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Abstract: This paper briefly introduced the structure of heterogeneous cellular
network and two algorithms which are used for optimizing the network resource
allocation scheme: dynamic game algorithm based on spectrum allocation and the
game allocation algorithm based on power allocation and alliance. After that, the
two algorithms were simulated in MATLAB software and compared with another
power iterative allocation algorithm based on non-cooperative game. The results
showed that the system energy efficiency of the three algorithms decreased with
the increase of the number of small base stations in the network; with the increase
of the number of users in the network, the system energy efficiency of the three
algorithms increased; under the same number of small base stations or users, the
system energy efficiency of the allocation scheme based on the power allocation
and alliance was the highest, followed by the power iterative allocation algorithm
and the spectrum allocation based game algorithm; the allocation scheme based
on power allocation and alliance could provide users with more satisfactory
and fair services.

Keywords: Game theory; heterogeneous cellular network; power iteration;
alliance

1 Introduction

The development of communication technology makes the wireless network carry more and more data,
and the development of communication equipment manufacturing industry makes the function of mobile
terminal more and more abundant and the cost lower and lower; the former enables wireless network to
bear more function applications, and the latter is conducive to the popularization of wireless Internet and
mobile terminal [1]. The popularity of wireless Internet and intelligent mobile terminals greatly facilitates
people’s life. But the high penetration rate makes more and more mobile users in the wireless network
access, and too many users will directly lead to the decline of the service quality of the wireless network
due to the limited channel resources [2]. The methods for solving the above problems can be considered
from two aspects: One is to improve the service quality by improving the resource quantity of the
wireless network itself (for example, changing 3G to 4G, changing 4G to 5G, or adjusting the structure of
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transmission network, such as cellular heterogeneous network, etc.), and the other is to allocate the wireless
network resources reasonably by optimizing the allocation algorithm [3]. The related researches are as
follows. Wu et al. [4] used Stackelberg game for the first layer which was composed of macro base
station (MBS) and non-cooperative game for the second layer which was composed of small base station
(SBS) in heterogeneous cellular network to realize the optimization of network resource allocation, and
the experimental results showed that the method could improve the signal-to-noise ratio and energy
utilization ratio better than the traditional method. In the heterogeneous sensor network, Zhao et al. [5]
used interference alignment technology (IA) and power allocation algorithm from game theory, which not
only eliminated the interference between the primary node and secondary node, but also maximized the
energy efficiency of the secondary node, and verified the effectiveness of the method through simulation.
This paper briefly introduced the structure of heterogeneous cellular network and two algorithms which
are used for optimizing the network resource allocation scheme: dynamic game algorithm based on
spectrum allocation and game allocation algorithm based on power allocation and alliance. Then the two
algorithms were simulated in MATLAB software and compared with the power iterative allocation
algorithm based on non-cooperative game.

2 Heterogeneous Cellular Network

The principle of cellular network can be simply summarized as user sending information, base station
receiving and forwarding information, another base station receiving and sending information, and another
user receiving information, which ensures the long-distance transmission of radio waves. Each base station
has a certain coverage. When the information of users exceeds the coverage, it will “relay” through another
base station. These base stations together constitute the wireless signal transmission network, i.e., cellular
network [6].

Although the cellular network which is composed of base stations [7] can improve the coverage of
wireless signals, with the popularization of mobile terminals and the increasing demand of users for
network services, the defects of the simple cellular network structure gradually become obvious, mainly
including difficult guarantee of service quality at the edge of station coverage, difficult location and
maintenance of base station and difficult indoor coverage. To some extent, the above problems can be
solved by increasing the number of base stations, but as mentioned above, the macro base stations with a
large coverage are large, which are difficult to locate, and the cost of construction and maintenance is
high. Heterogeneous cellular network is proposed to solve the above problems, and its basic structure is
shown in Fig. 1. Heterogeneous cellular network is obtained after hierarchically processing the original
cellular network, i.e., adding SBS [8]. Fig. 1 is a simple model of double-layer heterogeneous cellular
network. There are several SBS within the coverage of MBS, and there are several users in the coverage
of SBS. Compared with MBS, SBS has smaller coverage, but less energy consumption, lower
construction and maintenance costs, and lower requirements for site setting. When the heterogeneous
cellular network work, MBS transmits information to SBS, and then SBS transmits information to users.

Figure 1: The cellular structure
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3 Network Resource Allocation Method Based on Game Theory

3.1 Spectrum Resources Optimization Algorithm Based on Dynamic Game

For the convenience of research and explanation, the double-layer heterogeneous cellular network in
Fig. 1 is adopted, including 1 MBS and N SBS. The total bandwidth of the network is shared between
MBS and SBS by orthogonal frequency division multiplexing [9]. The game theory based spectrum
resources optimization algorithm is to allocate spectrum bandwidth [10] by using the idea of game theory,
so as to improve the utilization rate of spectrum and the energy efficiency of network. In the optimization
algorithm, users in the heterogeneous cellular network can choose MBS and SBS freely. The problems to
be solved by the algorithm can be described as follows:

EðkÞ ¼ kWum þ ð1� kÞWus

um ¼ log2
Nmpmgm
kWr2

us ¼ log2
Nspsgs

ð1� kÞWr2

8>>><
>>>:

(1)

where EðkÞ stands for the total energy efficiency of the system, k is the bandwidth proportion of MBS,W is
the total network bandwidth, um and us are the spectrum unit price of MBS and SBS respectively, i.e., the
energy efficiency per unit spectrum resource, Nm and Ns stand for the number of users accessing MBS
and SBS respectively, pm and ps stand for the emission power of MBS and SBS respectively, gm and gs
are average channel gains of MBS and SBS respectively [11], and r2 is the Gaussian white noise
variance [12]. In the algorithm, although the network users can choose to access MBS or SBS, they
cannot control it autonomously; therefore, it is random access which can be affected by factors such as
the capacity and distance of base station. The algorithm dynamically adjusts the spectrum allocation
according to the user access status, which is the dynamic evolutionary game [13]. By the second
derivative of Eq. (1) and based on the value range of k, it is seen that there is optimal k that makes the
system energy efficiency the highest, and steps of the algorithm are:

I Initialization is performed, and random spectrum is allocated to MBS and SBS;

II The number of users accessing MBS and SBS is collected, and the power and average channel gain
of MBS and SBS at the same moment are measured;

III Optimal k is calculated, and the calculation formula is:

k ¼ Nmpmgm
Nmpmgm þ Nspsgs

(2)

IV Step II and III repeat at different moments to get the real-time optimal k, which can realize the
dynamic game of spectrum resource allocation.

3.2 Game Algorithm Based on Power Distribution and Coalition Formation

The double-layer heterogeneous cellular network in Fig. 1 is also adopted. As the spectrum adopted by
the MBS and SBS is orthogonal to each other, there is no interference. It is assumed that there are M users in
the network, and there is no interference between the users accessing the same SBS. SBS in the network can
be independent from each other, and they compete and game to reach the optimal balance. SBS can also
cooperate with each other through time division multiplexing, the cooperated SBS form a alliance, SBS
in the same alliance do not interfere each other, but compete each other to realize the optimal balance.
The calculation formula of energy efficiency which is used for measuring the network performance in the
algorithm is as follows:
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E ¼ RðPÞ
PsðPÞ

RðPÞ ¼ PK
k¼1

PN
n¼1

qkn#nB logð1þ pknH
k
n Þ

Hk
n ¼ gkm;n

r2 þ P
Cq2CSnCl

P
j2Cq

#jpkj g
k
m;j

PsðPÞ ¼ N � PC þ P
Cl2CS

P
n2Cl

#nð
P
k2K

pkn
�
eÞ

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(3)

where E is the system energy efficiency of network, RðPÞ and PsðPÞ are total transmission rate and total
energy consumption respectively, K and k are the number of subchannels and no. of subchannels
respectively, N and n are the number of subchannels and no. of SBS, qkn stands for the weight of the n-th
SBS in the k-th subchannel, #n stands for the proportion of the transmitting time of the n-th SBS in its
alliance, B stands for the subchannel bandwidth of SBS, pkn stands for the transmitting power of the n-th
SBS in the k-th subchannel, gkm;n stands for the channel gain of the k-th subchannel between the n-th SBS
and user m accessing to the SBS, CS stands for the distribution of the alliance structure in the network or
the set of alliance, Cl stands for the alliance where the n-th SBS locates, Cq stands for any alliance except
Cl in CS, PC stands for the basic power consumption of SBS, and e is the drain efficiency of the
power amplifier.

The algorithm adjusts the transmission rate by adjusting the transmission power of SBS in different
subchannels, so as to adjust the system energy efficiency of the network. The ultimate goal is to
maximize the system energy efficiency. The basic principle of the power allocation and alliance based
game algorithm is as follows. Firstly, different SBS in the network forms an alliance. Then, under the
alliance structure, the optimal power allocation is solved by non-cooperative game [14], and the alliance
structure of SBS is adjusted, i.e., adding a SBS into another alliance. The optimal power allocation is
solved based on the non-cooperative game under the new alliance structure. The energy efficiency under
the optimal power allocation before and after the change of alliance is compared. If there is any increase,
the structure after the alliance change is kept; otherwise, the alliance is selected again and added, and the
above steps repeat until the SBS cannot change. Finally, the alliance structure in the allocation strategy is
the optimal structure obtained through constant game, and power allocation is the optimal power
allocation under the alliance structure. Specific steps of the algorithm are as follows.

I The alliance structure of SBS in the network is initialized. Each SBS is regarded as an alliance.

II After selecting a SBS, n, it is randomly added to an alliance. Then #n of all SBS in the network is
calculated using the following formula:

#n ¼ 1

Clj j (4)

where Clj j is the number of all SBS in the alliance where n is located. Then, the transmission rate and
energy consumption are listed according to Eq. (3).

III Then, the optimal power allocation under the alliance structure is solved by non-cooperative game iteration.
Firstly, the lower bound power satisfying the user rate is calculated, and the formula is as follows:

akn ¼ lkm;n �
1

Hk
n

� �þ

Rmin ¼
P

k2 K pkn>0jð Þ
kkm;n#nB log2ðlkm;nHk

n Þ

8>><
>>:

(5)
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where akn is the lower bound power, lkm;n is the water filling value of user m accessing SBS n [15],
kkm;n stands for the use of subchannel k by user m accessing SBS n, 1 for use and 0 for no use, and
Rmin is the minimum rate requirement to ensure the quality of service.

IV pkn is initialized, i.e.,

pkn ¼
Pmax

K
(6)

Power is iterated according to the iterative formula:

bkn ¼ pkn þ DP

pknðt þ 1Þ ¼ max akn;min
qknBe
q ln 2

� pknðtÞHk
n ðtÞ

1þ pknðtÞHk
n ðtÞ

; bkn

� �� �

q ¼ RðPÞ
PsðPÞ

8>>>><
>>>>:

(7)

where q is a new factor introduced and pknðtÞ and pknðt þ 1Þ are SBS transmitting power before and
after iteration.

V Step IV repeats until FðqÞ ¼ RðPÞ � qPsðPÞ < d, where d is a value close to 0, or it iterates to the
maximum number of times, and then P (power allocation strategy) and q are output.

VI The system energy efficiency is calculated according to P obtained in step IV and Vand compared
with the previous system energy efficiency. If there is an increase, SBS n will be transferred to the
alliance; otherwise another alliance will be selected.

VII Steps II, III, IV, V and VI repeat for all SBS in the network until SBS is no longer transferred. The
power allocation strategy and alliance structure are output after the alliance structure is stable.

4 Simulation Experiment

4.1 Experimental Environment

In this study, the above two wireless network resource allocation algorithms based on game theory
were simulated by MATLAB software [16]. The simulation experiment was carried out in the server
of a laboratory. The configuration of the server was Windows 7 operating system, Core i7 processor and
16 G memory.

4.2 Experimental Parameters

The simulated heterogeneous cellular network which was used for the two network resource allocation
algorithms was similar to Fig. 1 in structure, i.e., having one MBS and N SBS. The basic parameters in the
network are shown in Tab. 1.

The experimental items which were used for testing the effect of network resource allocation algorithm
are as follows.

(1) The number of users participating in the heterogeneous cellular network was set as 50, and the
number of SBS in the heterogeneous network was set as 8–15. The system energy efficiency
under different number of SBS was tested.

(2) The number of SBS in the heterogeneous network was set as 10, and the number of users
participating in the network was set as 20, 30, 40, 50 and 60 respectively. The system energy
efficiency under different number of users participating in the network was tested.
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(3) The number of SBS in the network was set as 15, and the number of users participating in
the network was set as 15, 25, 35, 45 and 55 respectively. Moreover the satisfactory throughput
of each user was set, i.e., the satisfactory minimum transmission rate was 2.5 Mbps. The
satisfaction of users and the fairness of the network system under different number of users was
tested [17]. The calculation formula is:

P ¼
P

m2M f ðmÞ
M

J ¼
P

m2M f ðmÞ� �2
M

P
m2M f 2ðmÞ

8>><
>>:

(8)

where P is the average satisfaction of users on the network system, J is the fairness of providing
service by network system, M represents the total number of users and the set of users, m is the
no. of one of the users, and f ðmÞ is user satisfaction (if the transmission rate of users is smaller
than the set minimum transmission rate, its value is set as 0; otherwise, its value is set as 1).

The above experiments repeated for 5 times under every setting condition, and the average values were
taken as the final results. Moreover, in order to further verify the optimization effect of the power allocation
and alliance based game algorithm on network resource allocation, in addition to comparing the above two
algorithms, they were also compared with an allocation algorithm based on non-cooperative game, i.e., the
algorithm described in Section 3.2 which did carry out SBS alliance, but only carried out power
iterative optimization.

4.3 Experimental Results

Different number of SBS were set in the heterogeneous cellular network, and then three algorithms were
used for allocating resources. The system energy efficiency after allocation is shown in Fig. 2. It was seen
from Fig. 2 that the system energy efficiency under the allocation schemes obtained by the three
algorithms reduced with the increase of the number of SBS in the cellular network. Moreover, the
comparison of the system energy efficiency under the allocation schemes obtained by the three algorithms
under the same number of SBS showed that the system energy efficiency of the power allocation and
alliance based game allocation algorithm was the highest, followed by the non-cooperative game based
power allocation algorithm and the spectrum allocation based dynamic game algorithm.

Table 1: Basic parameters for simulation experiment

Parameter Maximum power of
MBS

Maximum power of
SBS

Noise variance
r2

Total
bandwidth

Numerical
value

80 W 20 W –104 dBm 80 MHz

Parameter Number of subchannels MBS channel gain SBS channel
gain

e

Numerical
value

60 1.2 1.0 0.15

Parameter PC Rmin qkn
Numerical
value

0.4 W 1.5 Mbps 1
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Different number of users was set in the heterogeneous cellular network, and the number of SBS was set
as 10. Then network resources were allocated using the three algorithms, and the system energy efficiency
under the final allocation schemes is shown in Fig. 3. It was seen from Fig. 3 that the more users participate in
the heterogeneous network, the higher the system energy efficiency, but the increase amplitude of system
energy efficiency reduced with the increase of the number of users. The total energy consumption of the
whole network was unchanged because of the fixed number of SBS in the network even when the base
station worked with the full power, but the increase of users accessing to the network meant the increase
of transmission data, i.e., the increase of total network rate, which led to the increase of system energy
efficiency. When the number of users increased to some value, users multiplexed subchannels, which
caused interference, affected the transmission rate, and finally slowed down the increase of the energy
efficiency. The comparison of the system energy efficiency under the same number of users showed that
the system energy efficiency of the game allocation algorithm based on power allocation and alliance was
the highest, followed by the power allocation algorithm based on non-cooperative game and the dynamic
game algorithm based on spectrum allocation.

In the heterogeneous network, the number of SBS was set as 15, and different number of users were set.
Then network resources were allocated by the three algorithms. The average satisfaction and fairness index
of transmission services provided by the heterogeneous network under the final allocation scheme are shown

Figure 2: Relationship between system energy efficiency and SBS quantity under the allocation schemes of
the three algorithms

Figure 3: Relationship between system energy efficiency and number of users under the allocation schemes
of the three algorithms
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in Fig. 4. The average satisfaction reflected the satisfaction of users with the transmission services provided
by the network system, i.e., whether the transmission rate could satisfy users, and the value was between
0 and 1 (the closer it was to 1, the more satisfied the users in the network was). The fairness index
reflected the fairness of users in the network receiving SBS services, and the value was also between
0 and 1 (the closer it was to 1, the more fair the services were). It was seen from Fig. 4 that no matter
which algorithm was used, the satisfaction and fairness index of the allocation schemes decreased with
the increase of the number of users in the network. When the number of users was 15, the satisfaction
and fairness index of the three allocation schemes were all 1. The reason for the above result was that the
number of users was consistent with the number of SBS and the service was one-to-one. Moreover, under
the same number of users, the satisfaction and fairness of the power allocation and alliance based game
allocation algorithm were the highest, followed by the non-cooperative game based power allocation
algorithm and the spectrum allocation based dynamic game algorithm.

5 Conclusion

This paper briefly introduced the structure of heterogeneous cellular network and two algorithms which
were used for optimizing the network resource allocation scheme: the spectrum allocation based dynamic
game algorithm and the power allocation and alliance based game allocation algorithm. Then the two
algorithms were simulated in MATLAB software and compared with a non-cooperative game based
power iterative allocation algorithm. The results are as follows: (1) Under the fixed number of users, the
system energy efficiency of the three algorithms decreased with the increase of the number of SBS in the
network; under the same number of SBS, the system energy efficiency of the power allocation and
alliance based game allocation algorithm was the highest, followed by the non-cooperative game based
power allocation algorithm and the spectrum allocation based dynamic game algorithm; (2) Under the
fixed number of SBS, the system energy efficiency of the three algorithms increased with the increase of
the number of users in the network, but the increasing amplitude decreased gradually, and the satisfaction
and fairness decreased with the increase of the number of users; under the same number of users, the
system energy efficiency, satisfaction and fairness of the power allocation and alliance based game
distribution algorithm were the highest, followed by the non-cooperative game based power allocation
algorithm and the spectrum allocation based dynamic game algorithm.

Figure 4: Satisfaction and fairness of network service delivery under the allocation schemes of the three
algorithms
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