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ABSTRACT

We investigatethe resource allocation problem for
future third-generation (3G) wireless CDMA cellular
networkssupportingheterogeneousmultimediaapplica-
tions.Morespecifically, wedemonstratethat thenetwork
resources consumedby an individual user in a direct-
sequencespread-spectrumCDMA networkcanbe taken
as the productof the allocatedsource coding rate,

���
,

andtheenergy per bit normalizedto themultiple-access
interferencenoisedensity, ������	�
 . We proposea joint
sourcecodingandpowercontrol (JSCPC)approach for
allocatingthesetwoquantitiesto an individualuser, sub-
ject to a constraint on the total available bandwidth,
to simultaneouslymaximizethe per-cell capacitywhile
maximizingtheend-user, application-specific,quality-of-
service(QoS)for differentmultimediaservices.

1 I NTRODUCTI ON

Code division multiple-access(CDMA) is receiving
considerableattentionas the coremultiple-accesstech-
nologyin thedevelopmentof upcomingthird-generation
(3G) wirelesscellular networks. The anticipatedadvan-
tagesof CDMA in cellularapplicationsincludeimproved
channelcapacity, asynchronoustransmissioncapability,
simple call admissioncontrol (CAC) procedures,soft-
capacitylimits andreducedsensitivity to multipathfad-
ing [1]. Future 3G wirelessnetworks are expectedto
integrate different types of multimedia traffic, such as
voice, data,and compressedimagesand video. How-
ever, the associatedhigh bit-rate and latency require-
mentshavemadethereliabletransportof multimediapar-
ticularly difficult in theerror-pronemobilewirelessenvi-
ronment.This paperinvestigatesthe resourceallocation
problemsassociatedwith wirelessCDMA networkssup-
porting heterogeneousmultimediatraffic whereindivid-
ual usershavedifferentQoSrequirements.

In our previouswork [2] and[3], we have shown that
network resourcesconsumedby an individual userin a
widebandwirelessCDMA systemcan be taken as the�
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Figure1: Reverselink of asinglecell CDMA supporting
multimediaservices.

productof the sourcedatarate,
���

, and the energy per
bit normalizedto the multiple-accessinterferenceratio,������	

 . Basedon this observation,we proposeda joint
sourcecodingandpowercontrolapproach(JSCPC)to al-
locatingthesetwo quantitiesto anindividual videouser,
subjectto a constrainton the total availablebandwidth,
to simultaneouslymaximizethe quality of the delivered
video while minimizing the network resourcerequire-
mentsof an individual user. More specifically, based
on the network resourcesallocatedto an individual user
(
� ��� � � ��	 
 ), ratherthantaking

� �
and � � ��	 
 asinde-

pendentandunrelatedparameters,we considertheopti-
mumtradeoff between

���
and ������	

 .

Figure1 showsasingle-cellCDMA systemsupporting
multimediaserviceswith a wide rangeof transmission
ratesandvariouserror-delayperformancerequirements.
Basedon thenetwork requirements,we classifytheser-
vicesprovidedinto 3 classes.ClassI consistsof real-time
connectionswith zerodelaytolerance,suchasvoiceand
compressedvideo. In this paperwe specificallyconcen-
trateon the resourceallocationproblemassociatedwith
real-timevideo transmissionwhich is consideredto be
oneof themostimportantmultimediaapplicationsin fu-
ture 3G networks. The appropriateend-to-endQoS in



this caseis definedastheend-useraveragePeak-Signal-
to-NoiseRatio (PSNR).ClassII includesnonreal-time,
delaysensitive, error-freeservices,suchasTelnet,inter-
activegamesandsimilarapplicationsassociatedwith the
useof thetransportcontrolprotocol(TCP).ClassIII con-
sistsof message-oriented,delay-tolerant,error-free ser-
vices,suchasemail, fax anddatafile transfer. Theclas-
sificationsarebasedon the characteristicsof the antici-
patedservicesto be supportedin future3G systemsand
is similar to theclassificationusedin IMT-2000propos-
als [4, 5, 6], in which threeclassesof dataservicesare
considered:low delaydatabearerservices(LDD), long
constraineddelaydatabearerservices(LCD), anduncon-
straineddelaydatabearerservices(UDD).

Weconsideronly channelerrorsdueto uncorrelatedbit
errorswhichcanbeachievedby sufficient interleaving to
randomizethebursterrorsat thechanneldecoderoutput.
This correspondsto representingthepathfrom the input
of the channelencoderto the outputof the channelde-
coderasa memorylessbinarysymmetricchannel(BSC).
Althoughthisdoesnot fully capturechannelerroreffects
on many real-world wirelesschannels,it providescon-
siderableinsightsinto the joint interactionsand the ef-
fectsof bothvideocodingrateselectionandchannelerror
controlon end-userPSNR.We assumetheuseof binary
convolutionalcodeson theadditivewhiteGaussiannoise
(AWGN) channelso that the bit-error probability can
be accuratelyapproximatedby the well-known transfer-
functionbounds[7]. In our analysis,we assumeperfect
power control. By perfectpower control, we meanthat
the received power of eachuser is adjustedso that the
received � � ��	 
 is fixedat thedesiredlevel.

2 PROBL EM FORM UL ATI ON

Usingthesameapproachasin [8] for determiningthe
capacityof a single-cellCDMA cellularsystemsupport-
ing voice traffic, we first extendthe resultsfor perfectly
power-controlledhomogeneousvoice usersto heteroge-
neousmulti-ratetraffic with differentpower levels. As-
sumingthereare 	 usersin thesystemandignoringthe
backgroundnoisedueto spuriousinterferenceaswell as
thermalnoise,user � with informationbit-rate

���
oper-

ateswith power level � �
� � ����� , where � � is the cor-
respondingenergy per information bit. The bit-energy
to multiple-accessinterference(MAI) ratio of user� will
thenbe

� �	

 � ���� �����! " � �!#$&%(' �
�*),+�-.+0/1+324232�+ 	 + (1)

where 576 is the total bandwidthin Hz and 	

!� - is the
two-sidednoisepower spectraldensitydue to MAI in
watts/Hz.It followsthat

� � � �	 
 � � � 5 6����! " � � � � �
2

(2)

If we assumea large numberof usersandthat the MAI
experiencedby any userdueto the total traffic from all
the otherusersis approximatelyequal,summing(2) for

	 usersyields

�8 � ":9
�8
�! " �

� �	 
 � � �*; 	=< )!>
�8 � ":9
� �	 
 ���:� 	?5?6 + (3)

sothatfor large 	 ,

�8 � ":9
� �	 
 ���A@ 576 2 (4)

Thelastexpressionrepresentstheapproximatelyoptimal
solution(in termof resourceallocation)of thenecessary
and sufficient conditionsfor the existenceof a feasible
transmitpower assignmentto all usersderived by Sam-
pathet al. [9] in asingle-cellCDMA system1.

We definethe resourcerequirementof an individual
user operatingwith sourcerate

� �
and bit energy to

MAI ratio � � ��	�
 asthe equivalentbandwidth, 5CB �EDFHGJI���� � � ��	

 , with units of Hz. Basically, it is the to-
tal bandwidthresourceallocatedto an individual user
in a spread-spectrumCDMA network. The capacityof
a CDMA systemis often referred to as interference-
limited, while othersystemslike FDMA or TDMA are
bandwidth-limited[10]. As a result, the majority of re-
searchefforts on improving CDMA systemperformance
have beenconcernedwith power control or simply in-
terferencesuppressiontechniques.However, (4) clearly
shows that CDMA systemsare both bandwidth-limited
aswell asinterference-limited.

To provide a betterunderstandingof this issue,con-
sider the following example: given a fixed 5 B �EDFKG , if we
increasethebit-rate

� �
, thequantity � � ��	 
 mustbede-

creasedaccordinglysoasto achievethesameoverall ca-
pacity. However, decreasing� � ��	 
 also meansan in-
creasein bit-error rate(BER) for thecorrespondinguser
which may ultimately leadto decreasedend-to-endper-
formance.Indeed,often theend-to-endperformancefor
larger BER degradesrapidly with increasingbit-rate as
we demonstratein whatfollows. Conceptually, theprob-
lemcanbesolvedby usingamorepowerful channelcod-
ing schemewhichcaneffectively improvetheoverallca-
pacity (in termsof the numberof userssupported)of a
spread-spectrumCDMA network by decreasingthe re-
quired � � ��	 
 asshown in [11], [12], [13]. Practically,
however, thesystemcomplexity anddelayconstraintsfor
differentmultimediaapplicationsoften limit the choice
of channelcoding schemesthat can be employed. For
example,Viterbi decodingbecomestoo complex to im-
plementfor constraintlengthsmuchbeyond

)4L
, which is

often requiredto achieve low bit-error probability with
convolutionalcodes.Hence,thecrucial issuehereis, us-
ing a practicalchannelcodingscheme,how to maximize

1In particular, [9] shows thatthenecessaryandsufficientconditions
for the existenceof a feasibletransmitpower assignmentto all users
satisfyingboth the bit-rate, M and QoS in termsof energy-per-bit to

MAI densityratio N is
�POQSRUT TV %W #HXH#ZY T([�\ , where ]�^ is the total

bandwidth.Clearly, thiscanbereducedto
�_OQSRUT M Q N Qa` ]
^ , if ]
^

is sufficiently largewith respectto individual requirementsandequality
holdsfor optimalallocations.



theperformanceb of a single-cellCDMA systemsupport-
ing heterogeneousmultimediatraffic by allocatingboth
thebit-rateandthepower level to anindividualusersub-
ject to a constrainton theallocatedresource,theequiva-
lent bandwidth5 B �EDFKG .

3 JOI NT SOURCE CODI NG-POWER CONTROL

M ETHODOL OGY

3.1 ReliableDelay-Tolerant Data Services
The QoS of this classof servicesis definedby the

throughput. We assumethat eachusergeneratesa se-
quenceof packets of fixed-length c , and reliability of
datacommunicationsis guaranteedthrougherror detec-
tion and retransmission(ARQ) in conjunctionwith the
FECcoding.Hence,thesourcerateof a datauseris 2

� � �ed � c ��f3+ (5)

where
d

is theaveragenumberof packetsgeneratedper
secondwhich consistsof both newly generatedpackets
and retransmittedpackets that were unsuccessfullyre-
ceivedduringa previoustransmission.c is thelengthof
apacketand

�gf
is thechannelcodingratein bits/channel

use. Hence,the QoSof datausers,definedin termsof
the numberof successfullytransmittedinformationbits
(includingoverhead), or thethroughput, � is

� ;h� � + � � ��	 
 >���d � c � �gf �jik� + (6)

where
i �

is thepacketsuccessprobabilitywhich is equal
to3 i �l�m;H) < i � ; ������	

 >K>Hn �po 2 (7)

Hence,we definetheoptimalallocationfor a singleuser
with equivalentbandwidthrequirement5 FHG , in Hz, to be
givenas

� ; 5 FKG >q� rtsZu � ;h�g�!+ ���S��	

 >� rtsZuv� � ;K) < i � ; � � ��	 
 >0> n �po� rtsZu 5 FHG� � ��	xw ;H) < i � ; ������	

 > n
� o +

(8)

wherethemaximizationis takenover all
� �

and � � ��	 

subjectto theconstraint(10). The ������	�
 thatmaximizes
thethroughput� is easilycomputedby settingthederiva-
tiveof (8) with respectto ������	

 equalto zero.Theopti-
mal allocation

;y�{z� + � z� ��	

 > mustthensatisfy

) < i � ; � � ��	 
 >p| i{}� ; � � ��	 
 > c ��f~��L1+ (9)

with constraint

5 FHG �e� ��� � �	�
 2 (10)

From (9), it canbe observed that the optimal � z� ��	�
 is
independentof 5 FKG , or equivalently the optimal source

2Sincewe concentrateon a singleuserin this section,we will drop

the indexing on the ����� userandwrite ]���� in placeof ]����E��y� anduse�:�
and �A�K�H��� in placeof

� � and � � �H��� , respectively.
3Here �.���E�:�0�H����� representsthebit-errorprobabilityasa function

of � � �H��� .
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coding rate increaseslinearly as 5 FKG increases. This
meansthat when the 5 FKG of an individual user is in-
creaseddueto a reductionin competingtraffic, themost
effective way of increasingthe throughputis to increase
the dataratewhile keepingthe target ���S��	

 the same.
This givesan alternative interpretationof the resultsin
[14] that theoptimal transmissionratedecreasesinverse
linearly asthe MAI level increases.Figure2 shows the
throughputvs. ������	�
 with packet length c ��-,�,�

us-
ing binaryconvolutionalcodes4 with

��fl�m) � - andcon-
straint length � ���

. It can be notedthat thereis an
optimalsettingfor � � ��	 
 . Below theoptimalvalue,the
throughputis limited by the low successfultransmission
probability. Abovethisvalue,althoughtheprobabilityof
successfultransmissionincreasesdue to higher � � ��	 

andthuslowerBER,thethroughputis limited by thelow
datarate(

� �
). Also notethattheoptimal, � z� ��	 
 for the

different 5 FHG arethesame.

3.2 ReliableDelay-Sensitive Data Services
For delaysensitive servicessuchastypical Telnetand

interactive dataretrieval services,the averagedelayhas
to belessthana maximumacceptabletime ( �v6 ) defined
by theapplication-specificQoSrequirements,or equiva-
lently, �� ¡� 6 + (11)

whereaveragepacket delay � is definedasthe average
time from whena packet is generateduntil it is success-
fully received. Hence,the optimalallocationcanbe de-
finedthesameas(8) subjectto both theconstraints(10)
and(11).

The averagedelay normalized to the packet trans-
missiontime, assumingimmediateacknowledgment,is
givenas[15]

� �*)¢|¤£g|�; 	
¥§¦l< )¨> � ;H)¢|ª©&|ª-,£Z>�+ (12)

where
©

is the meanretransmissiondelayand
-�£

is the
round-trippropagationdelay. 	 ¥§¦ < ) is theaveragenum-

4In this case,we make useof transfer-function boundsto evaluate� � �E� � �H����� .
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berof retransmissionsneededfor a packet to besuccess-
fully received,andis givenas

	 ¥§¦ �®­8¯ ":91°
i±� ;H) < ik� > ¯¨² 9 2 (13)

Hereweassumepositiveacknowledgmentpacketsareal-
wayscorrectlyreceived.

Figure 3 illustratesthe tradeoff betweenthe average
delay � , given by (11), andthe throughput� , givenby
(6), for differentvaluesof 5 FHG . Here, the curvesfor a
fixed 5 FHG areplottedwith � � ��	 
 asaparameterand

� �
determinedfrom the constraint(10). Given a fixed �v6 ,
only throughputscorrespondingto �³ ´�v6 areachiev-
able. Hence,if an individual userhasa tight delaycon-
straint,he mayhave to operatebelow the point with the
highestthroughput.This correspondsto transmittingat a
higher � � ��	 
 with a subsequentdecreasein sourcecod-
ing rate

� �
dueto theconstraint(10).

3.3 Real-Time VideoTraffic

We demonstratetheefficacy of thisapproachusingthe
ITU-T H.263+videosourcecoder, althoughtheapproach
is generallyapplicableto othersourcecodingschemesas
well. Dueto thereal-timerequirement,we only consider
FEC codingfor video transmission,i.e., we specifically
rule out ARQ techniques.Errorsat the receiver endare
handledby a passive error concealmentscheme[16] to
avoid thedelaydueto retransmissions.Thebit-rateof the
H.263+sourcecoderis adjustedthroughthechoiceof the
correspondingquantizationparameters( µ i
¶ ). Smallerµ i
¶ resultin finer quantizationandconsequentlylarger
bit-rate.For thesingle-layerschemeconsideredhere,theµ i
¶ for the ·¸< and

i < picturesaredenotedas µ i:¹ andµ i:º , respectively. In H.263+, µ ik¹ and µ ikº maybein-
dividually drawn from the values » )¬+S-¼+0/¼+423242S+S/¼),½ . The
overall end-to-endperformanceof the delivered video
will bemeasuredastheaveragePSNRoverasequenceof	�¾ consecutiveframesandincludeschannelerroreffects
aswell assourcecodinglosses.For a single-layervideo
system,asconsideredin thiswork, wedefinetheoptimal
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Figure4: Typicaluniversalrate-distortioncharacteristics,i ��	 �v;h�g�¨+ i � > , for a single-layerH.263+encoder.

operationaldistortion-ratecharacteristicfor a singleuser
with equivalentbandwidthrequirement5 FHG , in Hz, to be
givenasi ��	 �v; 5 FHG >¿�ertsZu i ��	 �v;h� � + � � ��	 
 >�+ (14)

where the maximizationis performedover all
� �

and� � ��	 
 of interest,subjectto theconstraintgivenby (10).
In (14) the quantity

i ��	 ��;y� � + � � ��	 
 > representsthei ��	 � for specifiedvaluesof sourcecoding rate
�g�

and ���S��	

 . Exact numericalevaluationof this quan-
tity is analytically intractablealthough,at leastin prin-
ciple, it could be evaluatedthrough simulations. Un-
fortunately, this requiresexplosive computationaleffort
if
i ��	 �v;h�g�¨+ ������	�
 > is to be reliably evaluatedover

a wide rangeof sourcecoding rates, choice of chan-
nel codesand channelconditions,representedhereby� � ��	 
 .

In a related problem treatedin [17], it was shown
thatmuchof thecomputationalcomplexity in evaluatingi ��	 �v;h� � + � � ��	 
 > canbe reducedthroughthe useof
universaldistortion-ratecharacteristics

i ��	 �P;y� � + i � > .
Theseare families of curves, parameterizedby a fixed
sourcecoding rate

�g�
, plotted asa function of the bit-

error probability
i � associatedwith the BSC used to

model the serial channelfrom the input of the channel
encoderto thechanneldecoderoutput. Thesecharacter-
isticsareuniversalin thesensethey neednotto berecom-
putedwhenthechannelcodingor thechannelconditions
changeand,asdescribedbelow, canbe usedto evaluatei ��	 �v;h� � + � � ��	 
 > providedthereexistsanexplicit re-
lationshipbetween

i � and� � ��	 
 , orat leasttightbounds
on bit-errorprobabilityperformance.

A representativesetof universaldistortion-ratecharac-
teristicsis illustratedin Fig. 4. Thesecharacteristicswere
obtainedthroughsimulationusing 	 ¾ �À)¨-,L

framesfor
theQCIF Susiesequenceat framerate Á ���Â/¬L fps. Ob-
serve that large bit-error probabilities

i � will favor the
useof smaller

�g�
if the resultingPSNRis to be maxi-

mizedwhile theoppositeis truefor small
i � .

Given a family of universaldistortion-ratecharacter-
istic curves, togetherwith the appropriateboundson
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bit-error probability behavior for a particular modula-
tion/coding schemeas a function of channelparame-
ters, the correspondingoptimal resourceallocationrep-
resentedby (14)canbedeterminedby thefollowing pro-
cedure:for a specificclassof channelcodesandchoice
of channelcoding rate (

�gf
), thereis a one-to-onecor-

respondencebetweenthe bit-error probability (
i � ) and

the signal-to-MAI densityper informationbit ( � � ��	 
 ).
Hence, given a value of 5 FHG �Ã� � � � ��	 
 , for each
choice of sourcecoding rate

� �
, with the constraint� � ��	 
 � 5 FHG � � � , the resulting value of end-useri ��	 �v;h� � + � � ��	 
 > canbe found from thecorrespond-

ing universaldistortion-ratecharacteristicscurve. The
optimal end-to-enddistortion

i ��	 �v; 5 FHG > , given by
(14) underconstraint(10), canthenbe found by taking
theconvex hull of all suchoperationalpoints.

Figure 5 shows a plot of PSNRversus� � ��	 
 under
differentconstraintson 5 FHG usinga binary convolution
code5 with

�gf¢�*) � - andconstraintlength � ���
. Each

point on thecurve representa differentchoiceof
� �

and� � ��	 
 . It canbe seenthat thereis an optimal assign-
mentfor

� �
and � � ��	 
 . For low � � ��	 
 , or equivalently

large
� �

, the end-userPSNRperformanceis limited by
thehigh channelerrorrates,while at large � � ��	 
 which
correspondto low

�g�
, theperformanceis limited by the

sourcecodingerrors.

4 SUM M ARY AND CONCL USI ONS

We demonstratethat thenetwork resourcesconsumed
by an individual user in a direct sequencespread-
spectrumCDMA network canbetakenastheproductof
the allocatedsourcecodingrate,

� �
, andthe energy per

bit normalizedto the multiple-accessinterferencenoise
density, ������	

 . We describea joint sourcecodingand
powercontrolapproach(JSCPC)for allocatingthesetwo
quantitiesto an individual user, subjectto a constraint
on the total availableresources,to simultaneouslymax-
imize the per-cell capacitywhile maximizing the end-
user, application-specific,quality-of-service(QoS) for

5Againwemake useof transfer-functionboundsto evaluate�.� asa
functionof � � �H��� .

heterogenousmultimediaservices. This approachis il-
lustratedfor

/
distinctserviceclassesandspecificresults

areprovidedfor eachserviceclass.
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