
YUANYUAN ZHOU et al: POWER CONTROL BASED ON STACKELBERG GAME IN WIRELESS DATA ... 

DOI 10.5013/IJSSST.a.17.46.26                                      26.1                 ISSN: 1473-804x online, 1473-8031 print 

A Novel Application of Stackelberg Game for Power Control in Wireless Data 
Networks 

Yuanyuan ZHOU 1,2, Weiwei MEI 3, Zhongxiang ZHANG 2, Bingbing CHEN 2, Chenghua FAN 2 

 

1 Key Laboratory of Intelligent Computing & Signal Processing, Ministry of Education, Anhui University, Hefei, Anhui 

230039, China. 
2 School of Electronic and Information Engineering, Hefei Nomal University, Hefei,Anhui 230601,China 

3 Hefei Softec Auto-Electronic CO., LTD, Hefei, Anhui 230601,China 

 
Abstract — Stackelberg game is considered for power control in Wireless Data networks, which makes all users in Wireless Data 
networks work in the best equal SIR, and a new distributed algorithm of power control based on Stackelberg Power Game (SPG) is 
presented. Numerical results suggest the algorithm can improve the capability of the system. Users receive higher utility and use 
relatively lower transmit power, the use of wireless resources become more rational and impartial, and the convergence of the 
algorithm is shown. 

Key words - wireless data networks; power control; Stackelberg Game; utility 

 

 

I. INTRODUCTION 
 
The enormous demand for data services in wireless 

networks necessitates efficient and effective radio resource 
management. Among various radio resource management 
methods, power control is significant, especially in code 
division multiple access (CDMA) system [1-2]. 

Recently, a new idea for power control based on utility 
and pricing is becoming study hotspot [3-7]. In this new 
model, the quality of service of each user is mapped to 
utility. The problem which studied is the maximum of the 
utility of each user. Now the research is characterized by 
Non-cooperative Power control Game (NPG). If the Nash 
Equilibrium exists, all users will work in Nash 
Equilibrium steadily. 

In this paper, Stackelberg game is introduced to the 
model in stead of non-cooperative game. The network is the 
leader of the game; the users are the followers. In the first 
stage of the game, the network chooses the best SIR for the 
users. In the second stage, users choose their transmitter 
power. Then the existence and the uniqueness of the Nash 
Equilibrium of the game are proved. In this Nash 
Equilibrium, all users work in the best equal SIR, the utility 
of all users is maximal under the principle of the equal SIR 
for all users. A distributed algorithm based on Stackelberg 
game is put forward and the convergence of the algorithm is 
proved. 

  
II. NON-COOPERATIVE POWER CONTROL GAME 

 
Considering power control in a single cell CDMA 

wireless system. Suppose there are N users, the channel rate 

of users’ information is Rbps, the spread-spectrum 
bandwidth is WHz, each packet has Mbits of every user, 
which contains L information bits. The utility function is  
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which means the number of information bits received 

successfully per Joule of energy expended. Where pj is the 
transmitter power of user j, p denotes the transmitter power 
vector of all users, p-j denotes the transmitter power vector 
except the transmitter power of user j, γj is the SIR of user j. 
f(γj), called efficiency function, is an approximate function of 
the successful transmission of a packet of user j[4]. hj is the 
pain gain of user j[j=1,2,....,N]. If the modulation of the 
system is Non-coherent Frequency Shift Keying, in the 
AWGN channel, it is known that 
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Corresponding to the basic expression of game theory, all 

users in the system are looked upon player of the game, the 
transmitter power of all users is the strategy of players, and 
the utility of all users is the payoff function of the game [3, 8]. 
In [3], they deal with the Non-cooperative Power control 

Game (NPG):    [ , , ( ) ]N j jG P u   , where 

 1,2,..., N  is the index set for the mobile users 

currently in the cell, jP  is the strategy set and ( )ju   is 
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the payoff function of user ( )j j . Each user selects a 

power level jp such j jp P . And they put forward a 

distributed algorithm; each user can maximize its utility: 

(NPG) max ( , ),
j j

j j j
p P

u p 
p for all j (4) 

The research indicates the existence and uniqueness of 
Nash equilibrium in the Non-cooperative Power control 
Game. But the Nash equilibrium does not have Pareto 
efficiency, in order to ameliorate the Nash equilibrium; they 
introduce Pricing Function to the model, and put forward a 
new distributed algorithm based on Non-cooperative Power 
control Game with Pricing (NPGP) [4]. 

 
 

III. IMPROVED STACKELBERG POWER CONTROL 
GAME 

 
Although all users’ utility improves in the Nash 

equilibrium after the introduction of pricing, because of the 
uncertainty of the pricing factor, the algorithm is more 
complex than NPG algorithm. And in the Nash equilibrium 
of the NPGP algorithm, the SIR of all users is not equal. The 
user whose distance is closet to base station has the 
maximum SIR; the farthest user has the minimum SIR. This 
results in unfairness between all users. Stackelberg game is 
introduced to the power control game to deal with the 
problem. A distributed algorithm is put forward based on 
Stackelberg game. 

 
A. Stackelberg game 

Stackelberg game is a non-cooperative two-stage 
leader-follower(s) game [9]. The two-stage leader-follower(s) 
game, categorized as a dynamic game, contains two types of 
players: a leader and follower(s), where one player, i.e., the 
network, being the leader announces its decision to the other 
players. The users, being the followers, then take this 
decision into account when designing their reactions.  

 
B. Stackelberg Power Control Game 

In a realistic scenario, the network typically has access to 
more global information than the mobile users. Therefore it 
is more suitable for network to play the role of the leader 
instead of being another player in a common 
non-cooperative game. In the first stage, the network, as the 
leader, attempts find the best equal SIR for all users. In the 
second stage, after users observing the leader’s strategy then 
choose their transmitter power, this process is a 
non-cooperative game, we can use 

   [ , , ( ) ]S j jG P u    denote the stage. 

The Stackelberg Power control Game (SPG) can be 
expressed as: 

Network：Best  ， j ; 

Users：Best  
j j

j
p P

p


， j . 

C. The first stage of SPG: network selects the best equal SIR 

When all users work in equal SIR, the power of the 
signal each user receives from base station is equal:  

rec j jP h p , 1, 2,....,j N ,           (5) 

If the equal SIR is 0 , for each user 1, 2,....,j N ,  
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The utility function of user j  can be expressed as: 
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We can see from equation (8) that, the utility of user j is 

proportional to the path gain jh . 

When 0 ( 1)G N   , 0ju  . 0 0   is also not a 

good choice. Because when 0 0  , the transmitter power of 

all users is zero, the utility is zero too. So the best SIR can be 

selected in the intersection (0, ( 1))G N  . ju  is 

continuous and derivative in the 

intersection (0, ( 1))G N  , so ju  must have the 

maximum in the intersection. We differentiate equation (8) 
with respect to 0  and set the derivative to zero. The result 

is  

  0
0 0 0

0
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          (9) 

Choose the root located in the 

intersection (0, ( 1))G N  , and then we can get the best 

equal SIR for the system. 0 T  . T  has relation to the 

spread gain of system G , the number of users in the 
system N and the efficiency function ( )f  . 

D. The second stage of SPG: uses select their transmitter 

power 

Take T  to the equation (7), we can conclude: 
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Theorem 1: A Nash equilibrium exists in the SPG, 

   [ , , ( ) ]S j jG P u    

Proof: We show the following conclusions obtained from 
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[4] a Nash equilibrium exists in the SPG if, for all j , 

(1) jP is nonempty, convex, and compact subset of some 

Euclidean space NR ; 
(2) ( )ju p is continuous in p and quasi-concave in 

jp . 

The proof of the theorem is completed by showing the 
conditions given in the theorem are met in the SPG. 
Obviously, the first condition is satisfied, and ( )ju p  is 

continuous in p .it is can be proved that ( )ju p is 

quasi-concave in jp [4].So there exists a Nash equilibrium. 

Theorem 2: The Nash equilibrium in the game SPG is 
unique.  

Proof: From Theorem 1 we know there exists a Nash 
equilibrium in the SPG. By definition, the Nash equilibrium 

satisfies ( )p r p , where 1 2( ) ( ( ), ( ),..., ( ))Nr r rr p p p p . 

The key to the proof of uniqueness is to demonstrate that 
r(p) is a standard function [4]. A function is said to be 
standard if it satisfies the following properties: 

(1)positivity: 0r(p) ; 

(2)monotonicity: if 1 2p p , then 1 2( ) ( )r p r p ;  

(3)scalability: for all 1   , then ( ) ( ) r p r p .  
The positivity is obviously satisfied. Here we prove 

monotonicity and scalability: 
If 1 2p p ，where  

1 11 1 2 21 2( ,..., ), ( ,..., )N Np p p p p p , then 
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The monotonicity is proved; 
For all 1  ， 
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The scalability is proved too. 
So ( )r p is a standard function, the Nash equilibrium 

in SPG is unique. 
 

E. The distributed power control based on SPG 
Based on the analysis above, we can get a distributed 

algorithm based on SPG. The iterative procedure is given 
follows: 

(1)Set the initial power ( ),jp k j， 0k  ;  

(2)Set 1k k  , for user j , use equation (13) 

compute ( 1)jp k  ; 
2( ( ) )

( 1)
T k kk j

j
j

h p k
p k
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       (13) 

(3)If ( 1) ( ), 1, 2...j jp k p k j N   ，the algorithm 

is stopped. Otherwise return to step 2). 
Theorem 3: The algorithm SPG converges to the Nash 

equilibrium. 
Proof: In [2], it is shown that for any initial power vector, 

the standard power control algorithm converges to the 
unique fixed point. Since r(p)  is a standard function. The 
algorithm SPG converges to the unique fixed point, that is, 
the Nash equilibrium. 

 

IV. NUMERICAL RESULTS 

 
The performance of the system presented is obtained by 

simulating the proposed power control algorithm in a single 
cell CDMA wireless system with stationary users. The 
system parameters are listed in Table 1. The system has 9 
users that are located at 
d =[310,460,570,660,740,810,880,940, 1000] m from the 

base station. The path gain of user j is 40.097j jh d , 

where jd  is the distance of the user j from the base 

station.  

TABLE I. SIMULATION DATA 

Parameter Value 
M    Total number of bits per packet/ (b) 80 
L   Number of information bits per packet/ (b) 64 
W   Channel Bandwidth/ (Hz) 106 
R   Data Rate/ (b/s) 104 
σ2    Background Noise/ (W) 5*10-15 

 

It is found to be 9.18T   by solving equation (9) in 

the system, which is smaller than 12.42, the SIR of the Nash 
equilibrium of the NPG. While the SIR of the users in the 
Nash equilibrium of NPGP is not equal, the user whose 
distance is closest to base station has the maximum SIR; the 
farthest user has the minimum SIR. This results in inequality 
between users. 
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Figure 1. The utility of the three algorithms 

Figure 1 shows the utility of all users in Nash equilibrium 
of the three algorithms. The utility of all users in Nash 
equilibrium of NPG algorithm is lowest between the three 
algorithms, while the utility in Nash equilibrium of NPGP 
algorithm and SPG algorithm is much better than the NPG 
algorithm. But the users whose distance is closer to base 
station occupy more radio resource in the NPGP algorithm 
than the users whose distance is far from base station 
relatively, so the SIR is higher. In SPG, all users work in the 
best equal SIR. This avoids sightless competition between all 
users. So the utility of the users whose distance is near to 
base station decreases, while the utility of the users whose 
distance is far from base station increases.  
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Figure 2. The transmitter power of the three algorithms 

Figure 2 shows the transmitter power in Nash 
equilibrium of the three algorithms. The transmitter power in 
Nash equilibrium of NPG algorithm is the largest in the three 
algorithms. The transmitter power in Nash equilibrium of 
NPGP algorithm is lower than NPG algorithm, but compared 
to SPG algorithm, the transmitter power of NPGP algorithm 
is much larger.  
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Figure 3. The iterative process of the SPG algorithm 

Figure 3 shows the convergence of the SPG algorithm. It 
shows that the iterative time is about 10~15.  

The users that closer to the base station receive much 
higher utilities while expending smaller power as compared 
to users further away from the base station in all three 
algorithms. But compared to the NPG algorithm and NPGP 
algorithm, in the Nash equilibrium of the SPG algorithm all 
users expend lower power and receive higher utility, and the 
algorithm has a good convergence. 

 

V. CONCLUSION 

 
In this paper, we introduced Stackelberg game to power 

control, educe Stackelberg Power control Game (SPG). And 
put forward a distributed power control algorithm based on 
SPG. The SPG algorithm overcomes inequality of the radio 
resource of NPGP algorithm between all users. Theoretic 
analysis shows that the Nash equilibrium of SPG algorithm 
is related to the spread gain G of the system, the 
number N of users in the system, and the efficiency 
function ( )f  . In the Nash equilibrium of SPG algorithm, 
the utility of all users is proportional to the path 
gain jh .Compared to NPG algorithm and NPGP algorithm, 

in the Nash equilibrium of SPG algorithm, all users can 
transmit lower power and receive higher utility. And the 
algorithm has a good convergence. 
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