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ABSTRACT

We considera CDMA systemconsistingof an image source
coder, a convolutional channelcoder, an interleaver, and a
direct sequencespreading module. With different alloca-
tions of bandwidthto source coding, channel coding and
spreading, the systemis analyzedover a frequencyselec-
tive Rayleighfading channel. Theperformanceof the sys-
temis evaluatedusingthecumulativedistribution functionof
peaksignal-to-noiseratio. Weshowthat,amongotherthings,
givena fixedchannelcodingrate, allocatingmorebandwidth
to source codingallowshigher maximumimage quality. At
thesametime, theprobabilityof achievingthishighqualityis
small.Allocatingmorebandwidthto spreadingdecreasesthe
numberof source informationbits transmitted,thuslimiting
theachievableimagequality, but theprobabilityof achieving
thismaximumquality is high.

I. INTRODUCTION

Sourcecoding,channelcodingandspreadspectrumarethe
threemaincomponentsin a CDMA communicationsystem.
A numberof studieshave beendoneon the joint designof
sourceandchannelcodingalgorithmsto yield bettersystem
throughput[1, 2, 3]. Therealsoexistsa bodyof researchon
the tradeoffs betweenchannelcodingandCDMA [4, 5, 6].
In this work, we investigatethe interrelationshipamongall
threecomponents.

Bandwidthis the major sharedresourcebetweenthe three
components.Sourcecodingwill freeup bandwidthfor both
forward error correction(FEC) and spreading. Allocating
more bandwidth to sourcecoding will allow more infor-
mation from the sourceto be transmitted. For different
compressionmethodsandrates,thebit streamcomingoutof
thesourceencoderwill bemoreor lesssensitive to different�
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types of error patterns. FEC and spreadingprotect the
transmittedbits from noiseandinterference.Dependingon
the channelconditionsandthe characteristicsof the source
codedbit stream,the systemwill performbetterwith either
moreFECor morespreading.

The paperis organizedas follows. In SectionsII and III,
the systemmodel and the channelmodel are described,
respectively. Somerepresentative resultsaregivenin Section
IV, andtheconclusionsaregivenin SectionV.

II. SYSTEM MODEL

Thesystemis shown in Figure1. Wediscusseachcomponent
in detailbelow.
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Figure1: Systemoverview.

1. Source coding: The sourceimagesare encodedusing
a lossy compressionalgorithm called Set Partitioning In
HierarchicalTrees(SPIHT [7]). The encodedbit streamis
progressive, i.e., bits which comefirst canbeusedto recon-
struct a low quality versionof the sourceimage, and bits
which comelater can be decodedto producesuccessively
higherquality versions.TheSPIHTalgorithmhasexcellent
compressionperformance,however, it is very sensitive to
errors. An error in one bit may lead to completeloss of
synchronizationin the sourcedecoder, renderingdecoding

1



impossibleof all subsequentbits. Thereis a small amount
of imageheaderinformationfor thecodedsourcebit stream
(59 bits in

�
mostcases).This numberis very smallcompared

to thebit budgetfor almostall transmissionratesof interest,
soin all theanalysesandsimulations,theheaderis assumed
to beerror-free.

2. Channelcoding: In Figure2 [9], sourceinformationbits
aregroupedinto blocksof size � . A 16-bit CRC is added
to eachpacket. Thenthe packet is convolutionally encoded
using a Rate-CompatiblePuncturedConvolutional (RCPC)
[8] code.Thelist-basedViterbi algorithmis usedto find the
bestcandidatein the trellis. Thenthe CRCdetectswhether
thereis anerror. If thereis anerror, thesecondbestcandidate
is found andthe CRC checked, andso on. After checking
the list of pathsfor a predeterminednumberof times,if the
CRC checkstill declaresan error, the sourcedecoderwill
discardthatblockandall subsequentblocks.Theimagewill
bereconstructedfrom thepreviously receivedblocks.
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Figure2: Sourceandchannelcodingblockdiagram.

3. Spreading: Thechannelcodeddatastreamis spread,us-
ing directsequencewith alongspreadingcode,by afactorof�

(the processinggain). Thenthe signalis transmittedus-
ing BPSKmodulation.Assumethereare � simultaneously
active usersin the system. The signaturesequencesof dif-
ferentusershave a commonchip rateof ����	�
��� , where	�
���	�� � , � is thespreadbandwidthand ����	 is thedata
bit rate. Let ��������� denotethe signaturesequencewaveform

of the ����� user, and let �! �#"$ be the correspondingsequence

elements,where�  �#"$ % �'&(�*),+-�.� . Then

���/���0�1�
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$5476 2 �  
�,"$98;:�< ���1+>=?	@
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where 8;:�< �A� for BDCE�FC9	@
 andequalszerootherwise.
Similarly, thedatasignalmaybewrittenas

G �����0�H�
23

$0476 2
G  �#"$E8I: ���1+J=?	K�;L

Therefore,thetransmittedsignalfor thek-th userisM �������N�POKQ/RTS������0�UQ $WV < ��X )

where

S������0�H�ZY [ 8 ��������� G �\���0�UQ $�]_^ )
8 is theaveragetransmittedpower, assumedto be thesame
for all users,̀7
 is the commoncarrier frequency and ab� is
thephaseof the ����� user. Assumingasynchronousoperation,
the delayof user � relative to the referenceuser(user0) isc �/)0�d�e�*),LfLfLf)W�g+h� . Thecompositesignalat theinput to the
channelis

M : ���0�1�POKQ�RTS : �����UQ $iV < � X )
where

S : ���0�1�Pj
6@k3
� 4�l Y [ 8 ���/���1+

c �m� G �����H+ c �/�UQ $0n�^ )
o �p�qab�F+r` 
 c � , a l � c l �qB , � o �/� j� 4Ik are independent
identically distributed (iid) random variables, uniformly
distributedin R B\)�[*sH� , and � c �/� j� 4Ik areiid randomvariables,
uniformly distributedin R B\)t	K� .

III. CHANNEL MODEL

Figure3 shows a finite-lengthtappeddelay line model for
a frequency selective multipathchannelfor the ����� user. In
the figure, L is the numberof resolvable multipathsin the
channel,and u0v_)Wwx�y�*),LfLfLf)Wz , are the complex gainsof the
differentpaths.Notethat u5v takestheform of {7v|Q $�]_} , in which

{7v is Rayleighdistributed, i.e., ~7�|{���� ��.� Q��.� ���� � , and abv is
uniformly distributed. We assumea flat Multipath Intensity
Profile(MIP), whichmeanstheparameter��� in theRayleigh
densityis nota functionof w .
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Figure 3: Tappeddelay line model of frequency-selective
channel.
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Figure4: RAKE receiver model.

We usetheRAKE receiver shown in Figure4 to resolve the
multipath.Thereceivedsignalis fed into amatchedfilter for
despreadingbeforeit goesinto the RAKE receiver. In the
RAKE receiver, maximal-ratiocombiningis usedto produce
the optimal result. Note that �u5vt�����D��u �v ���0� underperfect
channelestimation.

Fadingin thewirelesschannelis correlatedin time. Thefad-
ing patterndependson themobilespeedthroughthenormal-
izedDopplervalue.ThemaximumDopplershift is givenby

�*� � �.���0� �1���W�b�T�_� � � 
?� u )
where

� 
 is thecarrierfrequency, � is themobilespeed,andu is the speedof light. Consideringa scenariowhere
� 
 is

900MHz, andthedatarateis 29 K bits/sec,we have there-
sultspresentedin Table1. TheJakes’ model[10, 11] is used
to generatetime-correlatedRayleighfadingparametersu5vi���0�
for eachpath (for each w ) and independentfading between
differentpaths.Asynchronizedinterferingusers1 andAddi-
tiveWhiteGaussianNoise(AWGN) areaddedto thedesired
signalat theoutputof thechannel.

Scenario Mobile speed
�*�

(Hz)
�*�h� 	

pedestrian 4mph 5.36 1.85e-4
local 30mph 40.2 1.39e-3

highway 70mph 93.9 3.24e-3

Table1: NormalizedDopplerandmobilespeed.

IV. RESULTS

The choiceof a good systemdependson the performance
measureandthechannelconditions.For agivensystem,both
thefadesandthenoisein thechannelarerandomprocesses.

1Chip synchronizationis assumed.

Therefore,the output from the sourcedecoderwill not be
thesamefor differenttrials. We measuretheperformanceof
the systemby looking at the output for many independent
trials. Thecumulative distribution function(CDF) of PSNR
(PeakSignal-to-NoiseRatio2) of thedecodedimageis used
to evaluatetheperformance[12].

1. Tradeoffs of bandwidth
For all thecurves,we kepttheratio of energy-per-source-bit
to noise power spectraldensity, �����5� � , constant,where� � �*[ is thetwo sidednoisepower spectraldensity.

In Figure5, thechannelcodingrateis fixedat0.72.Thenum-
berof users�����,B , and ���W�5� � is 4dB. Parameterswhich
are varied are ~��* *u#Q MbM w¢¡�£¤£���w¢¡ and M  *¥¦�*u,Q(u# .§�w¢¡�£¨�*���tQ ,
representedby �©~��* .u,Q MbM w¢¡�£x£���w'¡1) M  *¥¦�*u,Qu# .§�w¢¡�£J�*�/�iQ*� in
the plots. For the top-mostcurve, we seethat there is a
high probability that theoutputimagehasa low PSNR.But
sincemorebandwidthis allocatedto sourcecoding,thereis
a small, but neverthelessnon-zero,probability of achieving
very goodPSNRresults,(theright endof thecurve reaches
aPSNRgreaterthan34dB).In contrast,for thelowestcurve,
thereis ahighprobabilityof achieving highPSNR.But since
lessbandwidthis allocatedto sourcecoding,thebestPSNR
achievableis limited to 32.5dB,lowerthanthecorresponding
valuesof theothercurves.
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Figure5: CDF plots: Tradeoff betweensourcecodingrate
and processinggain. Uncorrelatedfading, channelcoding
rate0.72.

2Defined as ªt«¬¯®0°K±W²�³ ^ }¯´ ³tµU²*²�¶0²�·|µ_¸¶�¹ }¯º ² }¯´ ³tµU²*²�¶0²�·|µ_¸ , where »/¼�½¿¾iÀW½�Á�ÂÄÃ�À ÅÆ ÀiÇtÀi½�ÈÄÀiÉI½ÊÁ�Â,Ã�À�ËÌ¼ Æ ½fÃÄ½�»mÂbÍ,½�Á�Â,Ã�À
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We canseethat, in Figure5, therearecrossovers between
thecurves. If therewereno crossovers,it would beeasyto
saythat the lowestcurve representsthe bestsystem.When
the curves cross,a given systemmay be superiorfor one
applicationbut not for another. Comparisonof the curves
maytheninvolve lookingat theareaunderthecurve,perhaps
with someweighting (e.g., all PSNRsless than a certain
amount may be consideredequally bad, and all PSNRs
above a certainamountmay be consideredequally good).
Theapplicationrequirementscansometimesbesummarized
by sayingthata givenimagequality mustbepresentat least
a specifiedfraction of the time. Somecurves may thenbe
inadmissible.Theseissuesarediscussedin [12].
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Figure6: CDF plots: Tradeoff betweenchannelcodingrate
andprocessinggain. Local fadingpattern,interleaver 10 by
10.

Figure 6 shows the tradeoff betweenchannelcoding rate
and processinggain. The numberof users � � �,B and���W�5� � �ÏÎm§/Ð . Theparametersvariedare~��* *u,Q M.M w'¡�£Ñ£���w'¡
and uÄÒ��¡�¡IQÄÓHu# .§�w¢¡�£x�*���tQ . The sourcecodingrateis fixed,
thereforethe bestachievable imagequality is the samefor
all curves,andthereis nocrossover. Notethatfor decreasing
channelcoding rate �Ô� B\L¯Õ*B\)WB\LÖÎ/×�)WB\L¯Ø?×�)WB\LÙØ*B , approxi-
mately �Ä×mÚx)�×.Î�Úx)�Û?[mÚ¤)�Õ.Î�Ú of the decodedimageshave
PSNRlargerthan30dB.It is easyto seethatin thisscenario,
thesystemfirst improveswhenmorebandwidthis allocated
to thechannelcoding(channnelcodingratedecreases),and
thendeteriorateswhen too much bandwidthis allocatedto
channelcoding. Thereare two counterbalancingeffects to
the systemwhen more bandwidth is allocatedto channel
coding insteadof spreading. As the channelcoderate, � ,

gets lower, the coding gain increaseswhich benefitsthe
system.At thesametime, theprocessinggaindecreasesand
this causeboth loss of somediversity enhancementand a
decreasein interferencesuppression.

2. Effectsof interleaving
The sourcecodingalgorithm,the channelcodingalgorithm
and the interleaver might causesignificant delays in the
system,especiallyfor timecritical applicationssuchasvoice
andvideotransmissions.Herewe will discusstheeffectsof
theinterleaver.

26 27 28 29 30 31 32 33 34 35 36
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

PSNR of decoded image

P
ro

b.
 p

sn
r 

<
 P

S
N

R
 

60X60

80X80

100X100

120X120

Figure7: Systemperformanceparameterizedby interleaver
size. Channelcodingrate0.80,packet size250, pedestrian
fadingpattern

Generally, a larger interleaver will scattercorrelatederrors.
However, this doesnot alwaysbenefitthesystem,especially
whenthe systemperformancedependsmoreon packet era-
sureratethanon bit error rate. Figure7 shows the system
performanceversusinterleaver sizeunderdifferentchannel
conditions.Thechannelcodingrateis 0.80.Thereare �Ü�Ý×
active users,theprocessinggain is 128,and ���W�5� � is Îm§�Ð .
Weseethata largerinterleaver sizedoesnotnecessarilylead
to betterperformance.This is becausethe interleaver dis-
persesthe errors,andthusmorepacketsareaffected. Note
that even thoughthat dispersionof errors resultsin fewer
errorsper packet, the numberof thosebit errorsmay still
be large enoughto overwhelmthe decoder. For the curves
shown in Fig. 7, the interleaver sizehasto beabout120by
120beforethedecoderfunctionsefficiently.
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V. CONCLUSIONS

Given a fixed total bandwidth,eachcoding scenariohasa
differentprobability distribution of achieving certainPSNR
valuesfor the decodedimage. Allocating morebandwidth
to sourcecoding allows us to achieve a higher maximum
imagequality, but the probability of achieving this quality
is smaller. On theotherhand,allocatingmorebandwidthto
spreadingdecreasesthe numberof sourceinformationbits
transmittedandthuslimits thebestachievableimagequality,
but theprobabilityof achieving thisquality is higher.

For a given bandwidth, there are optimal allocationsof
bandwidthto sourcecoding,channelcodingandspreading,
dependingon the result one wants to achieve. Tradeoffs
amongthe parametersallow us to tune the systemperfor-
manceto a particularsetof requirements.
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