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Fair Power Control Using Game Theory with Pricing
Scheme in Cognitive Radio Networks

Xianzhong Xie, Helin Yang, Athanasios V. Vasilakos, and Lei H

Abstract: This paper proposes a payment-based power control
scheme using non-cooperative game with a novel pricing fution
in cognitive radio networks (CRNs). The proposed algorithmcon-
siders the fairness of power control among second users (SUs
where the value of per SU’ signal to noise ratio (SINR) or dis-

tance between SU and SU station is used as reference for pun-

ishment price setting. Due to the effect of uncertainty fadig en-
vironment, the system is unable to get the link gain coefficig to
control SUs’ transmission power accurately, so the qualityof ser-

vice (QoS) requirements of SUs may not be guaranteed, and the

existence of Nash equilibrium (NE) is not ensured. Therefa, an
alternative iterative scheme with sliding model is presered for the
non-cooperative power control game algorithm. Simulatiorresults
show that the pricing policy using SUs’ SINR as price punishrent
reference can improve total throughput, ensure fairness ad reduce
total transmission power in CRNSs.

Index Terms. Cognitive radio networks (CRN), fairness, game the-
ory, power control, price.

I. INTRODUCTION

I
Cognitive radio (CR) is an enabling technique that promisé%
to overcome the problem of spectrum scarcity caused by the VR

searches on CRNs (see a survey paper [4]).

Non-cooperative power control game (NPG) was developed
in [5], in which the existence and uniqueness of ‘Nash elquili
rium (NE)’ were verified, based on NPG with pricing (NPGP)
achieved Pareto improvement by introducing a linear-pgci
into the utility function [6]. Considering the fluctuatior @-
dio resource in CRNs, it is desirable to investigate more ef-
fective game algorithms. A linear pricing function based on
throughput has been proposed under single-user and nseltsu
scenario in [7], [8]. Different game theories were applied t
form power control algorithms in [9], [10], where effective-
ceiver and strategy attempted to maximize global utilityrave
developed. The finitely repeated game and discounted expeat
game have been proposed to achieve Pareto improvement in the
energy-efficient power control game [11]. In order to improv
convergence speed, a modified shuffled frog leaping algorith
(NPG-MSFLA) for solving NE was proposed in [12]. For power
control in the underlay scenario, a new iterative algoritinsa
ing game theory has been proposed in [13]. In [14], a realis-
tic primary-secondary game theoretic scheme was propased,
which Rician and Rayleigh fast flat fading channels were ana-
zed, but energy efficiency was not taken into account. More
er, an efficient swarm intelligent algorithm based on powe
ntrol game (NPGP-ESIA) with underlay spectrum access to

rent way of fixed spectrum allocation. The Federal Communicgtttain NE was proposed in [15]. Also, a better global utility

tions Commission (FCC) found the utilization of the speswtru

achieved and the transmission quality of PUs and SUs is guar-

is low most of the time [1]. Thus, the technology of cognitiv?31 teed by NPGP-ESIA

radio networks (CRNS) [2] is proposed to solve the problem OP

spectrum scarcity and improve spectrum efficiency.

In addition, the issue about pricing in power control game
CRNs was important for NPGP. In [16], the authors investi-
ated the pricing issue for the power control problem in CRNs
q [17], the optimal investment and pricing decisions in GRN

spectrum efficiency by enabling SU_S to reuse the primar_ysus%thder spectrum supply uncertainty were addressed. Infis],
(PUs) spectrum bands under the interference constraints Mithors proposed a joint pricing and power control scheme fo

posed by PUs. In the next generation wireless communi
tions, SUs are expected to be uncoordinated opportunsgicsy

whereas there are conflicting interests among the SUs [3§ T

motivates the use of non-cooperative game theory to penferm
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©RNs. Another important issue of power control is to reduce

ower consumption to extend terminal’s life-time [19]. Gah

ring the utility of the base station (BS) is non-convex func
tion, it is difficult to find the optimal pricing scheme, so the
literature [20] presented a novel price-based power coatro
gorithm to find the optimal price for each SU. However, those
papers ignored the minimum signal to interference plusenois
ratio (SINR) requirement among SUs and fairness issue in the
CRNs. Therefore, several payment schemes [16], [21], [2] u
der a game theoretic framework termed non-cooperative game
with pricing, as an attempt to provide throughput fairneesag
SUs. The paper [16] proposed a novel non-cooperative game
power control model to verify the sub-optimality, fairneasd
efficiency of the proposed pricing scheme. A double-thriesho
adaptive algorithm [21] based on game theory was proposed
to optimize the power control as well as maintain the faisnes
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among SUs in CRNSs. In [22], a cost function based on fairness
is designed, a power control algorithm based on SINR costfun
tion was presented, and a non-cooperative power controegam Interference link
via fairness pricing (NPGFP) algorithm was developed. How-
ever, those research studies didn’t take the energy effigiato
account, and the minimum SINR requirement among each SU
was also ignored, too.

In this paper, inspired by the game theory used in networks,
we propose a dynamic power control scheme based on non
cooperative game theory for power control in CRNs. In this
power control game algorithm (NPGP), where the value of each
SU’s SINR or position distance is used as the punishment pric
ing setting reference in CRNs, as an attempt to provide titrou
put fairness among SUs. In addition, due to the effect of un-
certainty fading environment, the system disables to get th
link gain coefficient to control SUS’ transmission power @&cc
rately, the minimum quality of service (QoS) requiremerits o _ )
SUs may not be guaranteed, and the existence of NE is not edl this model, the total interference power made, by SUs
sured. Therefore, an alternative iterative algorithm whi slid- should be below a given threshdldto ensure the SUs’ trans-

ing model called (R-NPGP) is presented based on the Npgn,i;asion would not cause unendurable interference to the PU
algorithm in order to guarantee user’'s QoS requirement and e K
sure fairness among SUs. ngpk <T, k=12,--. K 3)

The rest of the paper is organized as follows. Section Il de- k=1
§Cr|bes the system _model. In Section 1, we stu_dy the convevr\}heregk denotes the link gain from theth SU to AP. Mean-
tional non-cooperative power control game algorithms, janod . g

; . while, the power of théth SU satisfie® < pr < pr.max-

pose our non-cooperative power control game model with four '
pricing punishment parameter setting strategies. Thisicsec
also investigates the existence of NE in the proposed schemigl. NON-COOPERATIVE GAME ALGORITHM FOR
An available iterative algorithm with sliding model is peeted POWER CONTROL
to guarantee SUs’ QoS requirement and ensure the existénce
NE in Section IV. Simulation results and analysis are iat&d
in Section V. Finally, Section VI concludes this paper.

()Primary

QO
3
J

Fig. 1. lllustration of system model.

?\Ion-cooperative game theory plays an important role in the
complicated and competitive schemes in CRNSs. In this sectio
motivated by conventional classic non-cooperative garge-al
rithms, we investigate the design guideline of pricing tim

II. SYSTEM MODEL in the NPGP. It is challenging to find an optimal power control

. - strategy with fairness among all SUs. Therefore, a novelni

In this paper, we set a CNR shown in Fig. 1 and focus Ynction of each SU is developed, and we prove that the pro-

uplink power control game. For simplicity, it is assumedttha
one PU link which consists of a primary transmitter and an a@psed game model has a NE by supermodular game theory.

ondary base station (SBS) is located at the centre of theonketw

Several SUs near the primary transmitter will interferentite  Same theory represents a set of mathematical tools develope

primary transmitter to a certain degree. Therefore, SUSI|S|hOfor the purpose of analyzing player interactions in decigico- ,
cesses. This paper proposes a game model to control transmis

limit their transmission power to avoid extreme interferen ) '
One of the designing goals of power control in a CRN is gjon power among SUs in CRNs, and uses the SINR value as the

ensure that no SU's SINR,, falls below its threshold, ™™ to punishment price reference. We define the power control-prob
ensure minimum transmission QoS requirement. Thus, teere!g™M @S & non-cooperative game to get the solution for the powe

. control problem
e >, Yk (1)

For individual mobiles, this threshold can be calculated to
maintain a satisfactory frame error rate. The SINR of ktte Wherek = [1,2,---, K] is the index of the participating SUs,
SU can be defined as who are decision makers that select a particular power tevel
Ghipi transmit; P, denotes the set of transmission power strategies of
Yi(pr) = = , k=1,2,-- K (2) thekth SU,andUy(-) is the utility functions of theé:th SU.
> im1,izk hibi + 07 The profit in the power control game is usually determined by

wherep;, denotes thétth SU's transmission power, is the pro-a given utility function. The utility function in [6] can benitten

cessing gain respectiveli, denotes the channel link gain of®S
the communication link between tti¢h SU and the SBS;? is
the power of the Gaussian noise.

R B )
(1—e™/HM _cip. (5)

NPGP : Uk(pk; P_k) = Mpk
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where M is the length of the packet and every SU transmi
L information bits in every packetl{ < M), c;is predefined ! ' ' eSS Eeeeeeeseses
positive cost facto?_;, is all SUs power vector sets except fol 09l
the kth SU:P_x = [p1,p2,- - Pk—1,Pk+1, -+, Pi], @nd R is

the transmission rate. Based on the utility function abave,
more effective one has been proposed in [12] as follows 07t

LR 06

- Mpy,
— co€P* — e3(vi — )
(6)

wherec, andcg are predefined positive cost factors. In (5) an
(6), the same efficiency functiofy~) related to non-coherent 021
frequency shift keying (FSK) modulation scheme defined - 01t
match with the frame success ratio (FSR), which the effigien
function can be described as follows

filye) = (1 — e w/2)M, (7

A novel utility function based on a new-designed pricing
function was proposed in [15], which is defined as follows

NPG — MSFLA : Uy (pi, P—s) (1— e m/2)M

051

04 r

Frame success radio

ey 2M
— fy)=(1-e7%")

min |

O fz(Vk):U —e)/+e% % )

—F— fy)=1/0+el T

10 15 20 25 30
SINR

Fig. 2. Different efficiency functions comparison.

an efficient pricing mechanism, where decentralized deussi

NPGP — ESIA : U (pg,P—k) = AiR 1- e:W;in are compatible with the overall sygtgm performanqe. So; hon
Pr 14 7™k (8) cooperative power control game pricing model provides tebet
— aeP /=1 % power control solution as follows
p

NPGP : max U]:(pk, P,k) = Uk(pk, P,k) — Ck(pk, P,k)

(10)
: P — R™ is the pricing function of the SU. In this
h i - paper, we havey (py., P_x) = puAi(pe/p™), where), denotes
falyk) = (L—e™™) /(1 + ™77 ) represents the efficiencythe punishment parameter of the SWjs positive cost factor.
function based on the sigmoid function [23)-" denotes the The pricing punishment parameter setting among all SUs are
available interference power of the SU maximum signal lealitferent according to their general situation.

age power interference from other SUs. The average interfertnerefore, our proposed NPGP pricing model is expressed as
ence power threshold can be obtained by the mean valpg of

. th th th th
=] oyt -+ R/ K. N LR 1 Pk
NPGP : max U} P_i) = — — U ——.
x Uy (pr k) Mpr, 1+ om0 K kpth

B. The Proposed Game Model (11)

In this section, we propose a novel pricing algorithm to max- The pricing function is a nonlinear function of the received
imize its revenue according to the property of the transiorss POWer to indicate interference to other SUs achieving bet-
power of SUs under the optimal price. Moreover, in order #§' throughput performance. So, we adopt an adaptive gricin
reduce the computational complexity, a new efficiency fiomct scheme in which\;, varies for different SUs based on their gen-
is presented in this section. erated conditions. Therefore, we propose four followingad

Inspired by the sigmoid function [24], we define the “effilivé pricing punishment parameter setting policies.

ciency function” in order to reduce the complex to implemiant ~ Before the discussion of the policies, a performance mistric
practice as follows needed to assess the fairness incurred in the system aslta resu
of competition in our metric. The throughput fairness fadéto
1 adopted here [25] and defined as
fs(Om) = ——m 9) P [23]

14 e

K 2
1 /1 T —
This sigmoid efficiency functiotfs () is related with user’s §=1- (?) N _1 Z (kaax - T) (12)
SINR and can be used regardless of the modulation of radio k=1 "k

access technology. The presented efficiency function iSthe

shaped (sigmoidal) withf (cc) = 1, and f(0) = 0 to ensure

wherea andg are positive constants. The unit@fs bits/Joule
and« is used to adjust the order of punishment. In the PaPGrherec;,
the authors set the parametas= 2 and = 1. Moreover,

whereT"** is the maximal throughput if transmitters only dis-

— K
Ui, = 0 whenp,, = 0. tribute power to the usér; andT = 1/K Zk—1 Te /T | is
The comparison among these efficiency functions is showntire normalized throughput per communication pair. The phys
Fig. 2. cal meaning of is the normalized variance of SUs throughput

Pricing issue is a tool that improves performance by enempared with that of the single-user case.&uovides a pos-
couraging the users to use system resources more efficiantlgible definition to measure the fairness in CRNs. Therefbre,
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¢ is higher, then the throughput sharing among the SUs will B4 Policy 4

more fair. According to the relevant discussion of tRelicy 3, in this
B.1 Policy 1 policy, we set the pricing punishment parameter as follows
In the policy, we present a pricing punishment parameter set A, — dy, (16)
ting based on their generated interference (SINR)can be k= ZK di
denoted as k=t
Ap = 27’“ (13) From (16), we observes that the SU who places closer to the
Dkt Tk SBS is encouraged to distribute with more transmission powe

From (13), we can see that the SU who with higher SINR (bdly setting lower pricing punishment. In contrast, the SU who
ter channel Condition) after each one receives their madaadi locates further away from the SBS than other SUs is forced to
utility should be distributed with lower transmission paviy transmit with lower power, so the SU will be set higher prégin
setting higher pricing punishment. In contrast, the SU withunishment. From the above discussion of the pricing punish
lower SINR (worse channel condition) is encouraged to tran®ent setting policies, it is obvious that tRelicy 1 considers
mit with higher power by setting lower pricing punishmenheT the fairness among SUs more than others’, and the perfornanc
punishment parameter should be Strict|y Charged accomﬁngcomparison certification will be presented in Section V-B-B
the SINR value to discourage SUs who have high SINR ag@use the SU with higher SINR situation is forced to redueg th
interference. So the effective pricing punishment paransst- transmission power level by setting higher pricing punishm
ting can confine selfish behaviors who want to increase th&f it can reduce the interference to other SUs. At the saree, th
transmission power level. The SUs who are charged highsricegJ who with lower SINR is engorged to be higher transmission
will rationally reduce their transmission power in ordentaxi- Power level by setting lower pricing punishment, so it can in
mize their utility. Hence, all SUs have fair opportunitiesians- crease the SU’ SINR after the process. In contractPtiiey 2
mit with similar throughput level and the throughput faisaean andPolicy 4 reveal that the SU who with good transmission en-

implicitly be achieved in this context. vironment (high SINR or close distance) is encouraged ttstra
mit higher power to improve their throughput by ignoringiogs
B.2 Policy 2 high interference to other SUs who have bad transmission env

ronment (low SINR or far distance). So, those two policieyma
improve the total throughput, but throughput fairness oigd
1 among SUs.
= K/i (14)
2 k=1 (/) C. Existence of NE

The pricing policy presented in this system is similar to the According to [26], all of the participants in the utility fation

one presented in [5], where the pricing function encouraggg, q satisfy the following two conditions can be a supetmo
users transmitting at high power to increase their powegltev 5, game.

continuously until NE is reached when all SUs ensure the-mini 1) All the game players’ strategy space is tight sets
mum QoS requirement (minimum SINR requirement). In other 2) 6°U JOpdp; > 0, Yk £ i € K '
words, the SU with higher SINR (good channel condition) is en K(SINR)/ OPRCDL = ¥, '

couraged to transmit with more power by setting lower pgc'::g@], all supermodular games have at least a NE point. It is ob

pun@hmeqt. In contract, the S.U V.V'th lower SINR (bad chan. lous that our proposed NPGP algorithm satisfies the first con
condition) is forced to transmit with lower power, so theylwi

be set higher pricing punishment.

In this policy, the adaptive pricing punishment parameger
as follows

Ak

According to the theory of the Topkis fixed point theorem

dition of a supermodular game because of each SU’s strategy
spacePy € [pmin, Pmax)- IN addition, the scheme is similar to a
B.3 Policy 3 study [26], where the authors proved the advanced methdd cou
improve the Pareto dominance. So, our scheme is a supermodu-
In this policy, we propose a new pricing scheme, which dggr game if we prove the scheme satisfies the second condition
pends on the distances from the SUs to the SBS. The priciRgq we take thePolicy 1 as an example to prove our scheme is
punishment parametey, can be defined as a supermodular game.

The mixed second-order partial derivatives of the utilitpd-

A = % (15) tion can be written as
Zk:l(l/dk)
_ U _ LR f3(y) O 2pyhi
whered,, denotes the distance between tile SU and the SBS. ), g, Mp?  0v2  Op; o (K N2
In the CRN, the SU whose node locates further away from the Py, (Zi:l,i;ﬁk hipi + o )
SBS than other SUs may suffer more environmental effech suc e 2
as fading, so the SU is encouraged to be more transmission T P 2
power to satisfy their minimum SINR requirement by setting " Py, (Zi:l,i;ﬁk hipi + 02)
lower pricing punishment. In contract, the SU who placese&to a7)

to the SBS is forced to distribute with less transmissiongrow The first-order derivative of, with respect tg; can be writ-
level by setting higher pricing punishment. ten as
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« Step 2. Them = n + 1, update the value of;. according

Al - —G hicpihi <0 (18) to (21) and set the punishment price for #te SU based on

Op; (S E i hapi + 02)? (13).

« Step 3. Use the sliding model to make the transmission power
controller robust to the uncertainty SINR information and
guarantee all SUs’ minimum QoS requirement.

8% f3 (1) T (ev,‘;““w — « Step 3.1. Calculate the sliding surfaSg and the Lyapunov

— : 0. 19 i
02 = < (29) functionV}, [29] for kth SU as follows

The second-order derivative of the efficiency functifyiys)
with respect toy;, has the form

/ min

Substituting(1), (18), and(19) into (17), we can getthe in-  Sk(n) =, — ™", Vi(n) = %Si(")v ke K. (22)
equality@QU,j(SINR)/8pk8pi > 0. Hence, based on the afore-
mentioned definition, the proposed power control game is a suStep 3.2. Calculate the following equation
permodular game. So the NPGP model at least has a reasonable
NE point. (n) =7, (n)(ve(n) — ), keK. (23)

=

where~ (n) andV,(n) denote the time derivative ofj (n)

IV. ROBUST POWER CONTROL FOR THE PROPOSED andk. If Vi(n) < 0, then the sliding surfac8(n) is glob-
MODEL ally asymptotically stable (see, for example, [29]) megnin
In practical implementations, the important concern inewir  the system guarantees QoS requiremenkthrSU.

less systems is the estimation of the time-varying charovedie « Step3.3. Ensurd}(n) < 0 using the sliding model [29],
tions which occur due to mobility and/or changing enviromte  obtaining the suitable power interval éth SU: p.(n) =
so channel information can hardly be known precisely a prior [pgc,minap;c,max]'
In the paper, all SUs have the ability to estimate the environ Step 4. According to each SU suitable power interval power
mental shadow fading situation to a certain extent, thedimih ~ based on the step 3, obtain the transmission power &f(ay

of kth SU is modified as [27] for all SUs through NPGP scheme.
) . o Step 5. If all SUs satisfy with the following condition:
hy, = wid,, (20)  |yi(n) — ~.(n — 1)| < &, then stop the algorithm, the ob-

; . R :
wherewy, means_the shg_dow fading factor/gh SU. Then, the E:a:)lzfrglt;?rnasyn;(l)srsusog S.pcl)zvl\;eer’ grorf}g:k) tI: ;theepc;p.)tlmal power
SINR for kth SU is modified as In addition, the convergence and computational simulation
, _ Gh).px B time will be discussed in subsection V-B. The flow chart illus
e (pr) = K Wt o2 k=12 K (21) trating the proposed scheme (called R-NPGP) is shown ir8Fig.
i=1iztk P According to the forward proved progress of the above dpscri
Due to the estimation error of the shadow fading effect, thi@n, the algorithm can get the final NE point, and obtain thafi
design of an optimal power control scheme is challenging beRtimal power control arra§’ (n) with the uncertainty SINR in-
is definitely required for commercial implementation requg formation. Also, the system guarantees SUs’ QoS requiremen
SINR information as well as being robust to uncertainty whednd ensures fairness among all SUs.
partial SINR information is available to the transmitter.addi-

tion, the I\!E pointis hard to achieve when the accuracy of SINR V. SIMULATION RESULTS
value can’t be ensured.

In this section, we take the novel pricing punishment sgttin We consider a CRN with the cell radius of 1 km. The SBS

strategyPolicy 1 as an example into the analysis (The perfois placed at the centre of the cell where SUs are uniformly dis
mance certification whypolicy 1 is the best strategy shown intributed around the SBS. The distance between the SUs and the
Section V). Motivated by the sliding mode theory [28], thielsl SBS is chosen arbitrarily withif0, 1) km. The parametens =
ing model controller makes the transmission power corgroll50, 000, processing gaidz = 100, bit rate R = 10, 000 bit/s,
robust to modeling errors and unknown disturbances and gugtal number of bits\/ = 80 bits, number of information bits
antees the desired QoS of SUs through the power control pfo= 64 bit, each SU deploys an isotropic transmitter with the
cess. Therefore, this section presents an iteration #gofior Same maximum power Qfnac = 20 MW, ande = 10~ 2is
NPGP scheme to control the total transmission power with tagsumed to be unity for all users. The background noise is as-
sliding model help, in order to guarantee the minimum SINR réumed to be white Gaussian noisejdf~ N(0,10"?).
g\ljgimfemsﬁsg?gf%?r:;%iénd ensure NE pointin opportunls’& The_ Enhancement of Proposed Iteration Algorithm Based
We assume the set of power control strategies ofktheSU: Policy 1
Pk = [Pk,min, Pk,max), @nd set an infinitely small quantitye > We take thePolicy 1 as an example to prove the effectiveness
0). So the power control algorithm based on iteration algarithand superiority of the proposed iteration algorithm witidislg
with the sliding model as follows. model for power control game when we set the number of SUs
« Step 1. Sekr = 0, and input the initial transmission powerkK = 3 in this chapter. Fig. 4(a), (b), and (c) depict the trans-
arrayP(n) = [p1(n), p2(n), - -, px(n)]. mission power level updating, SINR variety among three SUs,
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All SUs
are active
Set n = 1, initialize the transmission power array|

P(n) =[pi(n), p2(n), ps (1), -, pi ()],

For all k, update y;(n) using (21),
calculate 4, (n)using (13)

v

Ensure V(1) <0 using the sliding model, obtain
the power interval Py (1) = [ Pi min> Pimax |

2 8
Let n=N+1 ¢ 1+
Obtain P’(n) using the NPGP scheme

Transmission power (mW)

Iterative numbers

(@)

For all SUs, are

[7i(m)~ri(n-1)|<e 4
sor I
Declare NE and obtain optimal 387 =
power control array P’(n) 37} _
36 1
end _Eg
= 3571
Z
: : , 7 34r
Fig. 3. Flowchart illustrating the R-NPGP scheme.
33
3.2
and fairness increase versus the numbers of iterationssiov 31t
the proposed algorithm. In more simulations, we find tharaft
four to five iterations, the algorithm can converge. This nsea % 1 2 3 4 5 6 7 8
the convergence rate of our algorithm is fast and suitabléhio Iterative numbers

) . (b)
real-time power control in CRNs.

Fig. 4(a) and (b) illustrate that updating the punishmeitigpr 0.995
weights (see (13)) subsidizes the SU who generates badehar
condition (lower SINR) with higher transmission power leve 099 ¢
by setting lower pricing punishment. For example, the SUB wi
lower SINR is encouraged to transmit with higher power by se 0985 ¢
ting lower pricing punishment, SU1 and SU2 with higher SINF

are forced to transmit with lower power. Five iterative pgeses g 09

are experienced to approximately reach the SINR at the sai £

level. In addition, we observe that the fairness is enhairctbee~~ 7° |

system with more iteration (less than five iterations), smaw

the Fig. 4(c), it indicates that the iteration algorithmiwstiding 097 T

model can guarantee all SUs’ minimum QoS requirement ai 0565 |

increase the throughput fairness among SUs. '

B. The Performance Comparison of Our Four Proposed Poli- 0T 2 3 4 5 6 7 s
cies Iterative numbers

(©
We now investigate the corresponding total throughput and
the fairness issue among SUs for different number of SUs for”
the four proposed policies. The results are presented inSkig
where the figures show that when the SU with better transmis-
sion environment (higher SINR, see tRdicy 2) is encouraged
to set higher transmission power level, a higher total tghquut fairness can always be ensured in the range of the number of
is attained but the throughput unfairness becomes moreesev@Us, however, this schemBdlicy 3) achieves the worst total
when the network grows larger. On the other hand, althougiiroughput as compared with tiRelicy 1 andPolicy 2. Com-

4. Convergence of: (a) Transmission power levels, (b) SINR updat-
ing, and (c) fairness increase for three SUs.
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—*— Policy 1

Policy 2
—<— Policy 3
—=8— Policy 4

Total throughput of SUs (kbits/s)

Number of SUs
(a)

T
e
b

<
<

Fairness

—%— Policy 1

Policy 2
0.75 "
—— Policy 3
—+&— Policy 4
0.7 . . . . . . .
2 3 4 5 6 7 8 9 10

Number of SUs
(b)
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paring thePolicy 1 with Policy 2, the fairness can be guarantee
in larger networks with a slight reduction in the throughpfit
the Policy 1, and the throughput fairness tRelicy 2 suffers
more serious with the increase of SUs, so we seledbthiey 1
as the novel pricing scheme. In sort, it observes thaPthiey 1

is novel scheme for the power control game algorithm in ter
of total throughput and throughput fairness among SUs.

In order to prove that thEolicy 1 is a novel scheme further,
the total power and secondary utility against the numbetusf S
are illustrated in Fig. 6. It can be seen that the total trassion
power rises with the increasing of the number of SUs for all tt
algorithms. However, it observes from Fig. 6(a) that thdqrer
mance gap between ttielicy 1 and other policies is expandec
with the rise of the number of SUs. Because we design an effi
tive pricing function to confine the pricing punishment paea
ter, the SU with higher SINR is forced to reduce the transmi
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sion power, and the SU who needs more transmission power to
guarantee the minimum QoS requirement is encouraged to set
more transmission power level, so SUs can reasonably assign
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Fig. 8. Total power and secondary utility comparison for the three Fig. 9. Total power and secondary utility comparison for the three
schemes. schemes.

Table 1. Comparison of simulation time.

K = 10. Without loss of generality, we suppose that all the SUs
R-NPGP NPGP-ESIA NGP-MSFLA  solve the optimal power with the same process. It can be seen
Simulation time (s) ~ 2.26 737 518 from Fig. 7 that ESIA takes less than 6_iterations to converge
to the steady state, and other two algorithms need 8 itersatio

: . . which is minor more iterations process than ESIA perforneanc
From the previous analysis, the utility represents the mm]tHowever, in Table 1, itis quite obvious that R-NPGP savestmuc

of information bits by successful SUs trans_missions pe@‘_’“ imulation time than other two algorithms, which means that
energy expfn?rr:ded. Iécanftgause(irr: frtortn IFI?II'tB('b) .that,a\gz t Foposed scheme reduces the computational complexity.ig hi
|n”c{ﬁasei ° 'the nur:r|1_her ° j f to la tul': : yf'?é;qe 1i because other two algorithms used artificial algorithms#reh
all the algorithms. 1ne secondary total utility o 1Y LIS for the optimal power control strategies without considgrthe

larger than other policies. Since the energy of mobile teatis algorithm complexity. In addition, R-NPGP reduces totalsSU
finite in practice, it is of great importance to enhance thergy- transmission power compared Wi£h other methods

effici?ndcya iaseﬁ@(;? thi _observatior? from Fig. f(?.(t?)’ it canbbem this section, we will compare the performance of the
concluded that t icy 1improves the energy-efficiency su proposed R-NPGP scheme based on Rhicy 1 with NPG-

stantially. MSFLA [12] and NPGP-ESIA [15].

Fig. 8 shows the total throughput performance and fairness
comparison with respect to different number of SUs for diffe
ent algorithms. It can be seen that the performance of R-NPGP

Fig. 7 describes the convergence performance and simulati® better than NPGP-ESLA and NPG-MSFLA. In addition, the
time comparison of simulation time the three algorithms wheperformance gap between R-NPGP and the other algorithms in-

Algorithms

C. The Performance Comparison of the Three Game Algo-
rithms
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crease when the network grows larger, by which it can be cqnr F. Nan, M. Siun-Chuon, and N. B. Mandayam, “Pricing and/pocontrol
cluded that R-NPGP is more suitable for applying in |arg€!¥ ne for joint network-centric and user-centric radio resouncanagement,”
. . |EEE Trans. Commun., vol. 52, no. 9, pp. 1547-1557, Sept. 2004.
works. Because R-NPGP scheme sets the adaptive punlshmentF Nan. M. SiunCh N B. Mand Toi i
: _ an, M. Siun-Chuon, an . B. Mandayam, “Joint netwoektric

parameter a_tmong a” served SUs based on the S,INR Infonﬁ% and user-centric radio resource management in a multigetiés,” |EEE
tion, and using a sliding model to guarantee the minimum QO0S  Trans. Commun., vol. 53, no. 7, pp. 1114-1118, July 2005.
requirement among SUs and takes an available iteration al_g;? S. Lasaulce, Y. Hayel, R. E. Azouzi, and M. Debbah, “loiieing hier-
rithm to achieve NE. Therefore, our proposed scheme can im- archy in energy games/EEE Trans. Wreless Commun., vol. 8, no. 7,
prove the total throughput and guarantee fairness among SUs ~ PP- 38333843, July 2009.

Fig. 9 shows the total power and secondary utility comparis€L0] S. Buzzi and ID. S(jaturnino, 30\ game-theoretic a([::)glr\zznh_rtelrgy efficli(ent

. . power control and receiver esign in cognltlve wiraslegtworks,”
\INII?]_the mcreasedof _the numdber _Of SLerS fC_)I’ the_ thre(?_ schemes. IEEE J. S&l. Topics Sgnal Process,, vol. 5, no. 1, pp. 137-150, Feb. 2011.
nt !S pape_r, we eslgn an adaptive effective pricing IIllé M. L. Treust and S. Lasaulce, “A repeated game formaitatf energy-
confine selfish behaviors, where the SUs need to pay the price eicient decentralized power controllEEE Trans. Wreless Commun.,
for transmission power based on their SINR value. Thergfore vol. 9, no. 9, pp. 2860-2869, Sept. 2010.

the pricing strategy prevents the blind increase power fraak- [12] X. D. Zhang, Y. F. Zhang, Y. H. Shi, L. Zhao, and C. R. Zo®oWwer

ing serious interference to other SUs, and the total trassion control algorithm in cognitive radio system based on matiffeuffed frog
. . e leaping algorithm,1nt. J. Electron. Commun., vol. 66, no. 6, pp. 448-454,
power is naturally reduced. In addition, the total utilitly - June 2012

NPGP is also larger than other two algorithms with the ina;:uaeaI13 . . .

. ] F. Li, X. Z. Tan, and L. Wang, “A new game algorithm for pemcontrol
of the number of SUs. It can be concluded from Fig. 9 that com-" in cognitive radio networks,1EEE Trans. Veh. Technol., vol. 60, no. 9,
pared with NPGP-ESLA and NPG-MSFLA, R-NPGP can ob-  pp. 4384-4391, Nov. 2011.
tain a significant improvement on secondary utility and msbu [14] M. Alayesh and N. Ghani, “Game-theoretic approach feimary-

the total transmission power. secondary user power control under fast at fading chanhéEEE Com-
mun. Lett., vol. 15, no. 5, pp. 491-493, Nov. 2011.

[15] Y. Kuo, J. Yang, and J. Chen, “Efficient swarm intelligezigorithm for
power control game in cognitive radio network$T Commun., vol. 7,
V. CONCLUSION no. 11, pp. 1089-1098, July 2013.
In this paper, we propose a novel price-based power contfts] H. Yu, L. Gao, Z. Li, X. Wang, and E. Hossain, “Pricing foplink power
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setting. Moreover, due to the effect of uncertainty fadingie Comput., vol. 10, no. 11, pp. 1590-1604, Nov. 2011.
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to control SUs’ transmission power accurately. Therefore, dynamic spectrum access networks with stackelberg gamelthtEEE
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X . . . Process., vol. 58, no. 8, pp. 4354-4366, Aug. 2010.
on SUs’ SINR as price punishment reference can improve togéa\ol] Z. Wang, L. G. Jiang, and C. He, "A novel price-based poomtrol al-

_thrOUthUt’ ensure fairness and reduce total transmigsiaer gorithm in cognitive radio networks/EEE Commun. Lett., vol. 17, no. 1,
in CRNs. pp. 43-46, Jan. 2013.

[21] K. W. Lu, L. J. Zhang, and J. Yang, “An efficient SIR-firstlaptive
power control method in cognitive radio network,”mnoc. |EEE GHTCE,

ACKNOWLEDGMENTS Nov. 2012, pp. 91-94.

Wi tefully thank . for thei t [:22] Y. X. Zu, Y. F. Liu, S. B. Mao, and Y. Jia, “Power controlgairithm based
€ graletully thank anonymous reviewers for their constru on SNR cost function in cognitive radio system,”Rnoc. IEEE ICPADS,

tive comments and suggestions to improve the quality of this Dec. 2012, pp. 913-917.

paper. [23] J. Huang, R. A. Berry, and M. L. Honig, “Distributed imterence com-
pensation for wireless networksEEE J. Sel. Areas Commun., vol. 24,
no. 5, pp. 1074-1084, May 2006.

REFERENCES [24] M. B. Xiao, N. B. Shroff, and E. K. P. Chong, “Utility-bagl power control
[1] FCC, “Spectrum policy task force report.” no. 02—135N2002. in cellular wireless systems,” ifroc. INFOCOM, vol. 1, no. 1, Apr. 2001,

[2] Y. C. Liang, K. C. Chen, G. Li, and P. Mahonen, “Cognitivadio net- Pp. 412-421.
working and communications: An overviewFEEE Trans. Veh. Technol., [25] Z. Han and K. J. R. Liu, “Non-cooperative power-contighme and
vol. 60, no. 7, pp. 3386—-3407, Sept. 2011. throughput game over wireless network&EE Trans. Commun., vol. 53,
[3] M. Maskery, V. Krishnamurthy, and Q. Zhao, “Decentratizdynamic no. 10, pp. 1625-1629, Feb. 2005.
spectrum access for cognitive radios: cooperative desiga aon-

cooperative gameEEE Trans. Co n. vol. 57, no. 7, pp. 459469, [26] D. M. Topkis, Supermodularity and Complementarity. Princeton Univer-

Feb. 2009. sity, 1998.

[4] B. Wang, Y. Wu, and K. J. R. Liu, “Game theory for cognitivadio net- [27] A.J. Viterbi, CDMA: Principles of Soread Spectrum Communication. MA:
works: An overview,” Comput. Netw., vol. 54, no. 14, pp. 2537-2561, Addison-Wesley, 1995.
Oct. 2010.

[28] V. V. Kulkarni, J. Biswas, R. P. Liu, I. B. Collings, and 8. Jha, “Ro-
IEEE Pers. Commun,, vol. 7, no. 2, pp. 48-54, Apr. 2000 bust power allocation for MIMO beamforming under time vagyichannel

[6] C.U. Saraydar, N. B. Mandayam, and D. Goodman, “Effcigawer con- conditions,” inProc. IEEE VTC, Sept. 2011, pp. 5-8.
trol via pricing in wireless data networkd EEE Trans. Commun., vol. 50,  [29] V. Utkin, “Variable structure systems with sliding mesl” IEEE Trans.
no. 2, pp. 291-303, Feb. 2002. Autom. Control, vol. 22, no. 2, pp. 212-222, Sept. 1977.

[5] D.J. Goodman and N. B. Mandayam, “Power control for vésal data,”



192 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 16, NO. 2, APRI2014

Xianzhong Xie received his Ph.D. degree in Commu-
nication and Information Systems from Xi‘'dian Uni-

versity, China in 2000. He is currently with the School
of Computer Science and Technology at Chongging
University of Posts and Telecommunications, China
as a Professor and Director of the Institute of Broad-
band Access Technologies. His research interests ir
clude cognitive radio networks, MIMO, and wireless
communications. He has published more than 80 pe
pers in journals and 30 papers in international confer:
ences.

Helin Yang received his B.S. degree from Chongqging

University of Posts and Telecommunications, China
in 2013. He is a Postgraduate Student of Chongging
University of Posts and Telecommunications, China,
and will receive his M.S. degree in Communication

and Information Systems in 2016. His research in-
terests include cognitive radio networks, cooperative
communications, and wireless communications.

Athanasios V. Vasilakos (Senior Member, |IEEE)

received the Ph.D. degree in Computer Engineer-
ing from the University of Patras, Patras, Greece
in 1988. He is currently a Professor at the Depart-

ment of Computer and Telecommunications Engi-
neering, University of Western Macedonia, Kozani,

gram of the Department of Electrical and Computer
Engineering, National Technical University of Athens

tional journals and conferences. He is author/coauthorvef liooks and 20
book chapters in the areas of communications. Dr. Vasil@eysed as Gen-
eral Chair, Technical Program Committee (TPC) Chair, anah@ysium Chair
for many international conferences. He served or is seratgn Editor or/and
Guest Editor for many technical journals, i.e., the IEEEnBactions on Net-
work and Service Management, the IEEE Transactions on @gstilan, and
Cybernetics-Part B: Cybernetics, the IEEE transactionsnfarmation tech-
nology in biomedicine, and the IEEE Journal on Selected #A\iraCommu-
nications. He is the founding Editor-in-Chief of the Intational Journal of
Adaptive and Autonomous Communications Systems (IJAAGS;/mwww. in-
derscience.com/ijaacs) and the International Journal rts And Technology
(IJART, http://www.inderscience.com/ijart). He is a Qimaan of the European
Alliance for Innovation.

Greece and Visiting Professor at the Graduate Pro-

(NTUA), Athens, Greece. He has authored or coau-
thored over 200 technical papers in major interna-

Lu He received her B.S. degree from Chongqing Uni-
versity of Posts and Telecommunications, China in
2012. She is a Postgraduate Student of Chongqging
University of Posts and Telecommunications, China,
and will receive his M.S. degree in Computer Sci-
ence and technology in 2015. Her research interests
include cognitive radio networks, cooperative com-
munications, and wireless communications.



