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Abstract

In order to make full use of wireless spectrum resources, the behavior of cognitive radio (CR)
for dynamic spectrum allocation is analyzed based on the game theoretic framework. The traditional
spectrum allocation schemes consider the spectrum allocation among independent frequency bands
only, without taking into account mutually overlapped frequency bands. For this reason, an optimal
allocation etiquette is defined to promote the cross characteristic of the frequency bands in a dynamic
spectrum allocation model. New interference operator and interference temperature constraints are
introduced in order to realize calculation of the interference, and the corresponding spectrum alloca-
tion scenario can be further formulated as a potential game. Based on the characteristic of dynamic
selection using the game theory and the interference avoidance rule of interference temperature, the
robustness of CR networks is increased and the scenario is more suitable for the dynamic changing of
actual wireless communication and energy saving communication systems. Simulation results show
that the signal to interference and noise ratio (SINR) level can be significantly improved through the
optimal allocation of any available spectrum. The utilization rate of spectrum and throughput of over-
all CR networks are increased by fully utilizing the spectrum resources in the dynamic spectrum allo-
cation model.
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0 Introduction

The rapid growth in wireless communications has
contributed to a huge demand on the deployment of
new wireless services in both licensed and unlicensed
frequency spectrums. However, recent studies have
shown that the fixed spectrum assignment policy en-
forced today results in poor spectrum utilization'''. To
address this problem, the cognitive radio ( CR) was
coined by Mitola, and has emerged as a promising
technology to sense the external environment, learn
from the history, make intelligent decisions to adjust its
transmission parameters according to the current envi-
ronment, and thereby increase the spectral efficien-
cy'?). The desired CR users can reuse the spectrum
when the degradation intruded on the other communica-
ting users’ performance is null or tolerable. As plenty
of wireless multi-vision applications for home entertain-

ment are becoming an important trend in consumer

electronic domains. And most of the existing applica-
tions are operating in the unlicensed free Industrial sci-
entific medical (ISM) band which is becoming overex-
ploited and experiences serious coexistence problems.
Using the dynamic spectrum access techniques®’ | an
unlicensed CR indoor multi-vision system can operate
in the UHF TV band for short-range indoor transmis-
sion of high definition TV contents. In the actual com-
munication, users randomly leave or enter the same
cell to build their links through different information
rates. The dynamic situation leads to the interference
level between users changing accordingly. So it needs
a dynamic spectrum access algorithm to realize an opti-
mized allocation of available spectrum resource, and
then the interference level can be reduced. For decrea-
sing greenhouse gas emissions and energy costs, the
environment-friendly CR standardization can assist the
use of CR to both save energy for wireless communica-
tions, and ensure that the energy consumption in CR

. . Coe . 4
networks and devices is minimized"*’ .
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The potential contributions of CR to spectrum sha-
ring between independent frequency channels and an
initial framework for formal radio etiquette have been

discussed in Ref. [3].

quette, users should listen to the environment, deter-

According to the proposed eti-

mine the interference from their neighbors on the deter-
minate channel and estimate their interference contri-
butions on their neighbors. In this model, the interfer-
ence exists only when users communicate with each
other in the same independent channel. And the cumu-
lative interference in the chose channel may exceed the
tolerable interference by communication equipment
when plenty of users signal at the same time in an equi-
librium station. Consequently the failing communica-
tion will require packet retransmission to ensure the
correct packet reception, so it will consume more ener-

the CR

users should change their transmission parameters ac-

gy. As an intelligent communication system,

cording to the dynamic channel environments adaptive-
Iy,
cation bands may be partially overlapped, such as the
Multitone CDMA ( MT-CDMA ) ,

munications, and so on. According to the quality of

For some communication systems, the communi-
spread spectrum com-

service (QoS) and communication system constraints
cognitive users should adaptively select communication
bandwidths and center frequency from all of the availa-
ble spectrums, and not just a limited number of inde-
pendent channels. So the cognitive users ( CUs)
should have a more flexible scenario to choose the com-
munication parameters. For this reason a novel spec-
trum allocation model is proposed to make the interfer-
ence not only exist in the independent channels but al-
so can be reflected between the overlapped channels.
An improved interference function is introduced in
which it contains a new interference operator and inter-
ference temperature constrains. So the system will be
more energy saving and robust, and the spectrum utili-
zation and system throughput can be effectively im-
proved.

The rest of the paper is organized as follows. In
Section 1, it describes a system model of CR networks
for the dynamic spectrum allocation. In Section 2, it
provides a brief introduction to the Game theory, used
to build a dynamic spectrum allocation engine. Simula-
tion results and discussions are presented in Section 3.

Finally, the conclusion of this paper is in Section 4.
1 System model
As shown in Fig. 1, a new system model is proposed

in which the CR network consists of n IEEE 802.11b
hotspots , with one access point ( AP) and multiple Wi-

Fi users per hotspot, and one 802. 16a cell, with one
base station ( BS) and multiple subscribe station
(SS). The Wi-Max network can cover a range of 3km
and the Wi-Fi hotspots inside the 802. 16a cell can
cover a shorter range of 150m. Both systems are inde-
pendent from each other in one geographic area. The
SS and Wi-Fi users can be regarded as primary users
(PUs).

distributed in the cognitive network are static or quasi-

It assumes that the cognitive users randomly

static ( slower than the convergence time for the pro-
posed algorithms ) when reusing the ISM ( Industrial
Scientific Medical) band to communication. In this sit-
uation, the CU’ s
the PU’ s communication

data transmission should not damage
so each CU can accurately
measure the available spectrum before deciding trans-
mission frequency and the transmission energy must

satisfy certain interference temperature constrains.
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Fig.1 CR network architecture

Fixed bandwidth allocation is used in the Wi-Fi
and Wi-Max systems. The two systems can share the
same ISM band. The Wi-Fi radios use direct sequence
spread spectrum ( DSSS) with a bandwidth of 22MHz
per channel and a total of 14 overlapped channels are
allocated in the ISM band'®’. The Wi-Max radios use
OFDM with 20MHz bandwidth and 4 non-overlapped
channels are considered. In the study it assumes align-
ment of the center frequencies of Wi-Fi channel index a

with Wi-Max channel index 1 at 2412MHz,

in Fig.2. Furthermore,

as shown
there are M Wi-Fi frequency
channels available for a set of N transmitting-receiving
pairs of CUs to transmission, with M < N. By selecting
a transmitting frequency in a distributive way, the CU
radios construct a channel reused distribution map with
reduced co-channel interference effectively.

The transmission link quality of the CR networks
can be characterized by a required signal to interfer-
ence and noise ratio ( SINR) target which represents
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Fig.2 Wi-Fi and Wi-Max channel allocation

the situation of interference. Such as SINR measured at
receiver i can be formulated as

p; | Hii|2
Pl Hki|20'<fkafi> +P?

k=1,ki

SINR, =

N

(1)
where p, is the transmission power at transmitter i, H is
the link gain between the transmitting-receiving pair i,
H,,(k # 1) is the interference gain between transmitter
k and receiver i, f, is the center frequency of the RTS/
CTS signal of CR k, p’ is the additive white Gaussian
nose ( AWGN) received by receiver i, and B, is the
bandwidth of the transmitting signal used by user i.
Moreover, o (f,, f;) is proposed as an interference op-
erator characterizing the overlapped interference crea-
ted by transmitter k to receiverj, and is exactly defined
as
o(fi, f;) =

max{ (B, + B)/2 - Afk,j,()}

(B, +B)/2 » Wiy = AR,
(B, +B,)/2’ Vi < AB,
(2)

with Af, ; =1 f, - f,1 andAB, ; =1 B, - B;1 /2. From
Eq. (2) the interference operator shows different inter-
ference degree when CUs choose different communica-
tion frequencies and bandwidths.

To minimize the SINR of whole network, namely,
to minimize SINR of each user, while the interference
of users on the frequency channel is interactive to each
other. This multi-objective optimization problem is
consistent with the application background of the game
theory. So game theory is used to represent CU’ s mu-
tual interference in the communication system.

2 Potential game for dynamic spectrum al-
location

2.1 Game theory
Game theory is a field of applied mathematics that

describes and analyzes interactive decision proces-

[7]

ses It provides analytical tools to predict the out-

come of these interactions and to identify optimal strat-
egies for each player. The main areas of application of
the game theory are economics, political science, biol-
ogy, sociology, and so on. Since the early 1990s, the
game theory has been used in engineering and comput-
er science.

In a cognitive network, CR users who are intelli-
gent and rational have the ability to learn their environ-
ment and to optimize their own performance. Since us-
ers generally belong to different authorities and pursue
different goals, fully cooperative behaviors cannot be
taken for granted. Instead, users will cooperate with
others only when cooperation can improve their own

[8-10] Therefore, a key problem in cogni-

performance
tive networks is how to stimulate cooperation among
selfish users. To address the interactions of the dynam-
ics among conditions, resources, environments, and
players, game theory has naturally become an impor-
tant emerging tool that is ideal and essential in stud-
ying, modeling, and analyzing the cognitive interaction

") The interactions between CR users can

processes
be modeled as a game theoretic formulation by modif-
ying their transmission parameters.

In particular, a game theoretic formulation of dy-
namic spectrum allocation problem is proposed for CR
12]

networks'?'. In this model, the players are the CR us-
ers and their actions (strategies) are the transmitting
frequencies which not only influence their own perform-
ance, but also neighboring users. And their payoffs are
associated with the quality of chosen frequencies which
is determined through measurement on different radio
frequencies by CR users.

The channel allocation problem can be modeled as
a normal or strategic form game, that can be mathemat-
ically defined as I" = (N,F,{U,} ), where N = {1,2,
-+,n{ represents the set of n CR users ( decision mak-
ers) , F is the frequency space formed as the Cartesian
product of the sets of actions available to each user, F
= F, X -

quencies available to CR user, and {U,| satisfies the

x F, where I, and i e N specifies the fre-

following expression: F'— R, is the set of utility func-
tions that denote the CR users’ decision processes. For
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every user [ in game [, the utility function U, is a func-
tion of f; which is the action chosen by user i, and the
current strategy profile of its opponents; f_;. Together,
f: and f_; make up the action tuple f;. An action tuple is
a unique choice of actions by each user. From this
model, steady state conditions can be identified as
Nash equilibrium. The aim of user i, given the other
users’ actions f_;, is to choose an f; € F, that maximi-
zes its utility function U, (f;, f_;) and satisfies the in-

terference temperature constraints g(f;, f_;) < P,,.-
Function g(f;, f_;) represents the interference to the
channel whose frequency is f; and the maximum inter-

i

ference value P, is chosen by cognitive network ac-

max

cording to the QoS requirements. Mathematically, i. e.

maximize U.(f .
mize U.(f, f.) o)

subject to f; € F,, g(fi, fu) < P,..

Roughly speaking, a Nash Equilibrium ( NE)
problem is a set of coupled optimization problems'"’.
In analyzing the outcome of the game, as the users
make decisions independently and are influenced by its
opponents’ decisions, it is important to determine if
there is a convergence point for this adaptive channel
allocation algorithm.

Definition 1 An action tuple for users, f = [f,,
fyy ety fyv] is a NE if and only if

U =U(fi, f2), VieN,fieF (4

If the equilibrium strategy profile in Eq. (4) is
deterministic, a pure strategy NE exists. For finite
games, even if a pure strategy NE does not exist, a
mixed strategy NE can be found ( equilibrium is char-
acterized by a set of probabilities assigned to the pure
strategies ) .

2.2 Potential game

From the above discussion, it shows that the per-
formance of the adaptation algorithm depends signifi-
cantly on the expression of the utility function which
characterizes a user’ s preference in one particular fre-
quency channel. Also the utility function must be se-
lected to have physical meaning and appealing mathe-
matical properties for some particular application. So
the game will be guaranteed an NE for the adaptation
algorithm.

In particular, this paper has worked over and pro-
posed a utility function that captures the channel quali-
ty, as well as the level of cooperation and fairness in
sharing the frequency resources. Mathematically, i. e.

Uff) = = S pl HCo(f, )

i#],j=1

=N U H e )

i#j,j=1

Vi=1,2,---,N (5)
Ui<f;" f—i) =_I(li _Iuii VL = 1’25"'7N <6)
N

L= S plH 1l f)

i#j,j=1

Vi=1,2,+,N

(7)
g(f‘ivf—i) :]rligpma)m Vi:loz,“'9N
(8)
N

L= > pl H1 o(f f) Yi=12,N
(9)

i )=
where o (f;, f;) is the interference function, f; is the
frequency of RTS/CTS signal of CR useri and its band-
width is B;, p; is the transmission power of user i ’ s
waveform, and H is the interference gain from trans-
mitter i to receiverj. In Eq. (7), I, denotes the inter-
ference to receiver i caused by the other transmitters on
a particular channel and it’ s consistent with the inter-
ference temperature function g(f;, f_;). And in
Eq. (9), I, stands for the interference to neighboring
receivers caused by transmitter 1.

In the previous section the utility function is given
based on the physical meaning. And NE gives the best
strategy given that all the other users stick to their
equilibrium strategy too. However, the question is how
to find the NE, especially when the system model is
implemented in a distributed manner. One approach is
to let users adjust their strategies iteratively on the ba-
sis of accumulated observations as the game unfolding,
and hope that the process could converge to some equi-
librium point. Although this is not true in general, the
iteration does converge and lead to an NE when the
game has certain special structures. In what follows,
an exact potential game is formulated for the proposed
utility function Eq. (5). Then NE is guaranteed.

Definition 2.'"' A game I = (N,F,{U.} ) is an
exact potential game if there is an exact potential func-
tion: P:F —R, Yi e N, f; € F,, with the property
that
P(f;s f—i) - P(ﬁ’f—z) = Ui(fi,,f—i) - U,‘(ﬁ’f—i)

(10)

From the definition, it is easy to see that any sin-
gle user’ s individual interest is aligned with the
eroup’ s interest, and any user choosing a better action
given all other users’ current actions will necessarily
lead to improvement in the value of potential function.
A potential game will terminate in finite steps to an NE
that maximizes the potential function when all users
adopt their better strategies sequentially'™*’.

According to the dynamic spectrum allocation
game whose utility function is U;(f;, f_;) formulated

i

previously, an exact potential function can be defined
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to be:
Po(F)

PO(ﬁ,f_,) )
E( >

i=1 25740

Z o\ H o (L 1))

i 7=1
Vi=1,2,-,N (11)

The factor 1/2 appears here due to the half-duplex
operation of the transmitting-receiving pairs of CUs. If

H, o (f, f)

_ 1
2

users take actions following a best response strategy se-
quentially, from Eq. (11), it shows that the increase
of an individual user’ s utility contributes to the in-
crease of the overall network utility. So Eq. (11) es-

sentially reflects the performance of the whole network.

3 Simulation results

3.1 Simulation steps and environment

The dynamic spectrum allocation is a distributed
model, so it needs a distributed scheduler in which the
random access based on Bernoulli trail is used for deci-
sion making. The CU who wins the game in a trial
would choose a new decision based on the current val-
ues for the utility function of each frequency, other-
wise, he does not change his frequency and keeps lis-
tening to the channel station information. Although the
random access makes sure that on average exactly one
CU makes decision at each trail, of course has a non-
zero probability that two or more CUs take actions sim-
ultaneously. When two or more CUs choose frequency
simultaneously, the overall system performance may
decrease temporarily but then the upward monotonic
trend will be re-established immediately.

The potential game formulation requires that CUs
should be able to evaluate the candidate frequency’ s
utility Eq. (5).
shake signaling protocol which is similar to the RTS-
CTS packet exchange for the IEEE 802. 11 protocol.
After a CU is successful in the Bernoulli trial, the
handshaking protocol is initiated to choose the best

This paper uses a three way hand-

transmission  frequency. The signaling packets,
START, START _ CH and ACK _ START _ CH
(END, ACK END) are used to measure the interfer-
ence components of the utility functions for different
frequencies and to assist in computing the utility func-
tion. And the signaling packets play a double role, one
is to announce the station of current CU to select a par-
ticular frequency to transmit information, the other is to
serve as probing packets to measure the interference on
frequency to be chosen.

For this network, it assumes that the signaling
packets transmitted on a common control channel use a
fixed transmission power and no collisions occur on
common channel. From the utility Eq. (5), it can be
known that the measure of interference is divided in
two parts: the interference created by other CUs [, and
the interference created to its neighbors /.. Therefore,
the protocol requires that both transmitter and receiver
should listen to the common channel and maintain a

Channel Status Table (CST). In the follows, the steps

of the protocol will be outlined as shown in Fig. 3.

(Initialization)

CUs update their CST ¢
|
=

s N
= o If the CU senses-the
~If the Bernoulli trial is ;N) g START_CH and
successful? ] ACK_START_CH packets?
al vY
Y ifitis the same CU Who—_ )  Update his CST.
enters this step in pre-trial? /
‘VN
‘ Transmitter sends START packet (Ioi)‘
v
Receiver estimates the interference
(Idi) and chose the frequency with the
highest value based on function(5)
Le
1
If the candidate frequency Selecting the hypo-

_ satisfies the interference
~ temperature constrains?
VY
Receiver sends the START_CH packet
that includes the newly selecting
frequency on the common channel

~— optimization one as the
candidate frequency

Transmitter sends the
ACK_START_CH packet and starts to
transmit on the selected frequency

' If the CU senses the END.and Y.
ACK_END packets?

Releasing the
frequency

N

Fig.3 Flow chart of arithmetic

It can be known that the transmitters and receivers
should maintain different copies of the CST-t and CST-
r respectively. The list of each table contains neighbor-
ing users who have requested a frequency, the center
frequency, the bandwidth, and the estimated link gain
between the CUs.

In this paper, the dynamic overlapped spectrum
allocation technique is simulated with MATLAB pro-
grams on the underlying cognitive radio system. In par-
ticular, in the proposed simulation a Gaussian frequen-
cy-selective multiuser interference channel is em-
ployed, composed of N = 40 transmitting-receiving
pairs of CR users whose signals have the same trans-
mission power, and they are randomly distributed in
the Wi-Fi network index 1 whose radius D is 150 me-

ters long, as shown in Fig. 1. It assumes that the Wi-
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Max network will always operate and the Wi-Fi network
is unused at the same time. From Fig.2, based on the
purpose of improving the frequency band utilization rate
and decreasing the interference energy, it assumes that
the channel index 1, 5, 9, 13, 14 will be the availa-
ble channel for CUs’ selection. For convenient simula-
tion the five available channels are numbered from 1 to
5 according to the channel index. It will make full use
of the frequency resource rather than just choosing the
non-overlapping channel index 1, 9, 14 in the meth-
od"'. At the beginning, the initial frequencies are se-
lected in a random way.

3.2 Simulation results and analysis

First, the convergence property of the spectrum
sharing algorithm is illustrated based on the potential
game. From Figs 4 and 5, the convergence of users’
strategies is achieved when using the arithmetic of po-
tential game. In Fig.5, at the beginning of simulation

4.5

3.5

Strategies
w

2.5

1.5

100 200 300 400 500 600 700 800
Number of trials
Fig.4 Convergence of users’ strategies based on potential game
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4 AERRRC: .

35

12 E R R L R R R e R R )

Strategies
w

2.5

1t I L L I I 1 I 1 I 1 i 7
10 20 30 40 50 60 70 80 90 100 110 12
Number of trials

Fig.5 Strategy evolution for selected arbitrary users
based on potential game

users CU2, CU11, CU13 and CU23 randomly choose
strategies 3, 5, 4 and 2, respectively, and then they
try to update their strategies according to their own util-
ities, until they converge to the stable situation finally,
which is a pure strategy of Nash equilibrium after num-
bers of trials, e. g. , CU11 changes its strategy from 5
to 1 after No. 33 trial to minimize the system interfer-
ence.

In Fig. 6, the system interference is described by
using potential function and it reduces to static along
with the trail evolving. It illustrates the changes in the
potential function when the potential game evolves, and
the result shows that the users can affect the overall u-
tility of the network by respectively improving their util-
ity. All of these results are consistent with the theoretic
analysis with potential game.

-60 T " T T : : .

-80

-100 A

-120 1

-140 | b

Potentail function P (F)

-160 b

-180 i

-2000 100 200 300 400 500 600 700 800
Number of trials

Fig.6 Evolution of potential function

Figs 7 and 8 illustrate the SINRs observed by CR
users on each of 5 different frequencies for initial and
final assignments, respectively. At the initial assign-
ment, the distribution of CR users in different frequen-
cies is non-uniform, and the SINRs values of CR users
are not rational. In contrast to all CR users’ distribu-
tion and SINRs value at the initial assignment, when
the Nash Equilibrium statement is achieved in the po-
tential game, the final assignment shows that the CR
users would be distributed more uniformly and the
SINRs values would be significantly improved. From
the histogram of SINRs values in Fig. 9, it can be seen
that the number of CR users having an SINR below
0dB has been reduced and the SINRs of most of CR us-
ers are relatively high, although it comes at the ex-
pense of a slight penalty in performance to the CR us-
ers who have an initially high SINRs.
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The expression R = log(1 + SINR) implies that

the spectral efficiency R has the same monotonicity as
SINR. So they are essentially identical with each other
in the Gaussian frequency-selective multiuser interfer-
ence channel. In the simulation, only CDF ( Cumula-
tive Distribution Function) of SINR is chosen to dem-
onstrate the proposed algorithm. Fig. 10 shows that the
percentage of CR users with SINR value less than 5 dB
decreases from about 64% to 21% , at the expense of a
slight decrease of the SINR value for user with initial
SINR value greater than 10dB. Fig. 11 plots the CDF
of achieved throughputs for the initial and final spec-
trum allocation schemes. And it shows that the per-
centage of CR users with throughputs less than 0.7 de-
creases from almost 72% to 25% , most of the CR us-
ers’ throughputs are greater than 0.7 in final assign-
ment. So it gets a significant improvement to the
throughputs of the whole CR networks when using the
potential game scheme.
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Fig. 11 CDF for the achieved throughputs: Initial assignment vs.

Final assignment
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Fig. 12 shows that the throughput of the system
will be gradually increased with CUs increasing in the
cognitive network , and gradually stabilize. The system
throughput obtained by our method is larger than the
method used in Ref. [3], and the amount of the in-
creasing system throughput becomes larger with the in-
creasing CUs. So, this algorithm is more rational to use
the spectrum resources when there are overlapped spec-
trum resources available.

'S
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(=]

System throughput (bps)
(3] w
W W

"]
(=)

—
w

10 i i i
0

i i i i i i i
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Number of CUs
Fig.12 System Throughputs: The proposed method vs. Ref. [3]

4 Conclusions

A novel dynamic overlapped spectrum allocation
model based on game theory is proposed to study CR
network , and the dynamic spectrum allocation is ana-
lyzed from the perspective of optimization. For the lack
of investigation in the overlapped spectrum allocation
there is an improvement to the spectrum utilization by
introducing a new interference operator. This makes
the interference not only exist in the independent fre-
quencies but also be reflected between the cross fre-
quencies. In particular, the potential utility function
has been generalized with the interference temperature
which can avoid some unnecessarily failing communica-
tion and save more energy for the mobile devices, so
the QoS of the PUs and CUs can be guaranteed. This
scenario can also be used in some other communication
systems which can dynamically change the communica-
tion parameters, be more energy efficient for reducing
the carbon footprint of wireless networks, e. g. the
small cell networks.
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