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ABSTRACT

We investigatethe resouce allocation problem for
future third-genemtion (3G) wireless CDMA cellular
networkssupportinghetengeneouamultimediaapplica-
tions. More specificallywe demonstatethat the network
resouces consumeddy an individual userin a direct-
sequencepread-spectrunCDMA networkcan be taken
as the productof the allocatedsource codingrate, R,
andthe enegy per bit normalizedto the multiple-access
interferencenoisedensity E;/Ny. e proposea joint
souice codingand powercontmol (JSCPC)approac for
allocatingthesetwo quantitiesto anindividual user sub-
ject to a constaint on the total available bandwidth,
to simultaneouslymaximizethe per-cell capacitywhile
maximizinghe end-userapplication-specificguality-of-
service(QoS)for differentmultimediaservices.

1 INTRODUCTION

Code division multiple-acces{CDMA) is receving
considerablettentionas the core multiple-accessech-
nologyin the developmentbof upcomingthird-generation
(3G) wirelesscellular networks. The anticipatedadvan-
tagesof CDMA in cellularapplicationsncludeimproved
channelcapacity asynchronousransmissiorcapability
simple call admissioncontrol (CAC) procedures soft-
capacitylimits andreducedsensitvity to multipathfad-
ing [1]. Future 3G wirelessnetworks are expectedto
integrate different types of multimediatraffic, suchas
voice, data, and compressedmagesand video. How-
ever, the associatechigh bit-rate and lateng require-
mentshave madethereliabletransporof multimediapar
ticularly difficult in the error-pronemobile wirelesservi-
ronment. This paperinvestigateghe resourceallocation
problemsassociateavith wirelessCDMA networkssup-
porting heterogeneousiultimediatraffic whereindivid-
ual usershave differentQoSrequirements.

In our previouswork [2] and[3], we have shovn that
network resourcesonsumeddy an individual userin a
widebandwirelessCDMA systemcan be taken as the
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Figurel: Reverselink of asinglecell CDMA supporting
multimediaservices.

productof the sourcedatarate, R,, andthe enegy per
bit normalizedto the multiple-accessénterferenceratio,

E,/N,. Basedon this obsenation, we proposeda joint

sourcecodingandpower controlapproac{JSCPC}o al-

locatingthesetwo quantitiesto anindividual videouser

subjectto a constrainton the total available bandwidth,
to simultaneouslymaximizethe quality of the delivered
video while minimizing the network resourcerequire-
mentsof an individual user More specifically based
on the network resourcesllocatedto anindividual user
(Rs x Ep/Ny), ratherthantaking R; andE; /Ny asinde-
pendentandunrelatedparametersye considerthe opti-

mumtradeof betweenR; and Ey, /Ny.

Figurel shavsasingle-cellCDMA systemsupporting
multimedia serviceswith a wide rangeof transmission
ratesandvariouserrordelay performanceequirements.
Basedon the network requirementswe classifythe ser
vicesprovidedinto 3 classesClassl consistof real-time
connectionsvith zerodelaytolerance suchasvoiceand
compressedideo. In this paperwe specificallyconcen-
trate on the resourceallocationproblemassociatedavith
real-timevideo transmissionwhich is consideredo be
oneof the mostimportantmultimediaapplicationsn fu-
ture 3G networks. The appropriateend-to-endQoS in



this caseis definedasthe end-useaveragePeak-Signal-
to-Noise Ratio (PSNR).Classll includesnonreal-time,
delaysensitve, errorfree servicessuchasTelnet,inter-
active gamesandsimilar applicationsassociateavith the
useof thetransporicontrolprotocol(TCP).Classlll con-
sistsof message-orientedlelay-toleranterrorfree ser
vices,suchasemail, fax anddatafile transfer The clas-
sificationsare basedon the characteristic®f the antici-
patedserviceso be supportedn future 3G systemsand
is similar to the classificationusedin IMT-2000propos-
als[4, 5, 6], in which threeclassesf dataservicesare
consideredlow delaydatabearerserviceg(LDD), long
constrainedlelaydatabearerservicegLCD), anduncon-
straineddelaydatabearerserviceyUDD).

We consideronly channekrrorsdueto uncorrelatedbit
errorswhich canbeachiezedby sufiicientinterleaszing to
randomizehe bursterrorsat the channeldecodeoutput.
This correspondso representinghe pathfrom the input
of the channelencoderto the outputof the channelde-
coderasa memorylesdinarysymmetricchanneBSC).
Althoughthis doesnot fully capturechannekrroreffects
on mary real-world wirelesschannelsijt provides con-
siderableinsightsinto the joint interactionsand the ef-
fectsof bothvideocodingrateselectiorandchannekrror
controlon end-uselPSNR.We assumehe useof binary
corvolutionalcodeson the additive white Gaussiamoise
(AWGN) channelso that the bit-error probability can
be accuratelyapproximatedy the well-known transfer
functionbounds[7]. In our analysiswe assumeperfect
power control. By perfectpower control, we meanthat
the receved power of eachuseris adjustedso that the
receved Ey /Ny is fixedatthedesiredevel.

2 PROBLEM FORMULATION

Usingthe sameapproachasin [8] for determiningthe
capacityof a single-cellCDMA cellular systemsupport-
ing voicetraffic, we first extendthe resultsfor perfectly
power-controlledhomogeneousoice usersto heteroge-
neousmulti-ratetraffic with differentpower levels. As-
sumingthereare N usersin the systemandignoring the
backgrounchoisedueto spuriousinterferenceaswell as
thermalnoise,users with information bit-rate R; oper
ateswith power level S; = E;R;, where E; is the cor-
respondingenegy per information bit. The bit-enegy
to multiple-accesinterferencgMAI) ratio of user: will
thenbe

Si
%:ﬁ;izm,&._,z\r, (1)
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whereWr is the total bandwidthin Hz and Ny /2 is the
two-sidednoise power spectraldensity due to MAI in
watts/Hz.It followsthat
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If we assumea large numberof usersandthatthe MAI
experiencedby ary userdueto the total traffic from all
the otherusersis approximatelyequal,summing(2) for

N usersyields
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2R, =(N-1 —R;=NWy, (3
;;NO i = ( );NO (3

sothatfor large V,

N

E;
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Thelastexpressiomrepresentthe approximatelyoptimal
solution(in term of resourceallocation)of the necessary
and sufficient conditionsfor the existenceof a feasible
transmitpower assignmento all usersderived by Sam-
pathetal. [9] in asingle-cellCDMA systend.

We definethe resourcerequirementof an individual
user operatingwith sourcerate R; and bit enegy to

MAI ratio E; /N, asthe equivalentbandwidth W, £

R;E; /Ny, with units of Hz. Basically it is the to-

tal bandwidthresourceallocatedto an individual user
in a spread-spectruf®DMA network. The capacityof

a CDMA systemis often referredto as interference-
limited, while other systemdike FDMA or TDMA are
bandwidth-limited[10]. As a result,the majority of re-

searchefforts onimproving CDMA systemperformance
have beenconcernedwith power control or simply in-

terferencesuppressioechniques.However, (4) clearly

shavs that CDMA systemsare both bandwidth-limited
aswell asinterference-limited.

To provide a betterunderstandingf this issue,con-
siderthe following example: given a fixed We(;), if we
increasethe bit-rate R;, the quantity E; /Ny mustbe de-
creasedccordinglysoasto achieve the sameoverall ca-
pacity However, decreasingF; /N, also meansan in-
creasen bit-errorrate (BER) for the correspondingiser
which may ultimately leadto decrease@nd-to-endper
formance.Indeed,oftenthe end-to-endperformanceor
larger BER degradesrapidly with increasingbit-rate as
we demonstratén whatfollows. Conceptuallythe prob-
lem canbesolvedby usingamorepowerful channekod-
ing schemeawhich caneffectively improve the overall ca-
pacity (in termsof the numberof userssupported)f a
spread-spectrun®DMA network by decreasinghe re-
quired E; /Ny asshown in [11], [12], [13]. Practically
however, the systemcomplexity anddelayconstraintgor
different multimediaapplicationsoften limit the choice
of channelcoding schemedhat can be employed. For
example,Viterbi decodingbecomegoo comple to im-
plementfor constrainiengthsmuchbeyond10, whichis
often requiredto achieve low bit-error probability with
corvolutionalcodes.Hence the crucialissuehereis, us-
ing a practicalchannelcodingschemehow to maximize

LIn particular [9] shaws thatthe necessargndsuficient conditions
for the existenceof a feasibletransmitpower assignmento all users
satisfying both the bit-rate, r and QoS in termsof enegy-perbit to

. . . N 1 .
MAI densityratio vy is Zj:l Y, < 1, whereWr is the total
ERZ
bandwidth.Clearly, this canbereducedo Ej.vzl riv; < Wr,if Wy
is sufficiently largewith respecto individual requirementsindequality
holdsfor optimalallocations.



the performancef a single-cell CDMA systemsupport-
ing heterogeneoumultimediatraffic by allocatingboth
thebit-rateandthe power level to anindividual usersub-
jectto a constrainton the allocatedresourcethe equiva-

lent bandwidthWe(g) .

3 JOINT SOURCE CODING-POWER CONTROL
METHODOLOGY

3.1 Reliable Delay-Tolerant Data Sewices

The QoS of this classof servicesis definedby the
throughput. We assumethat eachusergenerates se-
guenceof paclets of fixed-lengthL, and reliability of
datacommunicationss guaranteedhrougherror detec-
tion and retransmissior{ARQ) in conjunctionwith the
FECcoding.Hence the sourcerateof a datauseris 2

R, =G x LR,, )]

where( is the averagenumberof pacletsgenerateger

secondwhich consistsof both newly generategaclets

and retransmittedpaclets that were unsuccessfullyre-

ceivedduringa previoustransmission L is thelengthof

apacletandR, is thechannekodingratein bits/channel
use. Hence,the QoS of datausers,definedin termsof

the numberof successfullytransmittedinformation bits

(includingoverhead) or thethroughput S is

S(Rs, Ey/Ng) =G x L X R, x Ps, (6)

whereP; is thepaclet succesgrobabilitywhichis equal
to®

P, = (1 — Py(Ey/Ny)) e, 7
Hence we definethe optimal allocationfor a singleuser
with equivalentbandwidthrequiremeni¥,,, in Hz, to be
givenas

mazx S(Rs, Ey/No)
= maz Rs(1 — Py(Ey/Ny)) "t

EV,,V/N (1= Py(Ey/No) PP, (8)

S(Weq)

= max

wherethe maximizationis takenoverall R, and Ey /N
subjectto theconstrain(10). The E, /N, thatmaximizes
thethroughputsS is easilycomputedy settingthederiva-
tive of (8) with respecto E; /N, equalto zero. The opti-
mal allocation(R;, E; /No) mustthensatisfy

1 — Py(E,/No) + P}(Ey/No)LR, =0,  (9)

with constraint

Ey
Weq = Rs X FO (10)
From (9), it canbe obsenedthat the optimal E;; /N, is
independenbf W,,, or equivalently the optimal source

2Sincewe concentraten a singleuserin this section,we will drop
the indexing on the it" userandwrite W, in placeof We(;) anduse
Rs andEy /Ny in placeof R; andE; /Ny, respectiely.

SHere P,(E} /No) representshe bit-error probabilityasa function
of B /No.
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Figure2: Throughputvs. Ey/Ng with R, = 1/2, L =
256, K =9.

coding rate increasedinearly as W,, increases. This
meansthat when the W,, of an individual useris in-
creasedlueto areductionin competingtraffic, the most
effective way of increasingthe throughputis to increase
the datarate while keepingthe target £, /N, the same.
This gives an alternatve interpretationof the resultsin
[14] thatthe optimal transmissiorrate decreasegwverse
linearly asthe MAI level increases Figure 2 shavs the
throughputvs. E, /N, with pacletlengthL = 256 us-
ing binary corvolutionalcode$ with R, = 1/2 andcon-
straintlength X' = 9. It canbe notedthat thereis an
optimal settingfor Ey/Ny. Below the optimalvalue,the
throughputis limited by the low successfutransmission
probability. Abovethis value,althoughthe probability of
successfultransmissionncreasesiue to higher Ey /N
andthuslower BER, thethroughputs limited by the low
datarate(R,). Also notethatthe optimal, E; /N, for the
differenti,, arethesame.

3.2 Reliable Delay-Sensitve Data Services

For delaysensitve servicessuchastypical Telnetand
interactve dataretrieval servicesthe averagedelay has
to belessthana maximumacceptablé¢ime (D7) defined
by the application-specifi©QoSrequirementsor equiva-
lently,

D S DT; (11)
whereaveragepaclet delay D is definedasthe average
time from whena pacletis generatedintil it is success-
fully receved. Hence,the optimal allocationcanbe de-
fined the sameas(8) subjectto both the constraintg10)
and(11).

The averagedelay normalizedto the paclet trans-
missiontime, assumingmmediateacknavledgment,is
givenas[15]

D=1+d+ Ny -1)x(1+0+2d), (12)

whered is the meanretransmissiordelay and 2d is the
round-trippropagatiordelay Ny.—1 istheaveragenum-

4In this case,we male useof transferfunction boundsto evaluate
Py(Ey/No).
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Figure3: Throughput-Delayurve with R, = 1/2, L =
256, K =9,0=5,d=2.

ber of retransmissioneeededor a pacletto be success-
fully receved,andis givenas

Nyp =Y kPy(1—P)* 1. (13)
k=1

Herewe assumeositive acknavledgmenpacletsareal-
wayscorrectlyreceved.

Figure 3 illustratesthe tradeof betweenthe average
delay D, given by (11), andthe throughputS, givenby
(6), for differentvaluesof W,,. Here,the curvesfor a
fixedW,, areplottedwith E, /N, asaparameteandR,
determinedrom the constraint(10). Givena fixed D,
only throughputscorrespondindo D < Dy areachiev-
able. Hence,if anindividual userhasa tight delaycon-
straint,he may have to operatebelow the point with the
highestthroughput.This correspondso transmittingat a
higher E}, /Ny with a subsequerdecreasén sourcecod-
ing rate R dueto the constraint(10).

3.3 Real-Time Video Traffic

We demonstrat¢heefficagy of thisapproachusingthe
ITU-T H.263+videosourcecoder althoughtheapproach
is generallyapplicableto othersourcecodingschemess
well. Dueto thereal-timerequirementyve only consider
FEC codingfor video transmissionj.e., we specifically
rule out ARQ techniques.Errorsat the receiver endare
handledby a passie error concealmenscheme16] to
avoid thedelaydueto retransmissionsThebit-rateof the
H.263+sourcecoderis adjustedhroughthechoiceof the
correspondingjuantizationparameterg@ Ps). Smaller
@ Ps resultin finer quantizatiorandconsequentijarger
bit-rate. For the single-layerschemeconsideredere the
Q@ Ps fortheI— and P— picturesaredenotedas() Py and
Q@ Pp, respectiely. In H.263+,Q P; and@Q Pp maybein-
dividually drawn from thevalues{1,2,3,...,31}. The
overall end-to-endperformanceof the delivered video
will bemeasure@dstheaveragePSNRoverasequencef
N; consecutre framesandincludeschannekrroreffects
aswell assourcecodinglosses.For a single-layervideo
systemasconsideredn thiswork, we definethe optimal

Typical universal rate—distortion characteristics of a single layer H.263+ coder
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Figure4: Typicaluniversalrate-distortiorcharacteristics,
PSNR(Rs, Py), for asingle-layeH.263+encoder

operationadistortion-ratecharacteristidor a singleuser
with equivalentbandwidthrequiremeni¥,,, in Hz, to be
givenas

PSNR(Weq) = max PSNR(Rs, Ep/No), (14)

where the maximizationis performedover all R, and
E, /Ny of interestsubjectio theconstraingivenby (10).
In (14) the quantity PSN R(Rs, Ey, /Ng) representshe
PSNR for specifiedvaluesof sourcecoding rate R,
and E,/Ny. Exact numericalevaluation of this quan-
tity is analytically intractablealthough,at leastin prin-
ciple, it could be evaluatedthrough simulations. Un-
fortunately this requiresexplosive computationalkeffort
if PSNR(R,Ey/Ny) is to be reliably evaluatedover
a wide rangeof sourcecoding rates, choice of chan-
nel codesand channelconditions, representedere by
Ey/Ny.

In a related problem treatedin [17], it was shown
thatmuchof the computationatomplexity in evaluating
PSNR(Rs, Ey/Ng) canbe reducedthroughthe useof
universaldistortion-ratecharacteristic® SN R (Rs, P).
Theseare families of curves, parameterizedy a fixed
sourcecodingrate R, plotted asa function of the bit-
error probability P, associatedwvith the BSC usedto
model the serial channelfrom the input of the channel
encodetto the channeldecodemutput. Thesecharacter
isticsareuniversalin thesensehey neednotto berecom-
putedwhenthe channekodingor the channekonditions
changeand,asdescribedbelow, canbe usedto evaluate
PSNR(Rs, Ey/Ny) providedthereexistsanexplicit re-
lationshipbetweenP;, andE / Ny, or atleasttight bounds
on bit-error probability performance.

A representatie setof universaldistortion-ratecharac-
teristicsisillustratedin Fig. 4. Thesecharacteristicaere
obtainedthroughsimulationusing Ny = 120 framesfor
the QCIF Susiesequencatframerate f, = 30 fps. Ob-
sene that large bit-error probabilities P, will favor the
useof smaller R, if the resultingPSNRis to be maxi-
mizedwhile the oppositeis true for small P,

Given a family of universaldistortion-ratecharacter
istic curves, togetherwith the appropriateboundson
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Figure5: PSNRvs E, /Ng with R, =1/2, K =9.

bit-error probability behaior for a particular modula-
tion/coding schemeas a function of channelparame-
ters, the correspondingptimal resourceallocationrep-

resentedy (14) canbedeterminedy thefollowing pro-

cedure:for a specificclassof channelcodesandchoice
of channelcodingrate (R.), thereis a one-to-onecor-

respondencdéetweenthe bit-error probability (P,) and
the signal-to-MAI densityper informationbit (E3/No).

Hence, given a value of W, = R E;/Ny, for each
choice of sourcecoding rate R;, with the constraint
Ey/Ng = Weq/Rs, the resulting value of end-user
PSNR(Rs, E,/Ng) canbefound from the correspond-
ing universaldistortion-ratecharacteristiczurve. The

optimal end-to-enddistortion PSNR(W.,), given by

(14) underconstraint(10), canthenbe found by taking

the corvex hull of all suchoperationapoints.

Figure 5 shaws a plot of PSNRversusE;, /N, under
differentconstraintson W,, usinga binary corvolution
code with R. = 1/2 andconstrainfengthK = 9. Each
pointon the curve represent differentchoiceof R, and
Ey/Ny. It canbe seenthatthereis an optimal assign-
mentfor R, andE; /Ny. Forlow Ey /Ny, or equivalently
large R, the end-usePSNRperformancas limited by
the high channelerrorrateswhile atlarge Ey, /Ny which
correspondo low R,, the performancas limited by the
sourcecodingerrors.

4 SUMMARY AND CONCLUSIONS

We demonstrat¢hat the network resourcesonsumed
by an individual user in a direct sequencespread-
spectrumCDMA network canbetakenasthe productof
the allocatedsourcecodingrate, R, andthe enegy per
bit normalizedto the multiple-accessnterferencenoise
density E,/Ny. We describea joint sourcecodingand
power controlapproaci{JSCPCYor allocatingthesetwo
guantitiesto an individual user subjectto a constraint
on the total available resourcesto simultaneouslymax-
imize the percell capacitywhile maximizing the end-
user application-specific,quality-of-service(QoS) for

5Againwe male useof transferfunctionboundsto evaluateP, asa
functionof Ey /No.

heterogenousnultimediaservices. This approachis il-
lustratedfor 3 distinctserviceclassesandspecificresults
areprovidedfor eachserviceclass.
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