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Abstract—The skyrocketing increase of mobile traffic exacerbates
the stringent demand for high spectrum efficient communications.
In this paper, a spectrum reuse scheme is proposed for
heterogeneous networks (HetNets) using Stackelberg game
approach to decrease cross-tier interference, thereby effectively
improving spectrum efficiency. The macro base stations (BSs),
acting as leader in the game, allocate a part of spectrum resource
to femto BSs. In return, the femto BSs provide services to some
nearby macro mobile users as well as its original femto mobile
users. The utility of macro BS is designed as average throughput
and that of femto BS as original normalized distortion rate
function. A spectrum efficient Stackelberg based spectrum reuse
algorithm is developed to resolve the optimal strategies and
solutions via simulations. The simulation results show that the
proposed scheme significantly improves spectrum efficiency.
Comparing with a Stackelberg game based cooperative spectrum
leasing scheme with monetary price, the proposed scheme
achieves comparable better network spectral efficiency.

Keywords—HetNets, spectrum reuse scheme, Stackelberg
game approach, spectral efficient.

I. INTRODUCTION

In fifth generation (5G) wireless communication system,
the higher energy efficiency, spectrum efficiency and
transmission rate are required to satisfy the rapid growth of
capacity demand [1]. Heterogeneous networks (HetNets) is a
promising solution proposed by 3GPP in Release 10 [2] with
the aim to achieve higher spectral efficiency. In a typical
HetNets, low power base stations (BSs), such as pico BS and
femto BSs, are underlying in macro BS. By deploying low
power BSs closer to end mobile user equipments (UEs),
HetNets can reduce energy consumption compared to the
conventional one tier cellular networks [3].

The universal spectrum sharing is widely adopted in the
existing research on HetNets, see [4]-[9] and references
therein, where all the BSs in HetNets share the same spectrum
bandwidth. However, such spectrum sharing leads to severe
cross-tier interference, resulting in network performance
degradation.

Figure 1. Two-tire HetNets model.

There is an interesting research direction on how to reduce
the interference and improve the network performance via
Stackelberg game. Stackelberg game, as a leader-follower
sequential game, is suitable to model two-tier HetNets [4]. The
leader (e.g. macro BS) usually stands in a strong position and
imposes its strategy upon followers (femto BSs), and then
followers can make decisions to respond accordingly. In [5],
Stackelberg game was used to optimize the strategies of both
the users-relays and shifted cell-edge users with the aim of
maximizing both of their utilities in terms of SNR and
payment. The power control scheme in uplink scenario was
proposed and analyzed base on Stackelberg game in uplink
and downlink scenario respectively in [6]. A three stages
strategies-making Stackelberg game model was applied to deal
with spectrum leasing problem in [7]. In order to improve the
overall communication network performance, in [8], a
Stackelberg based utility aware refunding framework was
proposed and all three access methods, such as open access,
close access and hybrid access were analyzed and compared
carefully. The authors in [9] formulated the opportunistic user
association as an optimization problem, which could be solved
by Nash bargaining solution.

In the Stackelberg game, in order to depict the utilities, the
monetary price is often applied to do this work. In [7], the
monetary prices were payment of spectrum rented and the
amount of refunding. But it is worth to know that the
monetary price does not always have practical signification, as
mentioned in [8]. In [10], although a spectrum reuse scheme
was designed without monetary price, the femtocell’s utility
function can not catch up the slight change of femto UE’s
transmission rate very well due to the data rates were not
normalized.

In this paper, a Stackelberg game based spectrum reuse
scheme without monetary price is proposed in two-tier
HetNets. Macro BS acts as leader and femto BSs acts as
followers. First, macro BS can make a strategy to allocate a
part of spectrum or bandwidth to femto BSs, then femto BSs



can provide better communication services to macro user
equipments (MUEs) who roam nearby femto BSs and
determine the number of MUEs it can serve, as the strategies
to respond. This proposed scheme not only reduces cross-tier
interference, but also improves the practical signification via
avoiding using monetary price component. Moreover, in order
to tailor the quality of service (QoS) requirements according to
different types of users, the utility function of macro BS is
designed as average throughput of MUEs, and that of femto
BS as normalized distortion rate, respectively. A spectrum
efficient Stackelberg game based spectrum reuse algorithm is
designed to derive the optimal strategies and solutions at the
end.

The paper is organized as follows. Section II gives the
system model. Section III is problem formulation, explaining
the utility functions, optimization objects analysis and
spectrum reuse algorithm by adopting the Stackelberg game
approach. Simulation results discussion and conclusions are
presented in Sections IV and V, respectively.

II. SYSTEMMODEL

We focus on a 2-tier downlink HetNets, where tier-1 is
modeled as macrocell and tier-2 is femtocell, as shown in Fig.
1. We have N BSs, with 1BS denoted as the macro BS and

jBS  Nj ,,3,2  denoted as femto BS. All the macro BS and

femto BSs are assumed to share the same frequency
bandwidth. We also assume both UEs and BSs are equipped
with single antenna.

Let iM denotes the thi MUE who is served by macro

BS and the total number of MUEs is expressed as MS . Using

jBS to describe femto BS j, and BSij denotes the femto UE

(FUE) i served by jBS . The total number of FUEs of jBS is

BSjS . In order to decouple association and scheduling problem,

we adopt a Round Robin scheduler as shown in [10]. Such that
we assume all the sub-channels are scheduled in a random
time-sharing method by all UEs.

The SINR of macro BS and femto BS are expressed as
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where s is shadowing component with log normal, which
means   dBS 0log10  ; r represents Rayleigh fading component,

and   12 rE ; nd  is path loss component and n is exponent

of path loss. jP is transmission power of jBS and 2 is

Gaussian noise power level. ijh represents the channel power

gain between
jBS and user i. It is worth to mention that this

SINR formula is a general one, and it can be adjusted during
different situation.

Macro BS will allocate a part of spectrum to femto BSs to
encourage femto BSs providing services to nearby MUEs.
Therefore, in this fractional spectrum, there is no cross-tier
interference for FUEs. The SINR of ijBS in this

interference-free bandwidth is
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Fig. 2 exhibits the concept of spectrum reuse. Fig. 2(a)
shows that both macro BS and femto BSs are sharing the same
spectrum bandwidth, and Fig. 2(b) reflects that there is a part
of spectrum ( 1 ) released by macro BS, so letting the femto
BS to provide services for some nearby MUEs without
cross-tier interference in that spectrum.

(a) (b)

Figure 2. The reuse of spectrum

Finally, according to the definitions and concepts in
3GPP Release 10 [11], the achievable throughput of a channel
can be approximated via truncated and attenuated form of
Shannon capacity. So the downlink data rate of UE i iR is

given by of mobile user i to denote, as
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where W is the bandwidth. As we can see from (4), iR has

three different ranges and values, so not only the QoS of UEs



can be guaranteed during the following research, but also the
data rate of each UE has a theoretical upper limit [11].

III. UTILITY FUNCTION DESIGN AND PROBLEM FORMULATION

In this section, the utility functions of macro BS and femto
BS will be designed and a spectrum reuse scheme will be
proposed. According to the process of Stackelberg game,
macro BS acts as leader and femto BSs plays as followers.
The macro BS determines how much spectrum will be
allocated to femto BSs first. Then femto BSs compute the
number of UEs (including its original FUEs and poor-services
MUEs) it can serve as their strategies. After forming the
optimization objects of macro and femto BS, a spectrum reuse
algorithm is proposed for the optimal solutions.

A. The utility function of macro BS

To design a suitable utility function for macro BS, average
throughput is used, which could reflect the performance of
communication network very well. Assume that all the macro
BS and femto BSs are selfishly interested in improving and
maximizing their own utilities. Therefore, the utility function
for macro BS is
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Because macro BS wants the femto BSs to provide some
services for the MUEs who roam at the edge of femto’s
coverage, so it will allocate or release some spectrum as
reward to femto BSs, as Fig. 2(b) shows. However, the overall
average throughput of macro BS will fall if too much
spectrum is allocated. Our goal is to improve the utility until,
obtaining the optimal or maximum average throughput of
macro BS.

B. The utility function of femto BS

Because of the low power loss and good performance of
femto BS’s behavior, the experiences of FUEs will not be
deteriorated obviously although their data rates have a little
decrease [10]. Therefore, we do not apply throughput as the
utility function for femto BSs base on this consideration.
Instead of using throughput to depict femto BS’s utility, the
normalized distortion rate will be used to express it. A brand
new original normalized utility function for ijBS has been

constructed as
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From this formula, it is clearly to see the value of utility
function will increase when BSijR improves, and when

BSijR falls to 0, the utility will become 0 as well. Therefore it

can reflect the changes of transmission rate of FUEs more
accurately.

According to (6), the utility function of jBS is
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where  expresses the minimum distortion. From this formula,
we can see that although femto BS can serve its original FUEs
and some nearby MUEs, the

BSijR will decrease when there

are too many MUEs to be supported. Therefore leading the
utility function falls, which means the normalized distortion

rate max

max

R
RR BSij

e


 will increase as well.

C. Optimization Objects Analysis

In this part, the optimization objects and solutions of
both macro BS and femto BSs base on Stackelberg game will
be derived via backward induction.

In the game, the leader is macro BS, making the first
decision and broadcasting it to all femto BSs. Then, the
followers, those femto BSs, will make their strategies as
responses subsequently. In the same terms, the macro BS
determines the amount of released spectrum  first. After
knowing this value from macro BS, each femto BS will decide
the total number of UEs (including both FUEs and MUEs)
they could support, using the elasticity strategy factor j to

express that ratio. Specifically, in terms of the femto BS,

  BSjBSj SSFUE ,,,,2,1  , the strategy factor j can be

expressed as follows

BSjjBSj SS  , where 1j (8)

where 
BSjS is the total number of FUEs who could get the

services from femto BS j. 
BSjS is the total amount of FUEs

who use the  part of spectrum and suffer the cross-tier
interference.  expresses the minimum distortion. The other
FUEs who use the 1 part of spectrum, have no cross-tier
interference as shown in (3). So that each femto BS wants to
find out its own optimal j , in order to getting the best utility,

as
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We use 
BSjU to present the utility whose FUEs use the

cross-tier interference-free SINR to compute their throughput.

In this model, the static non-cooperative game will be
applied. Each femto BS calculates its own optimal solution of
(9), getting the result 

j and making its decision independently

without considering other femto BSs’ strategies and
information. The vector of optimal strategies will be obtained,
as    N ,,, 32  . Furthermore, we can prove that (9) is

concave function of j because of     022  jBSjU  .

Therefore, the optimal condition to maximize
BSjU can be

obtained by letting 0 jBSjU  . The optimal solution for

each femto BS can be depicted as

 BSjj U
j

 maxarg (10)

For macro BS, the task is to calculate the optimal
solution of , determining the suitable amount of spectrum to
be allocated. The optimization object can be formed as
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where 10  , and 
MS is the actual total number of MUEs

after obtaining the support from femto BSs, as

  BSj
N

j jMM SSS   


2
1 (12)

We can prove that (11) is a concave function of , since

    022  MU . Thus, using optimal  to maximize MU
can be derived from 0 MU . The optimal strategy of
macro BS can be obtained

 MU


 maxarg (13)

D. The Stackelberg Game Based Spectrum Reused Algorithm

In this part, a Stackelberg game based algorithm for
reusing spectrum is proposed. The macro BS acts as leader,
and femto BSs act as followers. In each iteration of algorithm,
the macro BS calculates optimal  first, then this value will
be broadcast to all femto BSs. So femto BSs can make their
own strategies: determining the optimal strategy factor  ,
controlling the number of MUEs they will support services to.
Finally,  will be updated and resent to macro BS, making

preparation for calculation of next loop. The loop will be
broken when the optimal solutions of both utility functions
have been computed.

In this algorithm, assuming that all the possible values
can be traversed by macro BS, to find out optimal  ; then all
femto BSs compute the 

j via traversing search method after

knowing the value of  from macro BS. To initialize the
simulation parameters, the initial value of  is 2.5, and keep
updating  in each iteration. Defining  and  as the
difference values of two iterations, and using two
corresponding small positive constant values  and  to
control the accuracy of the algorithm.

Algorithm The Stackelberg Game Based Spectrum Reuse Algorithm

0. Setting  =2.5 and loop
1. Do macro BS’s process
2. Computing all possible value for 
3. Finding out the optimal  via traversing method.
4. Finish macro BS’s process
5. Do femto BSs’ process
6. for j=2 do
7. Computing the utility via (9)
8. Finding out the optimal strategy factor 

j via traversing method

9. end for
10. Finish macro BS’s process
11. Updating 
12. DO not break until    and   

IV. SIMULATION RESULTS AND DISCUSSION

To evaluate the performance of the proposed algorithm, we
simulate a HetNet with one macro BS and several femto BSs.
Assume that all the femto BSs and mobile users are randomly
distributed in the HetNets area. The basic simulation
parameters are summarized in Table. 1 [11].

Parameter Value Parameter Value

Macro cell range 500m Femto cell range 13m

System bandwidth 10 MHz Max transmission power
of macro BS

46 dBm

Max transmission
power of femto BS

20 dBm Antenna gain of macro
BS

14 dBi

Thermal noise
power

-110 dB Log-normal shadowing
fading

8 dB

User density 100/macro

5-15 /femto

Noise figure 5 dB (macro)

8 dB (femto)

 0.002  0.001

Table 1. Simulation Parameters

First, we would like to find out the optimal solution of
macro BS’s utility function when there are different densities
femto BSs be deployed in the HetNets.
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Figure. 3 The reserved spectrum ratio  vs the utility of macro BS

Fig. 3 shows the relationship between reserved spectrum
ration and utility of macro BS. To improve the accuracy of
algorithm, there are 100 simulation points in each line of
different density of femto BSs. We can clearly observe that
there is an increase trend of the macro BS’s when the value of
 improves as well. However, when the value of  closes to
1, the utility of macro BS will fall. The reason is that, if macro
BS allocates too less spectrum, the femto BSs have no
intention to provide services for nearby MUEs. However, if
macro BS releases too much cross-tier interference-free
spectrum, the performance of MUEs who served by macro BS
will be affected by femto BSs. Another observation from Fig.
3 is that the more femto BSs are deployed, the better utility of
macro BS can obtain. This is because more MUEs with poor
communication performance can be served by femto BSs
when the number of femto BS increases. However, it does not
mean we can deploy femto BSs as many as we want. Too
many femto BSs will incur excessive interference and
deteriorate the network performance. As observed from the
result, the optimal point of  is around 0.7-0.9,
approximately.
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Figure. 4 The strategy factor  vs the utility of 8 femto BSs (when 100 femto
BSs be deployed)

When there are 100 femto BSs be deployed in the
HetNets, Fig. 4 depicts the relationship between the strategy
factor and the utilities of 8 different femto BSs with different

colored lines under this scenario. We can find out the utility of
femto BS keeps improving with the increase of  at first,
however, its utility decreases when the value of  becomes
too large. The reason is the performance of each user in femto
BSs will be congested if too many MUEs are pushed to femto
BSs. It will lead to a resource competition condition. The
average strategy factor  is around 2.0-3.0. Based on both Fig.
3 and Fig. 4, we can see the proposed algorithm can optimize
both macro and femto utility functions.
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Figure. 5 The number of femto BSs vs the the optimal  for macro BS

Fig.5 exhibits the relationship between the number of
femto BSs and the optimal for macro BS .There is decrease
trend of optimal  , from 0.92 to 0.71, when the number of
femto BSs increases. This is because more femto BSs are
deployed to support services, more MUEs will be pushed by
macro BS to compete and get services from femto BSs.
Therefore, in order to encourage the femto BSs, the macro BS
must release suitable amount of spectrum to femto BSs.
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Figure. 6 The number of femto BSs vs the the optimal  for femto BSs

Fig. 6 depicts the number of femto BSs and the optimal
 for femto BSs. We can see that the  is decreasing when
the number of femto BSs is improving. The reason is
obviously, where less MUEs will be pushed to each femto BS
if more femto BSs are distributed in HetNets. So, there is no
doubt that the average optimal  will decline.



Finally, in order to evaluate how efficient of the
proposed spectrum reuse scheme, to each femto BS, we need
to see the relationship between the number of UEs it supports
and the spectrum efficiency of this femto BS. The definition of
spectrum efficiency  is
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Figure.7 The number of mobile users vs the spectrum efficiency of femto BS

Comparing with a Stackbelberg game based cooperative
spectrum leasing scheme (CSL scheme) with monetary price
in [12], the proposed scheme achieves comparable better
spectral efficient performance of femto BSs. The reason is that,
although Stackelberg game approach was applied to optimize
joint spectrum leasing, pricing and interference coordination
process in [12], the performance of femto BS’s spectrum
efficiency was still affected since monetary price (rent
payment in this case) was used to form BSs’ utility function.
Moreover, both of two schemes who participate in comparison
use hybrid access mode. Fig. 7 shows the relationship between
the spectrum efficiency of one specific femto BS and the
number of its mobile users (including both FUEs and MUEs)
in two different schemes. As the increase of the number of
mobile users, higher spectrum efficiency can be obtained by
femto BS. However, the growth rate of spectrum efficiency
will decrease if too many UEs are served by femto BS. We
can conclude that the proposed scheme is a spectrum
efficiency spectrum reuse method.

V. CONCLUSIONS

In this paper, a two-tier HetNet spectrum reuse scheme
without monetary price is proposed. We use Stackelberg game
to model this spectrum reuse and allocation problem, where

macro BS acts as leader and femto BSs plays as followers in
this game. First, macro BS makes a strategy to allocate a part
of spectrum or bandwidth to femto BSs with aim to handover
traffic to femto BSs to improve communication performance.
Then femto BSs provide better communication services to the
MUEs who roam nearby femto BSs and determine the number
of MUEs it can serve, as the corresponding strategies to macro
BS. Moreover, the utility function of macro BS is average
throughput of MUEs, and that of femto BS is normalized
distortion rate, respectively. Both utility functions do not
contain monetary price, thereby improving the practical
signification of the proposed algorithm. Finally, a spectrum
efficient Stackelberg based spectrum reuse algorithm is
developed to approach the optimal strategies and solutions via
simulations. Comparing with a Stackbelberg game based
cooperative spectrum leasing scheme with monetary price, the
proposed scheme achieves comparable better spectral
efficiency performance of femto BSs.
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