成部分分别进行介绍。 

§3.1 算法框架 

传统的数传调度问题已经被证明是一个 NP-hard问题
[16-18]
，其求解复杂度随问题规模增长呈指数型增

长，是一个难以求解的复杂优化问题。超低轨通遥算一体化卫星星座的数传调度问题进一步考虑了多类型

地面接收设备、差异化数传任务、数据在轨处理和星间卸载传输等因素，相互耦合的变量和复杂的约束条

件使得该数传调度问题更加难以求解。针对此类解空间规模巨大且带有复杂约束条件的调度问题，难以设 

计精确求解算法，同时群智能优化算法如遗传算法等具有计算复杂度高和容易陷入局部最优解等缺点。启

发式搜索算法在深入分析优化问题领域知识的基础上，通过在搜索过程中引入启发式信息来提高搜索效

率，能够快速地找到最优解或近似最优解，尤其是针对大规模复杂优化问题，启发式搜索算法能够以较短

的计算时间开销找到满意可行解，因此，综合考虑优化算法性能和求解速度，我们基于启发式搜索算法框

架来设计数传调度算法。 

分析三种数传任务特点可知：1）时延容忍型数传任务的单位数据收益低且数据量较大，其调度价值

远小于时延敏感型数传任务；2）时延敏感型数传任务的有效时间窗口较短，难以直接通过其所属卫星下

传给地面接收设备，往往需要通过星间卸载才能下传，时延容忍型数传任务的有效时间窗口较长，可下传

时延容忍型数传任务的可行传输窗口数量较多，往往可通过其所属卫星直接下传。考虑到过度的数传任务

需求和稀缺的数传资源之间的现实矛盾，单位数据收益较高的时延敏感型数传任务应该被优先调度，同时

为了避免时延容忍型数传任务对数传资源的过度占有，单位数据收益较低的时延容忍型数传任务更适合通

过其所属卫星直接下传而不采用星间卸载的方式进行下传。同时，在超低轨通遥算一体化卫星星座的数传

调度问题的难点在于规模巨大的解空间以及相互耦合的变量和约束条件，为了降低求解难度，本文将超低

轨通遥算一体化卫星星座架构下的数传调度分解为两个阶段：在第一个阶段，优先调度时延敏感型数传任

务，时延敏感型数传任务可通过其所属卫星和地面接收设备的可行传输窗口直接下传或星间卸载的方式进
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行下传。第二个阶段即时延容忍型数传任务调度阶段，对于时延容忍型数传任务，为了减少数传任务在星

间卸载传输造成的资源浪费，只允许通过其所属卫星和地面接收设备的可行传输窗口直接进行下传。 

 

图1 DNS-ALNS算法框架图 

基于上述分析，我们提出了一种混合动态邻域搜索算法（DNS）和自适应大邻域搜索算法（ALNS）

的两阶段数传调度算法（DNS-ALNS），在 DNS-ALNS算法的第一阶段，通过 DNS算法对时延敏感型数

传任务进行调度，在第二阶段，基于 ALNS算法为非时延敏感型数传任务分配地面接收资源，执行完上述

两阶段后，结合Metropolis准则来决定是否接受新产生的数传调度解，重复上述过程直到满足循环终止条

件。具体来说，在 DNS 算法中，设计了迁移邻域结构和移除插入邻域结构两种邻域结构来拓展邻域搜索

的范围，并且通过邻域结构动态选择策略提高邻域结构选择的针对性；在本文提出的 ALNS算法中，根据

非时延敏感型数传调度问题的启发式特征提出了 5种破坏算子和 3种修复算子，通过自适应层来动态更新

破坏和修复算子的选择概率，在每次迭代过程中，自适应选择破坏算子和修复算子来进行邻域搜索，并且

只贪婪地接受收益有改进的数传调度解。对于上述两阶段求出的数传调度解，根据Metropolis准则来判断
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是否接受未改进的数传调度解，本文设计的Metropolis准则通过在温度衰减过程中引入概率升温策略来进

一步提高算法的全局搜索能力。 

§3.2 动态邻域搜索算法 

针对时延敏感型数传任务调度问题，提出了一种动态邻域搜索算法（DNS），在 DNS 算法中，为了

拓展邻域搜索的范围，设计了两种邻域结构，并且设计了一种邻域结构动态选择策略来实现邻域结构的自

适应选择。 

§3.2.1 迁移邻域结构 

迁移邻域结构核心思想是将剩余可用能量较少的卫星上执行的数传任务迁移到剩余可用能量较多的

卫星上。迁移邻域结构的伪代码如算法 1所示： 

算法 1迁移邻域结构 

1： 初始化迁移任务比例
m

η 、成功下传的任务数量
sch

N ，卫星剩余可用能量 F

S
E ； 

2： for i=1:1: 
m sch

Nη i  

3： 根据 F

S
E 选择剩余可用能量最少的卫星

L
s ； 

4： 提取通过卫星
L

s 下传的时延敏感型数传任务集合
L

s
T ，对

L
s

T 按照数据量降序进行排序； 

5： for k=1:1:
L

s
T  

6： 计算
L

s
T 中第 k个任务

L

k

s
T 的卸载卫星集合 k

sL
T

OS ，对 k

sL
T

OS 按照剩余可用能量降序进行排序； 

7： 
for l=1:1: k

sL
T

OS ； 

8： 尝试将任务
L

k

s
T 卸载到卫星 k

sL

l

T
OS 来进行下传； 

9： if 任务
L

k

s
T 卸载传输成功 do 

10： 跳出循环，开始下一个任务的迁移操作 

11： end if 

12： end for 

13： end for 

14： end for 

迁移邻域结构的流程的简要描述如下： 

第 1行初始化迁移任务比例
m

η 等参数。 
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第 3~4行首先筛选出剩余可用能量最少的卫星，然后将此卫星的调度数传任务序列中的时延敏感型数

传任务按照数据量降序进行排序，即优先将数据量大的任务迁移到其他卫星进行下传。 

第 6行代表将待迁移任务
L

k

s
T 的卸载卫星集合按照剩余可用能量降序进行排序。 

第 7~12行表示尝试将待迁移任务
L

k

s
T 卸载到其他卫星进行下传。 

§3.2.2 移除插入邻域结构 

移除插入邻域结构通过移除任务和再插入任务来进行邻域搜索，具体来说，在移除操作中，首先从当

前调度方案中移除收益能耗比低的时延敏感型数传任务，收益能耗比定义为： 

, , ,

, ,

(

)

jk jk
g g

r fsi

ijkl i jil i
g g p p

j M k N l L j M l L

i i ljm j
in s

n N l N m M

z e z e

p

y e

ρ
≤ ≤ ≤ ≤ ≤

≤ ≤ ≤

+

=

+

∑ ∑

∑

i i

i

                （21） 

由式（23）可知，任务的收益能耗比大意味着下传此任务时，消耗单位能量和频谱等数传资源可带来较

大的数传收益，因此，优先移除收益能耗比低的数传任务。在移除操作中，移除的数传任务占成功调度任

务数量比例为
r

η ，并且在后续的插入操作中，最后插入在当前迭代中移除的数传任务。在插入操作中，单

位数据收益较高的个人时延敏感型数传任务被优先调度，并且按照数据量从大到小的顺序依次插入未调度

的数传任务。对于每个未调度的数传任务，首先选择一条卸载路径以及分配相应的空闲频隙用于星间卸载

传输，然后尝试在卫星和地面接收设备的可行传输窗口中进行下传。在插入未调度的数传任务时，计算每

条卸载路径被选择时将消耗的能量，然后选择能量消耗最小的卸载路径进行传输。 

§3.2.3 邻域结构动态选择策略 

多种邻域结构组合搜索的方式可以避免算法由于搜索方向单一而陷入局部最优解，邻域结构的选择直

接决定了邻域搜索的效率，为了实现邻域结构的自适应选择，提出了一种邻域结构动态选择策略。在邻域

结构动态选择策略中，基于轮盘赌策略来选择邻域结构，并且邻域结构的选择概率根据其历史表现进行动

态更新。具体来说，经过一定的迭代次数
D

ϑ 后，邻域结构的选择概率更新如下： 
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(1 ) , 1,2

k
impk k

n n k

N
p p k

N
ω ω= − + =i i

                     （22） 

, 1,2

k

k n

n k k

n n

p
p k

p p
= =

+

                          （23） 

其中 1

n
p 和 2

n
p 分别表示移除插入邻域结构和迁移邻域结构的选择概率，ω是权重因子，反映了邻域结构

最近的搜索表现对选择概率更新的影响程度， k
impN 表示选择第 k个邻域结构成功提高数传收益的次数， k

N

表示在最近的
ite

N 次迭代更新中选择第 k个邻域结构的次数。 

§3.3自适应大邻域搜索算法 

算法 2 ALNS算法 

1： 初始化非时延敏感型数传任务集合、可行传输时间窗口集合、卫星剩余能量、数传调度解 0
Sch ； 

1： 初始化最佳调度解和当前调度解： 0 0
,  

B N
Sch Sch Sch Sch← ← ； 

2： for ite=1:1:
m

Ite  

3： 基于破坏和修复算子的权重选择破坏算子
c

D 和修复算子
C

R ； 

4： 基于选择的破坏和修复算子
c

D 和
C

R 更新当前调度解
N

Sch ； 

5： if 
N

Sch 的收益大于
B

Sch  

6： B N
Sch Sch← ； 

5： 
else 

9： N B
Sch Sch← ； 

7： end if 

8： if ite %
A

ϑ ==1 

9： 更新选择算子
c

D 和
C

R 的分数 

10： end if 

11： end for 

自适应大邻域搜索算法（ALNS）是大邻域搜索算法的改进版本，ALNS 通过设计多个破坏算子和修

复算子来拓展邻域搜索的范围，并且通过破坏算子和修复算子的自适应组合来提高算法的搜索速度
[32-34]
，

ALNS算法相较于其他邻域搜索算法，搜索表现好而且求解速度快。本文基于 ALNS算法对非时延敏感型

任务进行调度，与经典的 ALNS算法采用模拟退火准则接受较差解不同，为了提高 ALNS算法的收敛速度，
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本文提出的 ALNS只接受收益有改进的解。ALNS算法的伪代码如算法 2所示，首先在时延敏感型数传任

务调度结果的基础上，根据数据量从大到小的顺序，依次为非时延敏感型数传任务分配最早的下传时间，

从而生成初始数传调度解
0

Sch ，并且基于
0

Sch 来初始化最佳调度解
B

Sch 和当前调度解
C

Sch 。然后开始

ALNS 算法的迭代搜索，在每一次迭代搜索过程中，ALNS 算法选择一个破坏算子和修复算子来进行邻域

搜索，并且只贪婪地接受收益有改进的解，每次迭代之后根据算子的表现更新其分数，若干次迭代之后，

基于算子的分数对权重进行更新。 

§3.3.1 破坏算子 

本文提出的 ALNS算法包括了五种破坏算子：随机破坏算子、收益破坏算子、窗口破坏算子、窗口矛

盾度破坏算子和任务矛盾度破坏算子。每个破坏算子移除的任务数量为
D

N ，移除任务数量占所有已调度

任务数量的比例为
D

R ，为了避免对同一任务重复进行移除和插入操作，移除的任务在后续的修复算子中

被禁止插入。 

本章设计的 5中修复算子定义如下： 

（1）随机破坏算子：随机破坏算子是最简单的破坏算子，即在调度方案中随机移除
D

N 个非时延敏感

型任务。 

（2）收益破坏算子：在收益破坏算子中，贪婪移除
D

N 个收益最低的非时延敏感型任务。 

（3）下传机会破坏算子：将任务的下传机会定义为可用于下传任务的可行传输窗口的数量，任务的下

传机会越大，意味着该任务在当前调度解中被移除后再次下传的概率越大，因此，
D

N 个下传机会大的任

务被移除。 

（4）窗口矛盾度破坏算子：卫星和地面站间的可行传输窗口的窗口矛盾度定义如下： 

  ( )

( ,  )
jkl

g

jkl
g

w over wjkl
g jkl jkl

g g

w w

et st

σ

ψ
∈

=

−

∑
                           （24） 

其中 jkl
gψ 是可行传输窗口 jkl

gw 的窗口矛盾度， ( )
jkl

g
over w 代表与可行传输窗口 jkl

gw 重叠的可行传输窗口集

合， ( ,  )jkl
gw wσ 为可行传输窗口 w和 jkl

gw 间的重叠时间长度。可行传输窗口的窗口矛盾度越大，则表明此

窗口和其他可行传输窗口的重叠时间越长，在此窗口中下传的任务对其他未调度任务的下传影响越大，因
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此，在窗口矛盾度破坏算子中，依次移除窗口矛盾度大的可行传输窗口中的所有任务，直至移除
D

N 个任

务为止。 

（5）窗口负载破坏算子：在可行传输窗口下传的任务越多，则此窗口阻塞后续未调度任务的可能性

越大，因此，在窗口负载破坏算子中，依次移除下传的任务数据最大的可行传输窗口中下传机会最大的任

务，直至移除
D

N 个任务为止。 

§3.3.2 修复算子 

针对破坏后的调度解，设计了三种修复算子用于插入未调度任务到数传调度解中，修复算子规定了未

调度任务的插入顺序和插入未调度任务时其可行传输窗口的插入顺序。 

（1）收益修复算子：按照收益从大到小的顺序对未调度任务进行排序，然后优先插入收益较大的未

调度任务。在插入未调度任务时，优先选择在窗口矛盾度小的可行传输窗口中下传任务。 

（2）下传机会修复算子：按照任务的下传机会进行排序，优先插入下传机会较少的任务。与收益修

复算子类似，在插入未调度任务时，优先选择在窗口矛盾度小的可行传输窗口中下传任务。 

（3）窗口负载修复算子：在窗口负载修复算子中，按照收益从大到小的顺序依次插入未调度任务，

在插入未调度任务时，优先插入该任务到下传数据总量较小的可行传输窗口。 

§3.3.3 自适应层 

ALNS算法通过自适应层来选择算子以及更新算子的选择概率，每个破坏算子和修复算子都对应一个

权重φ和分数ϕ，算子的分数在每一次迭代后进行更新： 

1

2

,  

,  

N B

N B

if p p

if p p

ϕ β
ϕ

ϕ β

+ ≥⎧
= ⎨

+ <⎩
                             （25） 

其中
N

p 和
B

p 分别表示当前调度解的收益和全局最优调度解的收益，
1

β 和
2

β 用于破坏和修复算子分数

调整的系数，通常
1 2

β β> ，因此，当前调度解的收益有所改进时，对应的破坏算子和修复算子的分数将得

到较大的提升。若干次迭代之后，基于算子的分数对权重进行更新并且重置算子的分数，算子的权重更新

公式如下： 
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(1 )

o

i i i i

i N

φ λφ λ ϕ ϕ
≤

= + − ∑                              （26） 

其中
i

φ 表示第 i个破坏算子或修复算子的权重，
o

N 为破坏算子或修复算子的总数，λ是权重系数，其反

映了算子最新的表现对算子权重的影响程度。ALNS 算法根据轮盘赌策略来选择算子，第 i个破坏算子或

修复算子的选择概率为： 

o

i i i

i N

pro φ φ
≤

= ∑                                 （27） 

§3.3.4 Metropolis准则 

为了避免陷入局部最优调度解，DNS-ALNS算法根据Metropolis准则来接受求解得到的较差调度解，

在第 ite次迭代中，接受新产生的调度解的概率为： 

exp( )
f s

ite ite
acc

ite

p p
P

T

−

=                              （28） 

其中 f
itep 和 s

itep 分别为第 ite次迭代周期结束和开始时调度解的收益，
ite

T 表示第 ite次迭代周期的温度值。

为了进一步提高 DNS-ALNS 算法的全局搜索能力，在温度衰减过程中引入概率升温策略，即在降温过程

中温度以一定的概率升高，概率升温策略下温度更新公式如下： 

 ,                    

 
 ,   exp( )

,   exp( )

f s
ite ite ite

f s
ite ite

ite ite R

m

f s
ite ite

ite R

m

T if p p
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其中 µ 是温度衰减系数，
R

p 是在[0,1]的随机数，
m

ite 是最大迭代次数，根据公式（31）可知，求解得到

收益较差的调度解时，温度升高的概率为： 

up  
exp( )

f s
ite ite

T

m

p p
P

ite ite

−

=

−

                                （30） 

分析公式（31）可知，在算法迭代的中期， f
itep 和 s

itep 间差异较小，温度升高的概率变大，接受较差调度解

的概率变大，这有助于算法跳出局部最优解。 
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4  仿真实验与分析 

表 1  卫星轨道参数 

卫星轨道参数 参数值 

半长轴 6621（km） 

偏心率 0.000627 

轨道倾角度 86.4° 

升交点赤经 24°× i  

近地点幅角 0° 

真近地点 4°× i  + 60°× j  

,ij ijE M  150, 120 

,ij ije m  1, 1 

仿真实验的数传调度周期设置为 2024/5/1 00：00：00—2024/5/1 23：59：59，仿真中采用的 10个地面

站均位于中国境内，分别位于北京密云、新疆喀什、海南三亚、云南昆明，陕西西安，山东青岛，江苏南

京、湖北武汉、吉林长春和福建厦门，超低轨通遥算一体化卫星由 90颗卫星组成，90 颗卫星均匀分布在

6个轨道上，第 i个轨道上的第 j个卫星的轨道参数如表一所示。个人终端用户随机分布在 3°N-53°N、

73°E-133°E的区域。个人终端时延敏感型数传任务、地面站时延敏感型数传任务和地面站非时延敏感型

数传任务的单位数据收益分别为 0.5，0.3和 0.1，上述 3种数传任务的数据大小分别均匀分布在[10, 30]、

[20， 40]和[30, 50]。时延敏感型数传任务的有效时间窗口长度为 3600秒，非时延敏感型数传任务的有效

时间窗口长度随机分布在 14400-21600 秒范围内。通遥算一体化卫星的数传能量分别为 500，星间通信链

路、卫星与地面站的通信链路以及卫星与个人终端的通信链路的能量效率为 3、3和 1，单位波长上星间激

光通信链路、卫星与地面站的通信链路和卫星与个人终端的通信链路的传输速率分别为 1、1和 0.5，星间

激光通信链路预留的最大波长数量为 8。 

表 2  不同仿真场景下数传调度算法求解结果对比 

调度场景 

数传收益率（%） 数传数据比例（%） 

DNS-ALNS IALNS GA-ALNS G-ALNS DNS-ALNS IALNS GA-ALNS G-ALNS 

s1 0.56 0.31 0.53 0.45 0.81 0.69 0.79 0.76 

s2 0.62 0.41 0.59 0.53 0.86 0.77 0.84 0.82 

s3 0.66 0.47 0.64 0.58 0.87 0.80 0.87 0.84 

s4 0.70 0.53 0.68 0.63 0.88 0.83 0.87 0.86 

s5 0.71 0.58 0.69 0.65 0.83 0.84 0.83 0.83 
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表 3  不同仿真场景下数传调度算法运行时间对比（秒） 

调度场景 DNS-ALNS IALNS GA-ALNS G-ALNS 

S1 682.9 30.7 2350.8 31.9 

s2 621.1 28.1 2219.2 26.8 

s3 676. 29.1 2547.3 29.5 

s4 726. 29.8 2819.0 31.7 

s5 857.6 29.1 3271.5 32.0 

为了验证 DNS-ALNS算法的有效性，设计了 5个不同规模的调度场景，5个调度场景分别用 s1-s5进

行表示，每个调度场景中地面站时延敏感型业务和个人终端时延敏感型业务数量均为 300和 400，地面站

非时延敏感型业务数量均匀分布在 1000-3000之间。表 2和表 3统计了 DNS-ALNS 算法、IALNS算法、

GA-ALNS算法和 G-ALNS算法在数传收益率、数传数据比例和运行时间上的性能表现。IALNS算法是本

文所提 ALNS 算法的改进版本，在 IALNS 算法中，禁止通过星间卸载的方式执行数传任务，时延敏感型

数传任务和非时延敏感型数传任务均只能通过其所属卫星和地面站间的通信链路进行下传；GA-ALNS 算

法和 GA-ALNS算法均基于 DNS-ALNS算法的框架而设计，在 GA-ALNS算法中，通过遗传算法和本文所

提 ALNS算法分别求解时延敏感型数传任务调度问题和非时延敏感型数传任务调度问题；G-ALNS算法以

数据最快下传为准则贪婪地调度时延敏感型数传任务，同时基于 ALNS算法为非时延敏感型数传任务分配

数传资源。表 2中的数传收益率和数传数据比例分别表示在收益和数据量上成功下传的数传任务占所有数

传任务的比例。观察表 2中数传收益率可知，相较于其他对比算法，在所有的仿真场景中，DNS-ALNS算

法可求出数传收益率最高的调度解，这证明了本文所提算法能够高效地求解超低轨通遥算一体化卫星星座

架构下的数传调度问题；另外，DNS-ALNS 算法、GA-ALNS 算法和 G-ALNS 算法的数传收益率远大于

IALNS算法，这是因为高收益的时延敏感型数传任务在超低轨通遥算一体化卫星星座架构下能够通过星间

链路及时下传，这证明了超低轨通遥算一体化卫星星座有助于提高数传任务下传的时效性。同时容易发现

数传收益率随着实验容忍型任务数量增加而升高，这是因为时延敏感型任务难以成功调度，而时延容忍型

任务由于可行传输窗口较多从而容易被下传。由表 3 可知，DNS-ALNS 算法运行速度慢于 ALNS 算法和

G-ALNS算法，远快于 GA-ALNS算法，这是因为 ALNS算法和 G-ALNS算法无需耗时的算法迭代过程从

而加快了求解速度，规模巨大的解空间和复杂的约束条件导致 GA-ALNS算法需要较长的时间进行种群的

编解码过程，从而导致了GA-ALNS算法的运行时间过长。综合分析表 2和表 3的仿真结果可知，DNS-ALNS

算法相较于其他对比算法能够以较短的时间求解出数传收益率最高的调度解，同时，对比分析 IALNS 算

法和其他数传调度算法的仿真结果可知，超低轨通遥算一体化卫星星座在支撑高收益的时延敏感型数传任

务的下传上具有较大的优势。 

图 3表示当调度场景中个人终端时延敏感型数传任务数量和地面站时延敏感型数传任务数量分别分布

在[200 400]和[300, 500]范围时，DNS-ALNS 算法求解得到的调度方案的数传收益，其中图 3（a）和图 3
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（b）分别表示地面站非时延敏感型任务数量为 1500 和 2500 时的仿真结果。观察图 3 可知，数传收益率

随时延敏感型数传任务数量增加而降低，同时性能差距随时延敏感型数传任务数量增加而越来越小。 
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(a) 时延容忍型任务数量为 1500         (b) 时延容忍型任务数量为 2500 

图3 不同数量时延敏感型任务下数传收益率 

5  结束语 

本文针对超低轨通遥算一体化卫星星座的数传调度问题展开研究，考虑到多类型接收资源、星间卸载

传输和差异化数传需求等因素，建立了以最大化数传收益为目标的调度模型，基于动态邻域搜索算法和自

适应大邻域搜索算法提出了一个两阶段迭代数传调度算法。仿真实验结果表明，相较于其他对比算法，本

文提出的两阶段迭代数传调度算法能够以较快的速度求解出数传收益最高的调度解，仿真实验结果也验证

了超低轨通遥算一体化卫星星座在提高数传的时效性以及数传资源的利用效率上具有巨大的优势。 
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天地一体化网络信息高速可靠传输系统设计 

敦怡，徐潇审，王良，张画情 

32039部队，北京 100094 

摘  要：在基于中继卫星的天地一体化网络中，受限于长时延、高误码及上下行链路带宽非对称等空间信

息传输特性，地面网络传输中成熟应用的 TCP协议不能在空间通信环境直接使用。为保障大容量数据的高

速可靠传输，对 UDP协议进行优化，设计了可靠 UDP协议，增加了连接管理、差错处理、超时和确认重

传、拥塞控制等多重机制，解决了可靠传输在高误码率、高网络带宽时延积信道下速率严重受阻的难题，

突破了带宽不对称造成的传输瓶颈。经测试和试验表明，使用可靠 UDP协议，可充分利用中继卫星信道

带宽，实现了空间网络大容量数据的高速可靠传输。 

关键词：天地一体化网络；中继卫星；空天信息；可靠传输；传输协议；可靠 UDP协议 

Design of High-speed and Reliable Transmission System for Space-ground 

Integrated Network information 

DUN Yi, XU Xiao-shen, WANG Liang, ZHANG Hua-qing 

32039 troops of PLA, Beijing 100094 

Abstract: In order to solve the problem that reliable transmission protocols such as TCP, which have been mature 

and applied in ground network transmission, cannot be directly used in space communication environment due to 

the characteristics of space information transmission such as long delay, high bit error rate and asymmetric 

bandwidth of uplink and downlink, a space-ground network information system based on TDRSS is designed to 

ensure high-speed and reliable transmission of space network information. The UDP protocol commonly used in 

large-capacity and high-speed data transmission in terrestrial networks is optimized, and a reliable UDP protocol 

is designed, which adds multiple mechanisms such as connection management, error handling, timeout and 

acknowledgement retransmission, congestion control, etc., which solves the problem that the rate of reliable 

transmission is seriously hindered in the channel with high bit error rate and high network bandwidth delay 

product, and breaks through the transmission bottleneck caused by bandwidth asymmetry. Tests and experiments 

show that the reliable UDP protocol can make full use of the bandwidth of relay satellite channel and realize the 

high-speed and reliable transmission of large-capacity data in space network. 

Key words: Space-ground integrated network; TDRSS; Space information; Reliable transmission; Transmission 

protocol; Reliable UDP protocol 
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1  引言 

随着航天技术的快速发展，以组网和星座模式运行的航天器成为发展趋势。以往点对点封闭式数据传

输的模式将难以满足空间网络和地面网络互联、多目标协同、天地间复杂互操作的需求，航天器与地面、

航天器之间网络化互联成为必然，天地一体化网络信息传输需求益发迫切
[1][2]
。 

空间通信环境下时，由于存在链路传播时延长、网络带宽时延积大、链路误码率较高、链路带宽不对

称等问题，会导致传统地面网络成熟应用的可靠传输协议在空间卫星网络的应用面临严重挑战。因此在天

地一体化网络体系下，数据端到端传输的可靠性以及端到端网络的高效利用，成为亟需解决的课题。 

2  天地一体化网络信息传输 

天体一体化信息网络由空间卫星节点互联组成的天基网络与地面网络构成的
[3-6]
，通过一体化的融合设

计，为天、空、地、海不同应用场景用户提供全球泛在服务
[7]
。天基网络主要由中高低轨卫星构成，分布

于不同的轨道面，需要具备全球覆盖、结构稳定、宽带承载、接入便捷，以及支持多类型业务接入和异构

网络互联等方面的能力。 

2.1  基于中继卫星的天地一体化系统 

中继卫星系统因其高覆盖率、高传输速率和高动态适应性的特点，在空间信息传输方面发挥着巨大作

用，是天地一体化网络中的重要骨干节点。基于中继卫星的天地一体化网络信息传输系统由用户目标、中

继卫星、地面终端站、运管中心以及用户中心组成，如图 1 所示。其中，用户目标、中继卫星、地面站构

成系统的空间段；地面站、控管中心和用户构成系统的地面段。用户目标是指信息获取平台，如卫星、飞

机、运载火箭、舰船等，用户中心则为信息应用平台，即各类用户目标对应的地面应用中心
[8]
。具有内部

子网的用户目标通过中继卫星星间和星地链路与地面系统构成天地一体化系统
[9]
。 

 

图1 基于中继卫星的天地一体化系统组成示意图 
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2.2  传输协议体系 

目前可用于空间互联网的协议主要分为空间 IP、CCSDS协议和DTN协议。其中，应用最广泛的是CCSDS

（空间数据系统咨询委员会）协议。协议针对空间信息网络节点动态性高及链路传输距离远、时延大、链路

带宽不对称等特点进行了优化，借鉴了 OSI/RM 分层协议模型和 TCP/IP 体系的思想，设计了包含物理层、

数据链路层、网络层、传输层和应用层的 5 层协议模型。物理层协议规定射频参数和调制格式，数据链路层

协议有 TM、TC、AOS等，网络层包括 SCPS-NP、IPv4/IPv6等，高层协议包括 CFDP、SCPS-FP、SCPS-TP

等
[7]
。但由于 TCP 本身复杂的拥塞控制机制限制，使得基于 TCP 的增强或者改进的协议在中继卫星链路上

传输性能仍然不够理想，尤其是高速数据传输的场景下，链路带宽不能充分利用，传输速率受限。 

UDP是基于帧的传输协议，具有开销小、速度快、效率高的特点，适用于高速传输和实时性要求较高

的场景，但 UDP 协议下的数据传送是不可靠的传输，不适用于对传输可靠性要求高的场合。对于信息传

输可靠性要求较高的场合，尤其是压缩文件或者加密文件传输，如果传输过程中数据丢失或发生错误，将

导致后续内容、甚至整份文件解析失败，造成接收到的数据不可用，链路利用低效。因此，在对可靠性和

高效性要求都较高的应用环境，需要对 UDP协议进行改进，增加差错处理、拥塞控制和安全控制等机制
[10]
，

通过增加差错处理机制，使得数据在传输过程中出错、或者丢失后能马上检测出来并被迅速地纠正或重传，

解决传输的高速度和可靠性统一难题。 

2.3  可靠 UDP协议 

可靠传输协议需要具有连接管理、超时和确认重传、拥塞控制等多重机制。可靠 UDP 连接控制处于

UDP协议之上，在应用层实现协议的连接建立与终止、数据会话交互等处理。超时和确认重传一方面避免

重复，另一方面解决分组丢失问题。在动态变化的链路环境中调整超时阈值是超时和确认重传机制保证传

输效率的关键：阈值过小将造成不必要的重传，浪费时间和资源；阈值过大会导致响应时间延长、吞吐量

降低。拥塞控制具备流量与速率双控策略，核心采用滑动窗口机制，由快速启动、拥塞避免、选择重传等

部分组成，优化数据流的传输效率，使吞吐量持续稳定在高水平上。 

 

图2 可靠UDP协议逻辑结构示意图 
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2.1.1  拥塞控制算法 

中继卫星链路往返时延（RTT）与普通卫星信道在同一量级，但信道带宽远大于后者，因此带宽时延

乘积明显放大，具有非常显著的管道效应。UDP 协议是非可靠的无连接协议，没有拥塞控制，远比 TCP

简单，适用于高速传输，但为了在实现可靠传输的同时防止大容量传输导致的严重拥塞，必须加入拥塞控

制机制。 

可靠 UDP 的拥塞控制机制包括速率控制和窗口控制，其中速率控制是主要的，用于快速达到带宽的

最大阈值、快速地丢包恢复；窗口控制采用递减式的窗口增加方式，帮助减少包的丢失和振荡，避免拥塞

加剧。 

可靠 UDP 协议中，通过测算链路带宽和往返时延，调整发送频率从而控制传输速度，调整窗口大小

以控制发包数量。带宽估算时通常采用在发送端计算接收端反馈的 ACK 时间序列的方法，但由于中继卫

星链路前、返向带宽的严重不对称，地面接收端生成的 ACK 容易暴发性地推送给空间发送端，根据这样

的时间序列测算到的带宽误差较大，而地面接收端接收到的数据帧间隔更接近传输用时，通过记录数据帧

的到达时间，结合上次记录可以更加准确地估算出链路带宽，并在 ACK 中进行反馈，因此本协议采用了

在接收端估计带宽的方法。 

在拥塞算法中，除了信道带宽，还必须考虑 RTT 指标。如果 RTT是逐渐减小的，说明信道状况良好，

否则，信道状态为拥塞的。与 TCP协议采用 RTT作为速度固定控制间隔不同，可靠 UDP协议摒弃了基于

目标值的窗口调节方式，采用延迟和报文丢弃一起作为信号，使得每个 RTT 内报文的增加速率更快，在收

到拥塞信号后更加平滑地减小窗口，另外延迟的特性与信道容量成正比，因此更有助于提高传输稳定性。 

2.1.2  选择重传机制 

信道带宽的不对称性会对基于反馈机制的传输协议，如 TCP协议产生明显影响，这是因为在数据发送

方向有充裕的带宽，数据可以很快到达接收端，但接收信道带宽过低容易造成反馈消息的拥塞，导致发达

端不能及时收到信息，也就无法准确判断下一步应该采取何种策略，从而造成整体传输性能的下降，在高

误码率的信道环境下，这种影响尤其显著。 

为了实现可靠传输，接收方应提供多类应答信息，如数据包的 ACK、连接会话中的握手包、会话保

持的存活包等，一般都属于不可或缺的反馈数据。 

由于中继卫星链路前、返向带宽的严重不对称，如果不对反馈机制进行合理设计，必然造成应答拥塞，

进而导致返向传输速率下降。为了在不影响前向传输的前提下避免应答拥塞的发生，降低应答信息的频度

和总量是解决问题的关键。 

本协议设计了采用位向量标识接收到的报文段，用 1表示正常报文段，用 0表示需要重传的报文段，

这样建立了位向量与报文段之间的映射关系，仅用一位就能标识一个报文段，其效率有了很大的提升。此
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外，还对应答信息进行了适当的精简归并，将握手包、存活包以及 ACK 包等部分功能合一，减少传输频

次，并且使用负向反馈数据压缩算法，将信息压缩后再回传给发送端，进一步降低应答数据频度和总量。 

2.1.3  快启动和抖动抑制机制 

在长时延信道环境下，TCP协议的慢启动机制会造成数据传输速率增长非常缓慢，而信道的高误码率

容易导致数据传输频繁进入慢启动环节，因此造成传输速率长时间处于低水平且抖动剧烈。为避免这种情

形，本协议还设计了传输快速启动机制，一旦信道质量良好，就将发送速率快速提升至估计带宽，大幅减

少收敛的绝对时间。 

通常情况下，误码造成的数据包的丢失在传输中分布较为均匀，而拥塞引起的丢包则可能连续出现。

根据理论推算和试验测试，中继卫星链路因误码造成的丢包远远多于因拥塞导致的丢包，而误码导致丢包

发生时，单纯降低速度并不能减少丢包率，因此本协议中设计了传输抖动抑制机制，当传输过程中某拥塞

周期内少量均匀丢包情况出现时，并不降低发送速度，仅在发生连续性的丢包或突发性大量丢包的情况下

才降低速度以避免情况恶化。 

2.4  端到端的可靠传输 

用户目标空间局域网数据（即返向数据）在经空间信道传输前，首先要完成局域网数据链路层协议到

AOS数据链路层协议的转换。返向数据经中继卫星信道传输到地面后，由中继卫星地面终端站接收后，通

过地面链路传输至用户中心，用户中心对返向数据进行协议转换，得到用户目标局域网数据，实现了用户

目标空间局域网数据到用户中心地面局域网的端到端传输。用户中心地面局域网数据（即前向数据）传输

为上述过程的逆过程。 

UDP

UDP

IP

MAC
CCSDS-

AOS
MAC

CCSDS-

AOS
MACMAC

IP

MAC

IP

UDP

UDP

IP

MAC

 

图3 端对端数据传输协议架构 

3  试验验证 

试验验证分为两个阶段，第一阶段是地面中频联试，第二阶段是大系统联试，即空间射频联试。 
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3.1 中频验证 

地面中频联试设备连接如图 4 所示，采用 Iperf测试软件与可靠 UDP 软件的测试结果进行比对。 

首先测试带宽对传输性能影响。在 50M带宽条件下，测试不同限速下的传输性能，结果如表 1 所示。

测试结果表明：数据传输速率接近且略低于实际系统带宽时，传输效率最高。 

后续测试中，为测试高速传输性能，设定为 150M系统带宽。时延测试项目中，固定时延设置为 300ms，

抖动时延设置为正态分布，最小 15ms，均值 30ms，标准差 20ms；误码乱序测试项目中，误码率设置为

10
-6
、乱序概率设置为 10%。测试使用标准测试结果如表 1 所示。 

 

图4 中频联试设备连接示意图 

表1 返向传输测试记录表 

测试 

项目 

测试结果 

Iperf 可靠 UDP 

带宽影响（限

定带宽 50M） 

返向发 150Mbps，收方统计：均速 2.4Mbps，丢包率 98%，

1168 包乱序 

限速 150Mbps，均速 9.3 

Mbps，无丢包 

返向发 80Mbps，收方统计：均速 12.4Mbps，丢包率 84%，

1663 包乱序 

限速 80Mbps，均速 11Mbps，

无丢包 

返向发 50Mbps，收方统计：均速 45.4Mbps，丢包率 10%，

1023 包乱序 

限速 50Mbps，均速 28Mbps，

无丢包 

返向发 40Mbps，收方统计：均速 39.9Mbps，丢包率 0%，

无乱序 

限速 40Mbps，均速

37.7Mbps，无丢包 

固定时延影响 
返向发 140Mbps，收方统计：均速 136Mbps，丢包率 0.009%，

无乱序 

返向发 1GB 文件，均速

137Mbps 

抖动时延影响 
返向发 140Mbps，收方统计：均速 137Mbps，丢包率 0.29%，

无乱序 

返向发 1GB 文件，均速

138Mbps 

误码乱序影响 
返向发 140Mbps，收方统计：均速 138Mbps，丢包率 0.02%，

44291 包乱序； 

返向发 1GB 文件，均速

118Mbps； 

3.2射频验证 

射频联试设备连接如图 5 所示，测试结果表明，信道带宽利用率达到 80%以上，扣除协议开销等因素，

信道带宽得到充分使用，实现了大容量数据的高速可靠传输。 
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图5 射频联试设备连接示意图 

表2 返向传输测试记录表 

文件大小 

（Byte） 

用时 

(s) 

带宽 

利用率 

3981235678 261.54 81.19% 

3024562387 199.31 80.93% 

3415693126 225.98 80.61% 

2645623857 174.26 80.97% 

4  结束语 

TCP 协议是当前地面网络中最为广泛应用的协议，TCP 协议面向连接，实现数据可靠传递主要采用

TCP传输控制协议，但协议是针对地面有线网络进行设计的，直接应用于空间通信时，受限于空间数据传

输误码率高、数据往返时延长及上下行链路带宽非对称等，会遇到诸多问题。对于中继卫星链路，其前、

返向带宽严重不对称，加上延时大、误码率高，造成 BDP 很高，导致数据吞吐率低，即使采用多 TCP 流、

加大发送窗口等方法，速率也远低于带宽容量，造成宝贵卫星资源的浪费。在基于中继卫星的天地一体化

网络信息传输中，采用可靠 UDP 协议，提高了带宽和时延估计精度，随链路变化及时调整传输流量，在

信道良好的情况下将速度迅速提升至上限，并根据 RTT合理设置超时间隔，避免产生不必要的数据重传，

使数据的吞吐率维持在高水平，显著节省了链路带宽资源，减少了重传的盲目性，克服了带宽不对称造成

的传输瓶颈，快启动和抖动抑制机制，可实现传输速度快速收敛并能较长时间稳定在高水平，传输效率得

到有效提升，为用户提供海基、天基、陆基的网络端到端无缝互联，用户可以通过网络直接进行数据传输

和交互式操作，从而实现了中继卫星链路的高速、可靠传输。 
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