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Abstract

We investigate the problem of achieving utility function optimization for distributed
channel selection using game theoretic solutions in opportunistic spectrum accesg system,
where secondary users are spatially located and mutual interference o S35.4%93
between neighboring users. In addition, interference graph of spati r%s’ﬁon [
introduced to measure interference and evaluate the posmgle opportun ie

access. Based on this we propose an optimization prob rr1'|n|m|
which is solved by a game theory and an optimal ch n Is derived. The
main work of this paper is to prove that this ga xact game, which has
at least one pure strategy Nash eqU|I|br|um Fin imul @ults is given to verify
the correctness of the theoretical analysis. Espegially mean fter considering spatial

reuse by users’ position, the system | thr ut isesi |cantly increased, thus the
spectrumutilization rate is effectlvely i &

Keywords: Dynamic spectr cog% dio networks, spatial reuse, game
hgg:gl
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1. Introduction

With the rapid | of het ro)&:m? ous networks, spectrum resource becomes more
scarce which h neck to restrict the development of wireless
commumcat@%@ dyna spectrum access technology emerges as a promising

technigue to ilization rate of spectrum resources in 5G [1-2]. The key

challenge of dynamic s m access is how to solve the distributed spectrum resources
allocation among sel condary users. They can transmit in the same frequency band
simultaneously causing any performance degradation if users are located

other opti jon approaches about multiple users’ resources, from systematic angle,
game the@i a powerful tool to predict system’s steady state (equilibrium point), reflect
th lon among multiple users, guide users to make a decision in order to improve
t)%zem performance [4]. So it is a current active research topic to study the problem of
distributed channel selection with game theory for dynamic spectrum access.

A common assumption of most existing references is that secondary users are
close-by and interfere with each other when they transmit on the same frequency
band simultaneously [5-6]. However, the secondary user’s spatial position is arbitrary
distributed and user’s decision only affects its neighboring users instead of all users in the
general wireless access network. Therefore, in recent years, establishing a optimization
problem with spatial reuse attracts the attention of specialist, a small amount of research is
emerged [7-9]. According to the different object functions design the corresponding
optimization frames. From the perspective of maximizing the expected throughput, this
optimization framework is to optimize channel selection strategy set when the channel
idle probability and the number of secondary users are unknown and the business demand
of secondary user is same, is presented in [7]. Although there has been some progress, the
problem is not yet solved. Specifically, in general model, spatial position information and

sufficiently f%r , thus improving the spectrum utilization rate [3]. Compared with
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user demand are all affect the certain of optimal channel selection. In view of this, from
the perspective of minimizing the system interference, the optimization framework, in
which the secondary users make use of the interference graph decided by space position,
is to evaluate interference and to optimize channel selection strategy set, is presented in
[8]. Then from the perspective of maximizing the expected throughput, this optimization
framework is to optimize the joint channel and location selection strategy set, is presented
in [9].

User demand is a key factor to affect the system throughput and the selection of
optimal channel set, user satisfaction is also related to it. However, the effect of user
demand on distributed spectrum access is less understood than many other aspects in the
above references, which motivates this study. Thus an optimization goal of minimizing
the loss throughput is proposed, taking user demand into account and then studying jtfe
problem of distributed channel selection by game model; it is proved that this ould
has at least one pure strategy Nash equilibrium. Finally simulation res rE given to
verify the correctness of the theoretical analysis, after considering ;@éreuse, the
system throughput is significantly improved, thus iégectrun@zation rate is
improved as well compared with the reference [7]. ,Q

2. The Formulation of Distributed Chan Sele& nd Interference
Graph

An interference graph [8] of a corre @mg spatl sition distribution between
users, characterizing the limited % eence or transmission, can be
obtained. Specifically, each no esen Condary user on the interference
graph. Considering avallatgﬁ um acc pportunltles based on users spatial
position distribution of the “eognitive Gkadio network, where is involving
secondary users and ensed which are owned by the primary users
and can be opportunis‘@ used b& secondary users, N > M >1.Denote the set
of the secondary @@ SN ={#2,...,N } and the set of the licensed channels as
M ={1,2,. smp@%ze call a cognitive transmitter-receiver pair as a
CR link or’n ry user ample of spectrum access with spatial reuse is
shown in Fi 1 |nv two primary users, four licensed channels (1-4) and five
secondary users.

Notice that di primary users occupy different channel and their interference
range partially rlap, which leads to heterogeneous spectrum opportunities in
cognitive io network. Then we characterize the heterogeneous spectrum
opportun@ by the channel available vector c, . Specifically,

c I m isavailable for user n,while c =0 indicates thatitis notavailable,
moreover, it is assumed that the spectrum opportunities vary slowly in time. We
assume that the secondary users are located in a spatial domain o, i.e., a set of
possible spectrum access locations. Denote d, < D as the location of user n, and
d=(d,.d,,..d,)e D" as location profile of all users, each secondary user has a
transmission range s. Then given the location profile o« of all users, we can
obtain the interference graph c, ={N,=,} to describe the interference relationship
among users. Here the vertex set N~ is the secondary user set, and the edge set
g, ={(i,j):”di,dj <s,vi, j=ie N} i the interference edges set. If there is an
interference edges between two secondary users, they cannot simultaneously
transmit on the same channel, so denote J ={jeN,(j.,n)ece¢,} as the set of
connected (neighboring) users of user n.

c ~{gcC,, ...Cc,,}, for each nen , where c =1 mem indicates that
og
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Figure 1. An Example of Spectrum Acc th Sp@ euse

From the interference graph of the correspo %tl n distribution, we
can see that neighboring users can interfere each%rI hen simultaneously
transmitting on the same channel in Figu Then t smission range among
secondary users and the possibility of a le spe access opportunities with
spatial reuse are all closely related condar users’ spatial location. So it is
necessary to study the performanc pec |ng based on interference graph
with spatial reuse and taplng rum e% y further.

3. The Optimization P, oblem of b@l buted Channel Selectionwith
Game Theory é)

The access str seconzirqr;/%fsers and the spectrum utilization rate are two

key factors of s m s echanism based on spatial reuse. The spectrum
utilization ma usuall eled as loss throughput of secondary users, and
through destgning th egy of user access set to max the negative of loss

throughput. There is tralized controller available, which motivates us to model and
solve the problem J&me. The previous games, however, are proposed in the premise
of the user samﬁund so it is possible urgent to set up a potential game in conditions

of user dlﬁ{ﬂr ands.

3.1.T imization Model of Spectrum Sharing with Spatial Reuse

%ugh the current optimization technologies in cognitive radio networks are usually
maxinizing the throughput, there are other alternative methods that implicitly maximizing
the throughput, e.g., the loss throughput minimization. So motivated by this idea, we
consider the problem of opportunity spectrum access from the angle of minimizing the
loss throughput in cognitive radio network, where secondary users are spatially located
and interference only emerges between neighboring users.

It is assumed that all secondary users can perfectly sense all channel, but can transmit
on only one channel due to hardware limitation. Efficient distributed mechanism such as
CSMA can be applied to data transmission among neighboring and interfering users.
Considering user different demand (telephone, SMS etc.) , access channel probabilities of
users is vary from it to it. Let a_ denote a channel selection of secondary user n, then
the loss throughput, which is equivalent to the normalized contention time, received by
secondary user n is given by:
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rn(an’ajn ) =NCT I R (1)
T

a a
n n

e

Where 1, is the useful time after channel sensing, - is the length of a
mini-contention slot, N~ is the number of mini-contention slot. Itis seenthat n_ isa
geometric random variable [10] with the following probability mass function (PMF):

P{N, =i}=p,A-p,) iz1 2
Where
p,=p, N (-p) (3)
Is the overall successful channel conféhffoﬁ ﬁrobablllty in a mini- contentlon
is access channel probability of user n, 1, indicates whether the channel a or

occupied. It is seenthat 1 is a Bernoulli random variables with the foIIO@

Prile, =x3= Ll 0, . x \ﬁ @

Where ¢_ is the probability of idle channel, @
Based on (1)-(4), the expected loss through%c leved bN ndary user n is given

Q,(a, a, %NQ 6\

L%_ (5)
QGM (- p,

° (a3, )

by:

considered in this

Where E[] takes i ctatlon
To take the fa g mto&) nt the proportional-fair utility function [11] is

)

sue
a lega, &, .
6% 0, N (6)

—Iog— )

@ p Te jel (a, a; )
Fair fun;tl\b ther forms will be considered in future research.
Theref ur goal is to find the optimal channel allocation to minimize loss
I@ when each secondary users has different demand, i.e.,

(P):min D (a,.a,) (7)

aeA,

Where denote A_ ={m < ™ :Cc__ =1} asthe available channel set of player n .

3.2. The Optimization Problem Solution with Game Theory

The optimization problem of spectrum sharing based on spatial reuse is modeled as the
selection problem of optimal channel set in the paper. As there is no central controller and
each secondary user only care about their own utility function maximization, which
motivates us to model and solve the problem as a game, then prove that it is a potential
game which has at least one pure Nash equilibrium.
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As each user is generally selfish and tries to maximize its own utility by choosing a
proper channel, the game can be described as follows:

=INA }{U, (3,3, )}, ] ©)

Where ~ ={1,2,..,N} is the set of players(secondary users), A ={meMm :C =1}
is the action set (the available channel set) of player n, u (a,.a, ) is the utility
function of player n, i.e.,

Un(an’aJ)H_Dn(an’aJ) (9)

n

Nash Equilibrium [12]: An action profile a = (a’,,a",,..a",) isapure strategy NE if
and only if no player can |mprove its utility by deviating unilaterally, i.e.,
U(a )2U(ana)VneNVa e A, a¢a (10)

Theorem 1: ¢ is anexact potential game which has at least one pure s@
Proof: We construct the potential function as foIIows'\

®(a,a,)= % p, <Iog—g /\}) (11)
neN p Te jel, e/x

Where p, = 1og(1 - P .Suppose that an y pla Iaterally changes its channel
selection from a, to a” , the chang potent tion caused by this unilateral

change is given by
&js K\ TR, 9, 1
®(a ;)@ (a,.a )—p(log P ;)= py(log —--— X P+
p,T

J r‘(a",aJ“ p.Te 2 ety (a,.a, )
rRoHQX @ L
Z (p (log x )= P (log L= Z pk))+
iel, 2 kel (% pjTe 2 kel I

1:
> (pQ P =P (|09 x P+
2ke|(a aJ)

- ]
jel, (a,a 2 kelj(a; aJ)

TR, 0, 1
L (p,(oglo p)-plog———-— T p,))
jeK, j#n \[ Te 2 kelj(a;.a 5) pjTe 2 kelj(aja, )
@9 TR, 0, 1
=Q@7 L p)-ppllog——=-— 5 p)
1

aTe 2 jel, (an,ajn) p,Te 2 jely(a,.a,;)
1
+— X pPilp)+— x pi(=p,)
2 jel,(a,.a;) 2 jel, (an,a,")
rRatnea*n rRanean
=(p,(log ———- > p)) = p,(log - X Py
pnTe jeln(a*",a%) pnTe jeln(an,aln)

= -p,(U (a,.a,)-U (a,a,))

A game is called a weighted potential game[12] if it admits a potential function @ (a)

suchthatforevery nenand a ,em
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®(a,,a )-d(a,,a )=w (U (a )-U (a,,a_)) (12>

n’' a7n

Where w >0 is some positive constant. Since o< p, <1 and hence
p, =logl- p,) <0, Itisclear that the game is a potential game which has several
nice properties and the most important one is that every potential game has at least
one pure strategy NE. Based on the property, Theorem 1 is proved.

4. Simulation Results

In this section, simulation results are presented to validate the proposed game-theoretjc
channel selection mechanism based on spatial reuse of the SLA learning al ritFN[23].
The basic simulation parameter settings are as follows: g%‘r

The number of secondary users is set to be ~ -9, the en‘%ber of chagn S

et to be

m =3 (interference graph in Figure 2, where each circle, reépresénts ive radio link,

the dashed lines indicate the interference between the ers) e fixed channel
access probability p of user nis randomly s 0 1,0.2,...0.9}.The
simulation results show in Figure 3, Figure 4, Fig and
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@ Figure 2. Interference Graph

In order to verify the convergence of the proposed game-theoretic channel selection
mechanism, Figure 3 shows the dynamic change of potential function @ based on
interference graph, it can be seen that with the increasing of the iteration number the
potential energy function gradually converges to the maximum value in the 70 iterations,
which is a Nash equilibrium according to the property of potential game.

In order to test the performance of the proposed game-theoretic channel selection
mechanism, the solution obtained by learning algorithm with the global optimization of

Y U (a,.a, ) Is compared in Figure. 4. The performance loss of system utility is not
mére than 5%, therefore, it can be estimated that the Nash equilibrium solution is global
optimal solution, in other words, the game for minimizing system loss throughput has a
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Nash equilibrium which is the optimal solution of the network loss throughput
minimization problem.

It can be seen from Figure 5 wuser satisfaction (the expectation of the
calculation-to-need ratio about the access channel probabilities) increases with the
increasing of the access channel probabilities, where user satisfaction is 1, if the
calculation-to-need ratio greater than or equal to 1, otherwise the user satisfaction is O.
After introducing the user different demands, user satisfaction is all 1, greatly improved.
In other words, the calculated access channel probability is not greater than the required
access channel probability when not considering user demand. Therefore, user demand is
an important indicator to influence user quality of service in cognitive radio network.

In order to unify the comparison of system throughput, it is assumed that
p,=02R, =1 inFigure 6 . We can see from it that the system throughput faged)6n
spatial reuse is greatly improved than traditional system throughput. As i
account the users’ spatial position, obviously the system throughput is gr proved,

thereby improving the spectrum utilization rate, it is because if the u are sufficiently
far enough and they can transmit in the same frequency ﬂ;%lmultan%
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5. Conclusions &%\ \Q)

With the help of the inter jﬁ@ raph ab e distribution of user-space location,
the interference between users IS assessed ased on it we investigated the optimization
problem of dynamic spect%w1 aCCESSAWV4 atial reuse. The optimization model of loss
throughput is construc ere t mal channel selection set is to determine to
minimize loss thro@@ ga | of maximizing the potential function, which is a
potential game t % Nash equilibrium and the Nash equilibrium is the
optimal solu e above ization model, is proposed in this paper. Finally the

simulation r pro ratlonallty and effectiveness of the optimization problem,
improving opportuan@' cess throughput in cognitive network after considering the

spatial location inf ion between users. However, there are still many problems need
further research@v as based on the heterogeneous spatial locations different user
demands (telephone, SMS, etc.) influence the choice of the optimal channel set from the
perspecti\ége system after considering mutual cooperation between cognitive users.
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