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Abstract—Load balancing (LB) plays a key role in improving 
the performance of hybrid Geostationary Orbit (GEO)-Low 
Earth Orbit (LEO) satellite network. When the load of LEO 
satellite exceeds its capacity， letting some terminals (destination 
nodes) in LEO satellite coverage handover to GEO satellite is a 
feasible approach to realize load balancing. However, the direct 
links between GEO satellite and the destination nodes do not 
always have favourable channel condition. In order to avoid 
serious throughput degradation of destination nodes, a 
cooperative relay assisted load balancing scheme is proposed in 
this paper. Some mobile terminals (relay nodes) served by GEO 
satellite act as relays for the destination nodes and ask for 
payment from the destination nodes for cooperation transmission. 
Stackelberg game is adopted to optimize the strategies of 
destination nodes and relay nodes, in order to maximize their 
utility in terms of signal-to-noise ratio (SNR) and payment, 
respectively. Simulation results demonstrate that the proposed 
scheme is superior to the cooperative relay assisted LB without 
Stackelberg game scheme and the conventional direct 
transmission based LB scheme. 

Keywords—cooperative relay； load balancing； Stackelberg 
game；hybrid GEO-LEO satellite systems 

I.  INTRODUCTION 
The advantage of satellite network in wide coverage and 

high reliability has promoted significant research on satellite 
network, among which a great emphasis is given to the load 
balancing (LB) in hybrid Geostationary Orbit (GEO)-Low 
Earth Orbit (LEO) satellite network. 

In LEO satellite system, traffic load fluctuates dramatically 
with a wide dynamic range due to the non-uniform 
geographical distribution of the traffic sources and the periodic 
satellite motion [1]. The general statistical characteristic of 
traffic load is pulsed-featured. Considering the limited capacity 
of LEO satellite, it is very likely that the pulsed-featured traffic 
load will exceeds its capacity, thereby overloading the LEO 
satellite and degrading the system performance. To cope with 
this, load balancing strategy should be adopted. Taking 
advantage of the larger coverage and capacity of GEO satellite 
compared with the LEO satellite, letting some mobile terminals 
from the overloaded LEO satellite handover to the GEO 

satellite is a feasible approach to alleviate the overloading in 
LEO satellite. However, the direct links between GEO satellite 
and those mobile terminals in need of handover are not always 
in good channel condition. In this context, we propose a 
cooperative relay assisted load balancing scheme to avoid 
serious throughput degradation of handover terminals, where 
some mobile terminals served by GEO satellite can act as 
relays for cooperative transmission for them. In turn, those 
relay terminals ask for payment from the mobile terminals in 
need of handover for their cooperation. 

To ensure the cooperative transmission benefiting both the 
relay terminals and the mobile terminals which need handover, 
some problems should be considered such as which mobile 
terminal should be selected as a relay for a certain mobile 
terminal in need of handover, how much power should be used 
for each selected relay and how much payment should the 
selected relays get as rewards for the cooperative transmission. 

Stackelberg game, as a leader-follower game, is a powerful 
tool to study how the mobile terminals in cooperative 
transmission interact and cooperate with each other. In [2], 
Stackelberg game was used to jointly consider the benefits of 
the relay and the users. The work in [3] adopted Stackelberg 
game to analyze the behavior of the secondary users and the 
primary users engaged in cooperative transmission in cognitive 
radio network. The authors modeled the shifted cell-edge users 
and user relay in cellular network using the theory of 
Stackelberg game in [4]. In this paper, we model the mobile 
terminals served by GEO satellite and the mobile terminals in 
need of handover as leader and follower respectively. 

The main contribution of this work is the Stackelberg game 
based analysis for the cooperative relay assisted load balancing 
scheme in hybrid GEO-LEO satellite network. The aim of the 
proposed method is to maximize the average signal-to-noise 
ratio (SNR) of all the mobile terminals that need handover and 
optimize the overall utility of the relays in terms of payment. 

The rest of this paper is organized as follows. Sect. II 
describes the system model and the studied problem 
formulation. Sect. III analyzes the optimal strategy of the 
destination nodes and the relay nodes via Stackelberg game. 
Sect. IV presents the simulation results of the proposed scheme. 
Sect. V concludes the whole paper. 

This work is supported by the National Natural Science Foundation of 
China (No. 91438114). 



II. PROBLEM FORMULATION 

A. System Model 
In this paper, we consider the downlink transmission in 

satellite network, where LEO is heavy-loaded and GEO is 
light-loaded. Assuming there are N mobile terminals in LEO 
satellite service area, donated as nMES ( 1,2,...,n N ), which 
need to handover to GEO service area so as to balance the load 
of LEO satellite. There are M mobile terminals in GEO 
satellite service area donated as mR  ( 1, 2,...,m M ), and they 
can be selected as relays to cooperate the communication 
between the GEO satellite and the mobile terminal nMES when 
the direct link between them is in adverse channel condition. 
For convenience of description, we regard GEO satellite, 

nMES  and mR  as source node, destination node and relay node 
respectively. 

The system model is shown in Fig.1. In order to make the 
system implementation less complex, AF cooperative protocol 
[5]-[7] is used at the relay terminals to forward the signal 
received from GEO satellite to destination node nMES . The 
cooperative transmission is composed of two phase, in first 
phase, GEO satellite broadcasts its information signal to the 
destination nodes and the relay nodes. In the second phase, the 
relay nodes amplify the signal received in first phase from 
GEO satellite, and forward it to the destination nodes.  

 
Fig. 1. System model 

In the first phase, the signals received at destination node 
nMES  ( ,ngy ) and relay node mR  ( ,g my ) can be expressed as: 

 , , , ,g n g g n g n g ny P G h x z  ,    (1) 

 ,m , ,m ,mg g g m g gy P G h x z  , (2) 

where gP  is the transmission power of GEO satellite, ,g mG  and 

,g nG are path loss parameter from GEO satellite to mR  and 
GEO satellite to nMES , ,mgh and ,g nh are the channel 
coefficients from GEO satellite to mR  and GEO satellite 
to nMES  respectively, x  is broadcast information signal at 

GEO satellite with unit energy, ,mgz  and ,ngz are the additive 
white Gaussian noises which are independent identically 
distributed with zero-mean and common variance 2 . 

In the second phase, the signal received at destination node 
nMES ( m,ny ) can be expressed as: 

 m, , m, , m,n m m n n g m ny G h y z  ,  (3) 
where ,m nG  and ,m nh  are path loss parameter and channel 
coefficient from mR  to nMES respectively, m,nz is additive 
noise with the same characteristic to that of ,mgz , m  satisfies 

22 2
m m,n . ,= P Pg g m g mG h  and is the amplification factor 

of mR , in which ,m nP  represents the power that mR  using to 
forward the received signal to nMES .  

B. Direct Transmission 
In order to establish baseline performance under direct 

transmission, the case when GEO satellite communicate with 
destination node nMES  directly is taken into consideration.  

Using (1), the received SNR from the GEO satellite to the 
destination node nMES  can be expressed as [8]: 

 
22

, ,n ,2
gd

g n g g n

P
G h


   . (4) 

C. Cooperative Transmission with Relay 
When the communication between the GEO satellite and 

the destination node nMES  is realized with cooperative relay, 
according to (2) and (3) the received SNR by nMES via relay 

mR  is given by 
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D. Relay Selection Criterion 
The direct links between GEO satellite and the destination 

nodes are not always in good channel condition. When the 
SNR of destination node nMES  in direct transmission is lower 
than that of cooperative transmission, relay nodes will be used 
to forward the received signal to destination node nMES . Thus 
the relay selection criterion can be described as: 

 , , ,
d r
g n g m n   .  (6) 

In this paper we use matrix K in [4] to describe the 
relationship between the destination nodes and the relay nodes: 

 ,

1,
0,

m n
m n
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k

otherwise


 


.  (7) 

As such, the SNR of destination node is as follows: 
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In order to improve the performance of destination nodes 
and relay nodes, three problems need to be considered: 1) 
which relay node mR  should be selected as a relay for the 
destination node nMES  that needs to handover? 2) How much 
power should each selected relay mR use for the cooperative 
transmission, and 3) how much payment should the selected 
relays get as rewards for the cooperation transmission. To solve 
those problems, Stackelberg game is used to optimize the 
strategies of destination nodes and relay nodes. 

III. STACKELBERG GAME ANAKYSIS 
Stackelberg game is quite suitable to solve the three 

problems mentioned in Sect II. On one side the destination 
nodes need buy power from the relays for cooperation 
transmission, so they can be modeled as buyer/follower. On the 
other side, the relay terminals own the available power and can 
sell their power to the destination nodes for cooperation 
transmission, thus they can be modeled as seller/leader. 
According to the behaviors of the destination nodes and the 
relay nodes, the utility of the destination nodes and the relay 
nodes can be formulated as follows. 

A. Destination Nodes’/Buyers’ Utility Function 
One aim of the proposed scheme is to maximize the overall 

utility of all the destination nodes. The overall destination 
nodes’ utility can be formulated as: 

 
1 1

N M

d n m
n m

U Q
 

    ,  (9) 

where n  represents the SNR of destination node nMES , mQ  
represents the payment for mR  and is defined as: 

 , , ,
1

N
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n
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 ,  (10) 

where ,m n  represents the unit power price charged by mR  for 
its help for nMES  in the cooperative transmission.  

The optimization problem for all destination nodes can be 
formulated as[4]: 

 max dU ,  (11) 
 , 1m nn

k  ,  (12) 

 , 1m nm
k  ,  (13) 

  , 0,1 ,1 1m nk m M and n N     .  (14) 
Equation (12) represents that one potential relay node can 

be selected as relay for at most one destination node. In theory, 
one relay node is possible to be selected as relay for more 
destination nodes, one relay node is constraint to be selected as 
relay for one destination node for simplicity in this paper. 
Equation (13) represents that one destination node can select no 
more than one relay for its cooperation transmission. 

B. Relay Nodes’/Sellers’ Utility Function 
When the direct link between GEO satellite and destination 

node is poor, relay will facilitate the cooperative transmission 

to guarantee the communication between GEO satellite and 
destination node. When relay node mR  serves as relay for 
destination node nMES , the utility function of mR  can be 
formulated as: 

  , , ,
r
m n m n m m nP    ,  (15) 

where m  donates the unit power cost of mR  to forward the 
received information signal. 

Since each relay aims to earn more payment on the premise 
of covering its cost. The optimization problem for each mobile 
terminal mR  when serving as relay for destination node nMES  
can be formulated as: 

 
,

,0
max , ,
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r
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  .  (16) 

C. Optimal Strategy Analysis 
To ensure the proposed scheme benefits both the 

destination and relay nodes, we analyze their strategies 
respectively. 

1) Destination nodes’/buyers’ strategy analysis 
The N destination nodes are aiming to maximize their 

overall utility. By substituting (7), (8) and (10) into (9), the 
overall destination nodes’ utility is given by 

 , , ,
1 1

N M
d
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  ,  (17) 

where 

 , , , , , ,
r d

m n g m n g n m n m nP     .  (18) 
The optimization problem of the destination nodes’ game is 

a mixed integer problem. Fortunately, from (17) and (18), it 
can be found that the utility function dU  is an increasing 
function of ,m n , and ,m n  is independent of matrix K. So we 
can solve the optimization problem in two linear parts. The first 
part is to determine the optimal power ,m nP  to maximize ,m n , 
and the second part is to decide the relay selection matrix K to 
maximize dU  based on the result of the first part. 

Therefore, we take the first order derivative of ,m n  with 
respect to ,m nP  firstly. The derivative is given as follows: 

 , ,,
,

, ,

r
g m nm n

m n
m n m n

dd
d P dP




  .  (19) 

According to (19), we have that when , 0m nP  , if 

, , , ,/r
m n g m n m nd dP   , then , ,/ 0m n m nd d P  , which means 

that destination node nMES  can increase utility function dU  
by purchasing more power from relay mR . Since the unit 
power price ,m n  determines the amount of power nMES  will 
purchase from mR . For mR , it will set low initial price m  to 
attract nMES , and then increases the price ,m n  so as to earn 
more profit. When , , , ,/r

m n g m n m nd dP   , the utility function 



dU  will decrease when purchasing more power from mR , 
thus nMES  will buy less power from mR . 

Hence, the maximum value of ,m n  is obtained under the 
following condition: 

 ,
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After some simplifications, (20) can be rewritten as: 
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Solving (21), the optimal power is obtained as: 
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where 2
,g g mA P    , , ,g g m m nB P   ,

22
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22
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Then, we calculate the second order derivative of ,m n  to 
show its concavity. The 

,

2 2
, /
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Since the second order derivative in (23) is always negative, 
which means ,m n  is a concave function of ,m nP . In turn, this 
justifies the way to maximize ,m n  by its first order. 

2) Relay nodes’/buyers’ strategy analysis 
Each relay aims to maximize its utility. Substituting (22) 

into (16), we obtain: 

   *
, , ,max r

m n m n m m nP    .  (24) 

By taking the second order derivative of ,
r
m n , we get 
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Since the value of 2 2
, ,/r

m n m n    is always negative, it 
indicates that ,

r
m n  is concave function of ,m n . Thus the 

optimal ,m n  to maximize ,
r
m n  can be derived from: 

 
*

, ,*
, ,

, ,

( ) 0
r
m n m n

m n m n m
m n m n

d dP
P

d d
 

 


    .  (26) 

From the above analysis, the optimal unit power price ,m n  
and the optimal power *

,m nP  is obtained. Based on the derived 

,m n  and *
,m nP , relay selection matrix K will be determined to 

maximize the overall destination nodes’ utility. K can be 
computed by Hungarian method [9]. 

IV. SIMULATION RESULTS 

A. Simulation Parameter Settings 
In the simulation, a satellite network containing LEO 

satellite and GEO satellite is considered. There are 25 ( 25N  ) 
destination nodes in LEO satellite in need of handover, which 
are randomly distributed in LEO satellite coverage. The 
channel models among GEO satellite, the destination nodes 
and the relay nodes are quite different. The channel model 
between GEO satellite and each destination node is rician 
channel, the channel model between GEO satellite and each 
relay node is rayleigh channel, and the channel model between 
each destination node and each relay node is awgn channel. 
More detailed parameters as illustrated in TABEL.I. 

TABLE I.  PARAMETERS SETTINGS 

Para. Value Description 
ss_num 100 snap shot numbers 
Pg 60dBm GEO satellite transmit power 
f 4GHz operating frequency 
sigma 1.0e-8 noise standard deviation 
Kgn 9 Rician channel K factor 
des_num 25 number of destination nodes 
R_GEO 1.5Km GEO MES nodes areas 
R_LEO 1.0Km LEO MES nodes areas 
ppg Free Space Loss propagation loss type 

B. Simulation Procedure 
The simulation procedure of this paper is shown in Fig.2.  

 

Fig. 2. Simulation procedure 

C. Simulation Results 
We compare the results of the proposed scheme with the 

conventional direct transmission based LB and the cooperative 
relay assisted LB without Stackelberg game approach. In the 
simulation, the conventional direct transmission based LB 
means that the destination nodes communicate with GEO 
satellite directly. In the cooperative relay assisted LB without 
Stackelberg game, we set the potential relays in GEO satellite 
ask for equal price for its cooperation transmission with the 
same power as that in the proposed scheme, and all relays are 
selfish and aim to maximize the overall relays’ utility without 
considering the SNR maximization of the destination nodes. 



1) Average SNR of every destination node 
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Fig. 3. Average SNR of every destination node with different LB scheme 

As shown in Fig.3 in case of conventional direct 
transmission based LB, the average SNR of every destination 
node nearly keeps the same when the number of potential relay 
is increasing. This is because the destination nodes 
communicate with GEO satellite without relays. 

We can observe that in case of cooperative relay assisted 
LB with or without Stackelberg game, the average SNR of 
every destination node linearly increases with the number of 
potential relay increasing when 25M N  .This improvement   
attributes to the diversity gain achieved by relays. With the 
increase of the number of potential relay M, the increase of the 
average SNR of every destination node is getting slowly and 
will reach a balance at last. This is due to the constraint that 
one destination can select at most one relay and one relay can 
serve no more than one destination node. When M is large 
enough, the destination nodes can always select N relays, as 
such the increment of M will not make much difference for 
transmission of the destination nodes. 

Apparently, the proposed scheme is much better than the 
cooperative relay assisted LB without Stackelberg game 
scheme. Since it can achieve global optimum by efficiently 
distributing the relays to the destination node and help improve 
their average SNR. 

2) Overall utility of relay nodes  
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Fig. 4. Overall utility of relay nodes in GEO satellite coverage 

Fig.4 shows the overall utility of the selected relays in GEO 
satellite coverage versus the number of potential relays. It can 
be seen from Fig.4, the overall utility increases as the number 
of potential relays grows in the proposed scheme and the utility 
is the largest among the three schemes. This is due to the fact 
with the number of potential relay increasing, more and more 
relays are stimulated to participate in the cooperation. In the 
cooperative relay assisted LB without Stackelberg game 
scheme, the overall utility nearly keep the same when the 
number of potential relays is increasing. Since there are no 
relay participate in the conventional direct transmission based 
LB, the utility is zero. 

V. CONCLUSIONS  
A cooperative relay assisted load balancing scheme is 

proposed in which both the terminals (destination nodes) in 
need of handover in LEO satellite coverage and the terminals 
(relay nodes) in GEO satellite coverage can benefit. The 
destination nodes can select the terminals in GEO satellite 
coverage as cooperative relays for their communication with 
GEO satellite, the selected relays will get payment from the 
destination nodes for their cooperation transmission. A 
Stackelberg game based analysis enables the destination nodes 
and relay nodes to adopt optimal strategy, achieving a global 
optimum in every destination’s average SNR improvement and 
the maximization of the overall relays’ utility. Simulation 
results indicate the proposed scheme has significant advantages 
over the cooperative relay assisted LB without Stackelberg 
game scheme and the conventional direct transmission based 
LB scheme. In order to improve the performance of satellite 
network, in the future work, we will research on the satellite 
network capacity, taking the high dynamic and long time delay 
characteristic of satellite network into consideration. 
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