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Abstract—We consider a game-theoretic power control algorithm for  [2], then in a more detailed manner in [1] and [3]. In this pa-
wireless data realistic channels. We study the performance of the al- per the work in [1], which only dealt with deterministic chan-
gorithm for wireless data in the fast, flat-fading channel mobile users ] : ] . I
encounter in accessing the cellular system. The game-theoretic power nels, is eXtended. by CO”S'de“”Q two cases of fadlng Chanr.]el
control algorithm depends on an average utility function that assigns models: A Rayleigh fast flat fading channel model and a Ri-
a numerical value to the quality of service (QoS) of users. The fading cjan fast flat fading channel model.
coefficients under this channel model are studied for two appropriate P ; ; ; .
channel models that are used in CDMA cellular systems: Rayleigh fast The remaining of this pap_er IS org.amZEd a.s fOl.IOWS' In
flat fading channel and Rician fast flat fading channel. secuo_n Il we present the utility function used in this paper.

The signal model and the performance of the system under
the two channel models mentioned above are presented in

section Ill. Non-cooperative power control game (NPG) is

The mathematical theory of games was introduced by J0m1§cgssed in_ section V. Siml_JIation results are outlined in
Von Neumann and Oskar Morgenstern in 1944 [8], and in th%ectlon_v. Fm_ally, our conclusions and future work are pre-
late 1970’s game theory became an important tool in the afénted in section VI.
alyst’'s hand whenever he or she faces a situation in which a
player's decision depends on what the other players did or
will do. A core idea of game theory is the way strategic in- We use the concept of a utility function to map the player’s
teractions between rational agents (players), generates ogeferences onto the real line. A utility function is chosen
comes according to the players’ utilities [4],[9]. A player in ain @ way that puts all the elements of the game taking place
non-cooperative game responds to the actions of other play&gfween self-interested players in its most desired order. A
by choosing a strategy (from his strategy space) in an attenfgfmal definition of utility functions is available from [4].
to maximize his/her utility function that quantifies the quality Definition 1: A functionu that assigns a numerical value
level, i.e. its level of satisfaction. to the elements of the action sét _

In a cellular system users desire to have a high SIR (signdf-: 4 — R is a utility function if for alla, b € A, a is at
to-interference ratio) at the BS (base station) coupled wit§ast as preferred compared tdf and only ifu(a) > u(b).
the lowest possible transmit power. It is very important il @ céllular CDMA system there are a number of users shar-
such systems to have a high SIR, because this will be &9 @ spectrum and the air interface as a common radio re-
flected in very low error rate, a more reliable system, angource. Henceforth, each user's transmission adds to the_ in-
high channel capacity, which means that users can be sentéfference of all users at the receiver (BS). Each user desires
higher bit rates [5]. It is also important to decrease the tran&? achieve a high quality of reception at the BS, i.e., a high
mit power because low power levels lead to longer batterg!R: Py using the minimum possible amount of power to ex-

life and helps alleviate the ever present near-far problem fgnd the battery's life. The goal of each user to have a high
CDMA systems[7]. SIR at the BS produce conflicting objectives that make the

theframework of game theory suitable for studying this problem

tendency of each user is to increase his/her transmit pow%?d proposing solutions. Let us considgr a single-cell system
in response to other users’ actions, leading to a sequence‘%?hb,N u;er:s, v_vr}ere egch Léf’er transn;]lts framefs (packqts) of
power vectors that converges to a point where no user h% |_ts Wb't /L In formzlaltlon 'tSL[l]' The rate Oh transmis-
incentive to increase his/her individual power. This operating©" 'S £t bits/sec for all users. Lef. represents thaverage
point is called a Nash equilibrium. In many cases, and due obability of correct reception of all bits in the frame at the

the lack of cooperation between the users (players), this poiit: N Other wordsr referskthe avgrage Ijrame (hpacket) (Iflor_
is not efficient, in the sense that it is not the most desirable ct recleprt:on rate_. A,‘S Weh no‘l‘?‘a lepen fs ont ehSIR,ht € |
social point [3]. The most desirable social point is called §"2NN€l characteristics, the modulation format, the channe

Pareto optimal point, and may be viewed as the equilibriufiding. etc. _ o
A suitable utility function for a CDMA system is given by

point where no user can improve his utility function without 11 and ref herein):
harming at least one other user in the network. (see [1] and references therein):

The power control problem for wireless data CDMA sys- LR

tems was first addressed in the game theoretic framework in Y= p ¢ @)

I. INTRODUCTION

II. UTILITY FUNCTION

In power control algorithms exploiting game theory,



whereu thus represents the number of information bits rewhereo? = E{a?}/2 is the measure of the spread of the

ceived successfully at the BS per joule of expanded ewlistribution. In all following calculations it is assumed that

ergy. With the assumption of no error correction, thedom o2 = 1/2. Using (5) and (7) the distribution of; for a given

packet correct reception rafe, is then given asr[l]‘il(l —  x; is defined as:

P.(1)), whereP, (1) is therandombit error rate (BER) of the | (&

Ith bit at a given SIRy; (c. f. (13) and (25)). frifz) = —e ™ (8)
[1l. SIGNAL MODEL AND PERFORMANCE '

. . . For thelth bit in the frame, we can rewrite the SIR (5) and
In this paper we are assuming that all users in a cell are USie interference (4) for thith user as follows:
ing the same modulation scheme, non-coherent Binary Fre- '

guency shift Keying (BFSK), and that they are transmitting W p; hy a2(1)
with the same raté?. The signalr;(t) received at the BS Yi(l) = Em )
from theith user is given as: !
ri(t) = oy si(t) +n(t), i=1,2,...,N 2) N
zi(l) =Y pr b 0 (1) (10)
whereq; is the path fading coefficient betweéh user and ki

the BS and it is constant for each bit in a fast flat fading. And . M M o .
s;(t) is the sent message for each bift) is the BS receiver’s Ass'ummg that bOtﬁa?(Z)}lzl and{xi(l)}l_zl are iid (identi-
background noise modelled as zero-mean AWGN, Anis cal independent distributed) random variables, and of course

the number of active users currently in the cell. The $iRt a;(l) and z;(l) are jointly independent random variables.
the receiver for théth user is given as [6]: Henceforth, theaveragedcorrect receptionP, is given as

(1 — P.)™, whereP, is averagedBER for each bit in the

- %% pi h;o? 3) frame, that isP., = E{PS}. We will calculate the averaged

R Z/Ifﬂpk hy, a2 + o2 P, inthe ne_xt few I|nes._ . .
We can find the conditioned error probabili(e/z;) by

where, W is the spread spectrum bandwidtf,is the data taking the average of (6) with respectf¢y; /x;):
rate (bits/sec)p;, is the transmitted power of thgh user iy,
is the path gain between the BS and ik user, andr? is p(e/xi) - E {P(e/’yi,xi)}
the variance of the AWGN. For simplicity let us express the
interference from all other users as i.e.

/OOO p(e/7i7xi) f(vi/xi)dy

N
1
i = g ol 4 = — 11
T gﬁ;pk k Q% (4) 2] (11)
therefore (3) can be written as: Notice that we dropped the bit indéxbecause the average
BER does not depend dnFor large SIR, (11) behaves like:
W opihy 5,
Vi = 5 3 Q& = 7%y (5) 2
Rz, +o - 1 T, +0
For a givemy; andz;, the BER,P(e/~;, z;), of theith user Vi R Dl

using BFSKis given by [6] Now, we can find theveragedBER P, by taking the expec-

13(@/%%) _ %e_% ©6) tation of (12):
The average BER for this modulation scheme is evaluated for P = FE {P(e/xz‘)} = é (13)
two channel models: The Rayleigh fast flat fading channel i
and The Rician fast flat fading channel. In the next two subwhere7; is the average SIR given by:
sections we shall evaluate the average utility function under
the two channel models. = w pi hi (14)

= EN—Q
A. Rayleigh Fast Flat Fading Channel 2o Pl + 0

In this case; is modelled as a Rayleigh random variableTherefore, the average utility function of thth user is given
with a probability distribution given by: by:

LR 1
% _(1/202)a? = 1— M
plai) = — e (1/200)0i 4 =1,2,...N @) U M p, ( %)

r

(15)



B. Rician Fast Flat Fading Channel whereI'(.) is the Gamma function, antlF'1[a, b;y] is the

In this caseq; is modelled as a Rician random variableconﬂuent hypergeomgtric function [10]. By substitl_Jting for

with a probablllty distribution given by O'E = 1/2 andn = 2 n (23) we can get the result in (22)
We used the following special case of the confluent hyperge-

;S ometric functionl F'1[a, b; y] in calculating (22):

) (16)

T

a§+52

(677 —
plai) = 5 e Iy
UT

g
1F1[2,1;8%) = (1 + s%) e (24)
wheres? represents the power in the nonfading signal com-

ponents, and is sometimes called a specular component of th@ally to obtainP,, we simply need to replace in (21) by
received signal or the noncentrality parameter of the distribyr, , that is

tion [6]. Iy(z) is the zero-order, first-kind Bessel function.

Similarly to the Rayleigh case, we need to find the distribu- s (e, + %) 1
tion of v; (see (5)) for fixed:; (see (4)): Pe = —yw o = (25)
i Vi Di Vi
Flvifa) = e G 10(25\/77) (17) where
7 i X Ehi Di 652
7= g (26)
where we assumed thaf = 1/2 as we mentioned earlier. (14 s2) Z,i\;i hi pr, + o2
Similarly, as we did in the Rayleigh fast flat fading case, thei_ o . . o
averaged frame correct reception is giverPas- (1— P,)M. hen, the utility function of théth user is given by
WhereP, can be found as follows: LR 1
u; = - (27)

T Mpo

o0
Pefw)= [ Plefszf ol
o IV. NON-COOPERATIVEPOWER CONTROL GAME

e’ © —vi(3+Y) Yi
=27 / e il (25,/7{> d(18) SupposeN = {1,2,..., N} represent the index set of
i 70 ' the users currently served in the cell af,};ca repre-

using the fact thaf, (¢) can be written as: sents the set of strategy spaces of all users in the cell. Let
% ¢\2m G = N{P;j}, {u;(\)}] de_note a noncooperative game,
Io(¢) = Z (3) (19) where each user chooses its power level from a convex set
n=0 (TL')Q Pj = [pj—minypj—max] and Wherq)j—'rnin andpj—maw are

o ) ) the minimum and the maximum power levels in thk user
By substituting (19) in (18) and after few mathematical mastrategy space, respectively. With the assumption that the

nipulations we obtain: power vector p= [p1, p2, ..., pn] is the result of NPG, the
. 1 s2(—14—2) utility of userj is given as [1]:
P(@/xi) = ﬁ e 247 (20)
i u;(p) = ui(pj, P_;) (28)

At high SIR @y, > 1), (20) can be approximately written as: wherep, is the power transmitted by usgr and D, is the

vector of powers transmitted by all other users. The right side
of (28) emphasizes the fact that ugean just control his own
power. We can rewrite (1) for usgras:

~ 1 2 x; + o2 2
Blefr) ~ Lo = (1)
Vi ¥ pi hi

Now, to find the final average error raf& we need to find
=, the mean oft;. LR
fa. u;(py, p—j) = Mp Pe(v5) (29)

J

N
Pz = Elzi}=FE Z apk b The formal expression for the NPG is given in [1] as:
ki
N NPG: max u;(p;,p_;), forall j e N (30)
= (1+5% Zpk hi (22) i<
e This game will continue to produce power vectors until it
where we used the fact that [6] converges to a point where all users are satisfied with the
, utility level they obtained. This operating point is called an
E{a}} = (202)/? e<—2‘7;)1“<<2+7">/2> equilibrium point of NPG.
['(n/2) In the next section, we define the Nash equilibrium point

x 1F1[(2+n)/2,n/2;s*/20%]  (23) and describe its physical interpretation.



A. Nash Equilibrium in NPG Rayleigh fast flat fading channel model. The system stud-
The resulting power vector of NPG is called a Nash equf-eoI Is a single-cell with statlonar.y users using the same
- data rateR and the same modulation scheme, non-coherent
librium power vector. T : .
Definition 2: [1] A power vectorp = [p is BFSK. The system parameters used in this study are given in
2 Nash equilibrium of thelPG defined abl(ﬁ; 'f'(')’rpé\(/er Table I. The distances between theisers and the BS are
q Y d = [310, 460, 570, 660, 740, 810, 880, 940, 1000] in meters.

J €N, u;(p;,p_j) = u(p;, p;) forall p; € P;. The path attenuation between ugeand the BS using the
One interpretation of Nash equilibrium is that no user CaQimpIe path loss model [7] i, = 0.097/d*. Fig.1 shows
; = 0. - .

increase its utility by changing its power level unilaterallythat under Rayleigh and Rician fast flat fading channels with

Sometimes, a user may find different values of transmjf strategy space;P= [5;,2] , wherej, > 0 and spread-
power levels from its strategy space that give the user highﬁ,{g gain /R — 1]00 usjérs do not réach the Nash equi-

values of the utility function for given power levels of theIibrium point since all users except the nearest user to the

other users. For this reason, the best response correspondggige, ., using the highest power level in the strategy space.
7;(p_;) was introduced [1]. It assigns to each,pc P_; the

More clearly, in Fig.2 one can see that users obtain very low
set utilities as a result of NPG compared to deterministic path
/ gains. Fig.3 and Fig.4 show that with the same parameters as
ri(P-y) = {pj € Py ui(pj P—y) 2 (P, P-s) in Fig.1 and Fig.2 but with spreading gditi/ R = 1000 the
’ 4 results are more encouraging where a Nash equilibrium was
forall p; € P’} (31) possible and it is comparable to that of deterministic channel
In light of this correspondence one can announce the pom%?ins' This tells us that a fast channe_:l variation can dec_rease
o e performance of the game-theoretic approach dramatically
vector p= [p1, p2, ..., pn] @s a Nash equilibrium power vec- for low values ofiV’/R
torif and only ifp; € r;(p_;) forall j € NV. '
If we multiply the power vector p by a constahk 5 < 1 VI. CONCLUSIONS

we may get higher utilities for all users. This means that the i .
Nash equilibrium is not efficient, that is, the resulting p is Ve studied a noncooperative power control game (NPG)

not the most desired social operating point. And this resulfgtroduced in [1] for more realistic channels, where we stud-
from the lack of cooperation between the users currently uled the impact of power statistical variation in Rayleigh and
ing the system. To impose a kind of cooperation betweelﬁician fast flat fading channels on the powers and utilities
users in order to reach a Pareto dominant Nash point, a prifectors at equilibrium. The results showed that an equilib-
ing technique was introduced in [1]. We then use the follow!!Um ¢an be obtained in both games only at higher processing

ing algorithm to find Nash equilibrium point of NPG. Assumed@ins ¢/ R > 100). Also, Results showed that users at dif-
userj updates its power level at time instances that belor rent distances from the base station (BS) can have the same
to a setl}, whereT; = {t;,t; 1, with ¢, < t; transmit power at equilibrium as a result of fading. Utilities

7 J J127320 1y Jk

andt;, = Oforallj € N. LetT = {t;,ts,..} vxfﬁgrle for Rayleigh and Rician fast flat fading channel gains at equi-

T = U TU...U Ty with &, < tx.1 and define p Iibriunj_gre lower (at higher' equilibrium power vector ) than
to be the smallest power vector in the total strategy spadi€ utilities for deterministic channel gains. But, the SIRs
P=pP U PU..U Px. 0 talneq Qt equilibrium are higher fpr all users at equilibrium
in the Rician and Rayleigh flat fading cases than SIR under
deterministic channel gains.
We are currently investigating the choice of different utility
functions which may allow us to solve the NPG with lower
; processing gains. We are also considering various statistical
(@) Given fty—1), calculater;(ty) = arg mgx optimization techniques in order to solve the various game
Piel

uj(pj, P (1)) problems.
(b) Let the transmit powep; (i) = min(r;(tx)) RERERENCES

3. Ifp(t) = p(tx—1) stop and declare the Nash eqUIIIbrIum[1] C. U. Saraydar, N. B. Mandayam, and D. J. Goodman, "Efficient power

power vector as (i), else letk := k + 1 and go to 2. control via pricing in wireless data networksIEEE Tras. Comm.
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2. Forall j € NV, such that;, € Tj: a
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“brium utilities ar_]d p_owers which are the Oumome$ Of NP power control in multicell wireless data networkEZEE JSAC VOL.
algorithm 1 studied in [1]. We use the same definition of 19, NO. 10, pp. 1883- 1892, Oct. 2001
utility function (see (1)) withP. modified to fit the channel E4] D. Fudenberg and J. Tirol&ame TheoryThe MIT Press, 1991.
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TABLE |

THE VALUES OF PARAMETERS USED IN THE SIMULATIONS

L, number of information bits 64 A e— —

M length of the codeword 80 b Tl 1

W, spread spectrum bandwidth 10%, 107 Hz - |

R, data rate 107 bits/sec ]

o2, AWGN power at the BS 5x 10~ %10’2‘] — Deteminisic g

N, number of users in the cell 9 : R \\

s2, specular component 1 gw'” & 1

W/R, spreading gain 100, 1000 g
0 i
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i Fig. 2. Equilibrium utilities of NPG for Rician flat fading channel gain
(+), Rayleigh flat fading channel gain (0), and deterministic channel gain (*)
versus the distance of a user from the BS in meters Wijhk = 100.
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