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Abstract

We presenta power control schemebasedon noncooperatie gametheory usinga fairly
broadclassof corvex costfunctions.The multicell CDMA wirelessdatanetwork is mod-
eledasa switchedhybrid systemwherehandofs of mobilesbetweerdifferentcellscorre-
spondto discreteswitchingeventsbetweerdifferentsubsystemdJndera setof sufcient
conditions,we prove the existenceof a unigueNashequilibriumfor eachsubsystemand
prove globalexponentialstability of anupdatealgorithm.We alsoestablisitheglobalcon-
vergenceof the dynamicsof the multicell power control gameto a corvex supersebf
Nashequilibriafor ary switching(handof) schemesatisfyinga mild conditionon average
dwell-time. Rolustnesof theseresultsto feedbackdelaysaswell asto quantizations in-
vestigated.In addition,we considera quantizationschemeto reducethe communication
overheadbetweenmobilesandthe basestations.Finally, we illustrate the power control
schemalevelopedthroughsimulations.

Key words: Wirelessnetworks, Paver control, Hybrid systemsNoncooperatie game
theory,Nashequilibrium

1 Intr oduction

The primary objectve of power controlin a wirelessnetwork is to regulatethe
transmissiorpower level of eachmobilein orderto obtainandmaintaina satishc-
tory quality of servicefor asmary usersaspossible.In a codedivision multiple
accesgCDMA) systemwheresignalsof otheruserscanbemodeledasinterfering
noise,thegoalof power controlis morepreciselystatedasto achieve a certainsig-
nal to interferenceg(SIR) ratio regardlessof channelconditionswhile minimizing
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theinterferenceandhenceimproving the overall performanceAlthoughthereex-
istsa large body of work for voicetrafc whereSIR requirementdor satishctory
serviceare x ed andwell establishedpower control for wirelessdatanetworks
hasonly recentlybeena topic of interest[1-7]. Sincethe SIR requirementgor a
desiredlevel of servicevary from oneindividual userto anotherin wirelessnet-
works,the power controlproblembecomeslsooneof resourceallocation.Recent
studieq1,4,5] make useof conceptandtoolsfrom the eld of economicssuchas
pricing andutility functions,to comeup with power controlschemeshataddress
this question.In [4], a pricing schemefor the downlink of a wirelessnetwork is
investicgatedwhereusersarechagedbasedn their channelquality. The study[5],
on the otherhand,shawvs that net utility maximizationproblemfor elastictrafc
canbe decomposedhto simplerproblemsof obtainingthe optimal signalquality
andselectionof the optimaltransmissionate.

In CDMA systemswhereeachmobile interactswith othersby affecting the SIR
ratio throughinterferencegametheory provides a naturalframework for analyz-
ing and developing power control mechanismsFor a mobile in sucha network,
obtainingindividual informationon the power level of eachof the otherusersis
practicallyimpossibledue to the excessve communicatiorand processingover-
headrequired.Thereforein a distributed power control settingeachuserattempts
to minimizeits own cost(or maximizeits utility) in responsé¢o theaggreateinfor-
mationon the actionsof the otherusers.This makesuseof noncooperatie game
theory [8] for uplink power control most appropriatewith the relevant solution
conceptbeingthe noncooperatie Nashequilibrium[9].

Severalstudiesexistin theliterature which usegametheoreticschemeso address
the power control problemin a singlecell [3,1,10].1In [9], we have madeuseof
the conceptuaframenork of noncooperatie gametheoryto obtaina distributed
and market-basedcontrol mechanismWe have proven the existenceof a unique
Nashequilibrium,andestablishedhe stability of two differentupdatealgorithms
undersomespeci ¢ conditions.The study[10] de nesa similar singlecell power
controlgamewith anew pricingfunction,whichadmitsauniqueNashequilibrium.
In addition,it studiesthe asymptotidoehaior of the system Anotherrecentstudy
[6], investigatespricing and power controlin a multicell wirelessnetwork. Here,
existenceof auniqueNashequilibriumfor aclassof quasiconcee utility functions
is establishedvithout pricing. Theeffect of linearpricing scheme®nthesolutions
are also analyzedandit is shavn that pricing improves Paretoef ciency of the
operating(equilibrium) points.

In this paperwe extendthesinglecell power controlschemeof [9] to multiple cells
andto a broaderclassof costfunctions.Speci cally, we modelthe multicell wire-
lessdatanetwork asa switchedhybrid systemwherehandofs of mobilesbetween
theindividual cells (basestations)correspondo discreteswitchingeventsbetween
differentsubsystemsUnder a setof sufcient conditions,we showv in Section2
the existenceand global stability of a unigueNashequilibrium for eachsubsys-



tem.In addition,we considetherea morerealisticinterferencenodelthanthe one
in [11], which is an earlier conferenceversionof this paper by taking intra-cell
effectsinto accountln Section3, we establishthe globalexponentialcorvergence
of the dynamicsof the multicell power control gameto a minimum corvex set
of Nashequilibriafor arny switching(handof) schemesatisfyinga mild condition
on averagedwell-time. Furthermorewe investicgate robustnesf theseresultsto

variouscommunicationconstraintssuchas feedbackdelaysand quantization.In

addition,we analyzea quantizatiorschemeo reducethe communicatioroverhead
betweenmobilesandthe basestations.Finally, we illustrate the proposedpower

controlschemeahroughMATLAB simulationsin Section4, which is followed by

the concludingremarksof Section5.

2 The Model and Nash Equilibrium

We considera multicell CDMA wirelessnetwork model similar to the onesde-

scribedin [6,9]. The systemconsistsof asetL := f1;:::;Lg of cells,with M,
usersin cell |, 1 2 L. The numberof usersin eachcell is limited throughan ad-
missioncontrolschemeWe letM | := f1;:::;Mig; | 2 L andM = [ M.

We associate single basestation(BS) with eachcell in the system,andde ne
0 < hj < 1asthechannelgain betweerthei-th mobileandthej-th BS.In each
celll, we considera backgrounchoiseof a cell speci ¢ variance 2. Furthermore,
we assumehateachmobileis connectedo asingleBS atary giventime. Figurel
shawvs a simpledepictionof thewirelessnetwork modelconsidered.

Fig. 1. A simplemulticell wirelessnetwork.

Thei-th mobile transmitswith anuplink powerlevel of pi  Pimax » Wherep;max

is an upperboundimposedby physical limitations of the mobile. Thus, the SIR

obtainedoy mobilei atthebasestation; is givenby
Lhi p;

L .
_ 2
kom s kei Dk Pk +

(1)



Here,L := W=R > 1isthespreadingain of the CDMA systemwhereW is the
chiprateandR is thedatarateof theuser Thus,by takingtheintra-celleffectsinto
accountwe considera morecomplex andrealisticinterferencanodelthantheone
in[11].

De ne the power level of mobilei recevedatthej-th legsxi,- := hj pi, andlet
X = [Xag it Xma s X s X L) Also let X i i= 0 om s ke i Dk Pk bethe
sumof therecevedpower levelsof all mobiles,exceptthei-th one,atthej-th BS.
In orderto simplify thenotationwe will droptheindex of theBS (e.g.x; := X;; ) in
casesvhenit is obviousfrom the context thatmobilei is connectedo thej-th BS.

Thei-th users costfunctionis de ned asthe differencebetweenrthe utility func-
tion of theuserandits pricingfunction,J; = P;  U;, similarto theonein [9]. The
utility function,U;( i), is afunctionof the SIR, ;, of thei-th user andquanti es
approximatelythe demandor willingnessto pay of the userfor bandwidth.The
pricingfunction,P;(p;), ontheotherhand,is imposedoy thesystento limit thein-
terferencereatedy themobile,andhenceto improve thesystenperformancg6].
At thesameime, it canalsobeinterpretedasacostonthebatteryusageof theuser
As aresult,thecostfunctionof thei-th userconnectedo aspeci c BSis givenby

Ji(xi;x irhi) = Pi(xi)  Ui( (X)) ; (2)

wherewe have usedx;, insteadof p;, astheargumentof P;, by a possiblerede ni-
tion of thelatter We now male thefollowing assumptionsn the costfunctions:

Al.P;(x;) is twice continuouslydifferentiable non-decreasingndstrictly corvex
in X, i.e.

@i(xi)=@; 0, @P;i(x|)=@? > 0; 8x;.

A2. Ui( i(x)) is jointly continuousin all its algumentsand twice continuously
differentiable,nondecreasingnd strictly concae in x;, i.e. @QJ;(X)=@; 0,
@U (x)=@7? < 0; 8x;.

A3.U;( ;) satis estheinequality

i< ——<(L+ ) d—uz ;
wherej:j denoteghe absolutevaluefunction.
A4. Thei™™ users costfunction hasthe following properties:/At x; = 0, Ji(x :

Xi = 0) > Ji(x) ;8x x; 6 0, andat Ximax = Ximax, Ji(X @ Xi = Ximax ) >
Ji(X) ;8X Xj < Ximax , respectrely.

Thanksto assumption®\1 and A2 the costfunction J; is strictly corvex, andbe-
longsto afairly large subclasf convex functions.Hence,thereexists a unique



solutionto the i-th users minimization problem,which is that of minimization
of Jj, given the systemparametersand the power levels of all otherusers.The
Nashequilibrium (NE) is de ned asa setof power levels,p (andcorrespond-
ing setof costsJ ), with the propertythat no usercanbene t by modifying its
power level while the other playerskeeptheirs x ed. Furthermore assumption
A4 ensureghatary equilibrium solutionis aninner one,i.e., boundarysolutions
X; = 0(X; = Ximax) 8i cannotbeequilibrium points.Mathematicallyspeaking,
X isin NE, whenx; of ary i-th useris the solutionto the following optimization
problemgiventhe equilibriumpower levelsof othermobiles,x ;:

min  Ji(X;; X ; hy): 3)

0 Xi Ximax

Theorem1 UnderAl-A4,themulticell powercontiol gameadmitsa uniqueinner
Nashequilibriumsolution.

PROOF. The proof of thistheoremis similarto theoneof Theorem3.1in [12]. It
is brie y outlinedherefor completenesd.etX = fx 2 RM : 0 X  Xmax 0
beasetof feasiblereceved power levelsatthe basestationsn thesystemClearly,
X is closedandboundedandhencecompact.Furthermoreijt is alsocorvex, and
hasanonemptyinterior. By astandardheorenmof gametheory(Theoren¥.4p.176
in [8]) the power controlgameadmitsa Nashequilibrium. In addition,by A4 this
solutionhasto beinner It follows from A3 that

@Jzi S @J S
@; @i @
Finally, usingan argumentsimilar to the onein the proof of Theorem3.1in [12]

onecanshaw thattheinnerNE solutionis unique.Thus,thereexistsauniqueinner
NE in themulticell power controlgame. 2

0:

3 Hybrid Modeling and Stability

We considera dynamicmodelof the power controlgamewhereeachmobile uses
agradientalgorithmto solwe its own optimizationproblem(3). Theupdatescheme
of thei-th mobileis givenby

n-d_ @

wd dt | @I )
where ; > 0is auserdependenstepsizeThis canalsobe describedn termsof
therecevedpower level, x;, attheBS| to which mobilei is connected:

Lo L
- dirjei(hjlzhj)xj"' 2 ldp

i(X); (4)



whereh; denoteshechannebainof mobilej toits own BS. Thus,we obtainadis-
tributed power control algorithmwhich brings minimum overheado the network
for the only informationthe mobile needsn orderto updateits power level, other
thanits own mostrecentpower level andthe systemparameterss thelevel of total
recevedpower atthe BS.

3.1 Stabilityin the StaticCase

We rst establisithestability of theupdateschemd4) undersomesufciency con-

ditionsin the staticcase whereeachmobileis connectedo a speci ¢ basestation

(belongsto a cell) for all times. By takingthe secondderiative of x; (connected
to cell ) with respecto time we obtain

|
PP X X h
NE oA ge ut by +  bx = 4(x);  (5)

whereg, andh arede ned as

a = d?y; _ L2 ihiz _
- d? (eri(th:hj)Xj"' 1?2’
and
b = i . % D L |h|2 .
Sl di(geihpEh)g + P

Noticethat,a; is positve,andunderA3, by is negative.
Let usintroducethe candidatequadratid_yapuna function

X
Vi= ) (6)

i2M
First note that becauseof the uniqguenes®f the NE, x , {(x) = 0 8i if and
onlyif x = x . Hence,V is positi\ge for all x exceptfor x = x . Furthermore,
asjixjj ! 1, (dU=d ) (L h))=( jei(hji=h)x; + ?) is boundedby A2 and
j ihidP=dpj! 1 byAl Hence)V isradiallyunboundedy ! 1 , jjxjj!
1 , wherejj:jj denoteghe normoperator

Takingthederwvative of V with respectot we have
X X X _h. :
2 20 P+ jbj 2050 g
i2M i2M i6i i
whereh;; denotesthe channelgain of mobilej to the BS to which mobilei is

connectedWe notethat% < lforalli;j 2 M, and% 1if thereis alarge
geographiaistancebetweerthe mobilesi and; .



It follows from a simplealgebraiananipulatiornthat

X X hyi. : X

i 205 i 2Mers 1) maxjhyj 3

i2M j6i ) i2M
whereM ¢ isde nedasthelargestclusterof usersvhohave anonngligible effect
oneachothers SIR levelsthroughin-cell andintra-cellinterferencelt immediately
follows that, max; M| < Mes¢ M. In practice,a possiblede nition of M ¢
would be X

Mess 1= maxM, + Myg;
! k2N eighbor(l)

whereN eighbor(l) is de ned asthe setof rst-tier neighborsof thecell |, dueto
neggligible effect of mobilesin othercells,which arefartheraway.

Usingthisto bound\. yields

X
Vo (o min2a + 2(Merr 1) maxjhj) v

i2M

Next, we re ne assumptiorA3 asfollows:
A3° U;( ;) satis estheinequality

d?y; du d?y;
d—izl i<d—;<(1+ i)d—i2|3

Remark 2 A large classof logarithmic utility functions,U; = ujloglk ; + 1),
wherek > 1andu; > 0 are scalarparametes, satisfyassumptioné&.2 and A3°.

UnderA3% we have 0 jhj a;=L. Hence,a sufcient conditionfor \L < 0,
uniformly in thex;'s, is
L>m(Mer 1) (7)
wherem is de ned as
m = max novm &, (8)
x2X MiNi2m &

Thus,V is indeeda Lyapune function,andbeingalsoradially unboundedn x;'s,
it readilyfollowsthat ;(x(t)) = x(t) ! 0; 8i. Thisin turnimpliesthatx;(t)'s
convergeto theuniqueNashequilibrium.Hence theuniqueNE point (Theoreml)
is globally asymptoticallystablewith respecto the updateschemeg(4) underthe
sufcient condition(7). Thisresultis statedn thefollowing theorem:

in cell| 2 L staysconnectedo therespectiveBSfor all times.Then,the system
dynamicsare globally asymptoticallystableif

L > m(Mess 1);



where M isde nedasthelargestclusterof useswhohavea nonngligible effect
onead other's SIRlevelsandm is givenby (8).

3.2 TheDynamicCaseandHybrid Modeling

In the staticcasethereareno handofs (switches)n thenetwork. Considemow the
dynamiccase wheremobilesconnectto basestationsdynamicallyusing criteria
like SIR or channelgain asthey move alongthe cells. Then,it is possibleto con-
sidereachstatic casewith a x eddistribution of usersamongcells asa separate
subsystemg, belongingto a family (set)of systemsdenotedoy Q. Thisleadsto a
hybrid systemwhereeachhandof correspondso switchingfrom onesystemnto an-
other In the studyof this hybrid systenmwe make useof the conceptof dwell-time

, Which quanti esthe minimumamountof time betweerntwo switchesHowever,
in awirelessnetwork handofs arerandomin nature,andthey may occurin short
bursts.Therefore we alsomake useof the conceptof average dwell-time which
is muchlessrestrictve thanthe dwell-time [13]. Let us denotethe numberof dis-
continuitiesof a switchingsignal on anintenal (t; T) by N (t; T). Using the
de nition in [14], hasaveragedwell time , > if thereexistsa positive integer
N suchthat

T t

a

N (t;T) Ng+t ;8T t O

Basedon our previous analysisfor the staticcase we de ne aquadratid_yapunw
functionV (@ asin (6) for thesubsysteng 2 Q. Modifying condition(7) as

L>m(Mer 1)+ 9)
where > 0is apositive constantyields
\VAQ) \VACE

TheuniqueNE, x{/F, of theq™ subsystenis thenglobally exponentiallystableby
Theorem3.

To simplify therestof theanalysiswe will make thefollowing assumptionwithout
ary lossof generality:

A5. In themulticell wirelessnetwork, no two handofs canoccuratthesametime.

Since,underA5, thetimesof occurencef multiple handofs maystill bearbitrarily
closeto eachother this technicalassumptionis not restrictve in practice.As a
resultof A5, switchingcanhapperonly betweerfneighbor” subsystemsjueto the
handof of a singlemobile betweentwo neighboringcellsin the network. Hence,



thereexistsa nite > 1 suchthat

V(@
\VAQ) ’

whereq; r 2 Q areary two “neighbor” subsystemd.et us alsode ne the setof
NE for all subsystemas

N = fx§%;8q2 Qg:
At agiventime instancethe systemhasonly oneNE whichis anelemenif theset
N . However, this uniqueNE alsoswitchesfrom oneequilibriumto the next in the
setN with eachhandof in thesystem.

We now extendtheresultsof Theorem3.2of [14] (Theoremd of [13]), to multiple
equilibriumpoints.Noticethat, Theorem3.2 of [14] doesnot applydirectly in our
caseastheequilibriumpoint of the multicell systemshiftswith eachswitching.

Theorem4 Considera family of systemsQ, dened by x = f4(x); 89 2 Q
with x, beingthe uniqueequilibrium of theq" systemSupposéhat there exist Ct

functionsV(@ : R" I R; q2 Q, classkK; functions (1“) and (2“), anda positive
number sud thatwe have

Phix  xgi) VOX)  Pix  xi); 892 Q; (10)
and

L@ (x) V @(x); 8x: (11)
Supposealsothatthere existsa nite > 1 sud that

\VAG)
YIG) ;o or2Q: (12)

LetN betheunionofthesmallestevelsetsof V(9: 8q2 Q thatcontainthesetof
equilibriaN := fx,;892 Qg: Then,the switthedsystenglobally asymptotically
corvergesto thesetN for everyswitching signal with average dwell-time

> 109 (13)

Furthermoe, N is invariant underthe samesetof conditionsif the dwell-time
satis es
S log

- 8t (14)

wherewede ne T > 0, tp := 0, andS := T= , withoutlossof generality Given
theswitchingsignal , de ne thepiecavisedifferentiablefunctionW (t) as

W(t) := etv():



Oneachintenal [t;; tj+1 ) (betweerswitchingtimes),we have from (11),
W) w@i) etvl) o
By (12),thisimpliesthat

W(ti+1) e tiV( )(X(ti)) W (t,)

vVOX(T ) e T SvO(x(©o):

Then,from (13) andde nition of S we have

log

VOX(T ) 55 TvO(x(0)): (15)

It directly follows thatV (9 decreaseandx corvergesto Xq attimeT for some
systemg 2 Q asT increasesThus,by the de nition of N the systemcorverges
globally asymptoticallyto N . Notice that, sinceat the time of switching, T, the
systemequilibriumshiftsfrom onepoint to anotheyno pointin the systemcanbe
asymptoticallystable.

We now shaw the invarianceof N under(14). Supposehat N is not invariant.
Then,thereexistsatrajectorythatstartsatapointx 2 N andleavesthis set.This,
however, would correspondo anincreasen V(@ for someq 2 Q, which leadsto
acontradictionby (14) and(15). Hence N is invariantunderthe setof conditions
of thetheorem. 2

Basedon Theorem4 we next give the following resulton the multicell wireless
network:

Theorem5 Assumehatthefollowing conditionholdsfor all thecellsin thewire-
lessnetwork.for some > O:

L> m(Mes 1)+ ;812L;

whele ma a
m = max ——" 4.

x2X_ MiNiom &
LetN betheunionof thesmallestevel setsof V (9 (x) that containthe Nashequi-
libria, which are “neighbor” to gq; 89 2 Q. Then,underthe setof assumptions
Al, A2, A3% A4, A5, the dynamicsof the multicell power control gameglobally
exponentiallycorvergeto N for everyswitching signal  with average dwell-time

, log .

a

10



Furthermoe, N is invariant underthe samesetof conditionsif the dwell-time
satis es
S log

: 8t:

PROOF. Theconditions(10)and(11)in Theoremd follow directly from (9) and
from the propertiesof V undertheassumption#&\1, A2, A3% A4, A5. We notethat,
dueto theassumptiomA5, N is asmallersetin this specialcasethanthe mostgen-
eralone.Therestof theprooffollowsthesamdinesastheonesin Theoremd. 2

Remark 6 By assumptiorA5, the equilibrium point of the systemumpsfrom NE
of a subsystento the NE of a “neighbor” subsystemvhich is closein “distance”

to it, where thedistanceis de ned by a chosemorm.Hence in a wirelessnetwork
whete distribution of mobileschangesslowly over time the operating point of the
systemmaystayin a subsebf N over a timeinterval mud longer thantheupdate
interval. In this case thepractical “size” ofthesetN is mud smallerthantheone
in Theoem>.

Proposition 7 Considera wirelessnetworkwith M mobilesand L non-empty
cells.fM! 1 then ! 1,andhence ! O.

PROOF. Without lossof generality assumehatthe k™™ mobile switchesfrom a
cellm 2 L tocelln 2 L. Then,by de nition of , andshaving explicitly its
dependencenM,

X X
2 2
mn + it i
M) — 2M m M » :
X e
mn + it itk
i2M mi6k i2M
P P
_ 2
where mn = j2ii6mn iav, -ASM ! 1,
X X
2 2 2 2. Qi ) )
min c+ cand 7! 5 812M M g
i2M m i2M o

Hence, M) corvergesasymptoticallyto 1. Thereforepy Theorenb averagedwell-
time, , diminishegso zero. 2

3.3 StabilityunderFeedbak Delays

Evenif we assumehat mobileshave perfectinformation on their channelgain,
cost,andsystenmparameterghey still needthetotal recevedpowerlevel to bepro-
vided by the basestationin orderto implementthe dynamicupdatealgorithm(4).

11



TheBS determineshetotal recevedpowerlevel throughmeasurementandsends
it to the mobile. Measuring processingbothat BS andmobile),andsignalingof

this informationtakestime, which resultsin non-ne@ligible delaysin the network,

which cango up to 0:5 secondsn GSM systemgsee[7], p.28). Herewe model
suchdelaysas a single x ed feedbackdelay Since propagtion delaysare neg-

ligible for cellular wirelessnetworks, all mobilesin a cell experiencealmostthe

sameamountof feedbacldelay In otherwords,delaysaresymmetricwithin acell.

Hence the power updatefunctionof thei'™ mobilein termsof x; becomes

L

dirjei;j2M|Xj(t N+ ¢

_ dp .\ _ .
xi(t) = ihiﬁ(t) = (x(1); (16)

wherer > 0 denoteghefeedbackdelayin thenetwork.!

We now investigate stability of a single cell, I, by introducingthe radially un-
boundedquadratid_yapun function

Zy

X . X
Vi(x(1)) == F(x(1) + (maxmaxjhj)(M, 1) r F(x(s))ds:

i2M i2M

AssumingAl,A2,A3°% andA4to hold, we essentiallyepeathe Lyapuna analysis
of Section3.1. Takingthe derwvative of V;(x(t)) with respectot, we have

(X)) © o, 280 2(X(D) + (Maxyzx, max jhj)
"o w2 (@) (X )
+(M; 1) (x(t)?  i(x(t r))?

It again follows from a simplealgebraicmanipulatiorthat
X

. . X
2 i(x(t) j(xt rnj M 1) P(x() + f(x(t r):
i2M | j2M | ;j6i i2M
Usingthisto boundV, furtherabove yields

V(() ( min2a+2M, DL)maxmaxinj XD
Pt i2M

Henceasufcient conditionfor \4(x(t)) < O, uniformly in thex;'s,is

L>m(M, 1) (17)

1 Here to avoid cumbersomeotationakcompleity weignoretheinterferencérom neigh-
boringcells;for extensiongo multi-cell ervironments seeRemark8 later.

12



wherem, is de ned as

_ MaXxox, MaXiom | & |
| = - - :
MINy2x, MINj2pm | &;

Thus,the uniqueNE point (Theoreml) of cell | is globally asymptoticallystable
with respecto the updateschemg16) underthe sufcient condition(17) for ary
feedbackdelayr. Note that the conditionin (17) is morerestrictve thanthe one
in (7). Moreover, althoughthevalueof r doesnot affect stability, large delaysmay
resultin slower corvergencerates,and they may decreaseahe robustnessof the
system.

Remark 8 Theanalysisabove canbe extendedn a natural wayto the staticand
dynamicmultiple cell casesto obtain counterpartsof Theoems3 and 5 for the
delayedinformationcase;we havenot carried out this extensionhetre in order to
keepthebasicmessge clear.

3.4 CommunicatiorConstaints

Total receved power level, P iow hip + 7, attheBS of thecell | constituteghe
maininformation o w in thedistributedpower updateschemg4). BS hasto send
mobilesthis quantity (stateinformation)asfrequentlyaspossiblein orderfor the
updatealgorithmto converge. This, however, may bring a signi cant overheado
the system,if notimplementedef ciently. We investigate herea simple practical
schemeawhich lessenghe communicatioroverheadandhencejncreaseshe ef -
cieng/ throughquantization(seeFigure?2).

h_1p_1 Base Statiol
Mobile 1 ~1
h 2p_2
Mobile 2 -1
.
n
h Mp_ M
Mobile M ~17
Q(Sh.ip.i) _ Shipi ‘
Quantizer

Fig. 2. A simplequantizatiorschemdor reducingoverheadn the system.

Althoughtotal recevedpower level canbe measuredo a greataccurayg atthe BS,

13



it is notnecessarto sendhisinformationto themobilein its mostaccuratdorm as
this would wastevaluablebandwidth.Instead this valuecanbe quantizedwithout
destrging systemstability. We considey for its simplicity andeaseof implemen-
tation, a uniformlguantizationschemeAssumethatthereexists a x ed practical
upperboundon = i,y hyp + £ denedasF for ary cell I. Then,aK level
guantizatiorof aggrejaterecevedpowerlevel is

X
0 K( hilpi+ |2) F: 8l 2L

i2M

. , . P
where ¢ isaK leveluniformquantizerAslongas i,y hipi+ #2 [0;F]holds
for all cells,themaximumquantizatiorerror isde nedas = F=2K.

A derwvation similar to the onein Section3.1 resultsin the following modi ed
versionof thesufcient conditionin (17) for stability of thesystemin the presence
of thequantizatiorerror

L>m(Mer 1),

wherem is de ned as

U L2 ;h?
—— d? ( jeilhi=h)x + P2+
NV L2 h?

od 2 (i) + P2

Hence,given a sufciently large L, thereexists an upperboundon which pre-
senes stability. Using this valueof we obtainthe minimum numberof bits to
representhefeedbacknformation,

bitn = dog, F=(2 )e;

whered:.e denote<eiling function (roundingup to the next integer). Assumethat
the mobile updatefrequeny is f pqae H €rtZ. Then, the systemoverheadin the
downlink for amobileis givenby

bitr ate = f pgared0g, F=(2 )e bps(bits-persecond)

Therateof changen thetotal receved power level in a cell canbe boundedabove

by Fvar ’ P

@ v hip+ D)

@
Thereforesendinghe mobilestheincrementathangesn thetotal receved power
level insteadof sendingthewholeinformationeachtime resultsin bandwidthsav-
ings.In thiscasejn orderto maintainthe givenmaximumaquantizatiorerror, , the

Fvar
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minimumnumberof bits to useis

— F
bitmin = dog, #e;

update

andthebit rateis givenby

var

—_— F
bitr ate = f pgare d0Gg, ﬁe bps:
update

We notethatthisincrementatlielivery of feedbacknformationresultsin signi cant
savingsof overheadbandwidth.

4 Simulations

We simulatedthe power controlschemedevelopedin MATLAB. Thecostfunction
for thei-th user(mobile)waschoseras

Joix ih) = 5 o ulog( ; + 1) (19
where ; > 0andu; > 0 areuserspeci c pricing andutility parametersespec-
tively. Notice that the quadraticpricing and logarithmic utility functionsin (18)
satisfyassumption#\1, A2, A3% A4 with anappropriatechoiceof parametewal-
ues.Thereforeresultsof Theorenb applyto thefollowing powerupdatealgorithm
of thei-th mobile,whichis connectedo BS|,

P+ ﬁ(r jei g+ 9

=i i ihipi;
if A5 andconditionon averagedwell-time aresatis ed. In the simulations,a dis-
cretizedversionof this updateschemevasimplemented:

(n+l) _ (n) Ui

P =p "+ P
| | pi(n)"’ﬁ( jsihjlpj(n)+ f)

ih pi(”) :

The scenariowe adoptedis the following. We have a simple multicell wireless
network consistingof six rectangulashapedellswith 40 usersBasestationsare
locatednearthe centerof eachcell. The systemparameterarechoserasL = 128
and 2= 18l. Costparameterarethesamefor all usersy; = 10 =1, ;=

1 8i, andthey are x ed for the durationof the simulation.Mobiles are initially

locatedrandomlyin the systemandtheir movementis modeledasa randomwalk
with a speedof 0:0001 units per update,wherewe setthe updatefrequeng to
100 H z. Hence,if we assumea systemwith unit size of 1000m, then mobiles
move with aspeedf 10m=s.
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Locations of Base Stations and Mobiles
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Fig. 3. Locationsof basestationsandthe pathsof mobiles.

Sample Movement of a Mobile
T
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Fig. 4. A samplepathof amobile.

Thechannelain of thei-th mobileis determinedy a simplelarge-scalgathloss
formulah; = (0:1=d)? whered; denoteghe distanceto the BS, andthe pathloss
exponents choseras2 correspondingo openair pathloss. Thechannebain h; is
chosemsoneif d; < 0:1. However, fastandrandommovementof mobilesresult
in highervariationsin the channelgains,andhence compensatéor this simpli -

cation.We usethe channelgain asthe handof criterion. Eachmobile connectdo
the basestationwith highestchannelgain, which in turn correspondso the near
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estone.In Figure 3, locationsof basestationsandthe pathsof all mobilesin the
network areshovn. A samplepathof asinglemobileis shavn in Figure4.

Power Levels of Mobiles
100 g T T T

power levels

0 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
time steps

Fig. 5. Paverlevelsof 10 selectednobileswith respecto time.

SIR Values of Mobiles
45 T T T

40 -

35 B

15 B

1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
time steps

Fig. 6. SIR valuesof 10 selectednobiles(in dB) with respecto time.

Figures5 and6 depictthe power levelsandSIR valuesof mobilesfor the duration
of the simulation.Notice thatthe power levels corverge to the equilibrium points,
which shift dueto handofs in the system.Jumpsin SIR valuescanbe obseredin

Figure 6 whena mobile movesfrom a lesscongestedell with a smallernumber
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Power Levels of Mobiles
100 T T T

power levels
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Fig. 7. Pawer levels of 10 selectednobileswith respectto time undera communication
delayof 50 steps.

of mobilesto a more congestedneor vice versa.Variationsin congestiorevels
in the cellsandin channelgainsarealsothe reasonsvhy not all mobileshave the
sameSIR levels despitehaving the samecostparametersThe simulationwasre-

Aggregate Received Power at Base Stations
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0

Fig. 8. Aggregatereceved power levelsatthe basestations.

peatedvith the samesetupbut with a 50 step0:5 secondstommunicatiordelay
betweerthebasestationandmobiles.In accordancevith theresultsin Section3.3,
convergencecharacteristicef the systemarenot signi cantly affectedby thepres-
enceof feedbacldelayexceptfor thecorvergenceate,asit canbeseenn Figure?.
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Figure8 shaws the aggregatereceved power levels at the basestations.The “rel-
ative' smoothnessf thesevaluesindicatesigni cant sarzings in systemoverhead
whenthefeedbackguantizatiorschemeanalyzedn Section3.4is implemented.

5 Conclusion

In this paperwe have formulateda noncooperatie powver controlgamein a multi-

cell CDMA wirelessnetwork, whichis modeledasa switchedhybrid systemwhere
handofs of mobilesbetweerdifferentcellscorrespondo discreteswitchingevents
betweendifferentsubsystemdJndera setof sufcient conditions,we have shovn

theexistenceandglobalexponentialstability of auniqueNashequilibriumfor each
subsystenundera gradientalgorithm.We have alsoestablishedhe globalcorver-

genceof thedynamicsof the multicell power controlgameto a corvex superseof

Nashequilibriafor arny switching(handof) schemesatisfyinga mild conditionon

averagedwell-time. We have investicatedthe robustnessof theseresultsto com-
municationconstraintssuchas feedbackdelaysand quantization,and have pre-
senteda schemeo reducethe communicatioroverheadbetweenmobilesandthe
basestations We have alsoillustratedthe proposedgower controlschemehrough
MATLAB simulations.

The mathematicaimodel developedcapturesa fairly broadclassof corvex cost
functions,andaddressethe multicell resourceallocationproblemin CDMA wire-
lessnetworks. The gradientupdatealgorithmusedis market-baseddistributedin
nature robustwith respecto feedbacldelays.andrequiredittle overheadn terms
of systemresourcesSomedirectionsfor future researchyhich canbe viewed as
extensionsof the presentvork, aretheoreticabnalyse®f thevariationsin channel
gains,andthe effect of discretizatioron the proposedupdatescheme.
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