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Abstract—As an effective solution for indoor coverage and
service offloading from the conventional cellular networks, fem-
tocells have attracted a lot of attention in recent years. From
the perspective of spectral efficiency, the macrocell base station
(MBS) and femtocell base stations (FBSs) are usually deployed in
the same spectrum. Then the interference problem has become
a key obstruction that limits the network performance. In this
paper, we study the spectrum reuse in the two-tier LTE femtocell
network. In order to improve the network performance, the FBSs
are encouraged to provide services to nearby macrocell users,
and the MBS releases a fractional spectrum to the FBSs for
avoiding cross-tier interference in return. We model this problem
as a Stackelberg game where the MBS acts as a leader and the
FBSs as the followers. We define the utilities for the MBS and
FBSs as the average throughput and the distortion-rate function,
respectively. It is worth noting that in our Stackelberg game
model, there is no monetary price for the interaction between
the leader and followers, which is the significant distinction from
previous works. The optimal strategies of spectrum reuse for both
MBS and FBSs are proposed by analyzing the Stackelberg game
model. The simulation results show that the proposed spectrum
reuse scheme can significantly improve the network performance.

I. INTRODUCTION

Recently, the rapid growth of wireless data services has en-
couraged the development of femtocell technologies. Different
from the traditional macrocell base station (MBS), a femtocell
base station (FBS) is a low-power access point, providing
wireless services to indoor customers [1], [2]. The deployment
of FBSs shortens the distance between the access points and
end users, thereby offering better quality of service. Moreover,
the femtocell technologies also provide an effective method to
offload traffics from the conventional cellular networks. Due
to these advantages, the next generation wireless standards,
such as LTE and WiMAX, adopt the deployment of FBSs for
future wireless communication systems.

To improve spectral efficiency, the femtocell networks often
share the same spectrum as the macrocells. The spectrum
sharing, on the other hand, causes cross-tier interference,
which has now become a key obstruction to limit the overall
network performance.
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Several attempts on interference mitigation and performance
optimization have been made previously. Among them, game
theoretic approaches, the Stackelberg game in particular, have
been promising to achieve distributive optimization of fem-
tocell networks. The Stackelberg game is a kind of non-
cooperative game with a player acting as a leader and the
rest as followers [3]. In a Stackelberg game, the leader holds
a strong position and can impose its own strategy upon the
others. In the femtocell networks, the MBS can put forward its
own strategies, such as resource allocation and power control
schemes, and then the FBSs respond. Therefore, the two-tier
femtocell network can be modeled as a Stackelberg game. In
[4], [5], the Stackelberg game model was adopted to solve the
downlink and uplink power control problems, respectively. A
utility-aware refunding framework based on the Stackelberg
game was proposed in [6] to encourage the FBS to share
transmission time with macro users, which showed that a
win-win situation can be created for both macro-users and
FUEs. In [7], the spectrum leasing problem was analyzed
for femtocells with hybrid access, and the decision-making
process was modeled as a three-stage Stackelberg game.

In the classical Stackelberg game model, some utilities
need to be transferred between the leader and the followers
to encourage the followers to follow the leader’s strategies.
The monetary price was usually introduced to describe the
transferred utility in previous works, such as the refunding
amount in [6] and the payment for the spectrum rented in [7].
However, the monetary price always leads to high signaling
overhead in practical communication systems.

In this paper, we propose a game theoretical scheme to reuse
the spectrum between the MBS and FBSs, and make an effort
to mitigate the cross-tier interference in the two-tier femtocell
network. The MBS pushes some poor-served macrocell user
equipments (MUEs) to nearby FBSs in order to achieve better
performance. We model this problem as a Stackelberg game
with the MBS as a leader and all FBSs as followers. Unlike
previous works, we do not use any monetary price in the game
model, and the utility transition between the MBS and FBSs
is implemented by cell association and spectrum planning.
This significantly reduces the signaling overhead. While some
MUEs are pushed into FBSs, the MBS releases a fraction
of spectrum in return, and thus does not cause cross-tier
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Fig. 1. An example of the two-tiered femtocell network.

interference on these frequency bands. We define the average
throughput of MUEs and the distortion-rate functions as the
utility functions for the MBS and FBSs, respectively. Based on
the analysis of the proposed Stackelberg game, the MBS can
decide the optimal spectrum ratio to release, and the FBSs can
make individual decisions to operate with biasing. A spectrum
reuse algorithm is proposed according to the optimal strategies
of the Stackelberg game. The simulation results verify the
effectiveness of the proposed spectrum reuse scheme.

II. SYSTEM MODEL

We consider the downlink of a two-tier femtocell network as
indicated in Fig. 1. It is composed of an MBS and N FBSs,
which are randomly located by the Poisson process around
the MBS. Let M denote the MBS and Mi denote the MUE i
served by the MBS. We denote FBS j as Fj and the ith FUE
belonging to Fj as Fi(j).

As shown in Fig. 2(a), we assume that the network operates
on a shared-spectrum manner such that both MBS and FBSs
transmit simultaneously on the whole spectrum. As a result,
there exists strong cross-tier interference and intra-tier inter-
ference in the network. For example, when some MUEs are
located nearby a FBS, the interference signal from the FBS
is strong and the desired signal from the MBS may be weak.
To improve the system performance, MBS has an incentive to
push such poor-served MUEs into FBSs. On the other hand,
in order not to decline the performance of their own FUEs,
FBSs are not willing to accommodate MUEs without benefits.
As a result, the MBS will release a fractional spectrum to the
FBSs as remuneration.

To simplify our modeling, we assume that the MBS and all
FBSs use a Round Robin scheduler [8], i.e., all the subchannels
are scheduled in a random time-sharing method by all users.
Therefore, we consider the effective channel gain in what
follows. For Mi, it experiences interference from all FBSs.
The SINR of Mi can be expressed as

γMi =
PMhM,Mi∑N

j=1 PFjhFj ,Mi + σ2
Mi

, (1)

where PM and PFj denote the transmit power of M and Fj ,
respectively. hi,j is the statistical average channel gain over
all the subchannels between base station i and user j. σ2

Mi

denotes the noise power at Mi. Similarly, Fi(j) is interfered
by the MBS and other FBSs, and the SINR for Fi(j) is given
by

γFi(j)
=

PFjhFj ,Fi(j)

PMhM,Fi(j)
+
∑

k ̸=j PFk
hFk,Fi(j)

+ σ2
Fi(j)

. (2)

In order to encourage the FBSs to open their services to
the nearby MUEs, the MBS will release a fractional spectrum
intentionally. Fig. 2(b) indicates the spectrum reuse scheme
for the MBS and FBSs. In return, the FBSs provide services
to some MUEs via biasing1. In the cross-tier interference-free
spectrum, the SINR for Fi(j) can be expressed as

γ̃Fi(j)
=

PFjhFj ,Fi(j)∑
k ̸=j PFk

hFk,Fi(j)
+ σ2

Fi(j)

. (3)

In [8], it is shown that the achievable throughput of a
channel with link adaptation can be approximated by an
attenuated and truncated form of the Shannon capacity. That
is, the throughput Ri for user i can be estimated as follows:

Ri =

 0, for γi < γmin

λ log2 (1 + γi) , for γmin ≤ γi ≤ γmax

Rmax, for γi > γmax,
(4)

In the following sections, the user’s throughput is regarded
as the actual throughput that corresponds to a given ratio of
occupied spectrum.

III. PROBLEM FORMULATION

In this section, we consider the spectrum reuse problem
between the MBS and FBSs. The MBS intends to push
(handover) some poor-served MUEs to the FBSs and offload
the traffic to the FBSs. The FBSs provide services to the FUEs
and some MUEs with biasing. We model this process as a
Stackelberg game, in which the MBS acts as a leader and the
FBSs play as the followers. Using the average throughput and
the distortion-rate function, we define utility functions for the
MBS and FBSs, respectively. In the following subsections, we
suppose that all the MBS and FBSs are rational and selfish,
such that they are only interested in maximizing their own
utilities.

A. The Utility Function of the MBS

Due to the disorderly and unplanned deployment of FBSs,
the MUEs located near FBSs suffer severe cross-tier inter-
ference and have poor performances. In order to reflect the
network performance, we define the total average throughput
of the MUEs as the utility function of the MBS, i.e.,

UM =
1

NM

NM∑
i=1

RMi , (5)

1Biasing is also widely known as range expansion in the 3GPP standards
and proposals [9], [10].
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Fig. 2. The spectrum reuse schemes.

where NM is the total number of MUEs.
The MBS intends to push poorly served MUEs into the

FBSs at the cost of releasing a fractional spectrum. However,
if the spectrum released from MBS is more than enough,
the average throughput can also be declined. Therefore, the
fraction of released spectrum should be carefully chosen.

B. The Utility Functions of the FBSs

In general, the FUEs are close to the FBS with small path
loss. Therefore, the performance of FUEs is usually good
enough to provide various services. Even if the throughput
of the FUEs is declined slightly, it will not cause obvious
deterioration to user experience. Based on this consideration,
we do not adopt throughput as the utility function for the
FBSs. Instead, we choose the transmission distortion as the
FBS performance metric as detailed below.

Let Ds

(
RFi(j)

)
denote the distortion-rate function of the

source encoder for Fi(j), with RFi(j)
being the throughput of

Fi(j). As shown in [11], the distortion-rate function can be
approximated as

Ds

(
RFi(j)

)
= δ2

2k
(
Rmax−RFi(j)

)
, (6)

where δ is the minimum distortion and k is a parameter
depending on the encoder.

We now use a deformation of distortion-rate function to
measure the performance of each FUE and define the utility
function for Fi(j) as follows:

UFi(j)

(
RFi(j)

)
= δ22kRmax

(
1− 2

−2kRFi(j)

)
. (7)

We can find that the utility function is monotonically increas-
ing with the throughput RFi(j)

, and when the throughput is
zero, the utility is also zero. Besides, the first-order derivative
of this function is monotonically decreasing. These character-
istics are in accordance with user experience.

For FBS Fj , we define the sum utility of the users served
by Fj as its utility function, i.e.,

UFj =

NFj∑
i=1

UFi(j)

(
RFi(j)

)
, (8)

where NFj is the total number of FUEs served by Fj .

To accommodate users from macrocells, the FBSs apply
biasing. But if a FBS serves too many MUEs, the performance
of FUEs will be degraded and the utility will be declined.
As such, there is a tradeoff between the user experience and
biasing for the FBSs. One more concern is whether there will
be some FBSs deception to obtain unearned rewards without
biasing. Indeed, all the FBSs are rational, so they are aware
that all the FBSs have the same intention. If they all take such
an action, they will not get interference-free channels at all.

IV. STACKELBERG GAME ANALYSIS

Depending on the utility functions defined in the previous
section, we use backward induction to analyze the Stackelberg
game for the two-tier femtocell network. A spectrum reuse
algorithm is also proposed to achieve the optimal strategy.

A. Analysis for the Stackelberg Game

In the traditional two-step Stackelberg game, the leader, the
MBS in our game model, moves first and then the followers,
the FBSs, move sequentially. In the first step, the MBS decides
a strategy on how much spectrum can be released. Once the
MBS releases a fractional spectrum, all the FBSs experience
no cross-tier interference on this spectrum. We define the
proportion of reserved spectrum for the MBS as α. In the
following step, every FBS operates with biasing and chooses
some MUEs nearby to serve. We define the biasing factor for
Fj as βj . In other words, βj is defined as the ratio of the
number of users served by Fj after biasing and the original
number of FUEs in Fj .

Using the backward induction, we first analyze the non-
cooperative decision-making process of the FBSs. For a given
α, each FBS selects some nearby MUEs to serve in a descend-
ing order of signal strength. Every FBS chooses an optimal
biasing factor to maximize its own utility in a non-cooperative
way. This is formulated as:

max
βj

UFj = α

N ′′
Fj∑

i=1

UFi(j)

(
RFi(j)

)

+(1− α)

N ′
Fj∑

i=N ′′
Fj

+1

UFi(j)

(
R̃Fi(j)

)
, (9)



where
N ′

Fj
= βjNFj , βj ≥ 1, (10)

N ′′
Fj

is the number of users suffering from the macro base
station, R̃Fi(j)

denotes the throughput of user Fi(j) on the
released spectrum with the SINR defined in (3), and N ′

Fj
is

the number of users served by Fj with a biasing factor βj .
Assume there is no information exchange among FBSs,

and each FBS solves the problem (9) individually in a non-
cooperative approach. Let β∗

j be the optimal solution for the
problem (9). Then, the optimal strategy for Fj is defined by

β∗
j = argmax

βj

UFj . (11)

Because the MBS and all the FBSs are rational, the MBS is
aware of the actions of the FBSs. Based on the best responses
β∗ = [β∗

1 , . . . , β
∗
N ] of all the FBSs, the MBS needs to confirm

which MUEs can be pushed into FBSs, and decides how
much spectrum to release. The strategy α for the MBS is
optimized to achieve the maximum utility according to (5).
The optimization problem can be expressed as follows:

max
α

UM =
1

N ′
M

N ′
M∑

i=1

αRMi , (12)

where

N ′
M = NM −

N∑
i=1

(β∗
i − 1)NFi , 0 ≤ α ≤ 1, (13)

is the number of MUEs after the FBSs bias. We denote the
optimal solution for the problem (12) as α∗. Then, the optimal
strategy for the MBS can be expressed as

α∗ = argmax
α

UM . (14)

In the LTE femtocell network, the spectrum is divided into
a finite number of subchannels, and the number of MUEs
in each cell is also finite. According to the users’ feedback,
the MBS and FBSs can traverse all the possible strategies
to obtain the optimal solution for the problems in (12) and
(9), respectively. The complexity of the traversing search
approaches is linear with the number of possible strategies.
The details are illustrated in the following subsection.

B. Spectrum Reuse Algorithm

Based on the game theoretical analysis in the previous
subsection, we propose a two-step spectrum reuse algorithm
for the two-tier LTE femtocell network. In this algorithm,
the MBS determines the optimal released spectrum ratio α∗

and broadcasts to the FBSs firstly. Then, each FBS makes
an individual decision on the optimal biasing factor β∗ and
choose the corresponding MUEs.

In the LTE systems, the MUEs report their channel state
information, including the signal strength and interference
strength, to the MBS periodically. According to the MUEs’
feedback, the MBS can traverse all the possible α and obtain
the optimal α∗ in (14). After the optimal strategy has been
determined by the MBS, each FBS will also traverse all the

potential MUEs and optimize its utility individually under
the given α∗. Thus, the optimal solution in (11) can be also
obtained. The details of the proposed algorithm is summarized
in Algorithm 1 as below.

Algorithm 1. Spectrum Reuse Algorithm

1) Step 1: decision-making for the MBS
a) Calculate the utility for all possible α;
b) Find the optimal strategy α∗ that maximizes the utility

by using the traversing search.
2) Step 2: decision-making for the FBSs

a) Each FBS calculates its own utility by serving the nearby
MUEs;

b) Each FBS finds the optimal biasing factor β∗
j by using

the traversing search.

Table 1: Key parameters for system level simulations

Parameters MBS FBS

Cell range 500 m 12 m

Carrier frequency 2000 MHz

System bandwidth 10 MHz

System Resource block (RB) size 180 kHz, total: 50 RBs

Model Maximum Tx power 46 dBm 20 dBm

Antenna Gain 14 dBi 0 dBi

Noise figure 5 dB 8 dB

White noise power density -174 dBm/Hz

Propagation Minimum coupling loss 80 dB 45 dB

Model Shadowing standard deviation 8 dB 4 dB

User distribution Uniform

Traffic User density 300 users 3 users

Model Data generation Full buffer

Schedule Strategy Round Robin

V. SIMULATION RESULTS AND DISCUSSION

In our simulation, all the system parameters and assump-
tions are referred to the LTE specifications [8], [12]. Some
important parameters are summarized in Table 1. The pathloss
models for suburban deployment described in [12] is adopted.

In Fig. 3, we show that the average utility of the MBS versus
the reserved spectrum ratio α with different FBS densities. In
accordance with the analysis in Section III-A, we can observe
that the utility of the MBS is increasing with the reserved
spectrum ratio α at first. However, if the MBS releases less
spectrum, the FBSs have no intention to serve MUEs, and
the utility of the MBS is also not optimal. In Fig. 3, we can
also find that the optimal utility of the MBS increases as the
FBS density increases. That is because as the increase of the
FBS density, more MUEs with poor SINRs are pushed into
the FBSs. Therefore, the average throughput for the remainder
MUEs are better.

In Fig. 4, we show that the utilities of some random FBSs
versus the biasing factor β under the optimal α∗ with 100
FBSs. Operating with biasing, the performance of the MUEs
near the FBSs can be improved significantly, and thus, the
utilities of the FBSs increase. However, if too many MUEs are
pushed into a FBS, the performance of the FBS will decline.
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Fig. 5 shows that the optimal strategies for the MBS and
FBSs versus the density of the FBSs. As shown in this figure,
the optimal reserved spectrum ratio α∗ for the MBS decreases
as the FBS density increases. That is because the MBS intends
to push more MUEs into FBSs when the FBS density is large,
thus the MBS need to release more spectrum in return. Since
the density of the MUEs is fixed in the simulation, along with
the increase of the FBSs density, less MUEs will be pushed
into each FBS on average. Therefore, the average optimal β∗

decreases when the FBS density is large as shown in Fig. 5.

VI. CONCLUSION

In this paper, we studied the spectrum reuse problem in
the two-tier LTE femtocell networks. In order to offload the
traffic to the FBSs and improve the performance of the entire
network, the MBS released a fraction of spectrum to encourage
the FBSs to operate with biasing. Using the Stackelberg game
methods, the MBS was modeled as a leader and the FBSs as
the followers. Without any monetary price, the utility functions
for the MBS and FBSs were defined as the average throughput
and distortion-rate function, respectively. Then, we analyzed
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the game for finding the optimal strategies for the MBS and
FBSs. A spectrum reuse algorithm using the traversing search
approach was proposed. Finally, we carried out the system-
level simulations for the LTE femtocell networks, and verified
the effectiveness of the proposed spectrum reuse scheme.
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