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Chapter 1
Prologue- Intr oduction to
Intelligent BroadbandWir eless
Transceivers

1.1 Moti vation of the Book

Againsttheback-clothof theexplosive expansionof theInternetandthecontinueddramatic
increasein demandfor high-speedmultimediawirelessservices,thereis anurging demand
for flexible, bandwidth-efficient transceivers.Multi-standardsoperationis alsoanimportant
requirementfor the future generationsof wirelesssystems.In this introductorychapterwe
presenta versatilebroadbandmultiple accessscheme,combiningfrequency-hopping(FH)
with multicarrierDS-CDMA (FH/MC DS-CDMA). TheproposedFH/MC DS-CDMA sys-
temframework is capableof meetingtherequirementsof futuremobilewirelesssystems,by
supportingthe existing 2nd- and3rd- generationsystems,while alsointroducingmoread-
vancedtechniquesfacilitatedby theemploymentof SoftwareDefinedRadios(SDR) [1–3].
andwith theaidof efficientadaptivebase-bandalgorithms[4,5]. This genericsystemdesign
framework will beusedthr oughout the monographasthe unifying backboneof the var-
ious intelligent algorithms and systemsproposed.No doubt that the concretesolutions
proposedconstitute only a miniscule fraction of the set of potential solutions to wir e-
lesscommunicationsproblems.Our hopeis however that the book will bemotivational,
inspiring further research and leading to moreadvancedwir elesssystemsolutions.

Thedesignof attractive wirelesstransceivershingeson a rangeof contradictoryfactors,
whicharesummarisedin Figure1.1. Theessenceof this illustrationis thatof contrastingthe
conflictingdesignfactorsof wirelesssystemsfrom differentperspectives.For example,given
a certainwirelesschannel,it is alwaysfeasibleto designa transmissionschemecapableof
further increasingtheachievabletransmissionintegrity at thecostof invoking ’smarter’and
hencemoresophisticatedsignalprocessing.Alternatively, thetransmissionintegrity maybe
increasedeven without increasingthe system’s complexity, provided that for examplethe

3
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turbochannelcoding/interleaving delaycanbefurtherextended.Naturally, this is only pos-
sible in thecontext of delay-insensitive, ie. non-interactive datacommunications,but not in
delay-sensitive interactivespeechor videosystems.It is alsorealisticto increasethesystem’s
integrity by invoking a morerobust but lower throughputmodulationscheme,asit will be
demonstratedthroughoutthis monograph,again oftenwith theaddedbenefitof reducingthe
system’s complexity. Naturally, diversesystemsolutionsaccruewhenoptimisingdifferent
featuresof thesystem.

By contrast,it is alwayspossibleto increasethe achievableeffective throughputof the
system,if thesystem’s target integrity mayberelaxed,which facilitatestheemploymentof
anincreasedthroughput,but moreerror-sensitivetransmissionscheme.As anotherdesignal-
ternativeto emplyingmorerobustmodulationschemeswhenrequiringareducedtargetBER,
thechannelcodingratemaybereduced,in orderto increasethetransmissionintegrity at the
costof sacrifycingtheeffective throughputof thesystem.aswell asincreasingthesystem’s
complexity. Whenthe fadingchannel’s characteristicsandtheassociatedbit errorstatistics
change,different transceiver modesmay have to be activated. Furthermore,the channel’s
impulseresponseandtheassociateddispersionvaries,asthereceiver roamsin differenten-
vironments.Thesubjectof this monographis thatof providing powerful solutionsto these
problems,with particularemphasison variousCDMA transcivers,which have foundfavour
in all therecentthird-generationwirelesssystems.

Our intention with the book is multi-f old:

1) First,wewouldliketo paytributeto all researchers,colleaguesandvaluedfriendswho
contributedto thefield. Hencethisbookis dedicatedto them,sincewithout theirquest
for betterCDMA transceiversolutionsthismonographcouldnothavebeenconceived.
They aretoonumerousto namehere,hencethey appearin theauthorindex of thebook.

2) Sinceat the time of writing no joint treatmentof the subjectscovered by this book
exists,it is timelyto compilethemostrecentadvancesin thefield. Henceit is our hope
thattheconceptionof thismonographonthetopicwill presentanadequateportrayalof
thecommunity’srecentresearch effortsandspurthis innovationprocessbystimulating
further research in thewirelesscommunicationsresearch community.

1.2 Organisationand Novel Contrib utions of the Book

The book is constitutedby four partsandthe gradeof challengeaswell as the amountof
knowledgeassumedis graduallyincreasingtowardstheendof thebook. Below, we present
theoutlineandrationaleof themonograph:

� Part I providesa detaileddiscourseonmultiuserdetection,aimingfor furnishinga de-
tailedhistoricalperspective on thetopic. Our discussionsareembeddedin thegeneric
systemdesignframework to beoutlinedata laterstagein this introductorychapter.

� Chapter 2: A basicexpositionof theprinciplesof CDMA transmissionandreception
is presentedin this chapter. TheconventionalCDMA receiver, i.e. thematchedfilter
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is investigatedandits performancein synchronousGaussianchannelsis analyzed.The
effects of variousspreadingsequenceson the bit error rate (BER) performanceare
alsoconsidered.Finally, a literaturesurvey of multiuserreceiversis discussedandthe
variousreceiversarelooselyclassified.

� Chapter 3: Joint detection(JD) receivers,which constitutea classof multiuserre-
ceivers are introduced. Thesemultiuserreceivers are derived from the well-known
single-userequalizers,which areusedto equalizesignalsthathave beendistortedby
inter-symbolinterference(ISI) dueto multipathchannels.Theadoptionof thesesingle-
userequalizersis supportedby the fact that the ISI inflicted by a 	 -pathdispersive
channelis similar to the multiuserinterferencedueto 	 users.As a preliminaryin-
troductionto joint detection,a brief overview of single-userequalizationis presented.
This is followed by the portrayalof the theoreticalbasisof four joint detectionre-
ceivers,namelythezero-forcingblock linearequalizer(ZF-BLE), theminimummean
squareerror block linear equalizer(MMSE-BLE), zero-forcingblock decisionfeed-
backequalizer(ZF-BDFE)andtheminimummeansquareerrorblock decisionfeed-
backequalizer(MMSE-BDFE).Theimplementationalcomplexity of thesereceiversis
estimatedanda simplemethodof reducingthe complexity is presented.Finally, the
effectsof multipathdiversity, channelcodingandchannelestimationerrorsontheBER
performancesof theJDreceiversarepresentedanddiscussed.

� Chapter 4: In this chapter, adaptive-rateCDMA techniquesare introduced,where
theinformationrateis variedin accordancewith thechannelquality. Theinformation
rateis chosenaccordingly, in orderto provide thebesttrade-off betweentheBER and
throughputperformancefor a givenapplication.Thesignalto interferenceplusnoise
ratio (SINR) at the outputof the JD receiver is derived andthis parameteris usedas
the criterion for adaptingthe informationrate. Two differentmethodsof varying the
informationrateareconsidered,namelythe Adaptive QuadratureAmplitude Modu-
lated(AQAM) JD-CDMA systemandtheVariableSpreadingFactor(VSF)JD-CDMA
scheme.AQAM is anadaptive-ratetechnique,wherebythedatamodulationmodeis
chosenaccordingto somecriterion relatedto thechannelquality. On theotherhand,
in VSF transmission,theinformationrateis variedby adaptingthespreadingfactorof
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theCDMA codesused,while keepingthechip rateconstant.Theperformanceof the
proposedAQAM JD-CDMA andVSF JD-CDMA schemesis evaluatedanddiscussed
in relationto fixed-rateschemes.A numericalmethodfor obtainingtheBERof theJD
receiver is presented,whichemploystheSINRatthereceiveroutputandtheassociated
semi-analyticalperformanceis comparedto thesimulationresultspresented.Finally,
a performancecomparisonbetweenthetwo differentadaptive-ratemethodsis carried
outandacombinedAQAM-VSF schemeis investigated.

� Chapter 5: Another classof multiuser receivers is considered,namely the family
of interferencecancellation(IC) receivers. TheseIC receiversareoften divided into
threecategories,namelysuccessive interferencecancellation(SIC), parallel interfer-
encecancellation(PIC)andhybrid IC, whichis acombinationof theformertwo. Here,
theSIC andPIC receiversareanalyzedin termsof their BER performanceandcom-
plexity. The performanceof thesereceivers in adaptive-rateCDMA schemesis also
investigatedandagain, the SINR at the output of eachreceiver is derived andused
astheswitchingcriterion in theadaptive schemes.Finally, performancecomparisons
betweentheIC andJD receiversarecarriedout.

� Chapter 6: A joint datadetectorand channelimpulseresponse(CIR) estimatoris
proposedin thischapter, namelytheblind Per-Survivor Processing(PSP)receiver. This
receiver performsjoint datadetectionandCIR estimationat the receiver, without the
aid of trainingsequences.Theblind PSPreceiver is proposedfor thebit-synchronous,
multipath,multiuserscenario,whereareducedcomplexity tree-search-basedalgorithm
is employedfor datadetectionandCIR estimationis performedby adaptiveRecursive
LeastSquares(RLS) estimators.The performanceof this receiver is investigatedfor
static,slowly-fadingandfast-fadingmultipathchannels.ThePSP-CDMAreceiver is
alsocombinedwith errorcorrectiontechniques,namelyturboconvolutionalcoding,in
orderto improve theperformanceof thesystem.Theperformanceof theturbo-coded,
PSP-CDMAreceiver is analyzedfor variousfadingscenariosandtheperformancefor
variousturbo-codedschemesarecompared.

� Chapter 7: In this chapterwe investigatetheperformanceof single-carrierWideband
CDMA (W-CDMA) schemes.Furthermore,we employ space-timespreading(STS)
basedtransmitdiversity, whenencounteringmultipathNakagami-� fadingchannels,
multiuserinterferenceandbackgroundnoise.Ouranalysisandtheresultswill demon-
stratethat the diversity gains achieved by STS and thoseowing to multipath diver-
sity accruingasa benefitof thechannel’s frequency-selectivity areindependent.Fur-
thermore,we will show thatboth theSTSbasedtransmitdiversityandthemultipath-
inducedreceiver diversityachievedwith theaid of thechannel’s frequency-selectivity
appearto have thesameorderof importanceandhenceoffer similar potentialperfor-
mancebenefits.

Wewill argue,howeverthatin certainnon-dispersiveindoorpropagationenvironments
thechannelmayhaveasingleresolvablepropagationpathandhencenoreceiverdiver-
sity gain maybeachieved. Givena fixedchip-rateassociatedwith a constantsystem
bandwidth,suchas in the third-generationIMT2000 standardof Chapter20, in this
scenariothe numberof resolvablemultipathcomponentsandthe associatedreceiver
diversity gain cannotbe increasedby increasingthe chip-rate. We will arguein this
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chapterthat in this casethe intelligentsystemframework proposedat a later stagein
this Prologueis expectedto configureitself for attaininga higher transmitdiversity
gain.

More specifically, basedon thetime-varyingcharacteristicsof thewirelesscommuni-
cationchannels,in thischapteranadaptiveSTSbasedtransmissionschemeis proposed
andinvestigated,which adaptsthemodeof operationof its STSschemeandits corre-
spondingdatarateaccordingto thenear-instantaneousfrequency-selectivity informa-
tion fed backfrom themobilereceiver to thebasestation’s transmitter. Our numerical
resultsshow that this adaptive STSschemeis capableof efficiently exploiting thedi-
versity potentialprovided by the channel’s frequency-selectivity, hencesignificantly
improving theeffective throughputof W-CDMA systems.

To elaboratea little further, since W-CDMA signals are subjectedto frequency-
selective fading,thenumberof resolvablepathsat the receiver mayvary over a wide
rangedependingon thetransmissionenvironmentencountered.It is shown that if the
channel’s gradeof frequency-selectivity is sufficiently high, thereis no needto em-
ploy transmitdiversity. Thereforein this chapteranadaptive STSbasedtransmission
schemeis proposedfor improving thethroughputof W-CDMA systems.Specifically,
when the numberof resolvable pathsis low and hencethe resultantBER is higher
thanthe requiredBER, thena low throughputSTS-assistedtransmittermodeis acti-
vated,which exhibits a high transmitdiversity gain. By contrast,when the number
of resolvable pathsis high and hencethe resultantBER is lower than the required
BER, thena higherthroughputSTS-assistedtransmittermodeis activated,which has
a lower transmitdiversitygain. Our numericalresultswill demonstratethatthis adap-
tiveSTS-basedtransmissionschemeis capableof significantlyimproving theeffective
throughputof W-CDMA systems.Specifically, thestudiedW-CDMA system’s bitrate
canbe increasedby a factorof threeat the modestcostof requiringan extra 0.4dB
or 1.2dBtransmittedpower in thecontext of theinvestigatedurbanor suburbanareas,
respectively.

� Chapter 8: Part II of the book commenceswith Chapter8, which investigatesthe
potentialof geneticalgorithmassistedMUD. In thischapterwecontinueourdiscourse
by assumingthatthereaderis familiarwith thebasicCDMA principles.Wecommence
ourdiscourseby giving anoverview of GAs,sincetheconceptsof GAsarenotwidely
known in themobilecommunicationscommunity. We will presentthebasicfunctions
of a GA in optimisinganobjective function,with theaid of a flowchartaswell asan
example.An insight into why a GA constitutesanefficient functionoptimiseris also
given in the context of the schemataandthe schematheorem[6]. Someof the more
advancedGA processesarealsohighlightedhere,in order to improve the efficiency
of our searchfor the optimum solution. Finally, a survey of the GA-basedCDMA
mutiuserdetectionschemesfoundin thecurrentliteratureis conducted.

� Chapter 9: In this chapter, we will invoke the GA-assistedmultiuserdetectorin a
symbol-synchronousCDMA systemover a simpleAWGN channelaswell asover a
single-pathRayleighfadingchannel.While this systemmodelis not practical,it can
provideuswith abetterinsightinto how certainGA operationsandparametersbehave
in thecontext of our specificapplication,without consideringtheeffectsof themulti-
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pathinterferenceandtheasynchronismamongsttheusers.We will first definetheob-
jectivefunctionfor ouroptimisationby deriving thecorrelationmetricfor theoptimum
multiuserdetector. As mentionedabove, thecomplexity of theoptimummultiuserde-
tectoris exponentialto thenumberof usersandhenceit is impracticalto implement.
Hencewewill applyGAsin optimisingthecorrelationmetric,while achieving areduc-
tion in theassociatedcomplexity. Througha seriesof experiments,we will attemptto
find theparticularGA configurationthat is capableof offering a near-optimumbit er-
rorprobability(BEP)performanceatareducedcomputationalcomplexity, comparedto
thatof theoptimummultiuserdetector. UpondeterminingtheGA configurationthatwe
will beadoptingfor our GA-assistedmultiuserdetectionscheme,we will theninves-
tigateits BEPperformancein anAWGN channelaswell asin a single-pathRayleigh
fadingchannel.

� Chapter 10: In Chapter9 wehaveassumedthattheChannelImpulseResponse(CIR)
coefficientsareperfectlyknown by thereceiver, which allowedusto detecttheusers’
transmittedbits coherently. In practice,thesecoefficients must be estimatedeither
blindly or with theaid of pilot symbols.By exploiting thecapabilitiesof theGAs in
dealingwith bothbinaryandfloatingpoint variables,we proposeda joint GA-assisted
multiuserchannelestimationandsymboldetectiontechniquein thischapter. Unlike in
traditionalsystems,wherethe CIR estimationandsymboldetectionareusuallyper-
formed by separatebut inter-linked algorithms,suchas the Kalman filter usedfor
channelestimation[7] and the decorrelatorfor symbol detection[8], our proposed
techniqueis capableof performingboth thechannelestimationandsymboldetection
concurrentlyusing the sameGAs. The achievableMSE of the estimatedCIR coef-
ficientsaswell asthe BEP performanceof our proposedjoint GA-assistedmultiuser
CIR estimatorandsymboldetectorarethenevaluatedusingcomputersimulations.

� Chapter 11: In orderto obtaina BEP performanceimprovement,in this chapterwe
evaluatedthe performanceof the GA-assistedmultiuserdetectorin conjunctionwith
antennadiversity. More specifically, we investigatedtheBEPperformanceof theGA-
assistedmultiuserdetectorusingtwo differentdiversityselectionstrategies.According
to the first strategy, the so-calledmating pool is createdby selectingthe 	 -bit GA
individualsbasedon the combinedfigure of meritsof the diversity antennas.On the
otherhand,wecanexploit thepopulation-basedoptimisationapproachof theGAsand
invoke the so-calledParetooptimality [9], in order to aid our search. According to
this strategy, thematingpool is comprisedof all non-dominatedindividuals.TheBEP
performanceof the antennadiversity aidedGA-assistedmultiuserdetectorbasedon
thesetwo stragtegiesis evaluatedandcomparedfor variousfadingscenarios.

� Chapter 12: Themodelthatwehaveadoptedin thepreviousGA-assistedMUD chap-
ters was basedon a symbol-synchronousCDMA systemand multiuserdetectionis
performedat thecentralisedbasestation. Unlessstrict timing control is employed, it
is almostimpossibleto maintainasymbol-synchronoustransmissionamongtheusers.
Hencein Chapter12 we will proposea GA-assistedmultiuserdetectorfor an asyn-
chronoustransmissionenvironment. The correlationmetric over a finite observation
window is derived.Theeffectsof theso-callededgebits,which placeda limitation on
theBEPperformance,mustbetakeninto accountwhendetectionis consideredover a
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finite observationwindow. In ourproposedtechnique,wecanreducetheeffectsof the
edgebits by attemptingto estimatethetentative decisionsconcerningtheseedgebits,
while at the sametime detectingthe desiredbits using the sameGA. The BEP per-
formanceof our proposedschemeis thencomparedwith thatof a similar GA-assisted
multiuserdetector, wheretheedgebitsareestimatedusingtheconventionalsingle-user
matchedfilter.

� Chapter 13: The topic of Part III of the book is the investigation of M-ary CDMA
schemes,which is introducedin Chapter13 in thecontext of non-coherentdetection.
In generalthetransmissionof known pilot signalsis requiredfor providing a coherent
referencein supportof coherentdemodulationin a fadingenvironment[10]. However,
in theuplink, anindependentpilot signal/symbolwouldhaveto betransmittedby each
userfor coherentlydemodulatingeachsignal.Thisclearlyreducestheefficiency of the
system.Thusamorepracticalapproachis to usenon-coherentdetectionontheuplink,
which doesnot requirea pilot signalfor estimatingthe phasereference[10]. This is
thecasein theIS-95CDMA system[11].

� Chapter 14: This chapterinvestigatesthe achievable performanceof a RS coded
DS-CDMA system,when 
 -ary orthogonalsignaling is employed in conjunction
with a Ratio StatisticTest (RTT) basederasureinsertionscheme,when communi-
cating over multipath Rayleigh-fading channels. Two different diversity combining
schemes[12], [13] - namelyequal-gain combining(EGC) and selectioncombining
(SC) - are consideredand their performanceis evaluatedin the context of the pro-
posedRTT basederasureinsertionscheme.Wederive theprobabilitydensityfunction
(PDF) of the ratio definedin the RTT conditionedon both the correctdetectionhy-
pothesis( �� ) anderroneousdetectionhypothesis(  � ) of thereceived 
 -ary signals
over multipathRayleighfadingchannels.ThesePDFsare thenusedfor computing
thesymbolerasureprobabilityandthe randomsymbolerrorprobabilityaftererasure
insertion,andfinally to computethecodeword decodingerrorprobability. Thesean-
alytical resultsallow us to quantify the performanceof the systemconsideredusing
a numericalapproach.Furthermore,with the aid of theseanalyticalresults,we gain
an insight into the basiccharacteristicsof Viterbi’s RTT, anddeterminethe optimum
decisionthresholdfor practicalsystems,sincetheformulaeobtainedcanbeevaluated
numerically.

� Chapter 15: A deficiency of thepreviously introduced
 -ary CDMA systemsis that
thenumberof correlatorsrequiredat the receiver for detectingthe 
 -ary symbolsis
increasingexponentiallywith thenumberof bits transmitted.In this chaptera classic
numberrepresentationsystem,namelytheso-calledResidueNumberSystem(RNS)is
introducedwith the intentionof invoking it in thenext chapterin thedesignof novel
errorcorrectioncoded
 -aryCDMA system.

� Chapter 16: Themotivationof this chapteris thesubstantialcomplexity reductionof
the previously discussed
 -ary CDMA receiversby decomposingeach 
 -ary mes-
sageinto shorter’symbols’with the aid of the RNS system.This allows us to usea
reducednumberof correlatorsat thereceiver. More specifically, our basicapproachin
this chapteris that the 
 -ary informationsymbolsareconvertedto theresiduedigits
of an RNS andall requiredoperationsarethencarriedout in the RNS domain. It is
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readilyseenin this context thateachindividual 
 -ary symbolis mappedto a higher
numberof residuedigits. Hence,thismappingoperationcanbeinterpretedasbreaking
up the 
 -ary symbolsinto � numberof ��� -ary symbols,where � is thenumberof
moduli in theRNS,where��� , ������������ ! � "��� representsthemoduli of theRNS.

In a somewhatsimplistic,but conceptuallyfeasiblemanneronecouldarguethenthat
for the transmissionof the � numberof reduced-size��� -ary symbolswe now need
only #�!$%� ���'&(
 correlatorsat the receiver, which is essentiallythe motivation
of this chapter. Hence,in this chapter, we focusour attentionon studyingtheperfor-
manceof RNS- andRedundantRNS (RRNS)basedparalleldirect sequenceCDMA
(DS-CDMA) systemsin thecontext of 
 -ary orthogonalmodulation,whencommu-
nicatingover both Additive White GaussianNoise(AWGN) channelsandmultipath
fadingchannels.

� Chapter 17: Thesubjectof Part IV of thebookis multicarrierCDMA, which is intro-
ducedandclassifiedin Chapter17. It will beshown that therearea numberof trade-
offs associatedwith the designand employment of the variousmulticarrier CDMA
schemeproposedin theliterature.TheBERperformanceof thevariousschemesis also
characterised,when communicatingover frequency selective Rayleighfading chan-
nels. The chapteris concludedwith variousnovel systemdesignproposalsinvoking
frequency hoppingfor improving thesystem’sachievableperformance.

� Chapter 18: Following thephilosophy of thegenericcommunicationssystemframe-
work proposedin thePrologueof Chapter1, in Chapter7 anadaptive STS-aidedW-
CDMA systemwasproposed,which wascapableof adaptingthe modeof operation
of its STSschemeandits correspondingdatarateaccordingto thenear-instantaneous
frequency-selectivity information fed back from the mobile receiver to the basesta-
tion’s transmitter. The numericalresultsof Chapter7 showed that this adaptive STS
schemeis capableof efficiently exploiting thediversitypotentialprovidedby thechan-
nel’s frequency-selectivity, hencesignificantly improving the effective throughputof
W-CDMA systems.

In this chapterour discussionsevolve further by initially consideringthe advantages
anddisadvantagesof single-carrierCDMA, MC-CDMA andMC-DS-CDMA in Sec-
tion 18.2,whith particularattentiondevotedto communicatingin diversepropagation
environmentsexhibiting a time-variantamountof dispersion.More specifically, the
benefitsanddeficienciesof thesethreesystemsareanalyzed,whenaimingfor support-
ing ubiquitouscommunicationsover a variety of propagtionchannelsencounteredin
indoor, openrural,suburbanandurbanenvironments.We will demonstratethat,when
communicatingin suchdiverseenvironments,both SC DS-CDMA andMC-CDMA
exhibit certainlimitationsthatarehardto circumvent.By contrast,whenappropriately
selectingthesystemparametersandusingtransmitdiversity, MC DS-CDMA becomes
capableof adaptingto suchdiversepropagationenvironmentsatareasonabledetection
complexity.

Henceagain, following thephilosophy of thegenericcommunicationssystemframe-
work proposedin thePrologueof Chapter1, in Section18.4we focusourattentionon
MC DS-CDMA schemesusingSTS.Specifically, MC DS-CDMA usingSTSis inves-
tigatedin thecontext of broadbandcommunicationsover frequency-selectiveRayleigh
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fadingchannels.Weconsidera rangeof designissuesaswell astheachievableBit Er-
ror Rate(BER) performancefor the down-link (base-to-mobilecommunications),by
assumingsynchronoustransmissionof the usersignals. We alsoconsiderthe attain-
ablecapacityextensionof broadbandMC DS-CDMA with theadventof usingTime-
Frequency-domain(TF-domain)spreading.Furthermore,thedetectionissuesof broad-
bandMC DS-CDMA usingTF-domainspreadingareinvestigated. Our studyshows
that by appropriatelyselectingthe systemparameters,STS assistedbroadbandMC
DS-CDMA is capableof supportingubiquitouscommunicationsovervariouscommu-
nicationenvironmentsincludingindoor, openrural, suburbanandurbanareaswithout
BER performancedegradation. Furthermore,we demonstratethat STSbasedtrans-
mit diversityschemescanbedesignedaccordingto therequireddiversitygain, while
maintaininga near-constantBER in variouscommunicationenvironments,aslong as
frequency-selective Rayleighfadingchannelsareencountered.

Finally, in thespirit of thegenericcommunicationssystemframework proposedin the
Prologueof Chapter1, in Section4 a classof generalizedMC DS-CDMA schemes
is definedand its performanceis considered,when communicatingover multipath
Nakagami-� fading channels. In the generalizedMC DS-CDMA schemesconsid-
eredthe spacingbetweentwo adjacentsubcarriersis a variable,allowing us to gain
insight into the effects of the spacingon the BER performanceof MC DS-CDMA
systems.This generalizedMC DS-CDMA schemeincludesthe subclassesof multi-
toneDS-CDMA andorthogonalMC DS-CDMA asspecialcases.A unifiedanalytical
framework is utilized,whichdeterminestheexactaverageBERof thegeneralizedMC
DS-CDMA systemtransmittingovergeneralizedmultipathNakagami-� fadingchan-
nels. Theoptimumspacingof theMC DS-CDMA systemrequiredfor achieving the
minimum BER is investigatedandthe BER performanceof the systemhaving opti-
mumspacingis evaluated.TheresultantBER is comparedwith thatof bothmultitone
DS-CDMA andorthogonalMC DS-CDMA.

� Chapter 19: Accurateandfastsynchronizationplaysa cardinalrole in the efficient
utilization of any spread-spectrumsystem. Typically, the first stepin the processof
synchronizationbetweenthe receivedspreadpseudonoise(PN) code(sequence)and
the locally generateddespreadcode(sequence)is codeacquisition[14–16], which is
alsoreferredto as initial synchronization.More explicitly, initial synchronizationis
constitutedby a processof successive decisions,whereintheultimategoal is to bring
thetwo codesinto coarsetime alignment,namelywithin onecode-chipinterval. Once
initial codeacquisitionhasbeenaccomplished,usuallyacodetrackingloop[14] is em-
ployed for achieving fine alignmentof the two codesandfor maintainingtheir align-
mentduringthewholedatatransmissionprocess.Theaim of this chapter, however, is
to focuson the taskof initial synchronizationin the context of direct-sequencecode
divisionmultiple-access(DS-CDMA) systems.

Initial synchronizationhas beenlavishly treatedin the literature [15–53] in recent
years.Initial codeacquisitionin DS-CDMA systemsis usuallyachievedwith theaidof
non-coherentcorrelationor matchedfiltering, sinceprior to despreadingthesignal-to-
noiseratio (SNR) is usuallyinsufficient high for attaininga satisfactoryperformance
with theaidof coherentcarrierphaseestimatorsbasedoncarrier-phasetrackingloops.
Initial codesynchronizationmethodscanbebroadlyclassifiedasserialsearchacqui-
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sition [15,22,28,30,39,44] andparallelsearchacquisition[19,20,23–25,31,46,49]
techniques.In serialsearchbasedinitial codesynchronizationall potentiallypossible
codephasesaresearchedserially, until synchronizationis achieved. More explicitly,
in serialsearchbasedcodeacquisitioneachreferencephaseis evaluatedby attempt-
ing to despreadthereceivedsignal. If theestimatedcodephaseis correct,successful
despreadingwill take place,which canbedetected.If thecodephaseis incorrect,the
receivedsignalwill not besuccessfullydespread,andthelocal referencecodereplica
will beshiftedto a new tentative phasefor evaluation.By contrast,in parallelsearch
basedcodeacquisitionpotentiallyall of thepossiblecodephasesaretestedsimultane-
ously. In this chapterbothserialandparallelsearchbasedacquisitionschemeswill be
investigated.

It is well known thatthenear-far interferenceinflicteduponlow-powersignalsby high-
power interferingsignalsmy substantiallydegradethe system’s performance.In the
context of DS-CDMA the above-discussedserialandparallelsearchbasedcodetim-
ing acquisitionareasinterference-limitedandasvulnerableto the near-far problem,
asconventionalmatched-filterbasedsingle-userdetection.Recently, a rangeof tim-
ing acquisitionalgorithmshaving a high near-far resistancein multiuserenvironments
have alsobeenproposed[17,18,21,37,54–56]. Thesetiming-acquisitionalgorithms
canbeclassifiedasmaximum-likelihoodsynchronizationscheme[21,55], minimum-
mean-square-error(MMSE) timing estimationarrangements[17,37,54], per-survivor
processing(PSP)basedblind acquisitiontechniques[18] andMUltiple SignalClassi-
ficationAlgorithm (MUSIC) basedtiming estimationscheme[54–56]. In this chapter
bothserialandparallelsearchbasedinitial synchronizationschemesareconsideredin
thecontext of bothsingle-andmulti-carrierCDMA systems.

� Chapter 20: In this chapterwe presentan overview of the variousthird-generation
terrestrialradiotransmissionstandardsrecentlyproposedby ETSI,ARIB, andTIA.

� Chapter 21: In this chapteradaptive rate transmissionsare investigatedin the con-
text of DS-CDMA systemsusing variablespreadingfactors(VSF). In the recently
establishedfamily of adaptive rate transmissionschemes[4] the transmissionrate is
typically adaptedin responseto theperceivednear-instantaneouschannelquality. The
perceived channelquality is influencedby numerousfactors,suchasthe variationof
thenumberof userssupported,which imposesa time-variantMUI loador thefading-
inducedchannelquality fluctuationof the userconsidered.In Chapter4 the impact
of both of thesechannelquality factorswas consideredin the context of multiuser
detectionaidedadaptivemodulationaswell asvariablespreadingfactorassistedtrans-
missions.It wasfoundthatthesystemperformedbest,whenboththespreadingfactors
andthemodulationmodeswerecontrolledin anear-instantaneousfashion.

However, thenumberof userssupportedwasvariedin Chapter4 ona long-termbasis.
HencetheaverageMUI level wasconstantthroughoutthesimulations.By contrast,in
this chapterthe individual users’transmissionrateis adaptedin responseto thenear-
isntantaneousMUI fluctuationsencountered.Our studywill show thatby employing
theproposedVSF-assistedadaptive ratetransmissionscheme,theeffective throughput
may be increasedby up to )+*-, , whencomparedto that of DS-CDMA systemsus-
ing constantspreadingfactors.This increasedthroughputis achievedwithout wasting
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power, without imposingextrainterferenceuponotherusersandwithout increasingthe
BER.

1.3 Intr oduction to Flexible Transceivers

Thereis a rangeof activities in variouspartsof the global concerningthe standardization,
researchanddevelopmentof the third-generation(3G) mobile systems[57] known as the
UniversalMobile TelecommunicationsSystem(UMTS) in Europe,which wastermedasthe
IMT-2000systemby the InternationalTelecommunicationsUnion (ITU) [58,59]. This is
mainlydueto theexplosivegrowth of theInternetandthecontinueddramaticincreasein de-
mandfor all typesof advancedmultimediawirelessservicesincludingvoiceanddata.How-
ever, all the advancedservicessuchasbit-hungryhigh-resolutionmultimediaones,which
demandsdataratesignificantlyhigherthan2Mb/s, areunlikely to be supportedby the 3G
systems[60–64]. Consequently, theconceptof “beyond3G” hasbeencreatedin thecontext
of techniquessuchasbroadbandaccess,softwaredefinedradioandhigh-flexible terminals.

In contrastto the3Gsystems,thebeyond3Gmobilewirelesscommunicationsystemsare
expectedto employ at leastthefollowing three(but withoutany reasonto limit them)typical
characteristics.Thefirst is themobilebroadbandwirelesssystems,which impliesthatthefu-
turegenerationmobilewirelesssystemsmustbeableto handlea wide rangeof information
bit rateswith transmissioncapability“beyondUMTS” up to morethan100Mb/s aswell as
varioustypesof real-timeandnon-real-timeserviceclasseswith differenttraffic characteris-
tics andquality of serviceguarantees[60]. Theobjective is that themobileusersareableto
accessto therangeof broadbandservicesavailablefor fixedusersof theintegratedbroadband
communicationnetwork (IBCN). For anoutdoor, cellularscenario,Mobile BroadbandSys-
tems(MBS), a conceptborn in the RACE program,areunderconsideration,targetingdata
ratesupto155Mb/s. Thesecondcharacteristicis themulti-standardsconnectablesystems,
which implies that the beyond 3G mobile terminalsarecapableof connectingthe wireless
network with no limitation from theexistingwirelesscommunicationstandards[1,2,65–68],
whicharedevelopedprimarily regionalratherthanworldwideandcauseproblemswith global
roaming.Thethird but not thelasttypical characteristicsis thehigh-flexible mobilewireless
systems,which arenot only reflectedby themultimodeandmultibandoperationaswell as
globalroaming,but alsolies in thehigh-flexible air-interfacecapableof achieving thehighest
spectrumefficiency underthedifficult constraintsof moving users,dynamictraffic loadvari-
ations,andhighly sensitive wirelesslinks. Therefore,the futuregenerationmobilewireless
systemsin thelongtermmightbelongtheadaptive(or eventheintelligent)broadbandmobile
wirelesssystemsbasedon thesoftwaredefinedradio(SDR)[1,2].

In the first part of this treatisea broadbandmultiple accesscandidateschememeeting
theabove requirementsis presented,which is constitutedby frequency-hopping(FH) based
multicarrierDS-CDMA (FH/MC DS-CDMA) [69–72]. Recentinvestigationsshow thatrate
adaptationin mobile wirelesssystemsis not only the efficient strategy to implementvari-
ablerateandmultiple rateservices,but alsothe increasinglyimportantapproachto achieve
higherspectrumefficiency in term of b/s/Hz[73–77]. Hence,in the secondpart the exist-
ing andnovel possibleadaptive ratetransmission(ART) schemesassociatedwith support-
ing variablerate and multirate servicesas well as achieving high spectrumefficiency are
reviewed. Furthermore,ART techniquesare also discussedin the context of the FH/MC
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Figure1.2: Transmitterdiagramof thefrequency-hoppingmulticarrierDS-CDMA systemusingadap-
tive transmission.

DS-CDMA systems.Thestandardizationworldwidein thefield of wirelesscommunications
shows thatvariousmobilecommunicationstandardswill continueto exist evenin thefuture.
This causesproblemsnot only with internationalroaming,but alsowith multiple standards
operationwithin thesamegeographicalarea.Hence,it is importantto develop transceivers
thatwill operatewith several standardsandin several frequency bandson a commonhard-
wareplatform. SDRareevolving asflexible all-purposeradiosandgiving rise to thepossi-
bility of implementingthesekindsof multi-standard,multimodeandmultibandtransceivers.
Therefore,in the final part of this chapter, the conceptof SDR assistedbroadbandFH/MC
DS-CDMA systemis presentedandthe re-configurableparametersin termsof this system
andthoseassociatedwith connectionwith theotherwirelesssystemsaredescribed.

1.4 FH/MC DS-CDMA

The transmitterschematicof the proposedFH/MC DS-CDMA arrangementis depictedin
Fig. 1.2. Eachsubcarrierof a user is assigneda pseudo-noise(PN) spreadingsequence.
ThesePN sequencescan be simultaneouslyassignedto a numberof users,provided that
only oneuseractivatesthesamePN sequenceon thesamesubcarrier. ThesePN sequences
producenarrow-bandDS-CDMA signals.In Fig. 1.2,C MFNO���QP representsa constant-weight
codehaving � numberof ‘1’s and MFNSRT�QP numberof ‘0’s. Hencetheweightof C MINO���QP
is � . This codeis readfrom a so-calledconstant-weightcodebook, which representsthe
frequency-hoppingpatterns. The constant-weightcodeC MFNO���QP plays two different roles.
Its first role is that its weight - namely � - determinesthe numberof subcarriersinvoked,
while its secondfunctionis that thepositionsof the � numberof binary‘1’s determinesthe
selectionof asetof � numberof subcarrierfrequenciesfrom the N outputsof thefrequency
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Figure1.3: Receiver block diagramof the frequency-hoppingmulticarrierDS-CDMA systemusing
conventionalRAKE receiver.

synthesizer. Furthermore,in the transmitter‘side-information’ reflectingthe channel’s in-
stantaneousqualitymightbeemployed,in orderto controlits transmissionandcodingmode,
sothattherequiredtargetthroughputandtransmissionintegrity requirementsaremet.

As shown in Fig. 1.2, the original bit streamhaving a bit durationof f � is first serial-
to-parallel(S-P)converted. Then,theseparallelbit streamsaregroupedandmappedto the
potentiallytime-variantmodulationconstellationsof the � activesubcarriers.Let usassume
that thenumberof bits transmittedby a FH/MC DS-CDMA symbolis 
 , andlet usdenote
thesymboldurationof theFH/MC DS-CDMA signalby fhg . Then,if thesystemis designed
for achieving a high processinggain andfor mitigating the inter-symbol-interference(ISI)
in a constant-ratetransmissionscheme,the symboldurationcanbe extendedto a multiple
of the bit duration, i.e., f g �i
'f � . By contrast,if the designaims to supportmultiple
transmissionratesor channel-qualitymatchedvariableinformationrates,thena constantbit
durationof f � �jfhg canbe employed. Both multirateandvariableratetransmissionscan
be implementedby employing a different numberof subcarriersassociatedwith different
modulationconstellationsaswell asdifferentspreadinggains. As seenin Fig. 1.2,after the
constellationmappingstage,eachbranchis DS spreadusingtheassignedPN sequence,and
then this spreadsignal is carriermodulatedusingoneof the active subcarrierfrequencies
derived from the constant-weightcodeC(Nk�!� ). Finally, all � active branchsignalsare
multiplexed,in orderto form thetransmittedsignal.

In the FH/MC DS-CDMA receiver of Fig.1.3 the received signalassociatedwith each
active subcarrieris detectedusingfor examplea RAKE combiner. Alternatively, Multiuser
Detection(MUD) canbe invoked, in order to approachthe single-userbound. In contrast
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to the transmitterside,whereonly � out of N subcarriersaretransmittedby a user, at the
receiver differentdetectorstructuresmight beimplementedbasedon theavailability [72] or
lack [78] of the FH patterninformation. During the FH patternacquisitionstage,which
usuallyhappensat thebeginningof transmissionor duringhand-over, tentatively all N sub-
carrierscanbedemodulated.ThetransmittedinformationcanbedetectedandtheFH patterns
canbeacquiredsimultaneouslyby usingblind joint detectionalgorithmsexploiting thechar-
acteristicsof the constant-weightcodes[70,71]. If however, the receiver hasthe explicit
knowledgeof the FH patterns,thenonly � subcarriershave to be demodulated.However,
if FastFourierTransform(FFT) techniquesareemployedfor demodulation- asoften is the
casein multicarrierCDMA [79] or OFDM [80] systems,thenall N subcarriersmight bede-
modulated,wherethe inactive subcarriersonly outputnoise.In thedecisionunit of Fig.1.3,
thesenoise-output-onlybranchescanbe eliminatedby exploiting the knowledgeof the FH
patterns[72,78]. Hence,thedecisionunit only outputstheinformationtransmittedby theac-
tive subcarriers.Finally, thedecisionunit’s outputinformationis parallel-to-serialconverted
to form theoutputdata.

At thereceiver, thechannelstatesassociatedwith all thesubchannelsmightbeestimated
or predictedusingpilot signals[75,77]. This channelstateinformationcanbe utilized for
coherentdemodulation.It canalsobe fed backto the transmitterashighly protectedside-
information, in order to invoke a rangeof adaptive transmissionschemesincluding power
controlandadaptive-ratetransmission.

1.5 Characteristicsof the FH/MC DS-CDMA Systems

In theproposedFH/MC DS-CDMA systemtheentirebandwidthof futurebroadbandsystems
canbedivided into a numberof sub-bandsandeachsub-bandcanbeassigneda subcarrier.
Accordingto theprevalentservicerequirements,thesetof legitimatesubcarrierscanbedis-
tributedin line with theusers’instantaneousinformationraterequirements.FH techniques
areemployedfor eachuser, in orderto evenly occupy thewholesystembandwidthavailable
andto efficiently utilize theavailablefrequency resources.In thisrespectFH/MC DS-CDMA
systemsexhibit compatibilitywith theexisting 2nd-and3rd-generationCDMA systemsand
henceconstituteahighly flexible air interface.

BroadbandWir elessMobile System– To elaboratea little further, our advocatedFH/MC
DS-CDMA systemis a broadbandwirelessmobile systemconstitutedby multiple narrow-
bandDS-CDMA sub-systems.Again,FH techniquesareemployedfor eachuser, in orderto
evenly occupy thewholesystembandwidthandto efficiently utilize theavailablefrequency
resources.Theconstant-weightcodebasedFH patternsusedin theschematicof Fig.1.2are
invoked,in orderto controlthenumberof subcarriersinvoked,which is keptconstantduring
theFH procedure.In contrastto single-carrierbroadbandDS-CDMA systems,suchaswide-
bandCDMA (W-CDMA) [59] exhibiting abandwidthin excessof 5 MHz - which inevitably
resultsin extremelyhigh-chip-ratespreadingsequencesandhigh-complexity - theproposed
FH/MC DS-CDMA systemdoesnot have to usehigh chip-rateDS spreadingsequences,
sinceeachsubcarrierconveys a narrow-bandDS-CDMA signal. In contrastto broadband
OFDM systems[63] - which have to usea high numberof subcarriersandusuallyresulting
in ahighpeak-to-averagepowerfluctuation- dueto theassociatedDS spreadingthenumber
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Figure1.4: Spectrumof FH/MC DS-CDMA signalusingsubchannelbandwidthof 1.25MHz and/or5
MHz.

of subcarriersof theadvocatedbroadbandwirelessFH/MC DS-CDMA systemmaybesig-
nificantly lower. This potentiallymitigatesthe crest-factorproblem. Additionally, with the
aid of FH, the peak-to-averagepower fluctuationof the FH/MC DS-CDMA systemmight
be furtherdecreased.In otherwords,theFH/MC DS-CDMA systemis capableof combin-
ing thebestfeaturesof single-carrierDS-CDMA andOFDM systems,while avoiding many
of their individual shortcomings.Finally, in comparisonto theFH/MC DS-CDMA system,
both broadbandsingle-carrierDS-CDMA systemsandbroadbandOFDM systemsare less
amenableto interworkingwith theexisting2nd-and3rd-generationwirelesscommunication
systems.Let usnow characterizesomeof thefeaturesof theproposedsystemin moredepth.

Compatibility – ThebroadbandFH/MC DS-CDMA systemcanberolledoutover thebands
of the2nd-and3rd-generationmobilewirelesssystemsand/orin thebandlicensedfor future
broadbandwirelesscommunicationsystems.In FH/MC DS-CDMA systemsthesub-bands
associatedwith differentsubcarriersarenot requiredto beof equalbandwidth.Henceexist-
ing 2nd-and3rd-generationCDMA systemscanbesupportedusingoneor moresubcarriers.
For example,Fig. 1.4 shows the spectrumof a frequency hopping,orthogonalmulticarrier
DS-CDMA signalusinga subchannelbandwidthof 1.25MHz, which constitutestheband-
width of a DS-CDMA signalin theIS-95standard[58]. In Fig. 1.4we alsoshow thatseven
subchannels,eachhaving a bandwidthof 1.25MHz canbereplacedby onesubchannelwith
a bandwidthof 5 MHz ( lnmpo�q�r sutwv4s MHz). Hence,thenarrow-bandIS-95CDMA system
canbesupportedby a singlesubcarrier, while theUMTS andIMT-2000W-CDMA systems
might be supportedusingseven subchannels’bandwidthamalgamatedinto oneW-CDMA
channel.Moreover, with theaid of SDRs,FH/MC DS-CDMA is alsocapableof embracing
otherexisting standards,suchastheTime-Division Multiple-Access(TDMA) basedGlobal
Systemof Mobile communicationsknown asGSM [81].

FH Strategy – In FH/MC DS-CDMA systemsboth slow FH and fastFH techniquescan
be invoked, dependingon the system’s designandthe state-of-the-art.In slow FH several
symbolsare transmittedafter eachfrequency hopping,while in fastFH several frequency
hopstake placein a symbolduration,i.e. eachsymbolis transmittedusingseveral subcar-
riers. Moreover, from a networking point of view, randomFH, uniform FH andadaptive
FH [72] schemescanbeutilized, in orderto maximizetheefficiency of thenetwork. In the
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context of randomFH [72], the subcarriersassociatedwith eachtransmissionof a userare
determinedby the setof pre-assignedFH patternsconstitutinga groupof constant-weight
codewords[78]. Theactive subcarriersareswitchedfrom a groupof frequenciesto another
without the knowledgeof the FH patternsof the otherusers. By contrast,for the FH/MC
DS-CDMA systemusinguniformFH [72], theFH patternsof all usersaredeterminedjointly
underthe control of the basestation(BS), so that eachsubcarrieris activatedby a similar
numberof users. It canbe shown that for the down-link (DL) uniform FH canbe readily
implemented,sincetheBS hastheknowledgeof theFH patternsof all users.However, for
implementingup-link (UL) transmissions,the FH patternsto be usedmustbe signalledby
the BS to eachmobile station(MS), in orderto be ableto implementuniform FH. Finally,
if thenear-instantaneouschannelquality informationis availableat thetransmitter, advanced
adaptive FH canbeinvoked,whereinformationis only transmittedover a groupof subchan-
nelsexhibiting asatisfactorySignalto InterferenceRatio(SIR).

Implementation of Multicarrier Modulation – The multicarrier modulation block in
Fig. 1.2 andthemulticarrierdemodulationblock in Fig. 1.3 canbe implementedusingFFT
techniques,provided that eachof the subchannelsoccupiesthe samebandwidth. Since
not all of the subcarriersare activatedat eachtransmissionin the proposedFH/MC DS-
CDMA system,thedeactivatedsubcarrierscanbesetto ‘zero’ in theFFTor IFFT algorithm.
However, if an unequalbandwidthis associatedwith the subchannels,multicarriermodu-
lation/demodulationcanonly be implementedusinglessefficient conventional,ratherthan
FFT basedcarriermodulation/demodulationschemes.

AccessStrategy – Whena new userattemptsto accessthechannelandcommenceshis/her
transmission,a rangeof different accessstrategies might be offered by the FH/MC DS-
CDMA system,in orderto minimizetheinterferenceinflictedby thenew userto thealready
activeusers.Specifically, if therearesubchannels,whicharenotoccupiedby any otherusers,
or therearesubchannelsthatexhibit asufficiently highSIR,thenthenew usercanaccessthe
network usingthesepassivesubchannelsor thesubchannelsexhibiting ahighSIR.However,
if all the subchannelshave beenoccupiedandthe SIR of eachof the subchannelsis insuf-
ficiently high, then the new useraccessesthe network by spreadingits transmittedenergy
evenlyacrossthesubchannels.Thisaccessschemeimposestheminimumpossibleimpacton
the QoSof the usersalreadyactively communicating.However, the simpleststrategy for a
new userto accessthenetwork is by randomlyselectingoneor severalsubchannels.

Multirate and Variable RateServices– In FH/MC DS-CDMA systemsmultirateandvari-
ablerateservicescanbeimplementedusingavarietyof approaches.Specifically, theexisting
techniques,suchasemploying avariablespreadinggain,multiplespreadingcodes,avariable
constellationsize,variable-rateForwardError Correction(FEC)coding,etc. canbeinvoked
to provide multirate and variablerate services. Furthermore,sincethe proposedFH/MC
DS-CDMA systemsuseconstant-weightcodebasedFH patterns,multirateandvariablerate
servicescanalsobesupportedby usingconstant-weightcodeshaving differentweights,i.e.,
by activating a differentnumberof subcarriers.Note that the above-mentionedtechniques
canbeimplementedeitherseparatelyor jointly in asystem.

Diversity – TheFH/MC DS-CDMA systemincludesfrequency hopping,multicarriermod-
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ulationaswell asdirect-sequencespreading,hencea varietyof diversityschemesandtheir
combinationscan be implemented. The possiblediversity schemesinclude the following
arrangements.

� If thechip-durationof thespreadingsequencesis lowerthanthemaximumdelayspread
of thefadingchannels,thenfrequency diversitycanbeachievedoneachof thesubcar-
rier signals;

� Frequency diversitycanalsobeachievedby transmittingthesamesignalusinganum-
berof differentsubcarriers;

� Time diversitycanbeachievedby usingslow frequency hoppingin conjunctionwith
errorcontrolcodingaswell asinterleaving;

� Time-frequency diversitycanbeachievedby usingfastfrequency hoppingtechniques,
wherethe samesymbol is transmittedusing several time slots assignedto different
frequencies;

� Spatialdiversitycanbeachievedby usingmultipletransmitantennas,multiplereceiver
antennasandpolarization.

Initial Synchronization – In our FH/MC DS-CDMA systeminitial synchronizationcanbe
implementedby first accomplishingDS codeacquisition. The fixed-weightcodebook in-
dex of theFH patternusedcanbereadilyacquired,onceDS codeacquisitionwasachieved.
During DS codeacquisitionthetrainingsignalsupportingtheinitial synchronization,which
is usually the carrier modulatedsignal without datamodulation,can be transmittedusing
a groupof subcarriers.Thesesubcarriersignalscanbe combinedat the receiver usingfor
exampleequalgain combining(EGC) [82]. Hence,frequency diversity can be employed
duringtheDScodeacquisitionstageof theFH/MC DS-CDMA system’soperation,andcon-
sequentlythe initial synchronizationperformancecanbesignificantlyenhanced.Following
the DS codeacquisitionphase,datatransmissioncanbe activatedandthe index of the FH
patternusedcanbesignalledto thereceiver usinga givensetof fixedsubchannels.Alterna-
tively, the index of theFH patterncanbeacquiredblindly from thereceivedsignalwith the
aidof agroupof constant-weightcodeshaving agivenminimumdistance[71].

Interfer enceResistance– The FH/MC DS-CDMA systemconcernedcanmitigatethe ef-
fectsof inter-symbolinterferenceencounteredduringhigh-speedtransmissions,andit read-
ily supportspartial-bandandmulti-toneinterferencesuppression.Moreover, the multiuser
interferencecanbesuppressedby usingmultiuserdetectiontechniques[73], potentiallyap-
proachingthesingle-userperformance.

AdvancedTechnologies– The FH/MC DS-CDMA systemcanefficiently amalgamatethe
techniquesof FH, OFDM and DS-CDMA. Simultaneously, a variety of performanceen-
hancementtechniques,suchas multiuser detection[83], turbo coding [84], adaptive an-
tennas[85], space-timecodingandtransmitterdiversity [86], near-instantaneouslyadaptive
modulation[74], etc,mightbeintroduced.
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Flexibility – Thefuturegenerationbroadbandmobilewirelesssystemswill aim to supporta
wide rangeof servicesandbit rates.The transmissionratesmay vary from voice andlow-
ratemessagesto veryhigh-ratemultimediaservicesrequiringratesin excessof 100Mb/s[60].
The communicationsenvironmentsvary in termsof their gradeof mobility, the cellular in-
frastructure,therequiredsymmetricandasymmetrictransmissioncapacity, andwhetherin-
door, outdoor, urbanor rural areapropagationscenariosareencountered,etc.Henceflexible
air interfacesare required,which are capableof maximizing the areaspectrumefficiency
expressedin termsof bits/s/Hz/km� in a variety of communicationenvironments. Future
systemsarealsoexpectedto supportvarioustypesof servicesbasedon ATM andIP, which
requirevariousQualityof Service(QoS).As arguedbefore,FH/MC DS-CDMA systemsex-
hibit ahighgradeof compatibilitywith existingsystems.Thesesystemsalsobenefitfrom the
employmentof FH, MC andDSspreadingbaseddiversityassistedadaptivemodulation[80].
In short,FH/MC DS-CDMA systemsconstituteahigh-flexibility air interface.

1.6 AdaptiveRateTransmission

1.6.1 Why AdaptiveRateTransmission?

Therearea rangeof issues,which motivate the applicationof adaptive rate transmissions
(ART) in thebroadbandmobilewirelesscommunicationsystemsof thenearfuture. Theex-
plosivegrowth of theInternetandthecontinueddramaticincreasein demandfor all typesof
wirelessservicesarefueling thedemandfor increasingtheusercapacity, dataratesandthe
varietyof servicessupported.Typical low-data-rateapplicationsincludeaudioconferencing,
voicemail, messaging,email, facsimile,andsoon. Medium- to high-data-rateapplications
encompassfile transfer, Internetaccess,high-speedpacket-andcircuit-basednetwork access
aswell ashigh-qualityvideoconferencing.Furthermore,thebroadbandwirelesssystemsin
thefuturearealsoexpectedto supportreal-timemultimediaservices,which provide concur-
rentvideo,audioanddataservicesto supportadvancedinteractiveapplications.Hence,in the
futuregenerationmobilewirelesscommunicationsystems,awiderangeof informationrates
mustbe provided, in orderto supportdifferentservices,which demanddifferentdatarates
anddifferentQoS.In short,animportantmotivationfor usingART is to supporta varietyof
services,which we referto asservice-motivatedART (S-ART). However, thereis a rangeof
othermotivatingfactors,whichareaddressedbelow.

The performanceof wirelesssystemsis affectedby a numberof propagation phenom-
ena:1) path-lossvariationversusdistance;2) randomslow shadowing; 3) randommultipath
fading;4) Inter-SymbolInterference(ISI), co-channelinterferenceaswell asmultiuserinter-
ference;and5) backgroundnoise. For example,mobile radio links typically exhibit severe
multipathfading,which leadsto seriousdegradationin thelink’ssignal-to-noiseratio (SNR)
andconsequentlyto a higherbit error rate(BER). Fadingcompensationtechniquessuchas
an increasedlink budgetmargin or interleaving with channelcodingaretypically required
to improve the link’s performance.However, today’s cellular systemsaredesignedfor the
worst-casechannelconditions,typically achieving adequatevoice quality over 90-95%of
thecoverageareafor voiceusers,wherethesignalto interferenceplusnoiseratio (SINR) is
above thedesignedtarget[74]. Consequently, thesystemsdesignedfor theworst-casechan-
nelconditionsresultin poorexploitationof theavailablechannelcapacityagoodpercentage
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of time. Adaptingthetransmitter’scertainparametersto thetime-varyingchannelconditions
leadsto betterexploitation of the channelcapacityavailable. This ultimately increasesthe
areaspectralefficiency expressedin termsof b/s/Hz/km� . Hence,thesecondreasonfor the
applicationof ART is constitutedby thetime-varyingnatureof thechannel,which we refer
to aschannelqualitymotivatedART (C-ART).

1.6.2 What Is AdaptiveRateTransmission?

Broadlyspeaking,ART in mobilewirelesscommunicationsimpliesthatthetransmissionrate
atboththebasestationsandthemobileterminalscanbeadaptively adjustedaccordingto the
instantaneousoperationalconditions,includingthecommunicationenvironmentandservice
requirements.With the expectedemploymentof SDR-basedwirelesssystems,the concept
of ART might alsobe extendedto adaptively controlling the multiple accessschemes- in-
cluding FDMA, TDMA, narrow-bandCDMA, W-CDMA andOFDM - aswell asthe sup-
portingnetwork structures- suchasLocal AreaNetworksandWide AreaNetworks. In this
chapteronly C-ART andS-ART areconcernedin the context of the proposedFH/MC DS-
CDMA scheme.Employing ART in responseto differentservicerequestsindicatesthat the
transmissionrateof thebasestationandthemobilestationcanbeadaptedaccordingto the
requirementsof the servicesconcerned,aswell asto meettheir differentQoStargets. By
contrast,employing ART in responseto the time-varyingchannelquality implies that for a
givenservicesupported,thetransmissionrateof thebasestationandthatof themobilesta-
tion canbeadaptively controlledin responseto their near-instantaneouschannelconditions.
The main philosophy behindC-ART is the real-timebalancingof the link budgetthrough
adaptive variationof the symbol rate,modulationconstellationsizeand format, spreading
factor, coding rate/scheme,etc, or in fact any combinationof theseparameters.Thus,by
takingadvantageof the time-varyingnatureof thewirelesschannelandinterferencecondi-
tions,theC-ART schemescanprovide a significantlyhigheraveragespectralefficiency than
their fixed-modecounterparts.This takesplacewithout wastingpower, without increasing
theco-channelinterference,or without increasingtheBER.Weachieve thesedesirableprop-
ertiesby transmittingat high speedsunderfavorableinterference/channelconditionsandby
respondingto degradinginterferenceand/orchannelconditionsthrougha smoothreduction
of the associateddatathroughput. Proceduresthat exploit the time-varying natureof the
mobilechannelarealreadyin placefor all themajorcellular standardsworldwide [74], in-
cluding IS-95CDMA , cdma2000andUMTS W-CDMA [81], IS-136TDMA, the General
Packet RadioServiceof GSM andin theEnhancedDataratesfor GlobalEvolution (EDGE)
schemes.Therudimentaryportrayalof a rangeof existing andfutureART schemesis given
below. Notethata systemmayemploy a combinationof severalART schemeslistedbelow,
in orderto achievethedesireddatarate,BERor thehighestpossibleareaspectrumefficiency.

� Multiple SpreadingCodes– In termsof S-ART, higherrateservicescanbesupported
in CDMA basedsystemsby assigninganumberof codes.For example,in IS-95Beach
high-speedusercanbe assignedoneto eight Walshcodes,eachof which supportsa
datarateof 9.6kb/s. By contrast,multiple codescannotbe employed in the context
of C-ART in orderto compensatefor channelfading,path-lossandshadowing, unless
they convey the sameinformation and achieve certain diversity gain. However, if
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the co-channelinterferenceis low - which usually implies in CDMA basedsystems
that thenumberof simultaneouslytransmittingusersis low - thenmultiple codescan
betransmittedby anactive user, in orderto increasetheuser’s transmissionrate.

� Variable SpreadingFactors – In thecontext of S-ART higherrateservicesaresup-
portedby using lower spreadingfactorswithout increasingthe bandwidthrequired.
For example,in UMTS W-CDMA [58] thespreadingfactorsof 4/8/16/32/64/128/256
maybeinvokedto achievethecorrespondingdataratesof 1024/512/256/128/64/32/16
kb/s. In termsof C-ART, whentheSINR experiencedis increased,reducedspreading
factorsareassignedto usersfor thesakeof achieving higherdatarates.

� Variable RateFEC Codes– In aS-ART scenariohigherrateservicescanbesupported
by assigninglesspowerful, higherrateFECcodesassociatedwith reducedredundancy.
In aC-ART scenario,whentheSINRimproves,ahigher-rateFECcodeassociatedwith
reducedredundancy is assigned,in aneffort to achieve ahigherdatarate.

� Differ ent FEC Schemes– Therangeof codingschemesmightentaildifferentclasses
of FECcodes,codestructures,encoding/decodingschemes,puncturingpatterns,inter-
leaving depthsandpatterns,andsoon. In thecontext of S-ART, higherrateservices
canbe supportedby codingschemeshaving a highercodingrate. In the context of
C-ART, usuallyan appropriatecodingschemeis selected,in order to maximizethe
spectrumefficiency. The FEC schemesconcernedmay entail block or convolutional
codes,block or convolutional constituentcodebasedturbocodes,trellis codes,turbo
trellis codes,etc. The implementationalcomplexity anderrorcorrectioncapabilityof
thesecodescanbevariedasa functionof thecodingrate,codeconstraintlength,the
numberof turbodecodingiterations,thepuncturingpattern,etc.A ruleof thumbis that
thecodingrateis increasedtowardsunity, asthechannelquality improves,in orderto
increasethesystem’seffective throughput.

� Variable ConstellationSize– In S-ART schemeshigherrateservicescanbesupported
by transmittingsymbolshaving higherconstellationsizes. For example,an adaptive
modemmay employ BPSK,QPSK,16QAM and64QAM constellations[80], which
correspondsto 1, 2, 4 and6 bits per symbol. The highestdatarateprovided by the
64QAM constellationis a factorsix higherthanthatprovidedby employing theBPSK
constellation.In C-ART scenarios,whentheSINR increases,a highernumberof bits
per symbolassociatedwith a higherorderconstellationis transmittedfor increasing
thesystem’s throughput.

� Multiple Time Slots– In aS-ART scenariohigherrateservicescanalsobesupported
by assigninga correspondingnumberof time slots. A multiple time slot basedadap-
tive rateschemeis usedin GPRS-136(1-3 time slots/20ms)andin EnhancedGPRS
(EGPRS)(1-8 time slots/4.615GSMframe) in order to achieve increaseddatarates.
In thecontext of C-ART, multiple time slotsassociatedwith interleaving or frequency



1.6. ADAPTIVE RATE TRANSMISSION 23

hoppingcanbe implementedfor achieving time diversity gain. Hence,C-ART can
besupportedby assigninga high numberof time slotsfor thecompensationof severe
channelfadingat thecostof toleratinga low datathroughput.By contrast,assigninga
low numberof time slotsover benignnon-fadingchannelsallows usto achieve a high
throughput.

� Multiple Bands – In the context of S-ART higher rate servicescan also be sup-
portedby assigninga higher numberof frequency bands. For example, in UMTS
W-CDMA [58] two 5 MHz bandsmay be assignedto a user, in orderto supportthe
highestdatarateof 2 Mb/s ( �x�zy 1024kb/s),which is obtainedby usinga spreading
factorof 4 on eachsub-bandsignal. In the context of C-ART associatedwith multi-
plebands,frequency-hoppingassociatedwith time-variantredundancy and/orvariable
rateFECcodingschemes,or frequency diversitytechniquesmightbeinvoked,in order
to increasethe spectrumefficiency of the system. For example,in C-ART schemes
associatedwith double-bandassistedfrequency diversity, if thechannelquality is low,
thesamesignalcanbetransmittedin two frequency bandsfor thesake of maintaining
a diversityorderof two. However, if thechannelquality is sufficiently high, two inde-
pendentstreamsof informationcanbetransmittedin thesebandsandconsequentlythe
throughputcanbedoubled.

� Multiple Transmit Antennas– Employing multipletransmitantennasbasedonspace-
time coding[86] is a novel methodof communicatingover wirelesschannels,which
wasalsoadaptedfor usein the3rd-generationmobilewirelesssystems.ART canalso
beimplementedusingmultiple transmitantennasassociatedwith differentspace-time
codes.In S-ART schemeshigherrateservicescanbe supportedby a highernumber
of transmitantennasassociatedwith appropriatespace-timecodes.In termsof C-ART
schemes,multipletransmitantennascanbeinvokedfor achieving ahighdiversitygain.
Therefore,whenthechannelqualityexpressedin termsof theSINRis sufficiently high,
thediversitygain canbedecreased.Consequently, two or moresymbolscanbetrans-
mitted in eachsignalling interval and eachstreamis transmittedby only a fraction
of the transmitantennasassociatedwith theappropriatespace-timecodes.Hencethe
throughputis increased.However, whenthe channelquality is poor, all the transmit
antennascanbeinvokedfor transmittingonestreamof data,henceachieving thehigh-
estpossibletransmitdiversitygainof thesystem,while decreasingthethroughput.

Above we have summarizedthe philosophy of a numberof ART schemes,which can
beemployed in wirelesscommunicationsystems.A S-ART schemerequiresa certainlevel
of transmittedpower, in order to achieve the requiredQoS.Specifically, a relatively high
transmittedpower is necessitatedfor supportinghigh-datarateservices,anda relatively low
transmittedpower is requiredfor offering low-datarateservices.Hence,a side-effect of a
S-ART schemesupportinghighdatarateservicesis theconcomitantreductionof thenumber
of userssupporteddueto the increasedinterferenceor/andincreasedbandwidth. By con-
trast,a cardinalrequirementof a C-ART schemeis the accuratechannelquality estimation
or predictionat thereceiver aswell astheprovision of a reliableside-informationfeedback
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betweenthe channelquality estimatoror predictorof the receiver andthe remotetransmit-
ter [75,77], wherethe modulation/codingmoderequestedby the receiver is activated. The
parameterscapableof reflectingthe channelquality may includeBER, SINR, transmission
frameerrorrate,receivedpower, pathloss,AutomaticRepeatRequest(ARQ) status,etc. A
C-ART schemetypically operatesundertheconstraintof constanttransmitpower andcon-
stantbandwidth. Hence,without wastingpower andbandwidth,or without increasingthe
co-channelinterferencecompromisingthe BER performance,C-ART schemesarecapable
of providing a significantlyincreasedaveragespectralefficiency by takingadvantageof the
time-varyingnatureof thewirelesschannel,whencomparedto fixed-modetransmissions.

1.6.3 AdaptiveRateTransmissionin FH/MC DS-CDMA System

Above we have discusseda rangeof ART schemes,which werecontrolledby theprevalent
servicerequirementsandthechannelquality. Futurebroadbandmobilewirelesssystemsare
expectedto provide a wide rangeof servicescharacterizedby highly different datarates,
while achieving thehighestpossiblespectrumefficiency. TheproposedFH/MC DS-CDMA
basedbroadbandmobilewirelesssystemconstitutesanattractivecandidatesystem,sinceit is
capableof efficiently utilizing theavailablefrequency resources,aswediscussedpreviously,
andsimultaneouslyachieving ahighgradeof flexibility by employing ART techniques.More
explicitly, theFH/MC DS-CDMA systemcanprovide a wide rangeof dataratesby combin-
ing the variousART schemesdiscussedabove. At the sametime, for any given service,
theFH/MC DS-CDMA systemmay alsoinvoke a rangeof adaptationschemes,in orderto
achieve thehighestpossiblespectrumefficiency in variouspropagationenvironments,such
asindoor, outdoor, urban,ruralscenariosat low to highspeeds.Again,thesystemis expected
to supportdifferentservicesat a varietyof QoS,includingvoicemail, messaging,email,file
transfer, Internetaccess,high-speedpacket-andcircuit-basednetwork access,real-timemul-
timediaservices,andsoon. As anexample,a channel-qualitymotivatedburst-by-burstART
assistedFH/MC DS-CDMA systemis shown in Fig. 1.5,wherewe assumethat thenumber
of subcarriersis three,the bandwidthof eachsubchannelis 5 MHz andthe channelqual-
ity metric is theSINR. In responseto theSINR experienced,thetransmittermaytransmita
frameof symbolsselectedfrom thesetof BPSK,QPSK,16QAM or 64QAM constellations,
or simply curtail transmittinginformation,if theSINR is too low.

1.7 SoftwareDefinedRadio AssistedFH/MC DS-CDMA

Therangeof existing wirelesscommunicationsystemsis shown in Fig.1.6.Differentlegacy
systemswill continueto coexist, unlessITU - by somemiracle- succeedsin harmonizingall
theforthcomingstandardsundera joint framework, while at thesametimeensuringcompati-
bility with theexistingstandards.In theabsenceof the‘perfect’ standard,theonly solutionis
employing multiband,multimode,multi-standardtransceiversbasedon theconceptof Soft-
wareDefinedRadios(SDR)[1–3].

In SDRsthe digitization of the received signal is performedat somestagedownstream
from the antenna,typically after widebandfiltering, low-noise amplification, and down-
conversionto a lower frequency. The reverseprocessesare invoked by the transmitter. In
contrastto mostwirelesscommunicationsystemswhich employ Digital SignalProcessing



1.7. SOFTWARE DEFINED RADIO ASSISTED FH/MC DS-CDMA 25

64QAM

QPSK
BPSK

0

Frequency 
(MHz)

A frame

Subcarrier 1

Subcarrier 2

Subcarrier 3

16QAM16QAM

10

15

5
Time

BPSK
QPSK
16QAM
64QAM

No info.

SINR

Figure1.5: A framestructureof burst-by-burst adaptive modulationin multicarrierDS-CDMA sys-
tems.

(DSP)only atbaseband,SDRsareexpectedto implementtheDSPfunctionsatanintermedi-
atefrequency (IF) band.A SDRdefinesall aspectsof theair interface,includingRFchannel
accessandwaveformsynthesisin software.In SDRswide-bandanalog-to-digitalanddigital-
to-analogconverters(ADC andDAC) transformeachRF servicebandfrom digital andana-
logueformsat IF. Thewidebanddigitizedreceiver streamof bandwidth{|g accommodates
all subscriberchannels,eachof whichhasabandwidthof {|}DMF{|}~&�&S{|g+P . Thanksto using
programmableDSPchipsatboththeintermediatefrequency aswell asatbaseband,SDRsare
sufficiently to efficiently supportmultibandandmulti-standardcommunications.A SDRem-
ploysoneor morereconfigurableprocessorsembeddedin areal-timemultiprocessingfabric,
permittingflexible reprogrammingandreconfigurationusingsoftwaredownloadedfor exam-
ple with theaid of a signallingchannelfrom thebase-station.Hence,SDRsoffer anelegant
solutionto accommodatingvariousmodulationformats,codingandradio accessschemes.
They alsohave thepotentialof reducingthecostof introducingnew technologysuperseding
legacy systems,andareamenableto futuresoftwareupgrades,potentiallysupportingsophis-
ticatedfuturesignalprocessingfunctionssuchasarrayprocessing,multi-userdetectionand
asyetunknown codingtechniques.

FH/MC DS-CDMA systemswill bedesigned,in orderto provide themaximumgradeof
compatibility with the existing CDMA basedsystems,suchasIS-95 andW-CDMA based
systems.For example,the frequency bandsof the IS-95 CDMA systemin North America
are824-849MHz (uplink) and869-894MHz (downlink), respectively. The corresponding
frequency bandsfor the UMTS-FDD widebandCDMA systemare 1850-1910MHz (up-
link) and1930-1990MHz (downlink) in NorthAmerica,while 1920-1980MHz (uplink) and
2110-2170MHz (downlink) in Europe.In orderto ensurecompatibilitywith thesesystems,
the proposedFH/MC DS-CDMA system’s spectrumcanbe assignedaccordingto Fig.1.7.
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Figure1.6: SoftwaredefinedradioassistedFH/MC DS-CDMA andits re-configurationmodes.

Specially, in thefrequency bandof IS-95,39 orthogonalsubcarriersareassigned,eachhav-
ing a bandwidthof 1.25MHz, while in the frequency bandof UMTS-FDD W-CDMA, 23
orthogonalsubcarriersareallocated,eachwith abandwidthof 5 MHz. Themulticarriermod-
ulationusedin theFH/MC DS-CDMA systemobeying theabovespectrumallocationcanbe
readilyimplementedusingtwo IFFT sub-systemsatthetransmitterandtwo FFTsub-systems
at thereceiver, wherea pair of IFFT-FFT sub-systemscarriesout modulation/demodulation
in theIS-95band,while anotherpair of IFFT-FFT sub-systemstransmitsandreceivesin the
UMTS-FDDband.If thechip ratefor the1.25MHz bandwidthsubcarriersis 1.2288Mchips
per second(cps)andfor the 5 MHz bandwidthsubcarriersis 3.84Mcps, thenthe FH/MC
DS-CDMA systemwill becompatiblewith both the IS-95andtheUMTS-FDD W-CDMA
systems.

However, the terminalsof future broadbandmobile wirelesssystemsare expectednot
only to supportmultimodeandmulti-standardcommunications,but alsoto possessthehigh-
estpossiblegradeof flexibility , while achieving ahighspectrumefficiency. Hence,thesesys-
temsareexpectedto becapableof softwarere-configurationbothbetweendifferentstandards
aswell aswithin a specificstandard.In contrastto re-configurationbetweendifferentstan-
dardsinvoked,mainly for thesakeof compatibility, theobjectiveof re-configurationwithin a
specificstandardis to supportavarietyof servicesat thehighestpossiblespectrumefficiency.
TheSDRassistedbroadbandFH/MC DS-CDMA systemis operatedunderthecontrolof the
softwarere-configurationunit shown in Fig.1.6. The setof reconfiguredparametersof the
broadbandFH/MC DS-CDMA systemmayinclude:
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Figure1.7: Exhibition of spectrumcompatibility of the broadbandFH/MC DS-CDMA systemwith
IS-95andUMTS-FDD widebandCDMA systems.

� Services: Datarate,QoS,real-timeornon-real-timetransmission,encryption/decryption
schemesandparameters;

� Err or Control: CRC,FECcodes,coding/decodingschemes,codingrate,numberof
turbodecodingsteps,interleaving depthandpattern;

� Modulation : Modulationschemes,signalconstellation,partialresponsefiltering;

� PN Sequence: Spreadingsequences(codes),chip rate,chip waveform,spreadingfac-
tor, PNacquisitionandtrackingschemes;

� FrequencyHopping: FH schemes(slow, fast, random,uniform and adaptive), FH
patterns,weightof constant-weightcodes;

� Detection: Detectionschemes(coherentor non-coherent,etc.) andalgorithms(max-
imum likelihood sequencedetection(MLSD) or minimum meansquareestimation
(MMSE), etc.),parametersassociatedwith space/timeaswell asfrequency diversity,
beam-forming,diversity combiningschemes,equalizationschemesaswell asthe re-
latedparameters(suchasthenumberof turboequalizationiterations,etc.)andchannel
qualityestimationalgorithms,parameters;

� Others: Subchannelbandwidth,power controlparameters.

In the context of different standards- in addition to the parameterslisted above - the
transceiver parametersthatmustbere-configurablehave to includetheclock rate,theradio
frequency (RF) bandsandair interfacemodes.
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1.8 Chapter Summary and Conclusions

We have presenteda flexible broadbandmobile wirelesscommunicationsystembasedon
FH/MC DS-CDMA and reviewed a variety of existing as well as a rangeof forthcoming
techniques,which might berequiredfor developingbroadbandmobilewirelesssystemsex-
hibiting ahighflexibility andhighcommunicationsefficiency. Wearguedthatthisbroadband
FH/MC DS-CDMA systemexhibits a high gradeof compatibilitywith theexisting CDMA
basedsystems,sinceit is capableof incorporatinga wide rangeof techniquesdevelopedfor
the 2nd- and3rd-generationmobile systems.At the time of writing researchis well under
way towardsthe SDR-basedimplementationof a rangeof existing systems.It is expected
that theseefforts will soonencompassa genericschemenot too differentfrom the FH/MC
DS-CDMA schemeadvocatedhere.Therestof this monographwill provide anoverview of
variouscommunicationstechniques,whichmaybeaccommodatedby thesystemframework
introducedin thisPrologue.
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Chapter 2
CDMA Overview

2.1 Intr oduction to CodeDivision Multiple Access

Spreadspectrumcommunicationshave long beenusedin military systems [87]. The dis-
tinguishingfeatureof spreadspectrumcommunicationsis that the transmissionbandwidth
is significantlyhigher than that requiredby the information rate, resultingin the “spread”
terminology. Typically, a pseudo-randomcodeis usedto ‘spread’the informationsignalto
theallocatedfrequency bandwidth.

Multiple accesssystemsdesignedfor mobile communicationshave traditionally em-
ployedTime Division Multiple Access(TDMA) [81] andFrequency Division Multiple Ac-
cess(FDMA) [81] techniques.In FDMA, the allocatedspectrumis divided into frequency
slots,while in TDMA thetime-domaintransmissionframeis periodicallydivided into time
slots. Thuseachuseraccessesits own slot in eitherthe time-domainor frequency-domain
andhencethey are thusorthogonalto eachothereither in time or frequency, respectively.
from QualcommInc. wasoneof the first to proposeusingCodeDivision Multiple Access
(CDMA) [88] for civilian mobilecommunications,whicheventuallyled to theNorthAmeri-
canIS-95standard[89,90]. CDMA is a multiple accesstechniquethatallows multiple users
to transmitindependentinformationwithin the samebandwidthsimultaneously. Eachuser
is assigneda pseudo-randomcodethatis eitherorthogonalto thecodesof all theotherusers
or thecodepossessesappropriatecross-correlationpropertiesthatminimizethemultiple ac-
cessinterference(MAI). This codeis superimposedon the informationsignal,makingthe
signalappearnoise-like to all the otherusers. Only the intendedreceiver hasa replicaof
thesamecodeandusesit to extract the informationsignal. This thenallows thesharingof
thesamespectrumby multipleuserswithoutcausingexcessiveMAI. It alsoensuresmessage
privacy, sinceonly theintendeduseris ableto “decode”thesignal.This codeis alsoknown
asa spreadingcode,sinceit spreadsthe bandwidthof the original datasignal into a much
higherbandwidthbeforetransmission.ThereforethetermSpreadSpectrumMultiple Access
(SSMA) is alsousedinterchangeablywith the termCDMA. Theseaspectsareexplainedin
furtherdetail laterin this chapter.

Figure2.1 shows a classificationtreeof thevarioustypesof CDMA techniques.These
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Figure2.1: Classificationof CDMA schemesaccordingto themodulationmethodusedto obtainthe
spreadspectrumsignal

techniquesdiffer from eachother in the way that the informationsignal is transformedto
produceahigh-bandwidthspreadsignal.In DirectSequenceCDMA (DS-CDMA),apseudo-
randomsequencehaving a higherbandwidththantheinformationsignalis usedto modulate
theinformationsignaldirectly. Theresultantsignalhasasignificantlyhigherbandwidththan
theoriginalsignal.In Frequency HoppingCDMA (FH-CDMA), thetransmissionbandwidth
is divided into frequency sub-bands,wherethe bandwidthof eachsub-bandis equalto the
bandwidthof the informationsignal. A pseudo-randomcodeis thenusedto selectthesub-
band,in which the informationsignalis transmittedandthis sub-bandchangesperiodically
accordingto thecode.Therearetwo sub-categoriesof FH-CDMA, namelySlow Frequency
Hopping(SFH) [91] andFastFrequency Hopping(FFH) [91]. In FFH, the frequency sub-
bandusedto transmitonebit of informationis changedmultipletimeswithin thebit-duration,
while in SFH,thesub-bandis changedonly aftermultiple bits have beentransmitted.Time
HoppingCDMA (TH-CDMA) [91] transmitsthe informationsignal in shortbursts. These
shortburstsrenderthe transmissionbandwidthhigh. Thestartof eachburst for oneuseris
determinedby a pseudo-randomcode. Hybrid CDMA [91] encompassesa groupof tech-
niquesthat combinetwo or moreof the other techniquesalreadydescribed.Oneof these
hybrid techniquesis known as Multi-Carrier CDMA (MC-CDMA) [91]. Thereare many
variationsof this technique,which were summarized,for example,by [79,91], but their
commoncharacteristicis thata spreadingcodeis usedto spreada user’s signaleitherin the
timeor frequency domain,andthatmorethanonecarrierfrequency is usedfor transmission.
This thesisdiscussesDS-CDMA only. For moredetailedinformationon theothermultiple
accessschemes,thereaderis referredto theexcellentmonographsby [88], [91], and [92],
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aswell asand [93].
CDMA as a multiple accessschemehasadvantagesand disadvantagesover the more

traditionally employed FDMA andTDMA. [94] hasprovided an insightful comparisonof
CDMA, FDMA andTDMA. If all threemultiple accessschemesarecomparedunderthe
hypotheticalconditionsof a Gaussianchannelandall the usersareperfectlyorthogonalto
eachother, thenall threeschemesareequivalentwith respectto Shannon’s channelcapacity
[95]. However, mobilecommunicationsareusuallyconductedover radiochannelsthatare

morehostilethanthe ideal Gaussianchannelandtheseradio channelsleadto performance
differencesamongstthethreemultipleaccessschemes.In comparisonto FDMA andTDMA
systems,CDMA systemssuffer moreseveremultiple accessinterference(MAI) dueto the
oftenimperfectcross-correlationpropertiesof thespreadingcodesused.Theusersignalsin
FDMA andTDMA areinherentlyorthogonalto eachotherdueto theorthogonalfrequency
andtimeslotsused.However, FDMA andTDMA areprimarily dependentontheavailability
of bandwidth,which is a costlyresource,andthecapacitiesof boththeseschemesarethere-
fore bandwidth-limited.CDMA, on the otherhandis only interference-limited.In second
generationCDMA systems,specifically, in the QualcommIS-95 CDMA standard[11,88],
the multiple accessinterference(MAI) is treatedasnoise. We note,however that uponex-
ploiting theextra knowledgeof theusers’spreadingsequencesandtheir associatedchannel
impulseresponses(CIR) the MAI canbe substantiallyreduced,resultingin corresponding
usercapacitygains.

Oneof theeffectsof themobile radiochannelis dispersive multipathpropagation. This
is due to the reflectionsandscatteringof the signalby objectspresentin the propagation
environment. The multipathchanneldestroys the orthogonalitybetweenspreadingcodes,
thusfurther increasingthe cross-correlationbetweenthe users.The multipathspreadingof
thesignalresultsin inter-symbolinterference(ISI), whichseverelydegradestheperformance
of thesystem.However, anadvantageof CDMA schemesis that themultipathpropagation
canbeexploitedto givemultipathdiversitygains.With theaidof multipathreceivers,namely
RAKE receivers [96,97], thecorrelationpropertiesof thespreadingcodescanbeexploited
and the energy from the different pathscan be coherentlycombined,in order to provide
a multipath diversity gain. A detrimentaleffect of the mobile channelis its time-varying
property, more commonlyknown as fading. This time-varying propertyis causedby the
movementsof mobilestationsandotherobjectsin thepropagationenvironment.This results
in the received signalhaving a large varianceaboutits mean,again resultingin a degraded
performance.Theseeffectswill beexplainedin moredetail in our furtherdiscussions.Other
advantagesof CDMA includethe privilege of privacy throughthe useof uniquespreading
codesfor differentusersanddiversitytechniquesto combatmultipathfading[98,99]. Some
of thesediversity techniquesincludemultipathdiversity combining[100], cell-siteantenna
diversity combining[100] and“soft-handoff ” combining,wheresignalsfrom two or more
cell sitesarecombined[100]. Anotheradvantageof CDMA is thatit is well suitedto support
variablebit rate transmissionand dataratescan be chosenindividually for eachuser, as
proposedfor exampleby Baier[101]; and [102]; and [103]. Furtherdiscussionsonvariable
bit rateandadaptive-ratetransmissionsareprovidedin Chapter4.

A disadvantageof CDMA is thatmultipleaccessinterference(MAI) is themainlimiting
factorimposedby the cross-correlationbetweenspreadingcodes.Additionally, even when
the spreadingcodesare designedto be perfectly orthogonal,the widebandmobile chan-
nel destroys this orthogonalitybetweenthe codes. Traditionally, powerful error-correcting
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Figure2.2: Block diagramof a simpleasynchronousDS-CDMA systemin a noiselesschannel.The
signalsfrom all the § usersarrive at the receiver with differentpropagation delays,̈

�
.

Only thereceiver for user1 is shown. Thedespreadinganddemodulationprocessesshown
in thefigureassumeperfectsynchronization.

codes[104] areusedto overcomethisproblem.Otherinterferencereductiontechniquesused
in CDMA arevoiceactivity-basedbit ratecontrol[98,99] andcell-sitesectorization[98,99].
CurrentresearchonCDMA receiversincludesmultiuserdetection[83] thatexploitstheavail-
able informationaboutthe spreadingsequencesandCIR estimates,in order to reducethe
MAI. An introductionto the basicprinciplesof thesereceiverswasgiven, for exampleby
[91] and [83]. Multiuser receiversaredealtwith in Chapters3 to 5. Furthermore,dueto

thetime-varyingnatureof themobileradiochannel,thepowersof thereceivedsignalsvary
widely amongtheusers.This resultsin thephenomenoncommonlytermedasthe“near-far”
effect, wherethe strongersignals“swamp” the weaker signals. Therefore,stringentpower
control [98] is requiredto ensurethat the signalsfrom all the differentusersarrive at the
receiverwith relatively similar strengths.

Following theabove brief introductionto CDMA, let usnow considerthebasicsof this
multipleaccesstechniqueandthefoundationsof conventionalDS-CDMA receiversin alittle
moredepth.
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2.2 DS-CDMA transmissionmodel

This sectionexplainsthebasicprinciplesof operationin a DS-CDMA scheme.For a more
detaileddiscussion,thereaderis referredto themonographsby [88], [91], and [92] aswell
asand [93]. The block diagramof a simpleasynchronousCDMA modemin a noiseless
channelis shown in Figure2.2. This systemsupports© users,eachtransmittingits own
information. Theusersareidentifiedby ª¬«®°¯�±w¯�²�²!²"¯�© . Themodulationschemeusedis
BinaryPhaseShift Keying (BPSK).Eachuser’sdatasignalis denotedby ³°´�µ·¶D¸ andeachuser
is assigneda uniquepseudo-randomcodealsoknown asa spreadingcodedenotedby ¹�´�µ·¶D¸ .
Therearetwo classesof spreadingcodesin general,binaryandcomplex. For simplicity, the
following discussionconsidersonly binarycodes.Eachspreadingcodeconsistsof º pulses,
commonlyknown aschips.Spreadingcodesarediscussedin moredetail in Section2.6.

In thisdiscussion,thewantedsignalis thesignalof user ª»«S andall theother µI©®¼½u¸
signalsareconsideredto beinterferingsignals.

2.3 DS-CDMA transmitter

At the transmitterof user ª , eachdatabit of user ª is first multiplied by thespreadingcode¹�´�µ¾¶D¸ . This causesthe spectrumof the informationsignalto be spreadacrossthe allocated
bandwidth.Next, thesignalis modulatedonto its carrierbeforeit is transmitted.Thetrans-
mittedsignalis givenby :

¿ ´�µ·¶D¸À«TÁÂ³°´�µ·¶D¸I¹�´wµ¾¶D¸�Ã!ÄuÅ�µ·ÆÀÇI¶D¸F¯ (2.1)

whereÆÀÇ is thecarrierfrequency in rad/secand Á is theamplitudeof thecarriersignal.Let
usnow considertherecovery of theDS-CDMA signalat thereceiver.

2.4 DS-CDMA receiver

At the receiver, the compositeof all the © usersignalsis received,consistingof the trans-
mittedsignalfrom user1 andtheother µF©È¼x+¸ interferingsignals.Ignoring thenoise,the
receivedsignalis givenby :

É µ¾¶D¸Ê«
Ë
´\Ì%Í

¿ ´�µ·¶Ê¼ÏÎ�´�¸F¯ (2.2)

whereÎ�´ is thepropagationdelayfrom thetransmitterto thereceiver of the ª -th user. Let us
now concentrateon therecovery of theinformationsignal.
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Figure2.3: Thepower spectraldensity(PSD)plot of a despreadsignalin thepresenceof interfering
users,normalizedto the total power in the signal. The received signal consistsof the
superpositionof thesignalsfrom morethanoneuser. ThePSDvaluesarenormalizedto
thePSDvalueat frequency 0. Thedespreadsignalhasa bandwidthof approximatelyÐ°Ñ�Ò
comparedto theothersignals,which remainspreadandhave bandwidthsof Ð�Ñ�Ò � , whereÒ � is thedurationof onechip in thespreadingsequence.Theratioof ÒÓÑ�Ò � is 128.

2.4.1 Recovery of the information signal

Let usfirst considerthesimplestcase,where ©(«S , yielding :

É µ·¶D¸Ô« ¿ Í!µ¾¶Ê¼ÏÎÕÍ�¸ (2.3)

« ÁÂ³ÕÍ�µ·¶Ê¼ÏÎ�Í!¸F¹!Í!µ¾¶Ê¼ÏÎÕÍ�¸°Ã�ÄuÅ�µ·ÆÀÇI¶%ÖØ×�ÙI¸I¯ (2.4)

wherethepropagationdelay-inducedcarriershift is givenby × Ù «x¼%ÆÀÇIÎÕÍ .
In orderto recover theoriginal informationof user1, thereceivedsignalis despreadby

multiplying thereceivedsignalwith a synchronizedreplicaof thespreadingcodeof user1,
asfollows :

Ú¿ Í!µ·¶D¸Ô« É µ¾¶D¸F¹!Í!µ·¶Ê¼ÏÎwÙI¸ (2.5)

« ÁÂ³ÕÍ�µ·¶Ê¼ÏÎ�Í!¸F¹!Í!µ¾¶Ê¼ÏÎÕÍ�¸F¹!Í!µ·¶Ê¼|Î�ÙI¸�Ã!Ä+Å°µ·ÆÀÇI¶ÛÖÜ×�ÙÝ¸F¯ (2.6)

whereÎ Ù is thedelayestimate.This despreadsthespreadsignalof user1 backto its original
bandwidth,asillustratedin Figure2.3.

In orderto demodulatethesignal,it is thenmultipliedby thecarrierandpassedthrougha
correlatorfollowedby athresholdingdevice,asdemonstratedin Figure2.2.At thecorrelator
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output,we thenhave :

Þ ÍÓ«
ßFàâá�ã
ßFà Ú¿ Í!µ·¶D¸�Ã�ÄuÅ°µ¾ÆÀÇF¶ÛÖÜ×4Ù-ÖÜäÊ¸F³�¶�¯ (2.7)

where¶DÍ is thetime of commencementfor thedatabit,
¤

is theperiodof onedatabit and ä
is thephasesynchronizationerror.

If we assumethat the replicaof thespreadingcodeat the receiver is perfectlysynchro-
nizedto the codeusedto spreadthe signalat the transmitter, then Î�Íå«æÎ Ù andwe cansetÎ�ÍÓ« ¥ , yielding :

Ú¿ Í!µ·¶D¸À«TÁÂ³ÕÍ!µ¾¶D¸F¹Fç Í µ·¶D¸�Ã�ÄuÅ�µ·ÆÀÇF¶D¸I² (2.8)

SubstitutingEquation2.8 into Equation2.7andassumingthatthereis nophasesynchro-
nizationerror, i.e. ä¬« ¥ , we thenhave :

Þ Íè«
ßFàâá�ã
ßFà Á�³ÕÍ!µ·¶D¸I¹Fç Í µ·¶D¸�Ã�ÄuÅ7ç�µ·ÆÀÇF¶D¸ (2.9)

« Á ±
ß�à·áéã
ßFà ³ÕÍ�µ·¶D¸F¹Fç Í µ¾¶D¸�ê Ã�ÄuÅw±-µ¾ÆÀÇF¶D¸"Ö'\ë�³�¶�² (2.10)

Thehighfrequency term Ã!ÄuÅw±�µ·ÆÀÇF¶D¸ tendsto zeroafterthecorrelator-basedreceiver, sincethe
frequency ÆÀÇ is significantlyhigherthanthatof ³ÕÍ!µ·¶D¸I¹ ç Í µ·¶D¸ , resultingin anequalnumberof
positiveandnegative termsin theintegral,yielding :

Þ ÍÓ« Á ±
ßFàâá�ã
ßFà ³ÕÍ�µ·¶D¸F¹Fç Í µ¾¶D¸h³�¶�² (2.11)

Sinceit is assumedthatthereis no timing error, ³ÕÍ!µ¾¶D¸ is BPSKdemodulated,giving ³ÕÍ!µ¾¶D¸Ê«ì  , and
ãí ¹ ç Í µ·¶D¸À« ¤ , hencewehave :

Þ ÍÓ« ì Á ¤± ² (2.12)

Theabove derivationassumesthatthereis accuratephaseandtiming synchronization.If
theseassumptionsareinvalid, thenwearriveat :

Þ Íî«
ß�à·áéã
ßFà ÁÂ³ÕÍ�µ·¶Ê¼ÏÎ�Í!¸F¹!Í�µ·¶Ê¼ÏÎ�Í!¸F¹!Í!µ¾¶Û¼|Î�ÙI¸�Ã!Ä+Å°µ¾ÆÀÇF¶ÛÖÜ×4ÙI¸°Ã�ÄuÅ�µ·ÆÀÇI¶ÛÖÜ×�Ù-ÖØäÛ¸I³�¶(2.13)

«
ß�à·áéã
ßFà Á ± ³�Í!µ·¶Ê¼ÏÎ�Í!¸F¹!Í�µ·¶Ê¼ÏÎ�Í!¸F¹!Í!µ¾¶Û¼|Î Ù ¸�Ã!Ä+Å°µIäÛ¸I³�¶�¯ (2.14)

whereweusedtheidentity that Ã�ÄuÅhÁ�Ã!Ä+Åhïð« Íç ê Ã�ÄuÅ°µIÁåÖ�ï�¸°ÖOÃ�ÄuÅ�µFÁ�¼åïñ¸òë andweexploited
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again that thehigh-frequency termof Íç Ã�ÄuÅ�ê ±-µ¾ÆÀÇF¶�Ö½× Ù ¸éÖnä�ë tendsto
¥

after thecorrelator.
Since ³ÕÍ!µ·¶Ê¼|ÎÕÍ!¸À« ì  , thefollowing ensues:

Þ Íî« ì Á ± Ã�ÄuÅ�µFäÊ¸
ßFàâá�ã
ßFà ¹!Í!µ·¶Ê¼ÏÎ�Í!¸F¹!Í�µ·¶Ê¼ÏÎ Ù ¸I³�¶ (2.15)

« ì Á ¤± Ã�ÄuÅ�µFäÊ¸Fó�ÇIÇDµ·ÎÕÍÀ¼|Î Ù ¸F¯ (2.16)

where óÓÇIÇDµ·ÎÕÍz¼ÏÎ Ù ¸ is theauto-correlationof thespreadingcode ¹DÍ�µ·¶D¸ givenby :

óÓÇIÇDµ·ÎÕÍz¼ÏÎ�ÙI¸À«
ã
í ¹!Í!µ·Î�Í!¸F¹!Í!µ¾Î�ÙI¸F² (2.17)

Thereforeô Þ Í�ô is maximum,when µ·ÎÕÍÀ¼�Î Ù ¸%« ¥ and äØ« ¥ . Synchronizationerrorswill
result in lower ô Þ Í�ô values,leadingto lower signal-to-noiseratios(SNR) andhencehigher
bit-error-rates(BER). Wheninaccuratesynchronizationoccurs,we have Î�Íåõ«öÎ Ù andhence
the high valuesof out-of-phaseautocorrelationcontributionsdueto óÓÇIÇDµ·Î�ÍÓ¼ØÎ Ù ¸ result in
high BERs. Therefore,the spreadingcodeshave to be carefully designedin orderto have
low out-of-phaseautocorrelationvalues,an issueto be addressedin Section2.6 in greater
depth.

2.4.2 Recovery of the information signal in multiple accessinterfer ence

In thecasewherethereareseveralusers,i.e. ©ø÷ù , thereceivedsignalis givenby :

É µ·¶D¸À«
Ë
´\Ì%Í

¿ ´�µ·¶Ê¼|Î°´�¸F² (2.18)

After multiplying thereceivedsignal,É µ·¶D¸ , with thespreadingcode,¹!Í!µ¾¶D¸ , theinformation
signalof user1, ³ÕÍ�µ·¶D¸ , is despreadinto its original bandwidth. However, the signalsof all
theother ©ú¼ö usersremainspread,since ¹!Í�µ·¶D¸ is orthogonalto theotherspreadingcodes,
resultingin :

Ú¿ Í!µ¾¶D¸Ê«
Ë
´\Ì%Í

¿ ´�µ·¶Ê¼ÏÎ�´�¸F¹!Í!µ¾¶Û¼|Î�ÙÍ ¸F² (2.19)

Next the signal is demodulatedandpassedthrougha correlatoraswell asthe thresholding
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device,asseenin Figure2.2. Theoutputof thecorrelatoris formulatedas:

Þ Í!µ·¶D¸Ô«
ßFàâá�ã
ßFà

Ë
´4Ì%Í

¿ ´�µ¾¶Û¼|Î°´�¸I¹DÍ�µ·¶Ê¼ÏÎ�ÙÍ ¸�Ã�ÄuÅ°µ¾ÆÀÇF¶ÛÖÜ×4ÙI¸F³�¶ (2.20)

«
ßFàâá�ã
ßFà ¿ Í!µ·¶Ê¼|ÎÕÍ!¸I¹!Í!µ·¶Ê¼ÏÎwÙÍ ¸"Ö ¿ ç µ¾¶Û¼|Î ç ¸I¹ ç µ·¶Ê¼ÏÎwÙÍ ¸"ÖØ²�²!²
Ö ¿ Ë µ·¶Ê¼ÏÎ Ë ¸F¹!Í!µ¾¶Û¼|Î�ÙÍ ¸ Ã�ÄuÅ�µ·ÆÀÇF¶ÛÖØ×�ÙI¸"³�¶�² (2.21)

In asynchronoussystem,thestartof eachdatabit of ausercoincideswith thestartof the
databits of all theotherusers.Assumingthat thereareno phaseor timing synchronization
errors,i.e. Î°´�« ¥ and × Ù « ¥ , wehave :

Þ Í!µ·¶D¸Ô«
ßFàâá�ã
ßFà

Ë
´\Ì�Í

¿ ´�µ¾¶D¸F¹!Í!µ·¶D¸�Ã�ÄuÅ�µ·ÆÀÇF¶D¸I³�¶ (2.22)

«
ßFàâá�ã
ßFà

Ë
´\Ì�Í ÁÂ³ ´ µ·¶D¸F¹ ´ µ·¶D¸I¹ Í µ·¶D¸�Ã!Ä+Å ç µ·Æ Ç ¶D¸I³�¶ (2.23)

« Á ±
ßFàâá�ã
ßFà

Ë
´\Ì%Í ³°´�µ·¶D¸I¹�´wµ¾¶D¸F¹!Í!µ·¶D¸I³�¶ (2.24)

« Á ±
ßFàâá�ã
ßFà ³�Í!µ·¶D¸F¹ ç Í µ·¶D¸"ÖÜ³ ç µ·¶D¸F¹ ç µ·¶D¸F¹!Í!µ¾¶D¸"ÖÜ²�²�²�Öû³ Ë µ¾¶D¸F¹ Ë µ·¶D¸I¹!Í!µ·¶D¸ ³�¶�¯(2.25)

whereagain, thehigh frequency termof Ã�ÄuÅ�µò±°ÆÀÇI¶D¸ integratesto zero.

If thespreadingsequencesaredesignedsuchthatthey constituteanorthogonalset,where

ã
í ¹�ü�µ·¶D¸F¹�ý°µ¾¶D¸F³�¶�« ¤

for þÓ«¬ÿ¥
for þOõ«¬ÿ ¯ (2.26)

thenall theinterferencetermsintegrateto zero,leaving only thedatabitsof thewanteduser,
namelyuser1. Since ³�Í!µ·¶D¸À« ì  and

ãí ¹ ç Í µ·¶D¸À« ¤ , wehave :

Þ ÍÓ« ì Á ¤± ¯ (2.27)

asseenfor asingleuserin Equation2.12.

Thus, under the assumptionof perfectsynchronizationthe databits of user1 can be
recovereddespitethe otherinterferingusers.In practice,it is difficult to designa large set
of spreadingcodesthat are perfectly orthogonal,sincetwo different demandshave to be
satisfied.Firstly, zeroout-of-phasecorrelationis required,i.e.

ãí ¹�ü�µ·¶Ó¼ØÎé¸F¹�ü�µ·¶D¸ « ¥
, forÎ õ« ¥

. Secondly, Equation2.26hasto be satisfied.In addition,a rangeof otherpractical
codedesignconstraintshave to be satisfied,as we will seein Section2.6. The result is
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usuallya compromiseby approximatingtheidealconditions,wherethespreadingcodesare
notperfectlyuncorrelatedwith eachother, but thecross-correlationvaluesarekeptassmallas
possible.Thesecross-correlationsresultin multiple accessinterference(MAI) thatdegrades
theperformanceof thesystem.Thesecorrelationsaregivenby :

ã
í ¹�ü7µ¾¶D¸F¹�ý°µ·¶D¸F³4¶�« ¤

for þÓ«¬ÿóÓü¾ýñõ« ¥ for þOõ«¬ÿ (2.28)

ConsideringEquation2.25again in conjunctionwith thecorrelationconstraintsof Equa-
tion 2.28,wehave :

Þ Í µ·¶D¸Ô« Á ±
ßFàâá�ã
ßFà ³ Í µ·¶D¸I¹ ç Í µ·¶D¸"ÖØ³ ç µ·¶D¸I¹ ç µ·¶D¸F¹ Í µ¾¶D¸"ÖÜ³ Ë µ·¶D¸F¹ Ë µ·¶D¸I¹ Í µ·¶D¸ ³�¶ (2.29)

« Á ± ì ¤ ì ¤ ókÍ ç ÖØ²�²!² ì ¤ ókÍ Ë ² (2.30)

Thefirst termis thewanteddataandall theothertermscontributeto theMAI.
Let usnow considerthecorrespondingoperationsin thefrequency domain.

2.5 Frequency-domainrepresentation

The spreadinganddespreadingof the informationsignal is moreeasily representedin the
frequency domain.If theinformationsignal, ³�´�µ·¶D¸ , is BPSK-modulated,having anamplitude
of
ì  andabit rateof  � ¤ bits/sec,thenthepowerspectraldensity(PSD)of theinformation

signalis givenby :

� µ��h¸À« ¤ sincç�µ�� ¤ ¸F² (2.31)

This is shown in Figure2.4(a).Thefrequenciesof thefirst nullsof thespectrumareat
ì  � ¤ ,

giving anapproximatebandwidthof  � ¤ .
Thespreadingsignal, ¹�´�µ·¶D¸ , hasa chip rateof  � ¤ Ç . If thechip amplitudesarealso

ì  ,
thenthespreadingsignalhasaPSDof :

� Ç�µ��h¸À« ¤ Ç sincç�µ�� ¤ Ç�¸I² (2.32)

If the spreadtime-domainsignal is given by the product ³ ´ µ¾¶D¸F¹ ´ µ·¶D¸ , the resulting
frequency-domainPSDis that of the correspondingconvolved spectra,which is shown in
Figure2.4(b). Sincethe

¤ Ç � ¤ ratio is typically high, the PSDof Equation2.31 is a ’near-
Dirac’ impulseand hencethe PSD of Figure 2.4(b) is similar to

� Ç�µ��h¸ in Equation2.32.
Therefore,for conventionalreceivers, the bandwidthof the original information signal is
spreadby theratio of

¤ � ¤ Ç . Theratioof thespreadbandwidthto theinformationbandwidth
is known astheprocessinggain . Historically, thetermprocessinggainwasusedin jamming
systems,which employed theprinciplesof spreadspectrumto protecta signalagainstjam-
ming interferencefrom an unknown or hostilesource.The term processinggain wasused
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(a) PSDof the informationsignalbeforespreading.The first nulls areat����	�

, where



is thebit rateof thesignal.
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w�
is thechip rateof thesignal.

Figure2.4: Power spectraldensity(PSD)plot of thesignalbeforeandafterspreading,normalizedto
the total power in the signal. The PSD valuesare normalizedto the PSD value at fre-
quency 0. Note that the frequency scalesin (a) and(b) aredifferentfor simplegraphical
representationreasons,sinceÒÓÑ�Ò �� Ð���� .
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to quantifythefactorof advantageof a signalthathadbeenspreadover thejammerinterfer-
ence.In DS-CDMA systems,thespreadbandwidthis approximatelythespreadingcodechip
rate,  � ¤ Ç andtheinformationbandwidthis approximately � ¤ . This thusgivesaprocessing
gain of

¤ � ¤ Ç . The termspreadingfactor is alsousedinterchangeablywith processinggain
to convey asimilar meaning.

If at the receiver, the spreadsignal, ³°´�µ¾¶D¸F¹�´�µ·¶D¸ , is multiplied by the spreadingsignal,¹�´�µ·¶D¸ , again, the spreadsignal is thendespreadinto its original bandwidthandwill have a
PSDof :

� µ��h¸À« ¤ sincç�µ�� ¤ ¸F¯ (2.33)

while all theothersignalsremainspread.Figure2.3 shows thePSDof a despreadsignalin
thepresenceof interferingusers,whichcorrespondsto theconvolutionof thereceivedsignal
spectrumwith thatof thespreadingcodefor anarbitrary

¤ � ¤ Ç ratioof 128.
In thenext section,a few examplesof spreadingsequenceswill beconsidered.

2.6 Spreadingsequences

In Section2.4.2,we notedthat the multiple accessinterference(MAI) of Equation2.30 is
largely dependenton thecross-correlation(CCL) betweenthespreadingcodeof thewanted
userandthespreadingcodesof all theotherinterferingusers.The idealCCL valueis zero
for all valuesof ¶Üõ« ¥

. Ideally, the out-of-phaseauto-correlation(ACL) of the spreading
sequencesshouldalsobezero,in orderto tolerateinaccuratesynchronizationof thespreading
sequences.Therefore,for theconventionalCDMA receiver, thedesignof thesetof spreading
sequencesto beusedin aCDMA systemis very importantasto its performance.Thedesign
is usuallybasedon a setof criteriawhich will be thetopic of theforthcomingsections.Let
uscommenceby consideringthecorrelationpropertiesof thespreadingsequences.

2.6.1 Corr elation of sequences

TheperiodicACL of acomplex spreadingsequence,¹�� ´�� , is definedas:

ó ´�´ µ��u¸À«
�
ü�Ì%Í ¹ �

´��ü ¹ � ´������� á ü���� � ¯ (2.34)

for �Ü« ¼kµFº ¼j+¸F¯�²�²!²"¯�º ; wherethe expressionê¾µ��QÖÜþ�¸��ùºÓë representsthe remainder
afterdividing µ���Ö|þ!¸ by º , ¹ � ´���� is thecomplex conjugateof ¹ � ´�� and º is thelengthof the
sequence.TheperiodicCCL of two differentsequences,¹ � ý�� and ¹ � ´�� is definedas:

ó�ýF´�µ��u¸À«
�
ü�Ì%Í ¹ �

ý��ü ¹ � ´����� á ü ¯ (2.35)

for �k«x¼OµIºö¼½u¸I¯�²!²�²"¯�º .
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A user’ssignalthathasbeenspreadhasto appearnoise-liketo all theotherusers.Thiscan
beachievedby usinga randomspreadingcode,having aninfinite repetitiontime. However,
if the codeis truly random,the original datasignalcannotbe recoveredat the receiver by
correlationtechniques.For the spreadingcodeto be useful, it hasto be deterministic,but
known only to the transmitterandthe intendedreceiver. However, it still hasto appearlike
randomnoiseto non-intendedreceivers.Therefore,thespreadingcodesaregenerallyknown
aspseudo-randomor pseudo-noise(PN) sequences.Thesecodeshave a lengthof º andare
repeatedperiodicallywith aperiodof º . Eachspreadingcodesethasa family sizeof © , i.e.
thereare © codesin theset.This will beexplainedlaterin thefollowing sections.Thereare
basicallytwoclassesof spreadingsequences,namelythebinaryandthenon-binarysequences
alsoknown aspolyphasesequences[105]. Thelatterarecomplex-valuedsequences.

Traditionally, the measureusedto comparedifferent codesetswas definedas ó��! #" ,
where:

ó$�$ %" « max ô ó� �¯%óÓÇ!ô ¯ (2.36)

and

ó� « max ô ó�´!´�µ��u¸�ô for '&½ª(&½©*) ¼kµFºö¼nu¸�+,�-&öº.��õ« ¥óÓÇ « max ô�óÓýF´�µ��u¸�ô for '& ÿ+¯�ª(&½© ¯åÿÏõ«Tª/)i¼kµFºö¼nu¸�+,�-&öºk² (2.37)

The valueof the periodicCCL or out-of-phaseperiodicACL that hasthe highestmag-
nitudeis taken to be the ó��$ %" of a particularcodeset. A low out-of-phaseperiodicACL
allows easiercodeacquisitionor synchronization,while a low periodic CCL reducesthe
MAI. A measureof “goodness”of ó��! #" is how well it compareswith thewell-known Welch
[87] or Sidelnikov [87] bounds.For a setof © sequenceshaving a periodof º , theWelch
boundis definedas[87] :

ó��$ %"10½º ©®¼½©�ºö¼n ² (2.38)

Thisvalueis dependentonthenumber, © , of codesin theset,andthelength, º , of thecodes.
Therefore,for a codesetto beoptimum,accordingto Welch,it hadto achieve theminimum
valuegivenby Equation2.38.

For thesamesetof sequences,theSidelnikov boundis definedas[87] :

ó��$ %"ñ÷ùµâ±wºö¼ ±-¸ à2 ² (2.39)

A codeset is optimum accordingto thesecriteria, if its performancemeasure,ó��! #" ,
approachestheWelchor Sidelnikov lowerbounds,givenby Equations2.38and2.39,respec-
tively. Somenumericalexampleswill begiven in Sections2.6.3and2.6.4in thecontext of
GoldsequencesandKasamisequences,respectively.

Thecriterionof family size, © , is importantbecauselargefamiliesof goodcodesenable
moreusersto beaccommodatedin thesamebandwidth,thusincreasingtheusercapacityof
the system. Sincea CDMA systemis interference-limited,as it will be shown in Section
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2.7, thelargerthecodesethaving low CCL values,thehigherthecapacity. Thedifficulty in
designingspreadingcodeslies in achieving a largefamily sizehaving goodCCL valuesfor
a specificvalueof spreadingcodelength, º . Theseissueswill bedemonstratedin Sections
2.6.2, 2.6.3 and 2.6.4 using variousexamples,namelythe 3 -sequences[87], Gold codes
[106] andKasamisequences[107], respectively.

2.6.2 m-sequences

An importantclassof binarysequencesis thebinarymaximal-lengthshift registersequences,
commonlyknown as 3 -sequences[87]. Sequencescanbegeneratedusingthewell-known
lineargeneratorpolynomialsof degree3 , where:

4 µ65Ê¸À« 4 ��5 � Ö 4 �87�Í95 �:7hÍ Ö 4 �:7 ç 5 �87 çÂÖØ²�²!²�Ö 4 Í95 Ö 4 í ² (2.40)

In orderto generate3 -sequences,thegeneratorpolynomial,4 µ;5Ê¸ , mustbefrom theclassof
polynomialsknown asprimitive polynomials,which implies in simpleterms,that 4 µ65Ê¸ can-
not befactorizedinto lower-orderpolynomials.For a moredetaileddiscussionon primitive
polynomials,thereaderis referredto ’sexcellentmonographonerrorcorrectioncoding[104],
wheregeneratorpolynomialsareusedextensively. The 3 -sequencegeneratedhasa period
of ºj«Ü± � ¼n , where3 is thedegreeof thegeneratorpolynomial.By contrast,a sequence
generatedby a non-primitive generatorpolynomial, 4 µ;5Ê¸ , may have a period of lessthan± � ¼n andhencethis sequenceis notan 3 -sequence.

Oneof thepropertiesof 3 -sequencesis thattheACL of thesesequencescanbecalculated
as:

óÓ´�´�µ ¥ ¸Ô« ºóÓ´�´�µ��u¸ « ¼O for ��õ« ¥ ¯ (2.41)

which accruesfrom the simplebinary natureof the sequences.Explicitly, whena º -chip
sequenceis perfectlyalignedwith itself, correspondingto a shift of � « ¥

chip intervals,
thereare º numberof Ö� termsin theautocorrelationsumof Equation2.34.By contrast,for�põ« ¥ , thesummationalwaysconsistsof oneextra ¼k valuecomparedto thenumberof Ö�
values.TheseACL propertiesarenear-ideal for codeacquisitionor synchronization,where
theperfectlyalignedconditionof � « ¥ betweenthe receivedandlocally storedsequences
hasto bedetected.As anadditionalconstraint,in multi-usercommunications,a largesetof
spreadingsequencesexhibiting low CCL valuesis needed.The 3 -sequencesdo not satisfy
this requirement,sincesome3 -sequencepairshave largeCCL values.Let usnow consider
thefamily of Goldcodes.

2.6.3 Gold sequences

Oneof thebest-known binarysequenceshaving relatively goodcorrelationvaluesis theGold
sequenceset [106]. A set of Gold sequencesis constructedfrom a preferredpair of 3 -
sequences,5 and < , having identical length º . In 1967,Gold proved that thesepreferred
pairsof 3 -sequencesof length º have only threepossibleCCL values,which areshown in
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Equations2.43,2.44and2.45.Theperiodof theGoldsequencesgeneratedby 5 and< is alsoº . EachGold sequencein a setis generatedby a modulo-2sumof 5 andcyclic shiftsof < .
The setalsoincludesthe 3 -sequences5 and < . The entiresetof Gold sequenceshaving a
periodof º is givenby :

�/= « 5 ¯>< ¯>5 ?@< ¯>5 ? ¤ 7hÍ < ¯A5 ? ¤ 7 ç�< ¯%²�²�²"¯A5 ? ¤ 7 � � 7�ÍB� < (2.42)

where
¤ 7 � < for ��« ¥ ¯D°¯�²�²!²"¯�ºS¼x , representsa cyclic shift of < by � chip intervals; and

thesymbol ? representsmodulo-2addition.
Thefamily sizeof a Gold sequencesethaving a periodof º is © «ùºSÖ ± . A property

of Goldsequences,asstatedearlier, is thattheCCLsandout-of-phaseACLshaveonly three
possiblevalues,whicharegivenby :

óÓ´�´�µ���¸Ô« º for ��« ¥C ¼O°¯�¼Û¶Dµ63Ü¸I¯"¶Dµ63Ü¸ ¼�±/D for �»õ« ¥ (2.43)

óÓýF´�µ���¸Ô« C ¼k°¯�¼%¶Dµ;3Ü¸F¯"¶Dµ;3Ü¸ ¼ ±ED for all � andÿÏõ«xª�¯ (2.44)

where

¶Dµ;3Ü¸Ô« ± � � á ÍF�HG ç Ö' 3 is odd¶Dµ;3Ü¸Ô« ± � � á ç �HG ç Ö'I3 is even² (2.45)

SinceGoldsequencesareconstructedfrom preferredpairsof 3 -sequences,theACL is given
by º , asseenin Equation2.41. Thedetailedderivationof theCCL valuesandout-of-phase
ACL valueswasgivenby Simonet al [87]. In orderto computethecorrelationvalues,the
binarybits

¥
and  aremappedto Ök and ¼O , respectively. From thecorrelationvalues,it

canbeseenthatfor asetof Goldsequences,ó��$ %"�« ¶Dµ;3Ü¸ . ConsideraGoldsequencesetof
period ºæ«KJML , correspondingto 3 «NJ . Thenfrom Equation2.45wehave :

ó��! #"�« ¶Dµ;3Ü¸À«Ø± � O á ç �HG çÂÖ'k«SQP�² (2.46)

The Welch boundof Equation2.38 for this Gold sequenceset,which hasa family sizeof©(«TºTÖ�±�«NJQR , is computedasfollows :

ó$�$ %"10SJQL JQRO¼n
JQL-µBJMR-¸ ¼½UT P�² VQV�² (2.47)

NotethattheWelchboundis aslow as46%of ô ó$�$ %"�ô�«SQP in Equation2.46,computedfor
our exampleof a codesetof º(«WJML and © «WJMR . Two examplesof Gold sequencesare
shown in Figure2.5.

The periodicCCL of thesetwo sequenceswascalculatedusingEquation2.35 andthe
CCL isplottedin Figure2.6.Thebinarybits0and1weremappedto Ök and ¼O , respectively.
It canbeseenfrom Figure2.6 thattheCCL hasthreevalues,i.e. ¼O , ¼kQP and+15. This set
of spreadingsequencesyieldscomparatively high CCLs,wherethespikesarelocatedin the



50 CHAPTER 2. CDMA OVERVIEW

0 10 20 30 40 50 60
Sequence index

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

B
it

va
lu

e

(a) A Goldsequencefrom thecodesetof X �ZY�[ .
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(b) A differentGoldsequencefrom codesetof X �\Y%[ .
Figure2.5: Examplesof Goldsequences
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Figure2.6: Cross-correlationvaluesbetweentwo pairs of Gold sequencesversus] as specifiedin
Equation2.35.Thebinarybits0 and1 weremappedto ^ÓÐ and _�Ð respectively to compute
thecorrelationvalues.TheCCL valuesare _�Ð , _�Ð�` or 15.

figure.

Following theabove brief notesonGoldcodes,let usnow considerKasamisequences.

2.6.4 Kasami sequences

A set of binary sequencesthat are near-optimum with respectto the Welch boundis the
Kasamisequencefamily [107]. Eachsequenceset is generatedfrom one 3 -sequence,5 ,
which hasa periodof º . The 3 -sequence5 is decimatedby samplingit periodically. Then,
a secondsequence,< , is formedby concatenatingthedecimatedsequencerepeatedly, until a
sequenceof length º is obtained.TheentireKasamisetis thengeneratedby themodulo-2
additionof thesequence5 andthesequencesgeneratedby cyclic shiftsof < .

The generatorpolynomial of 5 is of degree 3 and 5 hasa period of º « ± � ¼ð .
Kasamisequencescanonly begeneratedfor evenvaluesof 3 . Thedecimationfactorused
to decimate5 is givenby ¿ µ63Ø¸Ê«Ø± �$G ç Ö  . Thedecimatedsequence,< , hasashorterperiod
of µò± � ¼nu¸ � ¿ µ63Ü¸À«Ø± �$G ç ¼½ . Hence,thesetof Kasamisequencesis givenby :

� ´ « 5 ¯>5 ?@< ¯>5 ? ¤ 7hÍ < ¯A5 ? ¤ 7 ç < ¯%²�²�²"¯>5 ? ¤ 7 � ç�ab 2 7 ç � < ² (2.48)

Thecorrelationvaluesof a Kasamisequencesetarealsoternary, similar to thoseof the
Gold sequences,but thevaluesarelower for sequencesof thesamelength,which aregiven
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by :

ó ´�´ µ��u¸ « º for ��« ¥C ¼O�¯�¼ ¿ µ63Ø¸F¯ ¿ µ;3Ü¸ ¼�±/D for �»õ« ¥ (2.49)

óÓýF´�µ��u¸ « C ¼O°¯�¼ ¿ µ63Ø¸F¯ ¿ µ63Ø¸ ¼ ±ED for all � andÿ�õ«Tª�² (2.50)

The numberof Kasamisequencesis now reducedto © «ú± �!G ç , which is lower than
that of the 3 -sequences.More explicitly, the usageof a decimatedsequencereducesthe
numberof sequencesin a set,comparedto the Gold sequenceset,having the sameperiod.
For example,a Gold sequencesethaving a periodof º®«cJQL hasa family sizeof © «dJMR ,
while Kasamisequencesof thesamelengthhave a setsizeof © «,V . However, dueto the
reducedsetsize,thehighCCL sequencescanbeeliminatedandhencetheKasamisequences
have lower CCL values,which is essentiallydueto theusageof a decimatedsequence.This
is explainedin moredepthby etal [87]. TheselowerCCL valuesresultin Kasamisequences
beingnearerto achieving theoptimumWelch lower boundcomparedto Gold sequencesof
thesamelength.TheWelchboundof Equation2.38for theKasamisetof ºj«NJQL and ©(«NV
is givenby :

ó��$ %"e0fJML VO¼½
JQL�µBV-¸ ¼½ T P°² gMLw¯ (2.51)

while

ô ¿ µ63Ü¸zô·«Ø± � O G ç � Ön�«Nhw² (2.52)

Therefore,theoptimumWelchlower boundis now 83%of ó��$ %" , comparedto thepreviousgQJji for theequivalentGoldsequenceset.Having consideredarangeof spreadingsequences,
let usnow concentrateourdiscussionson theperformanceof theDS-CDMA system.

2.7 DS-CDMA systemperformance

In this section,a modelfor a DS-CDMA systemusingBPSKmodulationis presentedanda
theoreticalanalysisof its performanceis obtained.Themodelshown in Figure2.7 is similar
to the model shown in Figure 2.2, the differencebeing that the noisesignal k�µ·¶D¸ is now
addedto the received signal. From this model,an expressionfor the bit-error-rate (BER)
performanceof the systemis derived. The conditionsunderwhich this model is presented
are:

� BPSKmodulationis usedfor theinformationsignal.Thecarriersignalhasafrequency
of ÆÀÇ andamplitudeof ÁÈ«ml n , where n is the averagepower of the signal. This
givesanenergy perbit of oqp�«TÁ ç ¤ «cn ¤ .

� Thelengthof thespreadingcodeusedis º .
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Figure2.7: Block diagramof a simpleasynchronousDS-CDMA systemtransmittingover a Gaussian
channel.Thesignalsfrom all the § usersarrive at thereceiver with differentpropagation
delays, ¨ � . Only the receiver for user Ð is shown. The despreadingand demodulation
processesshown in thefigureassumeperfectsynchronization.

� Eachinformation/databit hasa periodof
¤

andeachchip hasa periodof
¤ Ç , where¤ «xº ¤ Ç

� Thepulseshapeis rectangularandhasanamplitudeof
ì  for theinformationsignal.

The pulseshapefor eachchip of the spreadingcodeis also rectangular, having an
amplitudeof

ì  .
� Thetotalnumberof usersin thesystemis representedby © andeachuseris identified

by thesubscriptª .
� All © usersaretransmittingat thesamebit rate.

� Thereis perfectpower controlfor all © users.

� Thissystemoperatesin asinglecell environment.
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2.7.1 Theoretical BER performanceof asynchronousBPSK/DS-CDMA

over Gaussianchannels

In this sectiona BER expressionis derivedfor a Gaussianchannel,whereit is assumedthat
for eachuser, all errorsarecausedby zero-meanAdditive White GaussianNoise(AWGN)
at the receiver andmultiple accessinterference(MAI) from the other( © ¼ù ) users. The
derivationis performedat thebasebandlevel, whichgreatlysimplifiestheanalysis.However,
the derivation is still valid for a bandpasssystem,becausebasebandandbandpasssystems
areequivalent[97].

Thedesireduseris user1 andall theother µF© ¼Su¸ usersareinterferers.The received
signal,É µ·¶D¸ , is a sumof thetransmittedsignalsfrom all © usersandit is corruptedby Gaus-
siannoise.Thesignalof eachuserarrivesat a differentpropagationdelay, givenby Î°´ . The
receivedsignalis formulatedas:

É µ·¶D¸À«
Ë
´\Ì�Í l nk³�´�µ·¶Ê¼ÏÎ�´w¸I¹�´�µ·¶Ê¼ÏÎ�´�¸"Öuk�µ¾¶D¸F² (2.53)

This signalis thendespreadwith a replicaof thespreadingcodeof user1. A correlator-
basedreceiver is usedto obtaintheassociateddecisionstatistic,Þ Í , from which a decisionis
madeconcerningthebit transmitted.Therefore,wehave :

Þ ÍÓ«
ã
í É µ·¶D¸I¹!Í!µ·¶Ê¼ÏÎ�ÍÀ¼ÏÎ Ù ¸F³�¶�¯ (2.54)

where Î Ù is the codesynchronizationerror, which degradesthe demodulator’s correlation
properties;×O«x¼ÛÆÀÇFÎÕÍ , which is thedelay-inducedcarrier-phaseterm;and ä¬«x¼ÛÆÀÇFÎ Ù is the
demodulator’s phaseerror.

If perfectsynchronizationisassumedfor user1, thenwecansetÎÕÍÓ«¬Î Ù « ¥ . Substituting
Equation2.53into Equation2.54leadsto :

Þ Íè«
ã
í É µ·¶D¸F¹!Í�µ·¶D¸h³�¶ (2.55)

«
ã
í l nk³ÕÍ!µ·¶D¸I¹Fç Í µ·¶D¸"Ö

Ë
´\Ì ç

l nk³°´�µ¾¶Ê¼ÏÎ°´�¸I¹�´�µ·¶Ê¼ÏÎ°´Õ¸F¹!Í!µ·¶D¸"Övk�µ·¶D¸I¹DÍ�µ·¶D¸ ³�¶(2.56)

« w�ÍÊÖvx»Öuy"¯ (2.57)

wherethecorrespondingtermsaredefinedbelow, namely, w»Í is thebit transmittedby user1
:

w»Íî«
ã
í l nk³ÕÍ�µ·¶D¸F¹Fç Í µ·¶D¸h³�¶�¯ (2.58)
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andtakinginto accountthat ¹ ç Í µ·¶D¸À«S and ³ÕÍ!µ¾¶D¸Ê« ì  , this yields:

w»Íî« ì l n ¤ ² (2.59)

Theterm y in Equation2.57is thecomponentdueto theAWGN, k�µ·¶D¸ , whichcorresponds
to thedespreadanddemodulatedtermof :

y|«
ã
í k�µ·¶D¸F¹!Í!µ¾¶D¸h³�¶�² (2.60)

Sincek�µ¾¶D¸ is thezero-meanAWGN having avarianceof z í � ±å«c{ ç , y is aGaussianvariable
with zeromeanandvarianceVarê y�ë , which is derivedas:

Varê y�ë « oñê y�ç!ë (2.61)

« o
ã
í k�µ·¶D¸I¹!Í!µ·¶D¸h³4¶

ã
í k�µ;|Ê¸F¹!Í!µ6|Ê¸"³#| (2.62)

«
ã
í

ã
í oQê k�µ·¶D¸;k�µ6|Ê¸âëL¹!Í!µ·¶D¸F¹!Í�µ6|Ê¸h³�¶%³%|À² (2.63)

But oñê k�µ·¶D¸6k%µ6|Ê¸òë is theautocorrelationof k%µ·¶D¸ , where:

oQê k%µ·¶D¸6k%µ6|Ê¸òëé« z í± } µ·¶Ê¼@|Ê¸F² (2.64)

Therefore,thevarianceVarê ywë becomes:

Varê y�ë « z í±
ã
í

ã
í } µ¾¶Û¼u|Ê¸F¹!Í!µ¾¶D¸F¹!Í!µ6|Ê¸"³�¶�³#| (2.65)

« z í±
ã
í ¹Fç Í µ6|Ê¸h³#|z² (2.66)

Since
ãí ¹ ç Í µ6|Ê¸Ê« ¤ , wehave :

Varê ywë�« z í ¤± ² (2.67)

Themiddle term, x , in Equation2.57is theMAI componentfrom all theother( © ¼x )
users,which is givenby :

x «
Ë
´\Ì ç

l n
ã
í ³�´�µ·¶Ê¼ÏÎ�´�¸F¹�´�µ·¶Ê¼ÏÎ�´�¸F¹!Í!µ·¶D¸"³�¶�² (2.68)

Fromthecentrallimit theorem[95], thesummationof ( ©æ¼¬ ) independentrandomvari-
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ablescanbemodelledby theGaussiandistribution andhencein our analysis,x is approxi-
matedby a Gaussianrandomvariable. By usingtheGaussianapproximationmethod[108]
andassumingthatthereis perfectpower control,thevarianceof x wasderivedby Pursley as
follows :

Varê xÕë « º ¤ çÇL
Ë
´\Ì ç

n
« º ¤ çÇL µI©®¼½u¸�nÊ² (2.69)

Substituting
¤ «xº ¤ Ç , wearriveat :

Varê x�ë « ¤ çLwº µF©®¼½+¸�nÊ² (2.70)

Therefore,theequivalentSNRat theoutputof thecorrelatorreceiver is :

SNRo « w ç Í
Varê ywë�Ö Varê xÕë ² (2.71)

SubstitutingEquations2.59,2.67and2.69into Equation2.71andemploying theexpressiono!p~«cn ¤ , yields:

SNRo « n ¤ ç~A� ã
ç Ö ã 2� � µI©®¼½u¸�n (2.72)

«
~A� ã
çn ¤ ç Ö

ã 2� � µF©®¼½+¸�n
n ¤ ç

7hÍ
(2.73)

« z í±�o!p Ö ©®¼n
Lwº

7hÍ
² (2.74)

Thesecondtermof µF©È¼Tu¸ � µBLwºQ¸ in thebracketsin Equation2.74representstheMAI
that causesan SNR degradationresultingin a degradedSNR performancefor a particular
valueof o!p � z í . It canbeseenthatthisdegradationdependson thenumberof users,© , and
thesequencelength, º . An increasein © or adecreasein º woulddegradetheperformance
becauseit would increasethecross-correlation(CCL) betweenthereceivedsignalsfrom all
theusers.

By assumingthat theMAI hasa GaussianPDF, theBER of a BPSK-modulatedsystem
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Figure2.8: BER versus����ÑH� £ plotsfor anasynchronousCDMA systemin a Gaussianchannel.The
numberof usersis fixedat § � Ð�� , but varyingvaluesof sequencelengths,� , areused.
ThesegraphswereplottedusingEquation2.75.As thesequencelength, � , decreases,the
BERperformancedegrades.

in aGaussianchannelis givenasBER «TºQµ l SNRo ¸ , leadingto :

BER « º µ SNRo ¸
« º z í±Eo!p Ö ©®¼½

L�º
7 à2 ¯ (2.75)

where ºQµ;5Ê¸ is theGaussianQ-function[95].

According to Equation2.75, if thereis only one user, then © «  and the equation
simplifiesto BER «jºQµ ±Eo!p � z í ¸ , which is thesameasthetheoreticalBER performance
of aBPSKsystem.

Figure2.8 shows a plot of threeBER versusoqp � z í curves. Thesecurveswereplotted
usingEquation2.75for © «� ¥ usersandfor sequencelengthsof ºj«NL- , 63 and127.The
curvesshow thatasthesequencelength, º , decreased,theBER performancedegraded.

Figure2.9showsanotherplot of threeBERversusoqp � z í curves.Thesecurveswerealso
plottedusingEquation2.75,but for ºú«,JQL andfor © «  ¥ , 20 and30. Thecurvesshow
thatasthenumberof users,© , increased,theBER performancedegraded.This wasdueto
theincreasein MAI.

Having characterizedthesystemperformancefor © asynchronoususersoveraGaussian
channel,let usnow considersynchronoususers.
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Figure2.9: BER versus�8��ÑH� £ plotsfor anasynchronousCDMA systemin a Gaussianchannel.The
sequencelengthis fixedat � �N��� chips,but varyingnumbersof users,§ , areused.These
graphswereplottedusingEquation2.75. As thenumberof users,§ , increases,theBER
performancedegrades.

2.7.2 Theoretical BER performance of bit-synchronous BPSK/DS-

CDMA systemsover Gaussianchannels

As statedabove, theBER performanceexpressiongiven in Equation2.75is valid for a sys-
tem, wherethe usersareasynchronouswith respectto eachother. Simulationstudiesare
oftenconductedin a synchronousenvironmentdueto limited resourcessincethenno over-
samplingof the signalsis necessary. This is especiallytrue for studiesthat combineTime
Division Multiple Access(TDMA) andCDMA transmission.The usersareallocatedtime
slotsandall theusersin thesametime slot transmitsimultaneously, leadingto synchronous
receptionat thereceiver. Therefore,theBERperformanceof aperfectlysynchronoussystem
is analysednext.

Again,theoutputof theintegratorin Figure2.7isoftenreferredtoasthedecisionstatistic,Þ Í , andits expressionwasgivenin Equation2.57as:

Þ ÍÓ«cw�ÍÊÖvx»Öuy"¯
wherew�Í is thecomponentrepresentingtheoriginalbit transmittedby user1. Theexpression
for w�Í wasgivenin Equation2.59as:

w»Í~« ì l n ¤ ²
Thevarianceof thenoisecomponenty waspreviouslyderivedas:

Varê y�ë�« z í ¤± ² (2.76)
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Lastly, x is the interferencecomponentcontributedby all theother µF© ¼Tu¸ users,which is
givenby :

x «
ã
í

Ë
´\Ì ç

l nk³�´�µ·¶D¸F¹�´�µ·¶D¸I¹DÍ�µ·¶D¸h³4¶�² (2.77)

Theinterference,x°´ , from the ª -th useris representedas:

x°´ «
ã
í l nk³°´�µ¾¶D¸F¹�´�µ·¶D¸F¹!Í!µ¾¶D¸h³�¶ (2.78)

« ì l n
ã
í ¹�´�µ·¶D¸I¹DÍ�µ·¶D¸h³�¶�² (2.79)

Theterm
ãí ¹7´�µ¾¶D¸F¹!Í!µ·¶D¸�³�¶ representsthenormalizedperiodicin-phasecross-correlationbe-

tweenthespreadingcodesof user1 anduser ª , whichcanberewrittenas:

ã
í ¹�´�µ¾¶D¸F¹!Í!µ·¶D¸"³�¶�«TóÓ´s� Í ¤ ² (2.80)

Substitutingthis into Equation2.79leadsto :

x°´ « l nkóÓ´s� Í ¤ ² (2.81)

If weassumethatthepowerof x , representedby
�/�

, is thesumof thepowersof all the ©�¼Ï
interferingusers,thenwehave :

�j� «
Ë
´\Ì ç

xÕç´ (2.82)

«
Ë
´\Ì ç

ê l n�óÓ´s� Í ¤ ë¾ç (2.83)

« n ¤ ç
Ë
´\Ì ç

ó ç ´s� Í ² (2.84)

Thesignal-to-noiseratio is givenas:

SNRo « w ç Í
Varê y�ë-Ö �/� ² (2.85)
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Q MAI value
31 0.0593
63 0.0587
127 0.0055

Table2.1: MAI termof Equation2.88for variousvaluesof � andfor § � Ð�� .

CombiningEquations2.59,2.67and2.84into Equation2.85,wearriveat :

SNRo « n ¤ ç~A� ã
ç ÖNn ¤ ç Ë´\Ì ç ó ç ´s� Í

(2.86)

«
~A� ã
çn ¤ ç Ö

n ¤ ç Ë´4Ì ç ó ç ´s� Ín ¤ ç
7hÍ
² (2.87)

Sincetheamplitudeof eachuser’s signalis l n , theenergy perbit is o!pk«�n ¤ . This leads
to :

SNRo « µò±�o!p � z í ¸ Ö
Ë
´\Ì ç

ó�ç´s� Í
7hÍ
² (2.88)

The secondterm in Equation2.88 representsthe SNR degradationdue to MAI. This
termdependsdirectly on theCCL betweenthespreadingcodes,ratherthanindirectly asin
Equation2.74. This is becausethe signalsfrom all the usersare synchronizedwith each
otherandthereforethe CCL valuesof the spreadingcodesdeterminethe amountof excess
interferenceat theoutputof theintegratorin Figure2.7.

Assumingthat thecombinednoiseandinterferencecomponentshave a Gaussiandistri-
bution, theBER performanceis givenas:

BER « º µ SNRo ¸ (2.89)

« º µò±Eo p � z í ¸ Ö
Ë
´\Ì ç

ó�ç´s� Í
7 à2

¯ (2.90)

where ºQµ65Ê¸ is theGaussianQ-function[95].
Figure2.10shows a plot of threeBER versusoqp � z í curves.Thesecurveswereplotted

usingEquation2.90for ©û«� ¥ andfor Gold sequencesof º «KL- , 63 and127. In general,
thecurvesshow thatasthesequencelength, º , decreased,theBER performancedegraded.
However, thereis virtually no differencebetweenthecurvesfor º®«cL- and º «dJML . This
is becausetheMAI termin Equation2.88hasvery similar valuesfor bothof thesesequence
lengths,asshown in Table2.1.

Figure2.11portraysa plot of threeBER versuso!p � z í curvesusingEquation2.90forºø«�JQL andfor © «  ¥ , 20 and30. In harmony with our expectations,asthe numberof
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Figure2.10: BER versus�8��ÑH� £ plotsfor a synchronousCDMA systemin a Gaussianchannel.Gold
sequencesareusedwith varying sequencelengths, � , but the total numberof usersin
thesystemis fixedat § � Ð�� . ThesegraphswereplottedusingEquation2.90. As the
sequencelength, � , decreases,theBER performancedegrades.

K MAI value
10 0.0587
20 0.0612
30 0.0637

Table2.2: MAI termof Equation2.88for variousvaluesof § andfor � �N��� .

users,© , increased,theBER performancedegraded.However, theperformancedegradation
wassmallcomparedto theperformancedegradationshown in Figure2.9. In a synchronous
system,the BER performancedependsdirectly on the CCL valuesbetweenthe spreading
codes,which indirectly dependson thenumberof users.If theCCL valuesaresmall, then
theincreasein MAI is small,leadingto asmalldegradationin performance.Table2.2shows
thecorrespondingMAI values,i.e. thesecondtermin Equation2.88for ©(«S ¥ , 20and30.

Having consideredthe theoreticalperformanceof a DS-CDMA system,let usnow turn
ourattentionto theresultsof oursimulationstudies.

2.8 Simulation resultsand discussion

Let usnow studytheperformanceof aBPSK-modulatedDS-CDMA system,quantifying:

� theeffectof increasingthenumberof usersin thesystemon theBER performance,

� theeffectof spreadingsequencelengthon theBER performanceof thesystem,
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Figure2.11: BER versus�8��ÑF� £ plotsfor a synchronousCDMA systemin a Gaussianchannel.Gold
sequencesareusedwith thesequencelengthfixedat � �K��� chips,but varyingnumbers
of users,§ , areused.ThesegraphswereplottedusingEquation2.90. As thenumberof
users,§ , increases,theBERperformancedegrades.

� the effect of variousspreadingcodeshaving differentcross-correlationvalueson the
BER performance.

Thesimulationmodelusedis shown in Figure2.12.At thetransmitter, thedatabitswere
generatedby a pseudo-randombit generatorfor all the © users. Eachuserwasassigned
a uniquespreadingcodeandthe databits of eachuserwerespreadusingthis code. Both
the databits andchipswerebinary. The spreadsignalswerethensummedsynchronously,
wherebythefirst chip of eachbit for eachusercoincidedwith thefirst chip of eachbit of all
theotherusers.

At the receiver, Gaussiannoisewasaddedto the received signal. The noisy signalwas
thendespreadusinga synchronousreplicaof the spreadingcodeof the wanteduser, i.e. it
wasassumedthat therewereno timing errors. The despreadsignalwasfed to a so-called
correlationreceiver, whereit was then integratedover one bit period. The output of the
receiver wasusedto make a decisionconcerningthe transmittedbit. Theexperimentswere
conductedunderthefollowing conditions:

� The simulationswereperformedat baseband,becausethe performanceof baseband
systemsis equivalentto that of bandpasssystems[97], but simulationscarriedout at
basebandaremoreeconomicaloncomputingresources.

� Perfectsynchronizationof thespreadingcodeswasassumedat thereceiver.

� Perfectpowercontrolwasassumed.
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Figure2.12: Simulationmodelof asynchronousBPSKDS-CDMA modemin aGaussianchannel

2.8.1 Estimation of �'���s�(�
The o!p � z í valueat point X of Figure2.13, in a communicationssystemis estimatedby
first obtainingthe averagesignalpower,

�
, andthe averagenoisepower, z . The average

signal-to-noiseratio,SNR, is calculatedas:

SNR « Signalpower
Noisepower

« �
z ² (2.91)

Theenergy perbit, oqp , is definedas o!p « � ¤ , while thenoisepower spectraldensity, z í ,
is definedas z í « z �Q� p , where

� p is thebandwidthof thenoisysignalat thepointwhere
theSNRis measured.Therefore,therelationshipbetweeno!p � z í andSNRis :

o!p
z í « �K� ¤

z �Q� p (2.92)

« �
z
� � pó (2.93)

« SNR
� � pó ¯ (2.94)
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Figure2.13: Simulationmodelof aBPSKmodem

where
¤

is thebit periodand ó�«S � ¤ is thedatabit rate.

For a simpleBPSK modemasshown in Figure2.13,the bandwidth,
� p , at point X, is

equalto thedatabit rate, ó . Therefore,atpointX, wehave oqp � z í « SNR.

For theDS-CDMA systemshown in Figure2.12,at point X, thebandwidthrequirement
wasextendeddueto thespreadingof thesignalby a factorof :

� pó « ¤¤ Ç (2.95)

« ºk² (2.96)

Hence,wehave :

o!p
z í « SNR

� ¤¤ Ç (2.97)

« SNR
� ºO¯ (2.98)

where
¤

is thebit periodand
¤ Ç is theperiodof onechip in thespreadingcode.

2.8.2 Simulated DS-CDMA BER performanceover Gaussianchannels

for synchronoususers

Our initial simulationswerecarriedout in a synchronousenvironment,whereall the users
wereperfectlysynchronizedat thereceiver. Thesimulationresultswerecomparedwith the
analyticalonesgiven in Equation2.75,which exploited theGaussianapproximationandin
Equation2.90,which modelleda perfectlysynchronoussystem.The graphsarepresented
in Figure2.14,showing theBER versusoqp � z í curvesfor a synchronousBPSK/DS-CDMA
systemusing Gold codesof length, º «�JML . Figures2.14(a)and 2.14(b)have different
numberof usersin thesystem,namely ©(«NL- and ©(«NJQL , respectively.

From the figuresit can be seenthat the simulationcurves matchthe theoreticalBER
curvesof thesynchronousmodelquitewell. Let usnow considerexplicitly theeffect of the
MAI dueto differentnumberof users.
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Figure2.14: SimulatedBER versus� � ÑH� £ curvesfor a synchronousBPSK/DS-CDMAsystemusing

Goldcodesof � �N��� andsupporting§ �N� Ð usersaswell as§ �N���
usersasspecified.

Thecurve for thesynchronousmodelwasobtainedfrom Equation2.90.
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Figure2.15: Comparisonof simulation-basedBERversus�8��ÑH� £ curvesfor asynchronousBPSK/DS-
CDMA systemfor variousnumbersof usersin thesystem,§ . Thespreadingcodesused
wereGoldcodeshaving a lengthof � �K��� .

2.8.3 Simulated DS-CDMA BER performance versus the number of

usersover Gaussianchannels

Figure2.15shows the plot of BER versusoqp � z í curvesfor synchronousDS-CDMA sim-
ulationsusing different valuesof © . It was expectedthat as the numberof users, © , in
the systemincreased,the BER performancewould alsosuffer dueto the increasein multi-
ple accessinterference(MAI). This wasevident in thesimulationresultsusingGold codes,
asshown in Figure2.15. However, it shouldbe notedthat the performancedifferencesfor© «�P , 31 and63 aresmallcomparedto thedifferencebetween© «æ and © «�P . This is
dueto thefactthattheMAI termof Equation2.90hassimilar valuesfor © «�P , 31 and63,
asexplainedbeforein Section2.7.2.Wecontinueourelaborationsby investigatingtheeffect
of thespreadingcodelength.

2.8.4 Simulated DS-CDMA BER performance versus spreading code

length over Gaussianchannels

Figure2.16showstheBERversusoqp � z í performancefor © «,P users,in conjunctionwith
differentGold codelengths,º . Increasingº from P to L- andto JQL decreasedtheBER for
a given oqp � z í . However, therewasonly a slight differencebetweenthe BER curves forº «�L� and º «�JQL . This canbe explainedby examiningthe maximumin-phasecross-
correlation(CCL) values,ó��$ %"wµ ¥ ¸ of Equation2.36,for thedifferentvaluesof º in Table
2.3, where º «�L- and º «�JML hadrathersimilar CCL values. Only the in-phaseCCL
valueswereconsidered,sincethesimulationswereconductedin asynchronousenvironment,
wherethereceivedsignalsof thedifferentuserswerebit-synchronous.

From Table2.3, ó$�$ %"wµ ¥ ¸ for ºi«�P is approximatelythreetimeshigher than that of
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Q CCL µFó$�$ %"wµ ¥ ¸�¸
7 0.714
31 0.226
63 0.238
127 0.133

Table2.3: Maximum normalisedin-phaseCCL valuesof Equation2.36 for Gold codesof various
lengths
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Figure2.16: Comparisonof BER versus� � ÑH� £ curvesfor a synchronousBPSK/DS-CDMAsystem
andfor variousGoldcodelengths,� , while supporting§ � ` users.

º®«dL- and º®«dJML , which accountsfor theBER curvesof º®«dL- and º®«dJQL showing
lowerBERs.However, again,the ó$�$ %"wµ ¥ ¸ valuesfor ºj«NL- and ºæ«NJQL aresimilar, which
resultsin thesimilarity betweentheBER curvesdespitetheir differentcodelengths.Again,
for ºð«æ1±jP , the ó$�$ %"wµ ¥ ¸ valueis half ashigh asthatof ºð«�JQL , resultingin a betterBER
performancefor º «(\±jP . Therefore,the performanceof the systemis dependenton theó �$ %" µ ¥ ¸ valuesof Equation2.36andnot specificallyon º . Let usnow studytheeffect of
variousspreadingcodes.

2.8.5 Simulated DS-CDMA BER performance for spreading codesets

having differ ent cross-correlation valuesover Gaussianchannels

Figure2.17offersaBERversusoqp � z í comparisonfor two differentcodesets,namelyGold
codeswith º «�JQL andWalshcodesfor º «�JQg . Thenumberof users,© «ù�R is thesame
for both codesets. The Walshcodesareperfectlyorthogonalto eachother. Therefore,in
a perfectlysynchronousenvironment,theBER curve matchesthatof the theoreticalsingle-
userBPSK curve. In comparisonto the Gold codes,they performmuchbetter. However,
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Figure2.17: SimulatedBER versus ����ÑH� £ curves for synchronousBPSK/DS-CDMA supporting§ � Ð�� usersin thesystem,andcomparingdifferenttypesof codes,namelyGold codes
andWalshcodes.Walshcodeshave perfectcross-correlationpropertiesi.e. thecodesare
perfectlyorthogonalto eachother, while Goldcodesarenotperfectlyorthogonalcodes.

Walshcodesarenot very effective asspreadingcodes,sincethey donot spreadthespectrum
of the signalsufficiently widely in order to caterfor high multipathdiversity gains,an is-
sueto be treatedin our forthcomingdiscussionsthroughoutthe thesis. The power spectral
density(PSD)plot of a datasignalspreadby a Walshcodeof length ºÈ« JQg andthePSD
of that spreadby a Gold codeof length º «�JQL areshown in Figures2.18(a)and2.18(b),
respectively.

2.9 Discussion

In theprecedingsectionsof this chapter, a basicportrayalof theconventionalCDMA trans-
mitter andreceiver wasprovided. A few examplesof binarysequenceswerepresentedand
theeffectsof their cross-correlationvalueson theBPSKCDMA BER performancewereex-
amined.The BER performancefor an asynchronousCDMA systemutilizing the Gaussian
approximationwaspresentedalongwith a modifiedversionfor thebit-synchronousCDMA
system.Thetheoreticalandsimulationperformancesof bit-synchronousCDMA systemsin
Gaussianchannelsemploying the conventionalcorrelationreceiver werecompared.It was
concludedthatfor thesesimpleCDMA systems,theBERperformancewasdependentonthe
cross-correlationbetweenthe spreadingcodesof the usersandthe total multiple accessin-
terferencein thesystem.Many of ourearlyassumptionswereimpractical.For instance,syn-
chronizationandtiming errorsat thereceiverwill increasethecorrelationbetweenspreading
codesandincreasethe MAI. Furthermore,synchronoustransmissionis difficult to achieve
practicallyfor theuplink, sincethetransmissionsfrom differentmobileswill commenceand
terminateat different times. In a widebandchannelthe orthogonalitybetweenspreading
codeswill bedestroyedandthis increasesthecross-correlationbetweenusersanddegrades
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(a) PSDplot of a signalthat hasbeenspreadwith a Walshcodeof lengthX �\Y�¡
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(b) PSDplot of a signal that hasbeenspreadwith a Gold codeof lengthX �\Y�[
Figure2.18: Power spectraldensityplotsof a signalthathasbeenspreadwith two differentcodes,in

orderto show thedifferencein bandwidthspread.
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the BER performance.Otherpropagation phenomenasuchas fast fading,shadowing and
path loss affect the power of the received signal making it impossibleto achieve perfect
power control. Imperfectpower controlhasa very significanteffect,becausea strongsignal
from onesourcecancompletelyobscureaweaksignalfrom anothersource.Thiswill render
theBER performancefor someusersto bemuchworsethantheaverage.Lastly, thesimula-
tionswerecarriedout in a singlecell environment.In practice,interferencearisesbothfrom
userswithin thesamecell andalsofrom othercells.

Having gaineda basicknowledgeof the theoreticalandsimulationperformanceof the
conventionalBPSK/DS-CDMAreceiver in a Gaussianenvironment,let usturn our attention
to thenon-conventionalmultiuserdetectiontechniquesin theforthcomingsection.

2.10 Multiuser detection

Multiple accesscommunicationsusingDS-CDMA is interference-limiteddueto themultiple
accessinterference(MAI) generatedby theuserstransmittingwithin thesamebandwidthsi-
multaneously. Thesignalsfrom theusersareseparatedby meansof spreadingsequencesthat
areuniqueto eachuser. Thesespreadingsequencesareusuallynon-orthogonal.Evenif they
areorthogonal,theasynchronoustransmissionor thetime-varyingnatureof themobileradio
channelmaypartially destroy this orthogonality. Thenon-orthogonalnatureof thecodesre-
sultsin MAI, whichdegradestheperformanceof thesystem.Thefrequency selectivemobile
radiochannelalsogivesriseto inter-symbolinterference(ISI) dueto multi-pathpropagation.
This is exacerbatedby thefactthatthemobileradiochannelis time-varying.

ConventionalCDMA detectors– suchasthematchedfilter [95,109]andtheRAKE com-
biner[97] – areoptimizedfor detectingthesignalof asingledesireduser. RAKE combiners
exploit theinherentmulti-pathdiversityin CDMA, sincethey essentiallyconsistof matched
filters for eachresolvable path of the multipath channel. The outputsof thesematched
filters are then coherentlycombinedaccordingto a diversity combining technique,such
as maximal ratio combining,equalgain combiningor selectiondiversity combining[97].
Theseconventionalsingle-userdetectorsare inefficient, becausethe interferenceis treated
asnoiseandthereis no utilization of the availableknowledgeaboutthe mobile channelor
thespreadingsequencesof theinterferers.Theefficiency of thesedetectorsis dependenton
the cross-correlation(CCL) betweenthe spreadingcodesof all the users. The higher the
cross-correlation,thehighertheMAI. This CCL-inducedMAI is exacerbatedby themulti-
pathchannelor by asynchronoustransmissions.Conventionally, this MAI is reducedby the
useof voice-activity monitoringandcell sectorization[10]. Theutilization of theseconven-
tional receiversresultsin an interference-limitedsystemandsoft hand-over capabilitiesare
requiredin orderto provide an acceptablegradeof service[98]. Anotherweaknessof the
conventionalCDMA detectorsis the phenomenonknown as the “near-far effect” [10,98].
For conventionaldetectorsto operateefficiently, thesignalsfrom all theusershave to arrive
at thereceiver with approximatelythesamepower. A signalthathasa muchweaker signal
strengthcomparedto theothersignalswill be“swamped”by therelatively higherpowersof
theothersignalsandthequalityof theweakersignalattheoutputof theconventionalreceiver
will beseverelydegraded.Therefore,stringentpowercontrolalgorithmsareneededto ensure
that thesignalsarrive at relatively similar powersat thereceiver, in orderto achieve similar
qualitiesof servicefor differentusers[10]. Using conventionaldetectorsto detecta signal
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Figure2.19: BER performancecurves for the RAKE receiver with § � � usersusingBPSK, and
over theseven-pathBadUrbanchannelwith theimpulseresponseshown in Figure2.20.
Differentmodulationmodes,including BPSK,4-QAM and16-QAM, wereinvestigated
alongwith thespreadingsequencelengthsof � �K� � and � �K��¢ .

corruptedby MAI, while encounteringa hostilechannelresultsin anirreducibleBER,even
if the o!£ � z í is increased.This is becauseat high o!£ � z í valuesthe errorsdueto thermal
noiseareinsignificantcomparedwith theerrorscausedby theMAI andthechannel.There-
fore, detectorsthatcanreduceor remove theeffectsof MAI andISI areneededin orderto
achieve capacitygains.Thesedetectorsalsohave to be“near-far resistant”in orderto avoid
theneedfor stringentpower control requirements.Theperformanceof RAKE receiversfor
asynchronousuplink DS-CDMA systemis shown in Figure2.19in conjunctionwith BPSK,
4-QAM and16-QAM modulation,whereanerrorfloor is observedfor all thedifferentmod-
ulationmodes,includingBPSK.Thesimulationswerecarriedout over theCOST207[110]
seven-pathBadUrbanchannelshown in Figure2.20. Theperformanceimproves,however,
with anincreasein thespreadingsequencelength, º , althoughtheerrorfloor still remains.

The COST207 [110] channelprofilesweredevelopedapproximatelyaroundthe time,
whentheGSMsystemwasstandardised,in orderto assistfor examplein GSMperformance
investigations.Thethird generationwidebandCDMA systems[81] have, however, a higher
bandwidthand a significantly higher chip rate than the bit rate of the GSM system[81],
thus leadingto a higher multipath resolutionand a larger numberof resolvable multipath
components.Nonetheless,in our performanceinvestigationsthe COST207 channelswere
adoptedfor the sake of the comparabilityof our results,sincethesechannelsare widely
utilized in theCDMA researchcommunity.

In order to mitigate the problemof MAI, [111] proposedand analyzedthe optimum
multiuserdetectorfor asynchronousGaussianmultipleaccesschannels.Theoptimumdetec-
tor searchesall the possiblebit sequencesin orderto find the sequencethat maximizesthe
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Figure2.20: Normalizedchannelimpulseresponsefor the COST 207 [110] seven-pathBad Urban
channel.

correlationmetricgivenby [83] :

¤ µ�¥+¯�¦Û¸À«Ø±§¦ ã ¥~¼f¦ ã�¨ ¦z¯ (2.99)

wherethe elementsin vector ¥ representthe cross-correlationof the received signal with
eachof the userspreadingsequences,the vector ¦ consistsof the bits transmittedby the
usersandthematrix

¨
is thecorrelationmatrix of thespreadingsequences.This optimum

detectorsignificantlyoutperformsthe conventionaldetectorandit is near-far resistant,but
unfortunatelyits complexity grows exponentiallyin the orderof ©Qµâ± ~�Ë ¸ , where z is the
numberof overlappingasynchronousbits consideredin the detectorwindow and © is the
numberof interferingusers.In orderto reducethecomplexity of thereceiverandyetprovide
acceptableBER performances,significantresearchefforts have beeninvestedin thefield of
sub-optimalCDMA multiuserreceivers[83]. Multiuserdetectionexploits thebasestation’s
knowledgeof the spreadingsequencesandthat of the estimatedchannelimpulseresponse
(CIR) in orderto remove theMAI. Thesemultiuserdetectorscanbecategorizedin anumber
of ways,suchaslinear versusnon-linear, adaptive versusnon-adaptive algorithmsor burst
transmissionversuscontinuoustransmissionregimes.Excellentsummariesof someof these
sub-optimumdetectorscanbefoundin themonographsby [91], and [93] and [83]. Other
MAI-mitig ating techniquesincludethe employmentof adaptive antennaarraysin order to
suppressthe level of MAI at the receiver. Researchefforts investedin this areainclude,
amongstothers,researchcarriedoutby , and [112,113];and [114]; [115]; aswell as, , and
[116]. However, theareaof adaptive antennaarraysis beyond thescopeof this thesisand

thereaderis referredto thereferencescitedfor furtherdiscussion.In thenext section,abrief
survey of thesub-optimalmultiuserreceiverswill bepresented.

2.10.1 Surveyof multiuser receivers

Following theseminalwork by [111], numeroussub-optimummultiuserdetectorshavebeen
proposedfor a varietyof channels,datamodulationschemesandtransmissionformats.and
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[117] initially suggesteda sub-optimumlinear detectorfor symbol-synchronoustransmis-
sionsandfurtherdevelopedit for asynchronoustransmissionsin a Gaussianchannel[118].
ThislineardetectorinvertedtheCCLmatrix,whichwasconstructedfromthespreadingcodes
of the usersandwastermedthe decorrelatingdetector. It wasshown that this decorrelator
exhibitedthesamedegreeof near-farresistance,astheoptimummultiuserdetector. A further
sub-optimummultiuserdetectorinvestigatedwastheminimummeansquareerror (MMSE)
detector, wherea biasedversionof the CCL matrix was invertedin order to optimize the
receiver obeying theMMSE criterion. and [119] proposeda multiuserdetectorfor a syn-
chronousCDMA systemdesignedfor a frequency-selective Rayleighfadingchannel.This
approachalsousedabankof matchedfilters followedby awhiteningfilter, but maximalratio
combiningwasusedto combinethe resultingsignals. The decorrelatingdetectorof [118]
wasfurther developedfor differentially-encodedcoherentmultiuserdetectionin flat fading
channelsby Zvonaret al [120]. Zvonaralsoamalgamatedthe decorrelatingdetectorwith
diversity combining,in order to achieve performanceimprovementsin frequency selective
fadingchannels[121]. A multiuserdetectorjointly performingdecorrelatingchannelesti-
mationanddatadetectionwasinvestigatedby and [122]. Path-by-pathdecorrelatorswere
employed for eachuserin orderto obtainthe input signalsrequiredfor channelestimation
andthechannelestimatesaswell astheoutputsof amatchedfilter bankwerefedinto adecor-
relatorfor demodulatingthedata.A variantof this ideawasalsopresentedby , and [123],
wheretrainingsequencesanda decorrelatingschemewereusedfor determiningthechannel
estimatematrix. This matrix wasthenusedin a decorrelatingdecisionfeedbackschemefor
obtainingthedataestimates., and [124] proposediterativeschemesfor obtainingthedecor-
relatorandlinearMMSE detectorsin orderto reducethecomplexity. and [125] advocated
usinga sequentialestimatorfor minimizing the meansquareerror. The cross-correlations
betweenthespreadingcodesandestimatesof the fadedamplitudeof the receivedsignalof
eachuserwereneededin orderto obtainestimatesof thetransmitteddataof eachuser. Duel-
Hallen[126] proposedadecorrelatingdecision-feedbackdetectorfor removing theMAI from
a synchronoussystemin a Gaussianchannel.Theoutputsfrom a bankof filters matchedto
thespreadingcodesof theuserswerepassedthrougha whiteningfilter. This filter wasob-
tainedby decomposingthe CCL matrix of the userspreadingcodesthroughthe Cholesky
decomposition[127] technique.Theresultsshowed thatMAI couldberemoved from each
usersuccessively, assumingthat therewasno errorpropagation. However, estimatesof the
received signal strengthsof the userswereneeded,becausethe usershad to be ranked in
orderof decreasingsignalstrengthsso that the morereliableestimateswereobtainedfirst.
Thedecorrelatingfeedbackdetectorwasimprovedby and [128] with asub-optimumvariant
of the Viterbi algorithm,whereonly thosemetricswhich weremost likely were retained.
Decorrelatingdecisionfeedbackdetectionwasimprovedwith theassistanceof soft-decision
convolutionalcodingby and [129]. Softdecisionsfrom aViterbi decoderwerefedbackinto
thefilter for signalcancellation.

Theeffectof MAI onthedesiredsignalis similar to theimpactof multipathpropagation-
inducedISI inflicted uponthesamesignal.Eachuserin a © -usersystemsuffersfrom MAI
dueto the other µF©(¼�u¸ users.This MAI canalsobe viewed asa single-usersignalper-
turbedby ISI from µF© ¼æ+¸ pathsin a multipathchannel. Therefore,classicequalization
techniques[95,130] usedto mitigatetheeffectsof ISI canbemodifiedfor multiuserdetec-
tion andthesetypesof multiuserdetectorscanbeclassifiedasjoint detectionreceivers.These
joint detectionreceiversweredevelopedfor burst-basedratherthancontinuoustransmission.
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The conceptof joint detectionfor the uplink wasproposedby and [131] for synchronous
bursttransmission,wheretheperformanceof azero-forcingblock linearequalizer(ZF-BLE)
wasinvestigatedfor frequency-selective channels.Otherjoint detectionschemesfor uplink
situationswerealsoproposedby , , , , and, suchastheminimummean-squareerrorblocklin-
earequalizer(MMSE-BLE) [132–135], the zero-forcingblock decisionfeedbackequalizer
(ZF-BDFE) [134,135] andtheminimummean-squareerrorblock decisionfeedbackequal-
izer (MMSE-BDFE)[134,135]. Thesejoint-detectionreceiverswerealsocombinedwith co-
herentreceiver antennadiversity(CRAD) techniques[133–136] andturbocoding[137,138]
for performanceimprovement. Joint detectionreceivers werealsoproposedfor downlink
scenariosby , , and [139,140]. Channelestimateswererequiredfor the joint detectionre-
ceiversandsomechannelestimationalgorithmswereproposedby and [141] for employment
in conjunctionwith joint detection. [142] extendedthe joint detectionreceiver by combin-
ing ZF-BLE andMMSE-BLE techniqueswith a multistagedecisionusingsoft inputs to a
decoder.

Interferencecancellation(IC) schemesconstituteanothervariantof multiuserdetection
andthey canbebroadlydivided into threecategories,parallelcancellation,successive can-
cellationandahybrid of both.and [143] proposedamultistagedetectorfor anasynchronous
system,wheretheoutputsfrom amatchedfilter bankwerefed into adetectorthatperformed
MAI cancellationusinga multistagealgorithm. At eachstagein thedetector, theestimates
of all theotherusersfrom thepreviousstagewereusedfor reconstructinganestimateof the
MAI andthisestimatewasthensubtractedfrom theinterferedsignalrepresentingthewanted
bit. Thecomputationalcomplexity of this detectorwaslinearwith respectto thenumberof
users,© . furthermodifiedtheparallelcancellationschemein orderto createaparallelgroup
detectionschemefor Gaussianchannels[144] andlater developedit further for frequency-
selective slow Rayleighfadingchannels[145]. In this scheme,© usersweredividedinto n
groupsandeachgroupwasdemodulatedin parallelusinga groupdetector. , and [146] then
extendedtheapplicabilityof themultistageinterferencecancellationdetectorto a multipath,
slowly fadingchannel.At eachcancellationstage,harddecisionsgeneratedby theprevious
stagewereusedfor reconstructingthesignalof eachuserandfor cancellingits contribution
from the compositesignal. The effectsof CIR estimationerrorson the performanceof the
cancellationschemewerealsoconsidered.A multiuserreceiverthatintegratedMAI rejection
andchanneldecodingwasinvestigatedby and [147]. TheMAI wascancelledvia a multi-
stagecancellationschemeandsoft-outputswerefed from theViterbi decoderof eachuserto
eachstagefor improving theperformance.

Theparallelinterferencecancellation(PIC) receiver [143] wasalsomodifiedfor employ-
mentin multi-carriermodulation[148] by and, whereconvolutionalcodingwasusedin order
to obtainimprovedestimatesof thedatafor eachuserat theinitial stageandtheseestimates
werethenutilized for interferencecancellationin the following stages.Theemploymentof
convolutional codingimproved the performanceby 1.5 dB. , and [149] enhancedthe per-
formanceof theparallelinterferencecancellationreceiverby feedingbackchannelestimates
to the signal reconstructionstageof the multistagereceiver andproposedan algorithmfor
mitigatingerrorpropagation. , , and [150] combinedmultistagedetectionwith channeles-
timation techniquesutilizing theoutputsof antennaarrays.Thechannelestimatesobtained
werefed backinto themultistagedetectorin orderto refinethedataestimates.An advanced
parallelcancellationreceiver wasalsoproposedby , and [151]. At eachcancellationstage,
only partial cancellationwas carriedout by weighting the regeneratedsignalswith a less
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thanunity scalingfactor. At eachfollowing stage,theweightswereincreasedbasedon the
assumptionthattheestimatesbecameincreasinglyaccurate.

A simplesuccessive interferencecancellation(SIC) schemewasanalyzedby and [152].
Thereceivedsignalswererankedaccordingto their correlationvalues,which wereobtained
by utilizing thecorrelationsbetweenthereceivedsignalandthespreadingcodesof theusers.
The transmittedinformation of the strongestuserwas estimatedenablingthe transmitted
signalto bereconstructedandsubtractedfrom thereceivedsignal.This wasrepeatedfor the
next strongestuser, wherethe reconstructedsignalof this seconduserwascancelledfrom
thecompositesignalremainingafterthefirst cancellation.Theinterferencecancellationwas
carriedoutsuccessively for all theotherusers,until eventuallyonly thesignalof theweakest
userremained.It wasshown that theSIC receiver improvedtheBER andthesystem’s user
capacityover thatof theconventionalmatchedfilter for theGaussian,narrowbandRayleigh
anddispersive Rayleighchannels.Multipath diversitywasalsoexploitedby combiningthe
SIC receiver with theRAKE correlator[152]. and [153] extendedtheSIC receiver by using
referencesymbolsin orderto aid theCIR estimation.Theperformanceof the receiver was
investigatedin flat andfrequency-selective Rayleighfadingchannels,aswell asin emulated
multi-cell scenarios.A soft-decisionbasedadaptiveSICschemewasproposedby and [154]
wheresoft decisionswereusedin thecancellationstageandif thedecisionstatisticdid not
satisfya certainthreshold,no dataestimationwascarriedout for thatparticulardatabit, in
orderto reduceerrorpropagation.

Hybrid SIC andPIC schemeswereproposedby , and [155,156], whereSIC wasfirst
performedon thereceivedsignal,followedby amultistagePICarrangement.Thiswork was
thenextendedto anadaptive hybrid schemefor flat Rayleighfadingchannels[157]. In this
scheme,successive cancellationwasperformedfor a fractionof theusers,while theremain-
ing users’signalswereprocessedvia a sub-parallelcancellationstage. Finally, multistage
parallelcancellationwasinvoked. The numberof serialandsub-parallelcancellationsper-
formedwasvariedadaptively accordingto BER estimates., , and [158] proposeda pilot
symbol-assistedmultistagehybrid successive-parallelcancellationscheme.At eachstage,
dataestimationwascarriedoutsuccessively for all theusers,commencingwith theuserhav-
ing thestrongestsignalandendingwith theweakestsignal.For eachuser, interferencefrom
otheruserswasregeneratedusingtheestimatesof thecurrentstagefor thestrongerusersand
the estimatesof the previous stagefor the weaker users.Channelestimateswereobtained
for eachuserby employing pilot symbolsanda recursive estimationalgorithm.Anotherhy-
brid successiveandparallelinterferencecancellationreceiverwasproposedby , , and [159],
wheretheusersto bedetectedweresplit into a numberof groups.Within eachgroup,PIC
wasperformedon the signalsof theseusersbelongingto the group. Betweenthe separate
groups,SIC wasemployed.This hadtheadvantageof a reduceddelayandimprovedperfor-
mancecomparedto theSICreceiver. A furthervariantof thehybrid cancellationschemewas
constitutedby thecombinationof MMSE detectorswith SIC receivers,asproposedby and
[160]. Single-userMMSE detectorswereusedto obtainestimatesof thedatasymbols,which
werethenfed backinto the SIC stages.An adaptive interferencecancellationschemewas
investigatedby and [161] for a multicellular scenario,whereinterferencecancellationwas
performedfor bothin-cell interferersandout-of-cellinterferers.It wasshown thatcancelling
theestimatedinterferencefrom usershaving weaksignalsactuallydegradedtheperformance,
sincetheestimateswereinaccurate.Theadaptiveschemeexercisedinterferencecancellation
in a discriminatingmanner, usingonly theestimatesfrom usershaving strongreceivedsig-
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nals.Thereforesignalpowerestimationwasneededandthethresholdfor signalcancellation
wasadaptedaccordingly.

Severaltree-searchdetection[162–164] receivershavebeenproposedin theliterature,in
order to reducethe complexity of the original maximumlikelihooddetectionschemepro-
posedby [111]. Specifically, , and [162] investigateda tree-searchdetectionalgorithm,
wherea recursive, additive metric was developedin order to reducethe searchcomplex-
ity. Reducedtree-searchalgorithms,suchas the well-known M-algorithms[165] and T-
algorithms[165] wereusedby , and [163] in order to reducethe complexity incurredby
theoptimummultiuserdetector. Motivatedby theM-algorithm,at every nodeof thesearch
algorithm,only ª pathswere retained,dependingon certaincriteria suchas the highest-
metric ª numberof paths.Alternatively, all thepathsthatwerewithin a fixedthreshold,

¤
,

comparedto theidealmetricwereretained.At thedecisionnode,thepathhaving thehighest
metric waschosenasthe most likely transmittedsequence.Maximal-ratiocombiningwas
alsousedin conjunctionwith thereducedtree-searchalgorithmsandthecombiningdetectors
outperformedthe“non-combining”detectors.TheT-algorithmwascombinedwith soft-input
Viterbi detectorsfor channel-codedCDMA multiuserdetectionin thework carriedout by ,
and [164]. The recursive tree-searchdetectorgeneratedsoft-outputs,which werefed into
single-userViterbi channeldecoders,in orderto generatethebit estimates.

Multiuser projectionreceiverswereproposedby , , and [166] andby Alexander, and
Schlegel [167]. Thesereceiversreducedthe MAI by projectingthe received signalonto a
spacewhich wasorthogonalto the unwantedMAI, wherethe wantedsignalwasseparable
from theMAI.

In all themultiuserreceiverschemesdiscussedearlier, all therequiredparametersexcept
for the transmitteddataestimateswereassumedto beknown at thereceiver. In orderto re-
move this constraintwhile reducingthe complexity, adaptive receiver structureshave been
proposed[168]. An excellentsummaryof theseadaptive receivershasbeenprovidedby and
[169]. Severaladaptive algorithmshave beenintroducedfor approximatingtheMMSE re-

ceivers,suchastheLeastMeanSquares(LMS) [130] algorithm,theRecursiveLeastSquares
(RLS) algorithm[130] andthe Kalmanfilter [130]. , and [170] showed that the adaptive
MMSE approachcouldbeappliedto multiuserreceiverstructureswith aconcomitantreduc-
tion in complexity. In theadaptive receiversemployedfor asynchronoustransmissionby and
[168], training sequenceswereemployed, in order to obtain the estimatesof the parame-

tersrequired., andintroduceda multiuserreceiver for anasynchronousflat-fadingchannel
basedontheKalmanfilter [171],whichcomparedfavourablywith thefinite impulseresponse
MMSE detector. An adaptive decisionfeedbackjoint detectionschemewasinvestigatedby
and [172], wheretheleastmeansquares(LMS) algorithmwasusedto updatethefilter coef-
ficients,in orderto minimizethemeansquareerrorof thedataestimates.New adaptivefilter
architecturesfor thedownlink DS-CDMA receiversweresuggestedby , , , and [173], where
anadaptivealgorithmwasemployedin orderto estimatetheCIR,andthisestimatedCIR was
thenusedby a channelequalizer. Theoutputof thechannelequalizerwasfinally processed
by afixedmultiuserdetectorin orderto provide thedataestimatesof thedesireduser.

Thenovel classof multiuserdetectors,referredto as“blind” detectors,doesnot require
explicit knowledgeof thespreadingcodesandCIRsof themultiuserinterferers.Thesede-
tectorsdo not requirethetransmissionof trainingsequencesor parameterestimatesfor their
operation.Instead,theparametersareestimated“blindly” accordingto certaincriteria,hence
the term “blind” detection. RAKE-type blind receivers have beenproposed,for example
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by , and [174] for fast-fadingmobilechannels,wheredecision-directedchannelestimators
wereusedfor estimatingthemultipathcomponentsandtheoutputof theRAKE fingerswas
combinedemploying varioussignalcombiningmethods.and [175] alsoproposeda RAKE-
typereceiver for frequency-selective fadingchannels.In [175], a weightvectorwasutilized
for eachRAKE fingerwhichwascalculatedbasedonmaximizingthesignal-to-interference-
plus-noiseratio (SINR) at the outputof eachRAKE finger. , , and [176] proposedan ap-
proximateMaximum LikelihoodSequenceEstimation(MLSE) solutionknown asthe per-
survivor processing(PSP)typealgorithm,which combineda tree-searchalgorithmfor data
detectionwith the aid of the Recursive LeastSquares(RLS) adaptive algorithm usedfor
channelamplitudeandphaseestimation.ThePSPalgorithmwasfirst proposedby [177]; as
well asby , and [178,179] for blind equalizationin single-userISI-contaminatedchannels.
, , andextendedtheir earlierwork [176] in order to include the estimationof user-delays
alongwith channel-anddata-estimation[180]. and [181] combinedthePSPalgorithmwith
the Kalmanfilter, in order to adaptively estimatethe amplitudesanddelaysof the CDMA
users. In otherblind detectionschemes,andcomparedthe applicationof neuralnetworks
andLMS filters for obtainingdataestimatesof theCDMA users[182]. In contrastto other
multiuserdetectors,which requiredthe knowledgeof the spreadingcodesof all the users,
only thespreadingcodeof thedesireduserwasneededfor this adaptive receiver [182]. An
adaptivedecorrelatingdetectorwasalsodevelopedby Mitra andPoor[183], whichwasused
to determinethespreadingcodeof a new userenteringthesystem.Blind equalizationwas
combinedwith multiuserdetectionfor slowly fadingchannelsin thework publishedby and
[184]. Only the spreadingsequenceof the desireduserwasneededanda zero-forcingas

well asanMMSE detectorweredevelopedfor datadetection.As a furthersolution,a sub-
spaceapproachto blind multiuserdetectionwasalsoproposedby and [185], whereonly
thespreadingsequenceandthedelayof thedesireduserwereknown at thereceiver. Based
on this knowledge,a blind sub-spacetrackingalgorithmwasdevelopedfor estimatingthe
dataof thedesireduser. Furtherblind adaptive algorithmsweredevelopedby , and [186],
and [187], aswell asby and [188]. In [186], the applicability of two adaptive algorithms
to the multiuserdetectionproblemwasinvestigated,namelythat of the stochasticgradient
algorithmandtheleastsquaresalgorithm;while in [188] anadaptivedetectorthatconverged
to thedecorrelatorwasanalyzed.

Theemploymentof theKalmanfilter for adaptivedata,CIR anddelayestimationwasad-
vocatedfor exampleby and [189], demonstratingthattheKalmanfilter gave a goodperfor-
manceandexhibiteda high gradeof flexibility . However, theKalmanfilter requiredreliable
initial delayestimatesin orderto initialize thealgorithm.and [190] modifiedthewell-known
constantmodulusapproach[191,192] to blind equalizationfor ISI-contaminatedchannelsin
the context of multiuserinterferencesuppression.and [193] proposedan orthogonalizing
matchedfiltering detector, whichconsistedof abankof despreadingfiltersandasignalcom-
biner. Oneof thedespreadingfilterswasmatchedto thedesiredspreadingsequence,while the
otherdespreadingsequenceswerearbitrarily chosensuchthat the impulseresponsesof the
filters werelinearly independentof eachother. Thefilter outputswereadaptively weighted
in thecomplex domainwith thecriterionthattheaverageoutputpower of thecombinerwas
minimized. A constraintwas imposedon the combiningprocesssuchthat the combiner’s
responseto thedesireduser’ssignalwaskeptconstant.In anotherdesign,aniterativescheme
usedto maximizethe log-likelihoodfunction was the basisof the researchby and [194].
RAKE correlatorswereemployed for exploiting the multipathdiversity andthe outputsof
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thecorrelatorswerefed to aniterativeschemefor joint channelestimationanddatadetection
usingtheGauss-Seidel[195] algorithm.

Severalhybrid multiuserreceiverstructureshavealsobeenproposedrecently[196–199].
[196] advocatedthehybrid multiuserdetectorthatconsistedof a decorrelatorfor detecting

asynchronoususers,followedby a maximum-SNRdatacombiner, anadaptive cancellerand
anotherdatacombiner. The decorrelatormatrix was adaptively determined. A multiuser
receiver employing aniterative hybrid geneticalgorithmasa searchtechniquehasalsobeen
proposedby et al [197]. The search-spacefor the most likely sequencewas limited to a
certainpopulationof sequencesandthesequenceswereupdatedat eachiterationaccording
to certainprobabilistic,aptly termedgeneticoperations,known as reproduction, crossover
or mutationoperations.Commencingwith a populationof tentative decisions,the best k
sequenceswereselectedasso-called“parent” sequencesaccordingto a fitnesscriterion in
orderto generatethe“offspring” for thenext generationof sequenceestimates.Theoffspring
of sequenceestimatesweregeneratedby employing auniform“crossoverprocess”wherethe
bitsbetweentwo parentsequenceswereexchangedaccordingto arandommaskandacertain
probability value. Finally, “mutation” was performedwherethe value of a bit is flipped
accordingto a certainprobability. In orderto prevent the lossof “high-fitness”individuals
that werenot selectedasparents,the worst offspring wasreplacedby the bestnon-parent
individualof theearliergeneration.

Neuralnetwork-typereceivershave alsobeenproposedasCDMA receivers[200,201].
andproposeda non-linearreceiver that exploited neural-network structuresandemployed
patternrecognitiontechniquesfor datadetection[200]. This work [200] wasextendedto a
reducedcomplexity neuralnetwork receiver for thedownlink scenario[201].

Other novel techniquesemployed for mitigating the multipath fading effects inflicted
upon multiple users include joint transmitter-receiver optimization proposedby , and
[198,199]. In theseschemes,transmitterprecodingwas carriedout, suchthat the mean
squarederrorsof the signalsat all the receiverswereminimized. This requiredthe knowl-
edgeof theCIRsof all theuserchannelsandtheassumptionwasmadethatthechannelfading
wassufficiently slow, suchthatthechannelpredictioncouldbeemployedreliably.

Recently, therehasbeensignificantinterestin iterative detectionschemeswherechannel
codingwasexploitedin conjunctionwith multiuserdetection,in orderto obtaina high BER
performance.Thespreadingof thechannel-codedsymbolsandtheir corruptionby thewide-
bandchannelwasviewedasaseriallyconcatenatedcodestructure,wheretheCDMA channel
wasviewedastheinnercodeandthesingleuserconvolutionalcodesmadeuptheoutercodes.
After processingthereceivedsignalin a bankof matchedfilters or orthogonalizingwhiten-
ing matchedfilter, the matchedfilter outputswereprocessedusingthe turbo-styleiterative
decoding(TEQ)[202] process.In thisprocess,amultiuserdecoderwasusedto producecon-
fidencemeasureswhich wereusedassoft inputsto thesingle-userchanneldecoders.These
single-userdecodersthenprovidedsimilarconfidencemetricsfor themultiuserdetector. This
iterativeprocesscontinued,until no furtherperformanceimprovementwasrecorded.

and [203] presentedthemaximumlikelihoodsolutionfor theasynchronousCDMA chan-
nel, where the userdatawas encodedwith the aid of convolutional codes. Near-single-
userperformancewas achieved for the two-usercasein conjunctionwith fixed-spreading
codes. The decoderemployed was basedon the Viterbi algorithm, wherethe numberof
statesincreasedexponentiallywith the productof the numberof usersand the constraint
lengthof the convolutional codes. Later, a suboptimalmodificationof this techniquewas
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proposed[147], wheretheMAI wascancelledvia multistagecancellationandthesoft out-
putsfrom theViterbi algorithmwerefed to eachstagefor improving theperformance.Fol-
lowing this,severalproposalsof iterative multiuserdetectionfor channel-codedsignalshave
beenpresented[204–209]. For example,, , and [206,208] proposedthe multiusermaxi-
mum a-posteriori(MAP) detectorsfor the decodingof the inner CDMA channelcodeand
single-userMAP decodersfor theouterconvolutionalcodes.A reducedcomplexity solution
employing theM-algorithm[165] wasalsosuggestedwhich resultedin acomplexity thatin-
creasedlinearly– ratherthanexponentially, asin [203] – with thenumberof users[207]. and
[209] employedasoft-outputmultiuserdetectorfor theinnerchannelcode,whichcombined
soft interferencecancellationandinstantaneouslinearMMSE filtering, in orderto reducethe
complexity. Theseiterativereceiverstructuresshowedconsiderablepromiseandnear-single-
userperformancewasachievedathighSNRs.

Figure2.21portraystheclassificationof mostof theCDMA detectorsthathavebeendis-
cussedpreviously. All theacronymsfor thedetectorshavebeendefinedin thetext. Examples
of thedifferentclassesof detectorsarealsoincluded.

2.11 Chapter Summary and Conclusions

In this chapterwe commencedour discussionswith a rudimentaryintroductionto CDMA
systemsandclassifiedthevarioustechniquesthatareapplicableto spreadingthesignalbefore
transmissions.We thenbriefly consideredthe operationof the DS-CDMA transmitterand
receiver aswell astheeffectsof thechannelandtheMUI. Thecorrelationpropertiesof m-
sequences,Gold-sequencesaswell asKasami-sequenceswerereviewednext anda rangeof
basicresultswerepresentedfor characterisingthe achievableperformanceasa function of
thevarioussystemparameters.Thechapterwasconscludedby a brief overview of various
multiuserdetectors.

In conclusion,multiuserdetectorsreducethe error floor dueto MAI andthis translates
into usercapacitygains for the system. If the performanceof multiuserdetectorsis inde-
pendentof thespreadingcodesused,thenthecodescanbechosenin orderto optimizethe
system’s spectralefficiency. Thesemultiuserdetectorsarealsonear-far resistantto a certain
extentandthis resultsin lessstringentpower controlrequirements.

On the otherhand,multiuserdetectorsaremore complex thanconventionaldetectors.
Coherentdetectorsrequireknowledgeof the CIR estimates,which meansthat a channel
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estimatoris neededin the receiver andtrainingsequenceshave to be includedin thebursts
thataretransmitted.Thesemultiuserdetectorsalsoexhibit aninherentlatency, which results
in adelayedreception.

Multiuserdetectionis moresuitablefor uplink receiversdueto its increasedcomplexity.
A hand-heldmobile receiver hasto becompactandlightweight, renderingmultiuserdetec-
tion impracticalfor the downlink. Recentresearchinto blind receivershasshown thatdata
detectionfor thedesireduser– withoutusingthespreadingsequencesandchannelestimates
of otherusers– is possible,asdiscussedin Section2.10.1,henceusingthesedetectorsfor
downlink receiversmaybecomea reality. However, theinherentlatency in convergenceand
theincreasedcomplexity maystill remaina limiting factorin thesedownlink receivers. less
harmfulto themobilestation,becauseall thesignalsof all theusersin onetransmissionburst
aregeneratedatthesamesignalstrengthfrom thebasestation.Thenear-farproblembecomes
seriousonly, whentheinterferencefrom othercellsis high. To mitigatetheproblemof MAI
for the downlink, measuressuchasusingspreadingcodeswith goodcross-correlationand
auto-correlationpropertiescan be employed. The cross-correlationpropertyis lesslikely
to be destroyed, asdownlink transmissionscanbe madesynchronous,especiallyin hybrid
TDMA/CDMA systemssuchastheonesin theFRAMESproposal[210]. To combatfading,
RAKE receiverscanbeemployed,in orderto exploit multi-pathdiversity.
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Chapter 9
GeneticAlgorithm-Assisted

Multiuser Detectionfor

SynchronousCDMA

9.1 Intr oduction

In thischapter, wewill applyaGA-assistedschemeasasuboptimalmultiuserdetectiontech-
niquein bit-synchronousCDMA systemsover single-pathRayleighfadingchannels.This
providesasimplemodelfor investigatingthefeasibilityof applyingGAsin CDMA multiuser
detectionaswell asfor determiningtheGA’s configuration,in orderto obtaina satisfactory
performance.Basedontheresultsobtainedin thischapter, theGA-assistedCDMA multiuser
detectorwill thenbesubsequentlyextendedto anasynchronoussystemmodelincorporating
multipathRayleighfadingchannelsin Chapter12.

This chapteris organisedasfollows. We will first highlight our systemmodelusedin
this chapterin Section9.2. The notationsdefinedherewill alsobe usedin the subsequent
chapters.An equivalentdiscrete-timesystemmodelis alsohighlightedin Section9.3. We
will thenderive the optimummultiuserdetectorbasedon the Maximum Likelihood(ML)
criterion for the systemmodeladoptedin this chapterin Section9.4, which canbe seento
have a computationalcomplexity exponentiallyproportionalto the numberof users. GA-
assistedmultiuserdetectorsarethendevelopedthrougha seriesof experiments,in orderto
find theGA configurationthatis bestsuitedfor ourapplicationandtheresultswill beshown
in Section9.5.Finally, usingthisGA configuration,theBEPperformanceof theGA-assisted
multiuserdetectorbasedon our systemmodel is assessedby simulationsin Section9.6.
The summaryof this chapteris given in Section9.7. Before we commenceour in-depth
discourse,a few observationsaremaderegardingour mathematicalnotationsusedin this
dissertation.Vectorsandmatricesarerepresentedin boldface,while µ�«¾¸ ã and µ�«·¸ � denotethe
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Figure9.1: Block diagramof the Ä -usersynchronousCDMA systemmodelin a flat Rayleighfading
channel.

transposematrixandtheconjugatematrixof Å�Æ6Ç , respectively. Hermitianmatrices,definedas
thecomplex conjugatetransposeof thematrices,aredenotedas Å�Æ;ÇHÈ . Furthermore,diagÅ�Æ;Ç
representsadiagonalmatrix,wherethediagonalelementscorrespondto thevector Å�Æ;Ç .

9.2 SynchronousCDMA SystemModel

We considera bit-synchronousCDMA systemas illustratedin Figure9.1, where É users
simultaneouslytransmitdatapacketsof equallengthto a singlereceiver. In this dissertation
we will adopttheBinary PhaseShift Keying (BPSK)modulationtechniquefor all thetrans-
missions.The transmittedsignalof the Ê th usercanbeexpressedin anequivalentlowpass
representationas:

ËÌ�Í Å;Î�ÇÐÏ Ñ ÍÓÒvÔAÕÖ�×AØ
Ù#Ú Ö�ÛÍÝÜ Í Å6ÎÐÞ@ß(àAá�Ç�âdãAÊeÏ,äåâ#æ#æ#æ>â�É (9.1)

whereÑ Í is the Ê th user’s signalenergy perbit,
Ù Ú ÖqÛÍ çcè�é äåâ�Þ-äåê denotesthe ß th databit

of the Ê th user, Ü Í Å;Î�Ç is the Ê th user’s signaturesequence,àAá is thedatabit durationand ë
is thenumberof databits transmittedin a packet. Whenconsideringa synchronoussystem
experiencingno multipathinterference,it is sufficient to observe thesignalover a singlebit
durationàAá , sincethereis no interferenceinflicted by symbolsoutsidethis duration.Hence
without lossof generality, we canomit the superscriptÅ;ßKÇ from all our equationsin this
chapter.

The Ê th user’s signaturesequenceÜ Í Å6Î�Ç maybewrittenas:

Ü Í Å6Î�ÇÓÏ
ìqí ÔAÕî ×AØ Ü

Ú î ÛÍ�ïð í Å;ÎÐÞ�ñMàóò�Ç�â,ôöõfÎ�÷NàAá#âdãAÊeÏ,äåâ#æ#æ�æ>â#É (9.2)
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where àóò is the chip duration, Ü Ú î ÛÍ ç�è�é äåâ�Þ-äMê denotesthe ñ th chip, ø8ò is the spreading
factor,whichrefersto thenumberof chipsperdatabit durationàAá suchthat ø8ò¹ÏfàAá#ù�àAò andïð í Å6Î�Ç is thechip pulseshape.In practicalapplications,ï�ú Å6Î�Ç hasa bandlimitedwaveform,
suchasa raisedcosineNyquist pulse. However, for the sake of simplicity in our analysis
andsimulation,wewill assumethat ï�ú Å6Î�Ç is a rectangularpulsethroughoutthisdissertation,
which is definedas:

ï ú Å6Î�ÇÓÏ ä�âûôöõfÎ�÷Nüô�â otherwise.
(9.3)

Without lossof generality, we assumethat the signaturesequenceÜ Í Å6Î�Ç of all É usershas
unit energy, asgivenby :

ð Â
Ø Ü�ý Í Å;Î�Ç�þ#Î¹Ï,ä�âdãóÊöÏ,äåâ#æ�æ#æ>â#É1æ (9.4)

Eachuser’s signal
ËÌ Í Å6Î�Ç is assumedto propagateover a single-pathfrequency-nonselective

slowly Rayleighfadingchannel,asshown in Figure9.1andthefadingof eachpathis statis-
tically independentfor all users.Thecomplex lowpasschannelimpulseresponse(CIR) for
the link betweenthe Ê th user’s transmitterandthe receiver, asshown in Figure9.1, canbe
writtenas:

ñ Í Å;Î�ÇÐÏcÿ Í Å;Î�Ç�� ����� Ú�� Û	� Å6Î�Ç�âcãóÊöÏ ä�â�æ#æ#æ>â#É (9.5)

wheretheamplitudeÿ Í Å6Î�Ç is a Rayleighdistributedrandomvariableandthephase
 Í Å6Î�Ç is
uniformly distributedbetween� ô�â���$Ç .

Hence,whenthe Ê th user’s spreadspectrumsignal
ËÌ%Í Å;Î�Ç givenby Equation(9.1)propa-

gatesthrougha slowly Rayleighfadingchannelhaving animpulseresponsegivenby Equa-
tion (9.5),theresultingoutputsignal Ì%Í Å;Î�Ç overasinglebit durationcanbewrittenas:

Ì�Í Å6Î�ÇÓÏ Ñ Í ÿ Í Ù Í Ü Í Å6Î�Ç�� ��� � âdãAÊeÏ,äåâ#æ#æ�æ>â#É (9.6)

UponcombiningEquation(9.6)for all É users,thereceivedsignalat thereceiver, which
is denotedby �/Å6Î�Ç in Figure9.1,canbewrittenas:

�jÅ6Î�ÇÓÏ
�
Í × Õ

Ì�Í Å6Î�Ç é�� Å6Î�Ç�â (9.7)

where � Å;Î�Ç is the zero-meancomplex Additive White GaussianNoise(AWGN) with inde-
pendentrealandimaginarycomponents,eachhaving a double-sidedpower spectraldensity
of � ý Ïdø Ø ù�� W/Hz.

At the receiver, the outputof a bankof filters matchedto the correspondingsetof the
users’signaturesequencesis sampledat the endof the bit interval. The outputof the � th
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user’smatchedfilter, denotedas �	� in Figure9.1,canbewrittenas:

��� Ï
ð Â
Ø �jÅ;Î�Ç Ü ��Å6Î�Ç�þ%Î

Ï
ð Â
Ø

�
Í × Õ

Ñ Í ÿ Í Ù Í Ü Í Å;Î�Ç�� ��� � Ü ��Å6Î�Ç�þ#Î é
ð Â
Ø � Å6Î�Ç Ü ��Å;Î�Ç�þ#Î

Ï Ñ���ÿ�� Ù ��� �����
Desiredsignal

é
�
Í × ÕÍ �× �

Ñ Í ÿ Í Ù Í"! � Í � ��� �

Multiple AccessInterference

é � �
Noise

â (9.8)

where! � Í is thecross-correlationof the � th user’s andthe Ê th user’s signaturesequence,as
givenby :

! � Í Ï
ð Â
Ø Ü ��Å;Î�Ç Ü Í Å6Î�Ç�þ#Î#â (9.9)

and

� �Ï
ð Â
Ø � Å;Î�Ç Ü ��Å6Î�Ç�þ#Î#æ (9.10)

Asseenin Equation(9.8),apartfromtheGaussiannoise� � , thedesiredsignalis interfered
by signalstransmittedby theotherusers.This interferencedueto theotherusers’signalsis
alsoknown asMultiple AccessInterference(MAI).

Assumingthat the receiver has perfect knowledge of the � th user’s CIR coefficientsÿ���� ��� � , thedetectedbit
Ë Ù �$# Ò % of the � th userbasedon theconventionalcoherentsingle-user

detectorwill begivenby thesignof thematchedfilter outputin Equation(9.8)as:

Ë Ù �$# Ò % Ï sgn & ���9ÿ���� Ô ����� æ (9.11)

Multiplication by ÿ���� Ô ����� is necessaryfor coherentdetection,becausethe phaserotation
introducedby the channelhasto be removed. By approximatingthe MAI as a Gaussian
distributedrandomvariableby virtue of the centrallimit theorem[305–307], the Bit Error
Probability(BEP)of thedesiredusercanbeshown to begivenby [308] :

' ��Ï ä
� ä$Þ Ñ��

ø Ø ù�� é Í Ñ Í"! � Í æ (9.12)

Hencefrom Equation(9.12),wecanseethatunlessthesignaturesequencesof theinterfering
usersareorthogonalto thatof thedesireduser, yielding ! � Í Ï ô for Ê*Ï äåâ#æ�æ#æ>â#É1â�Ê)(Ï*� ,
the BEP performanceof the desireduserwill be inferior to that achieved in a single-user
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environmentin conjunctionwith a single-usermatchedfilter. Furthermore,sincethe BEP
performancewill deterioratein conjunctionwith anincreasingnumberof users,theconven-
tional single-userdetectoris highly vulnerableto near-fareffects[309].

9.3 Discrete-Time SynchronousCDMA Model

For our application,it is moreconvenientto expressthe associatedsignalsin discrete-time
format. InvokingEquation(9.6)describingthetransmittedsignalof eachuser, thesumof the
transmittedsignalsof all userscanbeexpressedin vectornotationas:

Ì Å6Î�Ç Ï
�
Í × Õ

ËÌ�Í Å6Î�Ç
Ï +-,/.�0jâ (9.13)

where

+ Ï � Ü Õ Å6Î�Ç�â�æ#æ#æ>â Ü � Å6Î�Ç21, Ï diag ÿ Õ �
���43 â#æ�æ#æ>â#ÿ � � ����5

. Ï diag Ñ Õ â#æ#æ�æ>â Ñ �
0 Ï � Ù Õ â#æ�æ#æ>â

Ù � 1 ð æ (9.14)

Hencethereceivedsignalof Equation(9.7)canbewrittenas:

�/Å6Î�ÇÐÏ Ì Å6Î�Ç é�� Å6Î�Ç�æ (9.15)

Basedon Equations(9.13) and (9.15), the output vector 6 of the bankof matchedfilters
portrayedin Figure9.1canbeformulatedas:

6 Ï �7� Õ â#æ#æ#æ>â"� � 1
ð

Ï 89,/.�0 é;: â (9.16)

where

8 Ï
ä !

Õ ý æ#æ#æ !
Õ �! ý Õ ä æ#æ#æ ! ý �

...
...

...
...! � Õ

! � ý æ#æ#æ ä
(9.17)
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is the É=<@É dimensionalusersignaturesequencecross-correlationmatrix having elements
givenby Equation(9.9)and

: Ï � � Õ â#æ#æ�æ>â � � 1
ð

is a zero-meanGaussiannoisevectorwith a covariancematrix 8/> Ï ôEæ ?Eø Ø 8 . Basedon
this discrete-timemodel,we will next derive the optimummultiuserdetectorbasedon the
maximumlikelihoodcriterionfor thesynchronousCDMA systemconsidered[310].

9.4 Optimum Multiuser Detector for SynchronousCDMA

Systems

In this sectionwe will derive the joint optimumdecisionrule for a É -userCDMA system
basedon thesynchronoussystemmodelhighlightedin Section9.2. Specifically, we wantto
maximisetheprobabilityof jointly correctdecisionsof the É userssupportedby thesystem
basedon thereceivedsignal�jÅ6Î�Ç of Equation(9.15).

From Equation(9.14)we notethat thereare ß Ï@� � possiblecombinationsof 0 . We
shalldenotethe A th combinationas 0�B andthecombinedtransmitsignalof all usersin Equa-
tion (9.13)correspondingto the A th combinationas 0�BDC Ì B�Å6Î�Ç .

Basedontheabovenotations,wecanexpressthejoint maximuma posterioriprobability
(MAP) criterionas[95] :

Ë0UÏFE GH IJE K0ML � ' Å Ì B�Å6Î�Ç�N �jÅ;Î�Ç�ÇO1 â (9.18)

where
Ë0 denotesthedetectedbit combination.UsingBayes’rule,thea posterioriprobability

expressionof Equation(9.18)canbewrittenas[95] :

' Å Ì B�Å6Î�ÇPN �jÅ6Î�Ç�ÇÐÏRQ ÅS�/Å6Î�ÇPN Ì B�Å6Î�Ç�Ç
' Å Ì B¸Å;Î�Ç�Ç

Q ÅT�jÅ6Î�Ç�Ç
â (9.19)

whereQ ÅS�jÅ6Î�Ç�N Ì B�Å6Î�Ç�Ç is theconditionaljoint probabilitydensityfunction(pdf) of thereceived
signal�jÅ;Î�Ç in Equation(9.15),

' Å Ì B�Å;Î�Ç�Ç is thea priori probabilityof thesignalcontainingthe
A th bit combinationand Q ÅS�jÅ;Î�Ç�Ç is thepdf of the receivedsignal. Sincethe transmitteddata
bits of the É usersareindependent,the a priori probability

' Å Ì B¸Å;Î�Ç�Ç Ï�äåù�� � is equalfor
all ß ÏU� � bit combinations.Furthermore,the received signalpdf Q ÅS�jÅ6Î�Ç�Ç is independent
of which of the ßIÏ*� � bit combinationsis transmitted.Consequently, the decisionrule
basedon finding thesignalthatmaximises

' Å Ì B�Å;Î�ÇPN �/Å6Î�Ç�Ç is equivalentto finding thesignal
thatmaximisesQ ÅS�jÅ;Î�ÇPN Ì B¸Å;Î�Ç�Ç . This decisioncriterionbasedon themaximumof Q ÅS�jÅ6Î�Ç�N Ì B�Å6Î�Ç�Çis termedas the Maximum Likelihood(ML) criterion and Q ÅS�jÅ;Î�ÇPN Ì B¸Å;Î�Ç�Ç is referredto asa
likelihoodfunction[95].

Accordingto Equation(9.7), the received signal �jÅ6Î�Ç is a Gaussiandistributedrandom
variablehaving ameanequalto thatof Ì Å6Î�Ç givenby Equation(9.13).Hence,it canbeshown
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thatthelikelihoodfunction Q ÅT�jÅ6Î�Ç�N Ì B�Å6Î�Ç�Ç is givenby [308] :

Q Å6JNSV Ç Ï W�K�X Þ ä
�Y� ý

ð Â
Ø N �jÅ6Î�Ç Þ Ì Å6Î�Ç�N ý þ#Î

Ï W�K�X Þ ä
�Y� ý

ð Â
Ø �jÅ;Î�Ç Þ

�
Í × Õ

Ñ Í ÿ Í Ù Í Ü Í Å6Î�Ç�� ��� �
ý
þ#Î æ (9.20)

Taking thenaturallogarithmof the likelihoodfunctionof Equation(9.20),the resultingso-
calledLog-LikelihoodFunction(LLF) canbewrittenas:

ZT[
Q ÅP6JNSV Ç Ï Þ ä

�Y� ý
ð Â
Ø N �jÅ6Î�ÇPN ý þ%Î é

ð Â
Ø

�
Í × Õ

Ñ Í ÿ Í Ù Í Ü Í Å6Î�Ç�� �����
ý
þ#Î

Þ\�]&
ð Â
Ø �jÅ6Î�Ç

�
Í × Õ

Ñ Í ÿ Í Ù Í Ü Í Å6Î�Ç�� Ô ��� � þ#Î æ (9.21)

The term N �jÅ6Î�Ç�N ý is commonto all decisionmetrics,andhenceit canbe ignoredduring the
optimisation.Similarly, theconstantterm äåù��Y� ý will not influencethemaximisation.Thus
we canexpressthe log-likelihoodfunction of Equation(9.21) in the form of a correlation
metricas[95] :

^ ÅO0 Ç Ï �]&
ð Â
Ø �/Å6Î�Ç

�
Í × Õ

Ñ Í ÿ Í Ù Í Ü Í Å6Î�Ç�� Ô ����� þ#Î Þ
ð Â
Ø

�
Í × Õ

Ñ Í ÿ Í Ù Í Ü Í Å;Î�Ç�� �����
ý
þ#Î

Ï �]&
�
Í × Õ

Ñ Í ÿ Í Ù Í � Ô ����� � Í Þ
�
� × Õ

�
Í × Õ

Ñ_��Ñ Í Ù � Ù Í ÿ��9ÿ Í � ��� � � Ô ����� ! � Í â (9.22)

where � Í and ! � Í aregiven by Equation(9.8) andEquation(9.9), respectively. Employing
our discrete-timemodelhighlightedin Section9.3,thecorrelationmetricof Equation(9.22)
canbeexpressedin vectornotationas[308] :

^ ÅO0 ÇÓÏ`�Y& 0 ð .�,Fa"6 Þ;0 ð .�,/89,baP.�0jæ (9.23)

Hencethe decisionrule for the optimumCDMA multiuserdetectionschemebasedon the
maximumlikelihoodcriterion is to choosethespecificbit combination0 , which maximises
thecorrelationmetricof Equation(9.23).Hence,

Ë0(Ï`EcGH IJE K0 � ^ ÅO0 ÇO1 æ (9.24)

The maximisationof Equation(9.23) is a combinatorialoptimisationproblem,which
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requiresan exhaustive searchfor eachof the ß Ïd� � combinationof 0 , in order to find
theonethatmaximisesthecorrelationmetricof Equation(9.23). Explicitly, sincethereareß.Ïe� � possiblecombinationsof 0 , theoptimummultiuserdetectionhasa complexity that
grows exponentiallywith thenumberof usersÉ .

We have mentionedin Chapter8 thatGAs have beenknown to solve combinatorialopti-
misationproblemsefficiently in many otherapplications[9]. Hence,in this dissertation,we
will investigatethefeasibilityof invokingGAsin dealingwith theCDMA multiuserdetection
optimisationproblemasgovernedby Equation(9.23).

9.5 Experimental Results

As we have mentionedin Section8.1of Chapter8, a GA’s performanceis dependenton nu-
merousfactors,suchasthepopulationsize

'
, thechoiceof theselectionmethod,thegenetic

operationemployed,thespecificparametersettingsaswell astheparticularterminationcri-
terionused.In this section,we will attemptto find anappropriateGA setupandparameter
configurationsthatarebestsuitedfor ouroptimisationproblem.

Our objective function is definedby the correlationmetric of Equation(9.23). Here,
the legitimate solutionsare the ß Ïf� � possiblecombinationsof the É -bit vector 0 .
Hence,eachindividual will take the form of a É -bit vectorcorrespondingto the É users’
bits during a single bit interval. We will denotethe Q th individual here as g0�hsÅSiAÇ Ï
g Ù hc# Õ ÅSiAÇ�â#æ�æ#æ>â�g

Ù hc# � ÅTióÇ , wherei denotesthe i th generation.Our goal is to find thespecific

individual that correspondsto the highestfitnessvalue. However, we note that the fitness
valuescorrespondingto certaincombinationsof 0 evaluatedfrom the correlationmetric of
Equation(9.23)will be negative. However, we have mentionedin Section8.4.2that some
selectionschemescanonly operatewith theaid of positive fitnessvalues.Hence,in orderto
ensurethatthefitnessvaluesarepositive for all combinationsof 0 , wemodify thecorrelation
metricof Equation(9.23)accordingto [300] :

W�K�X è ^ ÅO0 Ç�ê ÏFW�K�X �]& 0 ð .�,baj6 Þk0 ð .�,/89,baP.�0 æ (9.25)

Our performancemetric is the averageBit Error Probability (BEP) evaluatedover the
courseof several generations.In the context of CDMA multiuserdetectionthe threemost
importantcriteria to be satisfiedby an efficient detectionschemeareits BEP performance,
its detectiontime aswell asits computationalcomplexity. Thedetectiontime of theGA is
governedby thenumberof generationsl required,in orderto obtaina reliabledecision.We
alsomentionedin Section8.4.6that thecomputationalcomplexity of theGA, in thecontext
of thetotalnumberof objective functionevaluations,is relatedto

' <9l . On theotherhand,
it is well-known thattheconvergenceaccuracy of theGA is mainly determinedby thepopu-
lation size

'
, asalludedto in Section8.1. Hence,in this sectionthepurposeof our studyis

to find GA configurationsthatachieve a satisfactoryBEPperformanceat theexpenseof an
acceptablecomputationalcomplexity within a reasonabletime. Sinceour GA-assistedmul-
tiuserdetectoris basedon optimisingthemodifiedcorrelationmetricof Equation(9.25),the
computationalcomplexity is deemedto beacceptable,if thereis a significantamountof re-
ductionin comparisonto theoptimummultiuserdetector, which requiresß Ïm� � objective
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Parameter Value

Spreadingfactor ø8ò 31
Modulationmode BPSK
Numberof CDMA users,É 10 (20 for Figure9.4)
SNRperbit Ñ Í ù#ø Ø 9 dB for ÊeÏ,äåâ#æ#æ#æAâ#É

Table9.1: Simulationparametersfor theexperimentsof Figures9.2-9.9.

Setup/Parameter Method/Value

Individual initialisation Random
method
Selectionmethod Fitness-Proportionate
Crossover operation Single-point
Mutationoperation Standardbinarymutation
Elitism No
IncestPrevention No
Populationsize

'
Givenin Figure9.2

Matingpool sizeà Populationsize
'

Probabilityof mutationQ Ö 0.01

Table9.2: Configurationof theGA usedto obtaintheresultsof Figure9.2. Explicit descriptionof the
fitness-proportionateselectionschemeandthesingle-pointcrossoveroperationcanbefound
in Section8.4.2andSection8.4.3,respectively.

functionevaluations,in orderto reacha decision,ashighlightedin Section9.4. In orderto
evaluatetheaverageBEPperformanceof theGA-assistedmultiuserdetectors,randomlygen-
eratedsignaturesequenceswill beusedin our simulations.Thesimulationparametersused
for our investigationsin thissectionarepresentedin Table9.1andthefollowing assumptions
arestipulated:

n Wewill assumethatperfectpowercontrolis invokedby all userssuchthat,onaverage,
their signalsarriveat thereceiver with thesamepower.

n Initially only the AWGN channelis invoked, suchthat ÿ Í Ï äåæ ô and 
 Í Ï�ô forÊöÏ ä�â#æ�æ#æ>â#É , i.e. thereis no fading.

9.5.1 Effectsof the Population Size

Let uscommenceourexperimentsby investigatingtheeffectsof thepopulationsize
'

onthe
convergencerateof theGA. Sinceat thismomentwehavenoknowledgeof whichconfigura-
tion of theGA is bestsuitedfor ouroptimisationproblem,weshalladoptthemostcommonly
usedGA configurationfoundin theliteraturefor our initial simulations.Thisconfigurationis
tabulatedin Table9.2,which follows theflowchartof Figure8.1. Basically, the individuals,
which representthe candidatesolutionsof 0 , arerandomlycreatedduring the initialisation
phaseof theGA. Uponevaluatingtheir associatedfitnessvaluesbasedon themodifiedob-
jective functionof Equation(9.25),pairsof individualsfoundin thematingpoolareselected
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Figure9.2: Thebit errorprobabilityperformancewith respectto thenumberof generationsof theGA-
assistedmultiuserdetectorfor variouspopulationsizesand Ä �`op

users.Theconfigura-
tion of theGA usedto obtaintheseresultsis tabulatedin Table9.2, while thesimulation
parametersarelistedin Table9.1.

for crossover andmutationoperations,in orderto produceoffspring. Theassociatedfitness
valuesof theseoffspring arethenevaluatedandtheseoffspring will form the new popula-
tion of the next generation.The processesof selection,crossover, mutationandevaluation
arerepeatedfor a total of l,Þcä generations1. Basedon this configuration,theBEPperfor-
manceof the GA-assistedmultiuserdetectorwasevaluatedandthe results,which showed
theachievableBEPat theendof eachgenerationaredisplayedin Figure9.2. Note that the
BEP at eachgeneration,with the exceptionof the ô th generation,is derived by identifying
theoffspringassociatedwith thehighestfitnessvalueamongstall theoffspringcreatedat that
generation.The BEP at the ô th generationis derived by identifying the specificindividual
thatexhibits thehighestfitnessvalueaftertherandominitialisation. It is seenfrom thefigure
that the BEP performanceof the GA-assistedmultiuserdetectorimproved with increasing
thepopulationsize.However, thecomputationalcostalsoincreasesasa functionof thepop-
ulationsize,ashighlightedin Section8.4.6. In orderto maintaina moderatecomputational
complexity, we shalladopta fixedpopulationsizeof

' ÏrqQô for all our simulationsin this
section.Uponcloserinspectionof Figure9.2,wewill noticethattheBEPperformanceof the
GA-assistedmultiuserdetectorbasedontheconfigurationof Table9.2is far from promising.
Furthermore,theconvergencerateof theGA is veryslow. Let usnow studywhethertheper-

1The s th generationonly consistsof initialisationandevaluation.
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Figure9.3: Thebit errorprobabilityperformancewith respectto thenumberof generationsof theGA-
assistedmultiuserdetectorfor variousprobabilityof mutationvaluest�u andfor Ä �)op
users.Theconfigurationof theGA is specifiedin Table9.3,while thesimulationparame-
tersarelistedin Table9.1.

formancecanbeimprovedby varyingsomeof theGA parametersandtheGA configuration,
commencingwith theprobabilityof mutation.

9.5.2 Effectsof the Probability of Mutation

As wehavementionedin Section8.4.4,therateof mutationplaysanimportantrole in deter-
mining thequality of convergenceof a GA. A high probabilityof mutationQ Ö maydisrupt
schemataof potentiallyhighfitnessvaluesandhencemayleadto suboptimalsolutions,while
a low probabilityof mutationmayresultin prematureconvergencedueto the lack of diver-
sity in thepopulation.This assertionis supportedby Figure9.3,which shows theachievable
BEPperformanceof theGA-assistedmultiuserdetectorover l�Ï`�Mô generationsfor various
valuesof Q Ö . The configurationof the GA implementedfor this simulationstudyis listed
in Table 9.3, which is similar to the onegiven in Table 9.2 of Section9.5.1. Consider-
ing the resultsshown in Figure9.3, we will immediatelynoticethat the BEP performance
hasimproved significantlyover the ratherpoor resultsobtainedin the previous sectionfor

Q Öwv ôEæ ôjä . Furthermore,accordingto Figure9.3, Q Ö Ï�ôEæ ä appearsto give the bestper-
formance.All the othervaluesof Q Ö have a slower convergencerate, leadingto solutions
far from theoptimalone.On theotherhand,thevalueof Q Ö is very muchdependenton the
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Setup/Parameter Method/Value

Individual initialisation Random
method
Selectionmethod Fitness-Proportionate
Crossover operation Single-point
Mutationoperation Standardbinarymutation
Elitism No
IncestPrevention No
Populationsize

'
30

Matingpool sizeà Populationsize
'

Probabilityof mutationQ Ö Givenin Figure9.3andFigure9.4.

Table9.3: Configurationof theGA usedtoobtaintheresultsof Figures9.3and9.4.Explicit description
of thefitness-proportionateselectionschemeandthesingle-pointcrossoveroperationcanbe
foundin Section8.4.2andSection8.4.3,respectively.

lengthof theindividual,asexemplifiedin Figure9.4for É�ÏF�Qô users.Here,eachindividual
will consistof 20-bit variablesto beoptimised.In thiscase,Q Ö ÏNôEæ ôMx givesthebestperfor-
mance2. Sinceour simulationsperformedin this dissertationarebasedon a CDMA system
supportingÉûÏ ä�ô-Þk�Qô users,we will adopta probabilityof mutationQ Ö Ï�ô�æ ä for all our
subsequentsimulations,sincethisvaluewasshown in Figures9.3and9.4to giveagoodBEP
performancefor this userpopulationrange.However, further investigationsconcerningthe
suitablevalueof Q Ö mustbeperformedfor a highernumberof users.Let usnow consider,
whetherwecanfurtherimprovetheachievableBEPperformanceby usingdifferentcrossover
operations.

9.5.3 Effectsof the Choiceof Crossover Operation

In this section,we will investigate,whetherthechoiceof thecrossover operationwill have
an effect on the convergencerate of the GA. Threetypesof crossover operationsare in-
vestigated,namelythe single-pointcrossover, the double-pointcrossover and the uniform
crossover, which werehighlightedin Section8.4.3. Theconfigurationof theGA is charac-
terisedby Table9.4 andthe associatedresultsareshown in Figure9.5. Judgingfrom the
resultsdisplayedin Figure9.5,thereis nosignificantperformancedisparityamongstthedif-
ferentcrossover operations.Nonetheless,the GA employing the uniform crossover canbe
seento exhibit aslightly fasterconvergencerate,thanthatusingthesingle-pointanddouble-
point crossover. This maybedueto thefact that for theuniform crossover operation,every
bit of the individual hasanequalprobabilityof beingexchanged,unlike in thesingle-point
crossover or the double-pointcrossover, wherethe leftmost and the rightmostbits have a
lower probability of beingexchanged.Hence,we shall be adoptingthe uniform crossover
operationfor all our subsequentsimulations.

2ThepoorBEPshown in Figure9.4 is dueto theinadequatepopulationsizein handlinga sizeablesearchspace
for yUz|{	s .
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Figure9.4: Thebit errorprobabilityperformancewith respectto thenumberof generationsof theGA-
assistedmultiuserdetectorfor variousprobabilityof mutationvalue t}u andfor ~������
users.Theconfigurationof theGA is specifiedin Table9.3,while thesimulationparame-
tersarelistedin Table9.1.

Setup/Parameter Method/Value

Individual initialisation Random
method
Selectionmethod Fitness-Proportionate
Crossover operation Givenin Figure9.5
Mutationoperation Standardbinarymutation
Elitism No
IncestPrevention No
Populationsize

'
30

Matingpool sizeà Populationsize
'

Probabilityof mutationQ Ö 0.1

Table9.4: Configurationof theGA usedto obtaintheresultsof Figure9.5. Explicit descriptionof the
fitness-proportionateselectionschemeandthevariouscrossover operationscanbefoundin
Section8.4.2andSection8.4.3,respectively.
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Figure9.5: Thebit errorprobabilityperformancewith respectto thenumberof generationsof theGA-
assistedmultiuserdetectoremploying the single-pointcrossover, double-pointcrossover
andtheuniform crossover for Ä ��oPp

users.Theconfigurationof theGA is specifiedin
Table9.4,while thesimulationparametersarelistedin Table9.1.

9.5.4 Effectsof IncestPrevention and Elitism

Let usnow investigatetheeffectsof invoking the incestpreventionandtheelitism strategy,
asfeaturedin Section8.4. In thecaseof the incestpreventionstrategy, we will ensurethat
theindividualsin thematingpool arenot identical.Hence,thematingpool size à õ '

will
notbefixed,becauseit dependsonthenumberof non-identicalindividualsin thepopulation.
As for theelitism strategy, we will only replacetheoffspringhaving thelowestfitnessvalue
in thenew populationwith theindividualcorrespondingto thehighestfitnessvaluein theold
population.Theconfigurationof theGA for this investigation is specifiedby Table9.5 and
theassociatedresultsareshown in Figure9.6. A welcomeimprovementthatcanbegleaned
from Figure9.6is thattheGA-assistedmultiuserdetectorhasfinally managedto achieve the
optimumperformancefor É Ïmä�ô , basedon the configurationof Table9.5 in conjunction
with the incestpreventionandelitism strategies. Furthermore,we canseethat theoptimum
performanceis attainedonly, if bothstrategiesareinvoked.Thiscanbeexplainedasfollows.
Firstly, the incestpreventionstrategy will alwaysensurethata high diversityof individuals
is maintainedin the population,sinceonly non-identicalindividuals are allowed to mate.
Hence,theoffspringthatareproducedby thecrossover andmutationoperationswill have a
high probability that they arenot identicalto their parents.This will ensurethatnew areas
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Setup/Parameter Method/Value

Individual initialisation Random
method
Selectionmethod Fitness-Proportionate
Crossover operation Uniform
Mutationoperation Standardbinarymutation
Elitism Givenin Figure9.6
IncestPrevention Givenin Figure9.6
Populationsize

'
30

Matingpool sizeà – Populationsize
'

if incestpreventionis not invoked
– õ '

if incestpreventionis invoked
Probabilityof 0.1
mutationQ Ö

Table9.5: Configurationof the GA usedto obtain the resultsof Figure9.6. Explicit descriptionof
thefitness-proportionateselectionschemeandtheincestpreventionstrategy canbefoundin
Section8.4.2while theuniformcrossoveroperationandtheelitismstrategy canbefoundin
Section8.4.3andSection8.4.5,respectively.

in thesearchspacewill beexplored,which is alwaysa goodtrait from anoptimisationpoint
of view. On theotherhand,this will alsoobliteratetheparentsassociatedwith high fitness
values,sincetheoffspringwill constitutethenew population.This is undesirableespecially,
if the parentis actually the optimum solution. Hencethe elitism strategy can be invoked
in order to counteractthis effect. Sincein our optimisationproblemwe are interestedin
finding only onespecificindividual thatgivesthehighestfitnessvalueandnot a setof likely
individuals,theelitism strategy is requiredto keeptrackof theindividual having thehighest
fitnessvaluefoundduringthecourseof evolution. Henceby combiningthesetwo strategies,
a fastconvergencerateanda goodperformancecanbeachieved.Now thatwe know thatthe
GA-assistedmultiuserdetectoris capableof attainingthe optimumperformancewithin 20
generations,asshown in Figure9.6, let usnow consider, whetherthedetectoris capableof
achieving this level of performanceata fasterconvergencerateby invokingvariousselection
schemes.

9.5.5 Effectsof the Choiceof SelectionSchemes

In this section,we will attemptto identify thespecificselectionschemefor our GA-assisted
multiuserdetectorthat is capableof offering a fastconvergencerate,while maintainingthe
samelevel of BEPperformancethatwasattainedin Figure9.6. Theselectionschemesthat
werereviewedin Section8.4.2,namelythefitness-proportionateselection,thesigmascaling
selection,thelinearrankingselectionandthetournamentselection,will beinvestigated.The
configurationof theGA is listedin Table9.6.For thelinearrankingselectionscheme,weset�4� and � Ô in Equation(8.11) to 1.9 and0.1, respectively so asto placea higheremphasis
on the individualsexhibiting higherfitnessvalues.As for thetournamentselectionscheme,Î\Ïr? individualsareselectedfrom thepopulationrandomlywith equalprobabilityandthe
individual that correspondsto the highestfitnessvalue within this group of Î individuals
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Figure9.6: Thebit errorprobabilityperformancewith respectto thenumberof generationsof theGA-
assistedmultiuserdetectoremploying theincestpreventionstrategy and/orelitismstrategy,
asfeaturedin Section8.4. Theconfigurationof theGA is specifiedin Table9.5,while the
simulationparametersarelistedin Table9.1for Ä�� op

users.

Setup/Parameter Method/Value

Individual initialisation Random
method
Selectionmethod Givenin Figure9.7
Crossover operation Uniform crossover
Mutationoperation Standardbinarymutation
Elitism Yes
IncestPrevention Yes
Populationsize

'
30

Matingpool sizeà à�õ '
dependingon thetotal number

of non-identicalindividuals
Probabilityof mutationQ Ö 0.1

Table9.6: Configurationof theGA usedto obtaintheresultsof Figure9.7. Explicit descriptionof the
variousselectionschemesandtheuniformcrossoveroperationcanbefoundin Section8.4.2
andSection8.4.3,respectively.
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Figure9.7: Thebit errorprobabilityperformancewith respectto thenumberof generationsof theGA-
assistedmultiuserdetectoremploying variousselectionschemes.Theconfigurationof the
GA is specifiedin Table9.6, while the simulationparametersare listed in Table9.1 forÄ�� op

users.

will be chosenas the parent. Finally, for sigmascalingselection,if the probababilityof
selectionQ B correspondingto the A th individual is anegativevaluewhencalculatedaccording
to Equation(8.10),thenwe will setthis Q B valueto 0.0anddiscardtheassociatedindividual
from theselectionprocess.TheBEPresultsareshown in Figure9.7.

As we can see,GAs utilising the fitness-proportionateselectionschemegave the best
performance.On theotherhand,GAs usingeitherthesigmascalingselectionschemeor the
linearrankingselectionschemeexhibitedaslow convergencerate.A plausibleexplanationis
dueto thefactthatthematingpool sizeà spannedover all non-identicalindividuals.Hence
thefitnessvaluevarianceof thematingpool washigh. As a result,individualshaving high
fitnessvaluesarenot given sufficient priority to be selectedasa parentin the caseof the
sigmascalingselection. Similarly, becauseof the linearity of Equation(8.11), the higher-
rankindividualsarenotassignedwith ahighprobabilityof selection.

A feasibleway of overcomingtheseshortcomingsis to reducethesize à of themating
pool,suchthat àU� '

. This impliesthatonly the à�� '
numberof non-identicalindividu-

alsthatareassociatedwith thehighestfitnessvaluesin thecurrentpopulationwill beplaced
in thematingpool. If thenumberof non-identicalindividualsin thepopulationhappensto be
lessthanà , thenthevalueof à is setto beequivalentto thenumberof availablenon-identical
individuals,in orderto prevent incestmating. We set àmÏ ä�ô andwhenusingtheGA con-
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Setup/Parameter Method/Value

Individual initialisation Random
method
Selectionmethod Givenin Figure9.8
Crossoveroperation Uniform crossover
Mutationoperation Standardbinarymutation
Elitism Yes
IncestPrevention Yes
Populationsize

'
30

Matingpool sizeà à�õ ä�ô dependingon thenumber
of non-identicalindividuals

Probabilityof mutationQ Ö 0.1

Table9.7: Configurationof theGA usedto obtaintheresultsof Figure9.8. Explicit descriptionof the
variousselectionschemesandtheuniformcrossoveroperationcanbefoundin Section8.4.2
andSection8.4.3,respectively.

figurationgivenby Table9.7, thecorrespondingsimulationresultsareshown in Figure9.8.
Now wecanseethattheachievableBEPperformanceof theGAsemploying eitherthesigma
scalingselectionschemeor thelinearrankingselectionschemehasimprovedsignificantly. In
particular, theGA-assitedMUD employing thesigmascalingselectionschemehasanalmost
identicalperformanceto that usingthe fitness-proportionateselectionscheme.From these
resultswe concludethat the matingpool size à playsa significantpart in determiningthe
convergencerateof the GA usinga particulartype of selectionscheme.More specifically,
for the sigmascalingselectionandthe linear rankingselectionthe valueof à mustbe set
appropriately. We alsohave to determinethe bestvalueof Î for the tournamentselection
scheme.On the otherhand,the resultsobtainedin Figure9.8 for the fitness-proportionate
selectionschemearesimilar to thoseshown in Figure9.7,wherenospecificmatingpoolsizeà constraintwasimposed,using à equalto the numberof non-identicalindividualsin the
populationduringtheparticulargeneration.Furthermore,thefitness-proportionateselection
schemedoesnot involve any externalparametersfor it to work andjudgingfrom Figure9.7
andFigure9.8,GAsutilising thefitness-proportionateselectionschemegave thebestperfor-
mancefrom therangeof selectionschemesconsidered.Hence,in orderto reducethenumber
of parametersto be optimisedfor the GAs to perform reliably, we will only considerthe
fitness-proportionateselectionschemehereafter. In mostcases,thematingpool size à will
alsobesetaccordingto thenumberof non-identicalindividualsin thepopulation.However,
aswe will seein our furtherdiscourse,therearecertainsituations,wherea specificvalueofà mustbeset,in particular, whenthepopulationcontainsmany non-identicalindividuals.

9.5.6 Effectsof a BiasedGeneratedPopulation

In Section8.1,wementionedthatinsteadof randomlycreatingtheinitial populationof indi-
vidualsat thecommencementof aGA-assistedsearch,wecaninvokeany usefulinformation
that is availableto aid us in creatingthe initial populationof individuals,in orderto aid our
searchat thebeginning. In our case,we canusetheharddecisionsofferedby thematched
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Figure9.8: Thebit errorprobabilityperformancewith respectto thenumberof generationsof theGA-
assistedmultiuserdetectoremploying variousselectionschemes.Theconfigurationof the
GA is specifiedin Table9.7,while thesimulationparametersarelistedin Table9.1.

filter outputs 6 of Equation(9.16), in orderto aid our search.We shall denotethesehard
decisionshereas:

Ë0 Ò % Ï Ë Ù
Õ # Ò % â Ë Ù ý # Ò % â#æ�æ#æ>â ËÙ � # Ò % (9.26)

where
Ë Ù Í # Ò % for Ê Ï�ä�â�æ#æ#æ>â#É is given by Equation(9.11). Two methodsof biasingare

proposedfor our investigations.Firstly, we will assigntheharddecisionsof Equation(9.26)
to only oneindividual. Theremaining

' Þdä individualswill be randomlygenerated.This
will ensurethata high diversityof individualsarepresentin thepopulationat thebeginning.
We shall refer to this methodas M1. For our secondmethod,we will assigna different
randomly‘mutated’ versionof the harddecisionvector

Ë0 Ò % of Equation(9.26) to eachof
the individuals in the initial population. We shall adoptthe sameprobability of mutation
as Q Ö . In this way, the individuals in the initial populationwill be almostidentical. Note
thatwe cannotassignthesameharddecisionvector

Ë0 Ò % to all the individuals,sinceincest
preventionis invoked,which will not allow identicalindividualsto mate. We shall refer to
this methodasM2. Using the GA configurationlisted in Table9.8, the simulationresults
areshown in Figure9.9. As the figure suggests,methodM2 givesa betterperformancein
termsof a fasterconvergenceratedueto a goodinitial populationof individuals. This fact
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Setup/Parameter Method/Value

Individual initialisation Givenin Figure9.9
method
Selectionmethod Fitness-proportionate
Crossoveroperation Uniform crossover
Mutationoperation Standardbinarymutation
Elitism Yes
IncestPrevention Yes
Populationsize

'
30

Matingpool sizeà à�õ '
dependingon thenumber

of non-identicalindividuals
Probabilityof mutationQ Ö 0.1

Table9.8: Configurationof theGA usedto obtaintheresultsof Figure9.9. Explicit descriptionof the
fitness-proportionateselectionschemeandtheuniform crossover operationcanbefoundin
Section8.4.2andSection8.4.3,respectively.

conformsto the resultsobtainedin [300]. Hencewe shall adoptmethodM2 of initialising
theinitial population.

Basedon the resultsgatheredfrom our simulations,the final GA configurationthat we
will be utilising for mostof our simulationsin this dissertation,unlessspecifiedotherwise
in the associatedplots, is given in Table9.9. The associatedflowchart is depictedin Fig-
ure9.10. Furtherusefulinformationcanbegleanedby comparingour GA configurationto
thepreviouslyproposedGA-assistedmultiuserdetectors[300–303] in theliterature,asgiven
by Table8.3. Notice that a low probability of mutationQ Ö aswell asno incestprevention
strategy wereinvokedin theseproposals[300–303]. On theotherhand,accordingto our re-
sultssummarisedin Section9.5.2andSection9.5.4,theeffectsof thevalueof Q Ö andthose
of the incestpreventionstrategy canhave a significantimpacton the convergencerateand
hencealsoon theBEPperformanceof theGA-assistedmultiuserdetector. As shown in Fig-
ure 9.9, our proposedGA-assistedmultiuserdetectoris capableof reachinga near-optimal
BEP performancewithin l�Ïmä�ô generationswith the aid of a populationsizeof

' Ï�qMô
for É Ïûä�ô usersover an AWGN channelat an SNR of 9 dB. This constitutesa total of' <�l�Ï`qMôQô numberof correlationmetricevaluationsaccordingto Equation(9.25).In fact,
aswe have mentionedin Section8.4.6,this numberwasderived basedon the fact that the
fitnessvalueis calculatedfor every individual in thepopulationateverygeneration.However
in reality, certainindividualswill reappearover thecourseof theevolution. Hence,thefitness
valuesof theseindividualsneednot berecalculated,if they arestoredin memory. Basedon
our simulationsfor

' Ï�qQô , l Ï ä�ô and É Ï ä�ô , we found that the averagenumberof
unique É -bit combinationsthatwereevaluatedby theGA for asinglebit interval was �e�c� .
Comparingthisnumberto thatof theoptimummultiuserdetector, whichrequires� Õ Ø Ï,ä�ôc� �
correlationmetricevaluationsfor every 0 combination,our proposedGA-assistedmultiuser
detectoris capableof attaininga significantly reducedcomputationalcomplexity and yet
deliveringa near-optimumBEPperformanceup to a specificSNRvalue. Hencethe imple-
mentationof our proposedGA-assistedmultiuserdetectoris feasiblein practicaltermsand
offersanalternative to theimplementationof theoptimummultiuserdetector.
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Figure9.9: Thebit errorprobabilityperformancewith respectto thenumberof generationsof theGA-
assistedmultiuserdetectoremploying differentmethodsof initialising the individualsat
thebeginning. Theconfigurationof theGA is specifiedin Table9.8,while thesimulation
parametersarelistedin Table9.1for Ä�� oPp

users.

Setup/Parameter Method/Value

Individual initialisation Mutationof
Ë0 Ò % of Equation(9.26)

method
Selectionmethod Fitness-proportionate
Crossoveroperation Uniform crossover
Mutationoperation Standardbinarymutation
Elitism Yes
IncestPrevention Yes
Populationsize

'
30

Matingpool sizeà à�õ '
dependingon thenumber

of non-identicalindividuals
Probabilityof mutationQ Ö 0.1
Terminationgenerationl 10

Table9.9: Configurationof the GA that will be usedin this disserationhereafter, unlessotherwise
specified.
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Figure9.10: A flowchartdepictingthestructureof thegeneticalgorithmadoptedfor our GA-assisted
multiuserdetectiontechnique,which is aspecificversionof Figure8.1.
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Finally, it shouldbestressedthatwe have only exploreda fractionof thenumerouspos-
sible configurationsof GAs, a fact notedat the beginning of Chapter8. Furthermore,the
settingsof certainparameterswerenot investigatedextensively, suchas the probability of
mutation Q Ö , the ideal mutationpool size à andthe populationsize

'
. Thesevalueswill

dependvery muchon the numberof users É and the desiredquality of detection. There
arealsomany variantsof GAs thathave not beenstudiedor indeedevenhighlightedin this
dissertation.Hencewe madeno claimsabouttheoptimality of theGAs usedin this disser-
tation for the applicationin CDMA multiuserdetection.Henceit is possiblethat different
GA variants,whichwerenotcoveredin thisdissertation,or adifferentsetof parametersmay
give anevenbetterperformance.However, we will show with theaid of thefollowing sim-
ulationresultsof this chapteraswell asin subsequentchaptersthat theGA configurationof
Table9.9 togetherwith thesetof GA parametersthatwe have adoptedis capableof offering
asatisfactorytrade-off betweencomputationalcomplexity, detectiondelayandanacceptable
BEPperformance.UsingtheGA configurationof Table9.9,let usnow considertheBEPper-
formanceof theGA-assistedCDMA multiuserdetectorin bothanAWGN channelaswell as
in anon-dispersive-Rayleighfadingchannel.

9.6 Simulation Results

9.6.1 AWGN Channel

All the results in this sectionwere basedon evaluating the BEP performanceof a bit-
synchronousÉ -userCDMA systemover anAWGN channel.Thesignaturesequenceswere
randomlygenerated31-chipperbit sequencesandthetransmitbit energy Ñ Í wasassumedto
beequalfor all users.

Figure9.11shows theaverageBEPasa functionof theSNRperbit for theGA-assisted
multiuserdetectorfor variouspopulationsizes

'
and different numberof generationsl

for É Ï ä�ô . The valuesof
'

and l are assignedsuch that the maximumnumberof
times the objective function of Equation(9.25) was evaluatedupon detectingthe bit vec-
tor

Ë0 during a bit interval is approximately300. The optimum performanceof the mul-
tiuser detectorutilising an exhaustive searchfor É ÏIä ô is also shown. In this case,
the optimum multiuserdetectorhasto computethe objective function of Equation(9.25)
� Õ Ø Ï ä�ô �c� times,which correspondsto every possiblecombinationof 0 . Uponobserving
Figure9.11,wenoticethattheGA-assistedmultiuserdetectoris capableof achieving anear-
optimumperformanceup to anSNRof 8 dB at a lower computationalcomplexity thanthat
of theoptimummultiuserdetector. Specifically, theminimumreductionin thecomputational
complexity offered by the GA-assistedmultiuserdetectorover its optimum counterpartis
� Å�ä�ôc� �1Þmq �Qô/Ç�ùsä�ôc� � 1�< ä ôQôcÏ¯®c�Eæ2x	? %. As mentionedpreviously in Section9.5, this re-
ductionin thecomputationalcomplexity is expectedto behigherif therepeatedfitnessvalue
evaluationof thesameindividual is circumvented.FromFigure9.11,wecanseethattheBEP
performancecurvesbeganto flattenat anSNRof 10 dB. This is dueto the inadequatepop-
ulation sizeand/ornumberof generationsrequiredfor the GA to converge to the optimum
performance.Recall that in Section8.1 we statedthat the GAs arenot guaranteedto find
the optimal solution,unlessa sufficiently large populationsizeandan appropriatenumber
of generationsareguaranteed.On the otherhand,it is not a prerequisitethat the optimum
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Figure9.11: Thebit errorprobabilityperformanceof theGA-assistedmultiuserdetectorasa function
of theSNRperbit with populationssizeof °±�`² p4³µ´Pp4³·¶jp usingbinaryrandomsignature
sequencesof length ¸º¹»� ´jo

for Ä¼� oPp
users.The GA configurationusedis listed

in Table9.9. The valuesin roundbrackets in the legenddenotethe maximumnumber
of timesthe objective function of Equation(9.25)wasevaluatedupondetectingthe bit
vector ½¾ duringabit interval.

performancemustbe achieved for every SNR value. The integrity of detectionrequiredis
usuallydependenton thetypeof servicethedetectionschemeis intendedfor. For example,
a speechsignalmaytoleratea relatively high BEPof ä�ô Ô4¿ but no latency, while a datasig-
nal mayrequirea BEPperformancebelow ä�ô Ô�À , but it cantoleratea higherdetectiondelay.
HencewecanimmediatelyseethattheGA-assistedmultiuserdetectoris capableof offering
this trade-off by simply adjustingthevaluesof

'
and l .

Let us now considerwhat happens,if the numberof usersÉ is increasedto 20. In the
context of theoptimummultiuserdetector, anexhaustive searchwould requireda staggering
� ý Ø Ï�äåâ�ô � ��â?]x	® numberof objective functionevaluations,in orderto obtaintheoptimum
solution.TheBEPperformanceof theGA-assistedmultiuserdetectorfor variousvaluesof

'
and l is shown in Figure9.12.Again,weseethatby simplyexpandingthepopulationsize

'
andby extendingthenumberof generationsl , thenear-optimalBEPperformanceof theGA-
assistedmultiuserdetectorfoundfor É Ï ä ô canbemaintained,whenthenumberof users
is increasedto ÉûÏe�Qô . While this will increasetheassociatedcomputationalcomplexity of
theGA-assistedmultiuserdetector, themaximumnumberof objective functionevaluations
givenby

' <Ál is still significantlylower, thanthatrequiredby theoptimumdetector.
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Figure9.12: Thebit errorprobabilityperformanceof theGA-assistedmultiuserdetectorasa function
of the SNR per bit with variouspopulationssizes° andnumberof generationsÂ for~������ usingbinaryrandomsignaturesequencesof length ¸º¹¡� ´jo

. TheGA config-
urationusedis listed in Table9.9. Thevaluesin roundbracketsin the legenddenotethe
numberof timestheobjective functionof Equation(9.25)wasevaluatedupondetecting
thebit vector ½¾ duringabit interval.

Figure9.13showstheaverageBEPperformanceof theGA-assistedmultiuserdetectoras
a functionof thenumberof usersÉ for anSNRvalueof 7 dB. As we cansee,for a given
numberof generationsl , thepopulationsize

'
mustbe increased,in orderto maintainthe

samelevel of BEP performanceas É is increased.However, the requiredincreasein the
populationsize

'
is not exponentiallyproportionalto the numberof users. Furthermore,

thereis a gradualdegradationin the BEP performancefor a given populationsize
'

and
terminationgenerationl , asthenumberof usersÉ increased.

9.6.2 Single-pathRayleighFading Channel

In this section,theBEPperformanceof theGA-assistedmultiuserdetectoris evaluatedfor a
bit-synchronousÉ -userCDMA systemover a non-dispersive Rayleighfadingchannel.The
signaturesequenceswererandomlygeneratedø8ò¹ÏFqjä -chipperbit sequencesandtheusers’
CIR coefficients ÿ Í � ����� wereassumedto be known at the receiver. With the exceptionof
Figure9.17,thetransmitbit energy Ñ Í wasassumedto beequalfor all users.

Figure9.14shows theBEPperformanceof theGA-assistedmultiuserdetectorfor differ-
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Figure9.13: Thebit errorprobabilityperformanceof theGA-assistedmultiuserdetectorasa function
of thenumberof Ä userswith populationssizeof °±� ¶jp4³µÃPp4³µo ² p4³µojÄPp4³ ² pjp andÂR� oPp
usingbinaryrandomsignaturesequencesof lengtḩ|¹Å� ´jo

. TheGA configurationused
is listed in Table9.9. Thevaluesin roundbracketsin the legenddenotesthenumberof
timesthe objective function of Equation(9.25)wasevaluatedupondetectingthe Ä -bit
vector ½¾ duringabit interval.

entnumberof generationsl andfor differentpopulationsizes
'

. Theoptimumperformance
for É Ï ä�ô userswasalsoplottedfor comparison.As it canbe seenfrom the figure, the
combinationof

' ÏF�Qô and l�Ï,ä�ô – whichconstitutesamaximumof �QôÆ<(ä�ô1ÏF�QôMô num-
berof objectivefunctionevaluationsaccordingto Equation(9.23)– wascapableof achieving
a near-optimal BEP performance.For SNR valuesbeyond 40 dB, the systemexhibited an
errorfloor dueto theperformancelimitationsof theGA in conjunctionwith thegiven

'
and

l valuesstudied.At lower valuesof l and
'

, theerrorfloor occuredat a lower SNRvalue.
For instance,at l.Ï ä ô and

' Ïd�Mô , which requiresa maximumof 200 numberof ob-
jective functionevaluationsaccordingto Equation(9.23),theerrorfloor occuredat anSNR
valueof about32dB,while for SNRvaluesupto 24dB, thedetectorexhibitednear-optimum
BEP performance.Hence,again it wasshown herethat theGA-assistedmultiuserdetector
wascapableof offeringa trade-off betweencomputationalcomplexity andtheoptimumBEP
performance.

In orderto show thatthecomputationalcomplexity of theGA is notexponentiallydepen-
dentonthenumberof usersÉ , theBEPperformancewasevaluatedin Figure9.15for various
numberof users,employing

' Ïe�QôEâP�QôEâ�ä	�MôEâ�ä	®QôEâP�QôMô in conjunctionwith l�Ï ä�ô . There-
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Figure9.14: Thebit errorprobabilityperformanceof theGA-assistedmultiuserdetectorasa function
of theSNRperbit for Ä�� oPp

userswith variouscombinationsof ° andÂ in conjunction
with perfectchannelestimationusingbinaryrandomsignaturesequencesof lengtḩ|¹Å�´jo

. TheGA configurationusedis listedin Table9.9. Thevaluesin roundbracketsin the
legenddenotethe maximumnumberof timesthe objective function of Equation(9.25)
wasevaluatedupondetectingthebit vector ½¾ duringabit interval.

sultsareshown in Figure9.15.At
' ÏF�Qô and l�Ï,ä�ô , wecanseethattheBEPperformance

graduallydegradesuponincreasingthe numberof users,dueto the limited populationsize'
, which wastoo small for adequatelyexploring a significantlylargersearchspace.As the

populationsize
'

is increased,theBEPimproves.For apopulationsizeof
' Ï,ä	®Qô , wecan

seethat the GA-assisteddetectoris capableof attaininga near-optimal performance,while
supportingÉ�Ïe�Qô users.More importantly, we notedthatthenumberof correlationmetric
evaluations,seenwithin thebracketsin thelegendof Figure9.15increasesslower thanexpo-
nentiallyasa functionof thenumberof users.For example,when É is increasedfrom 10 to
16, thepopulationsize

'
hasto be increasedfrom 40 to 120, in orderto maintainthesame

level of performance.This constituteda factorof äÇ�QôQôEù��MôQô Ï�q increasedcomputational
complexity, when É wasincreasedfrom 10 to 16, while maintaininga near-optimumBEP
performance.By contrast,thecomputationalcomplexity of theoptimummultiuserdetection
usingexhaustive searchwould be increasedby a factorof � Õ·À ù�� Õ Ø ÏÈ® � . Similarly, whenÉ is increasedto 20, a populationsizeof

' Ï ä	®Qô is sufficient for attainingthesamelevel
of BEP performance.This constitutedonly a factorof äÇ®QôQôEù��MôQô ÏÈ� increasedcomputa-
tional complexity. Furthermore,in contrastto thereduced-complexity tree-searchtypealgo-
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Figure9.15: Thebit errorprobabilityperformanceof theGA-assistedmultiuserdetectorasa function
of thenumberof Ä userswith populationssizeof °±� ¶jp4³µÃPp4³µo ² p4³µojÄPp4³ ² pjp andÂR� oPp
in conjunctionwith perfectchannelestimationusingbinaryrandomsignaturesequences
of lengtḩ|¹Å� ´jo

. TheGA configurationusedis listedin Table9.9.Thevaluesin round
bracketsin thelegenddenotethenumberof timestheobjectivefunctionof Equation(9.25)
wasevaluatedupondetectingthe Ä -bit vector ½¾ duringabit interval.

rithms[311,312]– whichcanalsoachieveanear-optimumBEPperformanceatacomplexity
lower thanthatof theoptimumdetector– thedetectiontime requiredby our GA-basedmul-
tiuserdetectorto reachadecisionis independentof thenumberof users.Additionally, for the
tree-searchalgorithmsa noisewhiteningfilter is required.Figure9.16portraystheachiev-
ablecomplexity reductionfactorof the GA-assistedmultiuserdetector, which wasdefined
as ý 5ÉËÊYÌ . Specifically, thenumeratorquantifiesthenumberof correlationmetricevaluations
requiredby theoptimummultiuserdetector, while thedenominatorindicatesthenumberof
correlationmetricevaluationsrequiredby theGA-assistedmultiuserdetector, in orderto at-
tain theoptimumperformanceat anSNRvalueof 24 dB. This figurewasextractedfrom the
resultsobtainedin Figure9.15.As seenfrom thefigure,thecomplexity reductionofferedby
theGA-assistedmultiuserdetectorover theoptimumdetectorbecomesmoresignificant,as
thenumberof usersis increased.

Figure9.17shows thenear-far resistenceof theproposedGA-assistedmultiuserdetector
in conjunctionwith perfectCIR estimation.Theaveragereceivedbit energy Ñ Õ of thedesired
userremainedunchanged,while the energiesof all otherusersÑ Í for Ê ÏÈ�Eâ#æ#æ�æ>â#É were
either6 dB or 10 dB higher, thanthatof thedesireduser. We canseethat theGA-assisted
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Figure9.16: The complexity reductionfactorbetweenthe optimummultiuserdetectorand the GA-

assistedmultiuserdetectoraccordingto Í
5ÎMÏ4Ð , wherethenumeratordenotesthenumber

of correlationmetric evaluationsrequiredby the optimummultiuserdetector, while the
denominatordenotesthatrequiredby theGA-assistedmultiuserdetector, in orderto attain
theoptimumperformanceatanSNRvalueof 24dB, basedon theresultsof Figure9.15.

multiuserdetectorwasnear-far resistent.

9.7 Chapter Summary and Conclusions

In thischapter, ourmodelof abit-synchronousCDMA systemcommunicatingoverasingle-
tapRayleighfadingchannelwaspresentedin Section9.2andits equivalentdiscreterepresen-
tationwasconsideredin Section9.3. Basedon this model,theoptimummultiuserdetector
basedon themaximumlikelihoodcriterionwasderivedin Section9.4. It wasshown thatthe
correlationmetricof Equation(9.23)for theoptimummultiuserdetectionschemeis castin
theform of a combinatorialoptimisationfunctionandits computationalcomplexity is expo-
nentiallyproportionalto thenumberof users.Thusits implementationbecomesimpractical,
whenthereis ahighnumberof users.A GA-assistedmultiuserdetectorwasproposedin this
chapter, in orderto circumvent theabove-mentionedcomplexity problem.Accordingto the
resultsobtainedfromothersimilarGA-assistedmultiuserdetectorproposals[300–303]found
in the literature,which weresummarisedin Section9.5.1,traditionalGAs generallyhave a
slow convergencerate, renderingthemunsuitablefor real-timedatadetection. In order to
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perfectchannelestimationusingbinary randomsignaturesequencesof length31. The
GA configurationusedis listed in Table9.9. Thevaluesin roundbracketsin the legend
denotethenumberof timestheobjective functionof Equation(9.25)wasevaluatedupon
detectingthe Ä -bit vector ½¾ duringabit interval.

mitigatethis impediment,weconductedaseriesof experimentspresentedin Section9.5,for
findingaparticularGA configuration,from thefamily of techniqueshighlightedin Chapter8,
whichcanoffer thebesttrade-off betweenthedetectiondelay, computationalcomplexity and
BEP performance.Basedon the resultsobtainedfrom our experiments,the GA configura-
tion thatwe have adoptedin our GA-assistedmultiuserdetectorwasgivenin Table9.9. The
notabledifferencesbetweenour favouredGA configurationandthoseutilisedin [300–303],
asshown in Table8.3,aretheprobabilityof mutationQ Ö andtheemploymentof the incest
preventionstrategy. As suggestedby in Figure9.3andin Figure9.6, thesetwo featurescan
have a significantimpacton theconvergencerateandhenceon theachievableBEP perfor-
manceof theGA-assistedmultiuserdetector. For ouradvocatedGA configuration,theincest
preventionstrategy anda relatively high valueof Q Ö were invoked, sincea fasterconver-
genceandaanimprovedBEPperformancecanbeachieved,asillustratedin Figure9.3 and
in Figure9.6. Lastbut not least,theBEPperformanceof theGA-assistedmultiuserdetector
wasassessedin Section9.6 for a bit-synchronousCDMA systemfor transmissionover an
AWGN channelaswell asa single-pathRayleighfadingchannel.We have shown thatwith
theaid of a sufficiently high populationsize

'
andfor a reasonablenumberof generations
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l , theBEPperformanceof theGA-assistedmultiuserdetectorapproachesthatof theopti-
mum multiuserdetectorat the costof a significantlylower computationalcomplexity. Our
resultsfor a single-tapRayleighfadingchannelwereobtainedbasedon the perfectknowl-
edgeof eachuser’s CIR coefficientsat thereceiver. In reality, theseCIR coefficientshave to
beestimatedby somemeans.In our next chapter, we will show that it is possibleto extend
theGA-assistedmultiuserdetectorintroducedin this chapter, suchthat theusers’CIR coef-
ficientscanbe estimatedconcurrentlywith the datadetectionwithout the assistanceof any
pilot signals.
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Chapter 17
Overview of Multicarrier CDMA

17.1 Intr oduction

Orthogonalfrequency division multiplexing (OFDM) [80,422–424] is a paralleldatatrans-
missionschemein which high dataratescanbeachievedby transmittingÚ orthogonalsub-
carriers.The inter-symbolinterference(ISI) andinter-channelinterference(ICI) in OFDM
systemsare reducedby the insertionof guardintervals andcodesynchronizationis made
easierby theextendedsymbolperiodengenderedby theassociatedserial-to-parallelconver-
sion preceedingthe parallel transmissionof low-ratesubchannels.Recently, code-division
multiple-access(CDMA) systemsbasedon thecombinationof CDMA schemesandOFDM
signaling,which arereferredto asmulticarrierCDMA systems,have attractedattentionin
thefield of wirelesscommunications[20,69–71,78,79,424–462]. This is mainly dueto the
needto supporthigh datarateservicesin wirelessenvironmentcharacterizedby highly hos-
tile radiochannels.Thesesignalscanbeefficiently modulatedanddemodulatedusingFast
FourierTransform(FFT) deviceswithout substantiallyincreasingthereceiver’s complexity.
Thesesystemsalsoexhibit the attractive featureof high spectralefficiency, sincethey can
operateusinga low Nyquist roll-off factor [80]. Hence,OFDM systemscanapproachthe
2 Baud/Hzmaximumbandwidthefficiency associatedwith Nyquist sampling. The combi-
nationof codedivision andOFDM cancombattheeffectsof fadingchannelsby spreading
signalsover severalcarriers,in orderto achieve frequency diversity.

Dependingonwhetherall thesubcarriersareactivatedoneachtransmission,multicarrier
CDMA arrangementscanbeclassifiedasthenon-frequency hoppingmulticarrierCDMA and
the frequency-hoppingassistedmulticarrierCDMA schemes.The family of non-frequency
hoppingmulticarrierCDMA schemesincludesmulticarrierCDMA usingfrequency-domain
spreading[447,454,457,462],subchannelband-limitedmulticarrierdirect-sequenceCDMA
(DS-CDMA) [448,453],orthogonalmulticarrierDS-CDMA [69,431,449,460]andmultitone
DS-CDMA [450,463]. Theclassof frequency-hoppingassistedmulticarrierCDMA schemes
belongsto the extendedfamily of the above multicarrierschemes,which includemulticar-
rier DS-CDMA usingadaptive frequency-hopping[461], aswell asmulticarrierDS-CDMA

541
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usingadaptivesubchannelallocation[439] andthesubclassof constant-weightcodeassisted
multicarrierDS-CDMA usingslow frequency-hopping[70,78,425].

Basedon their signal spreadingmodel, multicarrier schemescan also be categorized
mainly into two types. In the first classof schemes,the serial datastreamis first spread
by aspreadingcodeandthenconvertedinto øÛh parallelchipsequenceswith eachchipmod-
ulating a differentsubcarrier. The numberof subcarriersis øÛh , which equalsthe number
of chipsper datasymbol. The spreadingoperationin this type of multicarrierCDMA ar-
rangementsoccursin the frequency-domain. This type of systemscombinethe robustness
of orthogonalmodulationwith the flexibility of CDMA schemes[79,440]. In the second
type of multicarrierCDMA systems,the original datastreamis first serial-to-parallelcon-
vertedinto Ú substreams.Then,eachsubstreamis spreadusingagivenspreadingcodein the
time-domain,andfinally, modulatesadifferentsubcarrierwith eachof thedatastream.In the
secondtypeof multicarrierCDMA eachsubcarrier’ssignalis similarto thatof aconventional
thenormalsinglecarrierDS-CDMA scheme[69]. Thefirst classof multicarrierCDMA only
includesoneparticularscheme,namelymulticarrierCDMA usingfrequency-domainspread-
ing [447,454,457,462],while otherknown multicarrierCDMA schemesbelongto thesecond
family.

Oneof the main implementationdisadvantagesat the transmittersideof OFDM based
multicarrierCDMA systemsis thehigh peak-to-averagepower ratio [423,436] of thetrans-
mittedsignal.Whenever thepeaktransmittedpower is limited by regulatoryor implementa-
tional constraints- suchastheminimumrequiredtransmitpower or thepower efficiency of
theamplifier- thishastheeffectof reducingtheaveragepowerof thetransmitterandlimiting
therangeof transmissions.Moreover, sincethemulticarriersignalexhibits a high amplitude
variation,it is subjectto nonlineardistortionsinflictedby thepoweramplifier. Thisdistortion
inevitably resultsin out-of-bandemissionsandco-channelinterference,potentiallycausinga
significantdegradationin thesystem’s performance.

In this chapterthe performanceof differentmulticarrierCDMA systemsis investigated
over frequency-selectiveRayleighfadingchannels.Section17.2reviews family of themulti-
carrierCDMA schemes,analyzestheir characteristicsanddiscussestheir advantagesaswell
asdisadvantagesin termsof their transmitterandreceiver structures.We will alsoconsider
their spectralefficiency andspreadinggain. In Sections17.4to 17.8we analyzea rangeof
typical multicarrierCDMA schemesin depthandderive their correspondingbit errorproba-
bility. Let usnow commenceouroverview of multicarrierCDMA systems.

17.2 Overview of Multicarrier CDMA Systems

In this sectionwe review the classof multicarrierCDMA schemes,which have beendis-
cussedin theliterature.Specifically, wediscusstheirdesignparameters,spectralcharacteris-
tics,advantagesanddisadvantagesin termsof thetransmitterandreceiver structuresaswell
astheir spectralefficiency. Thebit errorrate(BER) performanceanalysisof thesemulticar-
rier CDMA schemesis providedin thefollowing sections.Beforeconsideringtheseschemes
in moredetail,wefirst list sometheir commonparameters.

n`Ü�Ý (Hz): Overall spectralnull-to-null systembandwidth;

n`Ü�Þ	Ý (Hz): Null-to-null transmissionbandwidthof eachsubcarriersignal;
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neÜ�Þ (Hz): null-to-null bandwidthof thebinarybasebanddatasignal;

n àAá : Binarybit duration;

n à Ý : Transmittedsymbol’s duration;

n àAò : Chipdurationof thespreadingcodesin themulticarrierCDMA system;

n àAò Õ : Chipdurationof thespreadingcodesin thesingle-carrierCDMA system;

neß Ø : RF carrierfrequency;

n ø Ï Ü�Ý ù Ü�Þ Ï àAá#ù�àAò Õ : Spreadinggain of BPSK modulatedsingle-carrierDS-
CDMA signals;

n øÛàSÏ à Ý ù àóò : Spreadinggain of BPSK modulatedsubcarrierDS-CDMA signal,or
numberof chipspersymbol;

n ø8á ÏfàAá#ù�àAò : Numberof chipsperbit;

neá
Õ : Numberof resolvable propagation pathsexperiencedby the single-carrierDS-

CDMA signal;

nkâ : Spacingbetweentwo adjacentsubcarriers;

neãËä : Spectralgain,which is definedastheratiobetweenthebandwidthrequiredby the
multicarrerschemewithoutoverlappingandtheactualbandwidthof thecorresponding
multicarrierscheme.

Having definedthe commonmulticarrier CDMA parameters,let us first highlight the
conceptsassociatedwith frequency-domainspreading.

17.2.1 Frequency-Domain Spreading Assisted Multicarrier CDMA

Scheme

Fig.17.1shows the transmitterdiagramof the multicarrier CDMA (MC-CDMA) scheme
associatedwith frequency-domainspreading[447,454,457,462]. The MC-CDMA trans-
mitter spreadstheoriginal datastreamover øÛh subcarriersusinga givenspreadingcodeofè_å Í � ô 19â å Í �;ä	1Hâ#æ�æ#æ>â å Í ��øÛh Þ ä	19ê in thefrequency domain.Observein Fig.17.1thatthisscheme
doesnot includeserial-to-paralleldataconversionandthereexistsno spreadingmodulation
on eachsubcarrier. Therefore,thedatarateon eachof the øÛh subcarriersis thesameasthe
input datarate.However, by spreadingeachdatabit acrossall of the øÛh subcarriersthefad-
ing effectsof multipathchannelsis mitigated.With referenceto Fig.17.1the Ê th MC-CDMA
user’s transmittedsignalcanbeexpressedas:

Ì%Í Å6Î�ÇÓÏ � '
øÛh

ìçæ ÔAÕ
> ×>Ø

Ù Í Å6Î�Ç å Í � � 1"è�é ê�ÅO�_� ß >QÎ�Ç�â (17.1)
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Figure17.1: Thetransmitterdiagramof frequency-domainspreadingassistedMC-CDMA systems.
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Figure17.2: Spectrumof thefrequency-domainspreadingassistedMC-CDMA signal.
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where
'

representsthetransmittedpowerof theMC-CDMA signal, ø�h is thenumberof sub-
carriersaswell asthespreadinggain, è_å Í � ô 19â å Í �;ä	1Hâ#æ�æ#æ>â å Í ��øÛh Þ ä	19ê is thespreadingcode,è ß >jâ � ÏNôEâ�äåâ#æ#æ#æAâ#øÛh Þ äMê arethesubcarrierfrequencies,andfinally,

Ù Í Å;Î�Ç representsthe
binarydatasequence.

The spectrumof the transmittedMC-CDMA signalis shown in Fig.17.2,wherewe as-
sumethat the MC-CDMA systemhaseight subcarriersand that all the chip valuesof the
spreadingcodeof ècå Í � ô 1Hâ å Í � ä	19â#æ#æ#æAâ å Í ��øÛh Þ äÇ1�ê are+1. In thisMC-CDMA systemthesub-
carrierfrequenciesarechosento beorthogonalto eachother, i.e. thesubcarrierfrequencies
satisfythefollowing condition:

ð Â
Ø è"écêåÅ2�_� ß B Î é 
YB�Ç Æ�è�é ê�ÅO��� ß � Î é 
 � Ç�þ#Î¹ÏNôEâ for A (Ï��Qâ (17.2)

whereà á is thebit duration.Therefore,theminimumspacingâ betweentwo adjacentsub-
carrierssatisfiesâ Ï Õð Â , which is a widely usedassumption[447,454,457,462] andis also

thecaseemployed in Fig.17.2,where ß >SÏ ß Ø é >ð Â for � Ï,ôEâ�äåâ#æ#æ#æ>â�øÛh8Þdä . If â Ï Õð Â
associatedwith ?Mô�� overlap is assumed,then the bandwidthrequiredby the MC-CDMA
systemis Å�øÛh é äQÇ Æ Õð Â . However, theMC-CDMA systemhaving øÛh non-overlappingsub-

carriersrequiresa total bandwidthof øÛh:Æ ýð Â . Hence,thespectralgain of this MC-CDMA
systemis givenby:

ãËä Ï øÛhsÅO��ù�àAá�Ç
Å�øÛh é äQÇ�Å�äåù�àAá�Ç â (17.3)

whichapproachestwo, as øÛh increases.Thus,this MC-CDMA systemexhibits anincreased
processinggain given by øÛh/����ø , asexplainedby the ?Mô�� overlapof themain lobesof
theadjacentMC-CDMA subcarrierspectra.

Yee [447] et al. have considereda MC-CDMA system,in which the subcarriers’fre-
quency separationis higherthanthecoherencebandwidthof thechannel,andthereforethe
individual subcarriersexperienceindependentfading. As a result,thefrequency diversity is
maximized. However, this systemrequiresa considerabletransmissionbandwidth. Never-
theless,the additionof an interleaver after the chip spreadingwould lessenthis bandwidth
requirement.

Thisschemecanbeappliedin conjunctionwith thesamesetof subcarriers,to amultiple
accesssystemby allocatingeachusera differentspreadingcode.Theseparationof different
usersis providedby thespreadingcodes.In the receiver the fadingimpairedsignalsof the
subcarriersarefirst equalizedandthenthedifferentuser’s signalsareseparatedby exploit-
ing their differentspreadingcodes.Due to the orthogonalityof the subcarriersignals,in a
downlink mobileradiocommunicationchannel,wecanusetheHadamard-Walshcodesasan
optimumspreadingcodeset[79], sincewedonothaveto payattentionto theauto-correlation
characteristicof thespreadingcodes.

The receiver structureof the MC-CDMA schemeis shown in Fig.17.3. In this MC-
CDMA receiver thereceivedsignalis combined,in asense,in thefrequency domain.There-
fore the receiver canalwaysmake useof all the receivedsignalenergy scatteredin the fre-
quency domain. This is the main advantageof the MC-CDMA schemeof Fig. 17.1 and
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Figure17.3: Thereceiverblockdiagramof frequency-domainspreadingassistedMC-CDMA systems.

17.3 over othermulticarrierCDMA schemes[79]. However, in a frequency selective fad-
ing channeldifferentsubcarriersmay encounterdifferentamplitudeattenuationsandphase
shifts,whichcanconsequentlyresultin destroying theorthogonalityof thesubcarriers.There
aremany combininganddetectiontechniquesthatcanbeemployedby theMC-CDMA re-
ceiver, in orderto efficiently exploit thereceivedsignalenergy [79]. Oneof themostcommon
approachesis Maximum Ratio Combining(MRC), wherethe subcarriersignals’weighting
factors,�sÍ � A�1HâõAöÏ�ôEâ�äåâ#æ#æ�æ>â#ø Þ ä in Fig.17.3,arecomputedasthe complex conjugateof
thereceivedsubcarriersignal’s envelope.This approachcanminimizetheBER,aslong asa
single-usersystemis considered.

Notethatthenumberof subcarriersdoesnot have to bethesame,astheprocessinggain.
If theoriginalsymbolrateis high,thesignalexperiencesfrequency selectivefading.Thenthe
inputdatahasto beserial-to-parallelconverted,mappingthedatato anumberof reduced-rate
streamsbeforespreadingover the frequency domain. This is becauseit is crucial for MC-
CDMA signaltransmissionto have frequency non-selective fadingovereachsubcarrier[79].
Thisarrangementhasbeenstudiedin [435,440].

17.2.2 Orthogonal Multicarrier DS-CDMA scheme– Type I

In [448,453] a multicarrierDS-CDMA systemhasbeenproposed(we refer to this scheme
asmulticarrierDS-CDMA-I system),in which a datasequencemultiplied by a spreading
sequencemodulatesÚ subcarriers.Thetransmitterdiagramof themulticarrierDS-CDMA-I
systemusedin [453] is similar to Fig.17.4,except that band-limitedsubcarriersignalsare
employedin [453]. Similarly to Fig.17.1,thisschemedoesnot includeserial-to-paralleldata
conversioneither. However, eachsubcarriersignal is direct sequence(DS) spreadusinga
commonspreadingsequenceå Í Å6Î�Ç , asshown in Fig.17.4.Therefore,thesymboldurationof
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Figure17.5: Spectrumof time-domainspreadingassistedMC-CDMA signals.
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themulticarrierDS-CDMA signalis thesame,asthatof theinputdatabit duration.With the
aid of Fig.17.4,the transmittedsignalof user Ê in themulticarrierDS-CDMA-I systemcan
beexpressedas[453]:

Ì�Í Å6Î�ÇÐÏ � '
Ú

�
��× Õ

Ù Í Å6Î�Ç å Í Å6Î�Ç�è"écêåÅO��� ß � Î é 
 Í � Ç�â (17.4)

where
'

is thetransmittedpowerof themulticarrierDS-CDMA-I signal, Ú is thenumberof
subcarriers,while

Ù Í Å;Î�Ç and å Í Å6Î�Ç arethe basebanddatasequenceandthe spreadingwave-
forms, respectively. Finally, ß � for �dÏ ä�â��â�æ#æ#æ>â�Ú arethesubcarrierfrequenciesand 
 Í �
for �SÏ,äåâP�Eâ#æ#æ#æAâ�Ú aretheinitial phasesintroducedby thesubcarriermodulation.

Thespectrumof themulticarrierDS-CDMA-I signalwithoutoverlaphaving eightsubcar-
riersis shown in Fig.17.5.In themulticarrierDS-CDMA-I systemthesubcarrierfrequencies
areusuallychosento beorthogonalto eachotherafter spreading,which canbe formulated
as:

ð í
Ø è"écêåÅ2�_� ß B Î é 
YB�Ç Æ�è�é ê�ÅO��� ß � Î é 
 � Ç�þ#Î¹ÏNôEâ for A (Ï��Qâ (17.5)

where àAò is the chip duration. Therefore,the minimum spacingâ betweentwo adjacent
subcarrierssatisfiesâ Ï Õð í . Fig.17.5shows thecaseof â Ï ýð í . For thecaseof â Ï ýð í ,
thereexistsno spectraloverlapbetweenthespectralmain-lobesof two adjacentsubcarriers
andhencethespectralgain is ãËä Ï,ä . However, if thespacingbetweenadjacentsubcarriers
is assumedto be â Ï Õð í , thespectralgain is thengivenby:

ãËä Ï Ú\Å2�Eù�àAò�Ç
Å�Ú é äMÇ�Å�äåù àóò�Ç â (17.6)

thatapproachestwo, whenthenumberof subcarriersis high.

Let us assumethat àóò Õ is the chip durationof the spreadingcodecorrespondingto a
single-carrierDS-CDMA system.Theprocessinggainof acorrespondingsingle-carrierDS-
CDMA system– which is definedas the ratio of the system’s ‘null-to-null’ bandwidthto
the binary data’s ‘null-to-null’ bandwidth– is assumedto be ø Ï àAá#ù�àAò Õ . Hence,for the
multicarrierDS-CDMA-I systemusing â Ï ýð í , thebandwidthof eachsubcarrieris a factor
of Ú lower, thanthatof thecorrespondingsingle-carrierDS-CDMA systemhaving identical
datarateandidenticalsystembandwidth.Therefore,thechip durationof thespreadingcode
correspondingto themulticarrierDS-CDMA-I systemof Fig.17.4is afactorof Ú higher, than
that of the correspondingsingle-carrierDS-CDMA system. Consequently, the processing
gain of eachsubcarriersignalis øÛà:ÏfàAá#ù Ú$àAò Õ Ïdø ùcÚ andthesystem’s processinggain isøÛh'Ï�Ú ÆåøÛà:Ïcø , which is thesameasthatof thecorrespondingsingle-carrierDS-CDMA
system.For thecaseof â Ï Õð í , thechipdurationof thespreadingcodecorrespondingto the
multicarrierDS-CDMA-I systemis givenby àAò Ï�Å�Ú é äQÇ;àóò Õ ù�� andhence,theprocessing
gain of eachsubcarriersignalis øÛà Ï àóá#ù àóò'Ï±��ø ùsÅ�Ú é äQÇ . By contrast,themulticarrier
DS-CDMA-I system’s processinggain is øÛh1Ï�Ú,Æ�øÛà Ï±�YÚ-øZùsÅ�Ú é äQÇ . Themulticarrier
DS-CDMA-I systemincreasedtheprocessinggain by abouta factortwo, if ?Qô�� overlapof
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Figure17.6: The receiver block diagram of the time-domainspreadingassistedmulticarrier DS-
CDMA-I systems.

themainlobesof theadjacentsubcarrierspectrain Fig.17.5is assumed.

Thereceiverblockdiagramof themulticarrierDS-CDMA-I systemis shown in Fig.17.6.
In the multicarrier DS-CDMA-I systemfrequency diversity is achieved by combiningthe
Ú correlator’s outputsassociatedwith the Ú subcarriers.Thereceiver providesa correlator
for eachof the Ú subcarriers,andthe outputsof the Ú correlatorsarecombinedto yield a
processinggain comparableto thatof a single-carrierDS system,provided that thespacing
betweentwo adjacentsubcarriersis â Ï ýð í . This systemhasa rangeof advantages[453].
Firstly, the multicarrier DS-CDMA-I systemis robust to multipath fading due to the fre-
quency diversityachievedover thesubcarriers.Secondly, themulticarrierDS-CDMA-I sys-
tem exhibits narrowbandinterferencesuppressioneffect dueto the DS spreading.Thirdly,
a lower chip rateis required- which hasthe advantageof reduced-complexity parallel im-
plementation- since,in a multicarrierDS-CDMA-I systemhaving Ú subcarriersthe entire
bandwidthof thesystemis dividedinto Ú equi-widthfrequency bands.Thuseachsubcarrier
frequency is modulatedby aspreadingsequencehaving achipduration,which is Ú timesas
long asthatof thecorrespondingsingle-carrierDS-CDMA system.In otherwords,a multi-
carriersystemrequiresa lowerspeed,parallel-typeof signalprocessing,in contrastto a fast,
serial-typeof signalprocessingin a singlecarrierRAKE [95] receiver. This, in turn, might
behelpful for implementinga low powerconsumptiondevice. Finally, themulticarrierDS0-
CDMA-I systemdoesnot requireacontiguousfrequency band,henceavailablespectralgaps
canbeefficiently exploited.

In [453] theperformanceof themulticarrierDS-CDMA-I systemhasbeeninvestigatedby
assumingthateachsubcarriersignalencountersindependentnon-frequency selective fading.
If theDSspreadingcode’schiprateis high,thesignalis subjectto frequency selectivefading.
Then,RAKE receiversassociatedwith eachof thesubcarrierscanbeimplemented,in order
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Figure17.7: Thetransmitterdiagramof theorthogonalmulticarrierDS-CDMA-II system.

to combinetheenergy scatteredover differentpaths.However, if thesubcarriersaresubject
to correlatedfading, then, interleaving over time can be employed, in order to guarantee
the independenceof thesubcarriersignals.For example[453], supposethefirst Ú symbols
emittedby thesourcemodulatethe Ú subcarriersin thefirst time interval. In thesecondtime
interval, thesameÚ symbolsmodulatethe Ú subcarriersaftera cyclic shift by onesymbol.
In the A th interval, ä õ*AUõ Ú , the ÅTA Þ äQÇ th shiftedversionof the datamodulatesthe Ú
subcarriers.

17.2.3 Orthogonal Multicarrier DS-CDMA Scheme– Type II

OrthogonalmulticarrierDS-CDMA systems– which we refer to hereasmulticarrierDS-
CDMA-II systems– have beenstudiedin [69,431,449,460]. The orthogonalmulticarrier
DS-CDMA transmitterspreadsthe serial-to-parallelconverteddatastreamsusing a given
spreadingcodein thetimedomainsothattheresultingspectrumof eachsubcarriercansatisfy
theorthogonalityconditionwith theminimumfrequency separation[69,449]. This scheme
wasoriginally proposedfor anuplink communicationsystem,becausethis characteristicis
effective for establishinga quasi-synchronouschannel. The transmitterdiagramshown in
Fig.17.7for themulticarrierDS-CDMA-II systemis thesameasthatusedin [69], whichcan
beinterpretedastheextensionof themulticarrierDS-CDMA-I systemshown in Fig.17.4.In
this schemethe initial datastreamis serial-to-parallelconvertedto a numberof lower-rate
streams.Eachof theselower-ratestreamsis spreadby thespreadingcode å Í Å6Î�Ç of Fig.17.7,
feedinga numberof parallel streamshaving the samerate. Eachof the latter lower-rate
parallelstreamsis bit-interleavedandthesestreamsmodulatetheorthogonalsubcarrierswith
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Figure17.8: Spectrumof theorthogonalmulticarrierDS-CDMA signal.

asuccessively overlappingbandwidth,asshown for examplein Fig.17.8.

Thespectrumof themulticarrierDS-CDMA-II signalis shown in Fig.17.8.In themulti-
carrierDS-CDMA-II systemsubcarrierfrequenciesarechosento beorthogonalto eachother
with theminimumfrequency separation.Theorthogonalityis ensuredby Eq.(17.5),but the
spacingbetweentwo adjacentsubcarriersis chosento be â Ï,äåù�àAò .

Let è ß Õ�Õ â
ß
Õ ý â#æ#æ#æ>â

ß�� × h'&Mê be the subcarrierfrequencies,which arearrangedaccording
to Fig.17.8.Thesesubcarrierfrequenciescanbewritten in theform of amatrixas:

è ß B�ê Ï
ß
Õ¸Õ

ß
Õ ý æ#æ#æ ß

Õ &ß ý Õ
ß ý¸ý æ#æ#æ ß ý &

...
...

. . .
...ß h Õ

ß h ý æ#æ#æ ß h'&
æ (17.7)

Then,accordingto the transmitterdiagramof Fig.17.7,thebit streamhaving a bit duration
of àAá is first serial-to-parallelconvertedinto ( parallelstreams.Thenew bit durationoneach
substream,which is referredto hereasthesymbolduration,is à Ý Ï)(¸àAá . Eachsubstream,Ù Í B�â�Ê Ï�äåâP�Eâ#æ#æ#æAâ#É+*-A-Ï�ä�â��â�æ#æ#æ>â�( feedsQ parallelstreamsandmodulatesQ subcarriers
from thesamecolumnof Eq.(17.7).It canbeshown from Fig.17.8thatthesesubcarrierfre-
quenciesmodulatedby thesamedatabit havemaximumfrequency separation,whichensures
the independenceof the fadingenduredby the subcarriersmodulatedby the samedatabit.
Thetransmittedsignalof user Ê is givenby:

Ì�Í Å6Î�ÇÐÏ
&
B × Õ

h
� × Õ

� '
Q
Ù Í B�Å6Î�Ç å Í Å;Î�Ç�è"é ê�ÅO��� ß � B6Î�Ç�â (17.8)

where
'

is the transmittedpower of eachstream,
Ù Í B�Å6Î�Ç representsthedatasequenceof the

A th stream,while å Í Å6Î�Ç is thecommonspreadingcodein Fig.17.7.



552 CHAPTER 17. OVERVIEW OF MULTICARRIER CDMA

co
nv

er
te

r
P

ar
al

le
l-t

o-
se

ria
l

PSfragreplacements

Received
signal

å Í Å;Î�Ç

Data

�sÍ �;äMä	1�è"écêåÅO�_� ß Õ�Õ Î�Ç

�sÍ � �/ä	1�è"écêåÅO�_� ß ý Õ Î�Ç

�sÍ � Q äÇ1"è�é ê�ÅO�_� ß h Õ Î�Ç
<

<

<<1

2

(

Ù Í
Õ

Ù Í ý

1

2

p

, ô
� Í
Õ

Ù Í &

& ð ÂØ

& ð ÂØ

& ð ÂØ

Figure17.9: Thereceiverblockdiagramof theorthogonalmulticarrierDS-CDMA systems.

Thespectralgain of themulticarrierDS-CDMA-II systemis givenby:

ãËä Ï Q (QÅ2�Eù�àAò�ÇÅ Q ( é äMÇ�Å�äåù àóò�Ç
Ï �YÚ

Ú é ä â (17.9)

which approachestwo as ÚmÏ Q ( increases.Thechip durationof thespreadingcode å Í Å;Î�Ç
employedby theorthogonalmulticarrierDS-CDMA systemis àAò¹Ï,Å Q ( é äQÇ6àAò Õ ù��1Ï,Å�Ú éäQÇ6àAò Õ ù�� , whereàóò Õ representsthechipdurationof acorrespondingsingle-carrierDS-CDMA
scheme(Q Ï-( Ï,ä ). Thespreadinggainof eachsubcarriersignalis givenby:

øÛà8Ï!(¸àAá#ù�àAò¹Ï (¸àAá
Å�Ú é äMÇ6àAò Õ ù��

Ï �.(åø
Ú é ä æ (17.10)

By contrast,the multicarrier DS-CDMA-II system’s spreadinggain is øÛh Ï Q ÆAøÛà�Ï
�YÚ-øZùsÅ�Ú é äQÇ . Thus,themulticarrierDS-CDMA-II systemexhibitsanincreasedprocessing
gain, which amountsto approximatelya factorof two, asexplainedby the ?Qô�� overlapof
themainlobesof theadjacentsubcarrierspectra.

Thereceiverblockdiagramof themulticarrierDS-CDMA-II systemis shown in Fig.17.9.
The receiver providesa correlatorfor eachsubcarrierandthe correlatoroutputsassociated
with thesamedatabit arecombinedto form a decisionvariable.Finally, a parallel-to-serial
converteris employedto recover theserialdatastream.
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Figure17.10:Thetransmitterdiagramof themultitoneDS-CDMA system.

In themulticarrierDS-CDMA-II system,provided thateachsubcarriersignalis subject
to frequency selective fading,a furtherRAKE receiver canbeemployed, in orderto match
eachsubcarriersignalandcombinetheenergy scatteredby themultipathchannel.

The multicarrier DS-CDMA-II schemecan provide the following advantages[69].
Firstly, the spreadingprocessinggain is increasedcomparedto the correspondingsingle-
carrierDS-CDMA scheme.Secondly, the effect of multipath interferenceis mitigatedbe-
causeof DS spreading.Thirdly, frequency/time diversitycanbeachieved. Finally, a longer
chipdurationmayleadto morerelaxedsynchronizationschemes.However, ahighcomplex-
ity receiverhasto beimplementedandforwarderrorcontrol(FEC)techniquesmustbeused,
in orderto enhanceits associatedperformance.

17.2.4 Multitone DS-CDMA Scheme

Multitone DS-CDMA schemewasproposedby Vandendorpein [450,463]. The multitone
DS-CDMA transmitterspreadsthe serial-to-parallelconverteddatastreamsusing a given
spreadingcode in the time domain, so that the spectrumof eachsubcarrierprior to the
spreadingoperationcansatisfytheorthogonalityconditionwith theminimumfrequency sep-
aration[463]. Therefore,thereexist strongspectraloverlapamongthe differentsubcarrier
signalsafterDS spreading.Thetransmitterdiagramandthespectrumassociatedwith eight
subcarriersfor the multitoneDS-CDMA signalareshown in Fig.17.10andFig.17.11,re-
spectively. At thetransmittersideof Fig.17.10,thebinarydatastreamhaving a bit duration
of àAá is serial-to-parallelconvertedto Ú parallelsubstreams.Thenew bit durationon each
subcarrier, which definesthe modulatedsymboldurationis à Ý ÏdÚ$àAá . The A th substream
modulatesthe subcarrierfrequency ß B , AuÏ äåâP�Eâ#æ#æ#æAâ�Ú . The multitonesignal is obtained
by the additionof the differentsubcarriers’signals. Then,spectrumspreadingis imposed
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Figure17.11:Spectrumof themultitoneDS-CDMA signal.

on themultitonesignalby multiplying it with a spreadingcode,asshown in Fig.17.10.The
transmittedsignalof user Ê canbeexpressedas:

Ì�Í Å6Î�ÇÐÏ
�
��× Õ

/ � ' Ù Í � Å6Î�Ç å Í Å6Î�Ç�è"écêåÅO��� ß � Î é 
 Í � Ç�â (17.11)

where
'

representsthe transmittedpower of eachsubcarrier,
Ù Í � Å;Î�Ç representsthedatase-

quencemodulatingthe � th subcarrier, å Í Å;Î�Ç is thespreadingcodeof userÊ , while ß � and 
 Í �
arethe � th subcarrierfrequency andmodulationphase.

In the multitoneDS-CDMA systemthe subcarrierfrequenciesarechosento be orthog-
onal to eachotherwith the minimum frequency separationbeforespreading,which canbe
formulatedas:

ð10
Ø è�é ê�ÅO�_� ß B6Î é 
4B�Ç Æ�è�é êåÅ2�_� ß � Î é 
 � Ç�þ#Î¹ÏNô�â for A (Ï��Mæ (17.12)

It canbeshown that theminimumspacingof thesubcarrierfrequenciesis ä�ù�à Ý Ï�ä�ù Ú$àAá .
Let àóò Õ representthe chip durationof the correspondingsingle-carrierDS-CDMA system.
Referringto Fig.17.11,it canbeshown that thechip durationof thespreadingcodefor the
multitoneDS-CDMA systemis givenby:

àAò�Ï �YÚ-ø
�YÚ-ø Þ`Ú é ä àAò Õ â (17.13)

whereø is thespreadinggaincorrespondingto asingle-carrierDS-CDMA system.Observe
that àAò approachesàAò Õ as ø increases.Thespreadinggain of thesubcarriersignalis given
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Figure17.12:Thereceiverblockdiagramof themultitoneDS-CDMA system.

by:

øÛà Ï à Ý ù�àAò
Ï Ú$àAá#ù �YÚ-ø

�YÚ-ø ÞeÚ é ä àAò Õ
Ï �YÚ-ø ÞeÚ é ä

� â (17.14)

which canbe approximatedby Ú-ø , when ø is sufficiently high. Sincedifferentdatabits
aretransmittedon differentsubcarriers,theoverall system’s processinggain is alsogivenby
Eq.(17.14).

Thespectralgainof themultitoneDS-CDMA systemis givenby:

ãËä Ï Ú\Å2�Eù�àAò�Ç
��ù�àAò é Å�Ú Þ äQÇ�ù�à Ý

Ï �Eø à Ú
��øÛà é Ú Þ ä â (17.15)

thatapproachesÚ , when øÛà is sufficiently high, which is thehighestSGamongthemulti-
carrierschemesconsidered.

The receiver block diagramof the multitoneDS-CDMA systemis shown in Fig.17.12.
The receiver is composedof Ú RAKE combiners,eachof which hasthe samestructureas
the single-carrierDS-CDMA RAKE receiver. This is an optimumreceiver for an AWGN
channel[463]. Unfortunately, themultitoneDS-CDMA schemesuffersfrom inter-subcarrier
interferenceandrequiresa high-complexity RAKE basedreceiver. However, thecapability
to uselongerspreadingcodesresultsin thereductionof self-interferenceandmultipleaccess
interference,ascomparedto thespreadingcodesassignedto a correspondingsingle-carrier
DS-CDMA scheme.The multitone DS-CDMA schemeuseslonger spreadingcodesthan
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Figure17.13:The transmitterschematicof the adaptive frequency-hoppingassistedmulticarrierDS-
CDMA system.

thecorrespondingsingle-carrierDS-CDMA scheme[79], wheretherelative code-lengthex-
tensionis in proportionto the numberof subcarriers.Therefore,the multitoneDS-CDMA
systemcanaccommodatemoreusers.

Wehavereviewedthefamily of veriousmulticarrier-basedCDMA schemessuchasMC-
CDMA, multicarrierDS-CDMA-I, multicarrierDS-CDMA-II andmultitoneDS-CDMA in
the previous four subsections.A commonpropertyof thesemulticarrier-basedschemesis
thatall thesubcarriersin thesystemareactivatedfor eachtransmission.By contrast,in the
following threesubsections,multicarrier-basedCDMA schemesare reviewed, whereeach
transmissiononly exploits a fraction of the subcarriersprovided by the system. In these
schemesfrequency-hoppingtechniquesareemployed,in ordertoefficientlyutilize thesystem
bandwidthabailable.Hence,theseschemesarereferredto asfrequency-hoppingmulticarrier
DS-CDMA (FH/MC DS-CDMA) schemes.

17.2.5 Adaptive Frequency-HoppingAssistedmulticarrier DS-CDMA

scheme

Multicarrier DS-CDMA systemsusingadaptive frequency-hopping(AFH/MC DS-CDMA)
wasproposedby Chen,et. al [461] for uplink (mobile-to-base)transmissions.This scheme
bearsclose resemblanceto the orthogonalmulticarrier DS-CDMA-I or multicarrier DS-
CDMA-II schemeof figures17.4and17.7,respectively. In theAFH/MC DS-CDMA scheme
the total systembandwidthis divided into

I
equi-width subchannels,and the serial data

streamof eachuseris serial-to-parallelconvertedto
I

parallelsubstreams,whereeachsub-
streamis transmittedasa narrow-bandDS signalover oneof the subchannels.In contrast
to thetransmissionschemesin [69,453],whereeachsubcarrierwasusedto carrypartof the
transmittedinformation,in the AFH/MC DS-CDMA systemdatasubstreamscanbe trans-
mitted on any of the subcarriers,dependingon the severity of the fading in a subchannel.
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However, in theabove transmissionschemeit is possiblefor morethanonedatasubstreams
belongingto thesameuserto bemodulatedon to thesamesubcarrier. Hence,

I
numberof

spreadingcodeshaveto beassignedto eachuser, sothateverydatasubstreamcanbeuniquely
identified.Thenumberof spreadingcodesrequiredfor asystemsupportingM usersis given
by M I .

The transmitterdiagramof the AFH/MC DS-CDMA systemusingadaptive frequency-
hoppingis shown in Fig.17.13.Thespectrumof thetransmittedsignalin theAFH/MC DS-
CDMA systemis similar to that seenin Fig.17.5(N 5 9.O 3�P ) or Fig.17.8(N 5RQ O 3�P ).
Hence,thespectralgain, thespreadinggainof eachsubcarriersignalaswell asthespreading
gain of the overall systemarethe sameasthat of the orthogonalmulticarrierDS-CDMA-I
or multicarrierDS-CDMA-II scheme.At the transmittersidethebinarydatastreamis first
convertedto

I
parallelsubstreamsS E 7 ?BAT5!U G E�= 7 ?BAWV G E�C 7 ?BAWV�X�X�XYV G E�H 7 ?BA[Z . Thesesubstreams

arethenspreadby thecorrespondingspreadingcodes\ E 7 ?BAT5!U^]_E�= 7 ?BAWV�]_E�C 7 ?BA`V�X�X�XYV�]aE�H 7 ?BA[Z .
Let b Ec5dU^e�E�= 7 ?BAWV�e�E�C 7 ?BAWV�X�X�XYV�e�E�H 7 ?BA[Z – where e�E�= 7 ?BAgfRe�E�C 7 ?BAgfdX�X�XhfRe�E�H 7 ?BA – be
a setof subcarrierfrequencies,which canbe activatedby the transmitter’s FH control unit
(TFHCU) in Fig.17.13basedon thesubchannelstatesi Ej5cU'J1E1L =�VWJ1E1L C�V�X�X�XYV`JKE1L HkZ fed back
from thebasestationreceiver. Finally, aftermodulatingeachsubcarrierby aspreadsubstream
accordingto theactivatedfrequency set,thetransmittedsignalcanbeexpressedas:

D#E 7 ?BAl5
H
m�n =

o 9.p G E m 7 ?BAW]_E m 7 ?BA8q�r�s 7:9<; e�E m ?BAWV (17.16)

where p is thetransmittedpowerpersubstream.
Thereceiver’sblockdiagramfor theAFH/MC DS-CDMA systemis shown in Fig.17.14.

The receiver is constitutedby a conventionalcorrelatordetector. The receiver’s ‘channel
quality estimator’of Fig.17.14estimatesthesubchannelfadingparametersperiodicallyand
passesthe estimatesto the receiver’s FH control unit (RFHCU). Basedon the subchannel
parameters,theRFHCUgeneratesa M F I matrix b givenby [461]:

t 5
J�=�L = J�=�L C X�X�XuJv='L HJ�C�L = J�C�L C X�X�XuJ>C^L H

...
...

. ..
...J1w�L =xJ1w�L C X�X�XyJ1wzL H

V (17.17)

whereJ1E1L m|{!} ~ V I� denotesthenumberof substreamshoppingto the � th subcarrierof the�
th user. Hence,thesumof eachrow of thematrix

t
is
I

. The
�
th row of

t
is sentto the

TFHCUof user
�

throughafeedbackcontrolchannel[461], in orderto controlthefollowing
activatedsubcarriers.At the sametime theseparametersarealsousedfor recovering the
orderof thetransmittedsubstreams,in orderto completethedespreadingprocess,asshown
in Fig.17.14.

Thesuccessof theAFH/MC DS-CDMA schemeusingadaptive frequency-hoppingde-
pendson theavailability of a reliablechannelquality estimatoron providing reasonablyac-
curateandtimely estimationof thechannel,on theavailability of a reliablefeedbackcontrol
channelandon the generationof optimal frequency-hoppingpatterns. In [461] the water-
filling algorithmhasbeenproposedfor deriving theoptimalfrequency hoppingpatterns.The
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AFH/MC DS-CDMA schemeoutperformstheconventionalcorrespondingsingle-carrierDS-
CDMA systemsusingaRAKE receiver in termsof its averagebit errorrate(BER).However,
the AFH/MC DS-CDMA schemecanonly operatein a channelexhibiting slow variations
versustime. Furthermore,it needsa channelquality estimatoranda complex algorithmfor
deriving theoptimalfrequency-hoppingpatterns.

17.2.6 Adaptive Subchannel Allocation Assisted Multicarrier DS-

CDMA

In contrastto theAFH/MC DS-CDMA schemeof reference[461], which wasproposedfor
theuplink (mobile-to-base),themulticarrierDS-CDMA schemeusingadaptive subchannel
allocation,whichis referredto hereasadaptiveAMC DS-CDMA,wassuggestedfor employ-
mentin the downlink (base-to-mobile)transmission[439]. The adaptive AMC DS-CDMA
schemeis basedon the multicarrier DS-CDMA-I schemeof Fig.17.4proposedin [453],
wherea datasequencespreadby a narrowbandsignaturesequencemodulates

I
subcarri-

ers. In theadaptive AMC DS-CDMA schemeof Fig.17.15,insteadof transmittingthesame
DSwaveformsoverall subchannelsaccordingto Fig.17.4,eachuser’sDSwaveformis trans-
mittedoveraspecificfavoritesubchannelfor theuser. Thisfavoratesubchannelis determined
asfollows [439]. Themobileestimatesthefadingamplitudesof all subchannelsby exploit-
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ing its receivedpilot signalandfeedsbacktheindex of thesubchannelexhibiting thehighest
amplitudeto the basestation. With the aid of this index information,the basestationallo-
cateseachuser’sDSwaveformto thebestsubchannelfor theuserconsidered.Thisallocation
schemeis optimum,providedthatorthogonalspreadingcodesareemployed.

Thedown link schematicof theadaptiveAMC DS-CDMA systemsupportingM usersis
shown in Fig.17.15. The systemmodelproposedin [439] is basedon the multicarrierDS-
CDMA schemeproposedin [453], wherethetotal bandwidthof thesystemwasdividedintoI

equi-widthsubchannels.At thetransmitterof thebasestation,first thefavoritesubchannel
is selectedfor eachuseraccordingto the channelstate,and a narrowbandDS waveform
is transmittedthroughthe favorite subchannel.As shown in Fig.17.15,at the basestation
the binary datawaveform

G E 7 ?BA of the
�
th useris first spreadby the user’s spreadingcode

waveform ]_E 7 ?BA , yielding
G E 7 ?BAW]_E 7 ?BA . Then,the‘bestsubchannelselection’unit of Fig.17.15

choosesthe bestsubchannelindex denotedas
� E for the

�
th user,

� 5�Q<V 9 V�X�X�X�V M . The
subcarrierof the bestsubchannelis thenmodulatedby

G E 7 ?BAW]_E 7 ?BA . Finally, the M number
of usersignalsaswell asthedown link pilot signal– which modulatesall subcarriers– are
multiplexed for transmissionto the mobile receivers. The basestation’s transmittedsignal
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canbewrittenas:

D#E 7 ?BA�5
w
E n =

o 9.p G E 7 ?BAW]_E 7 ?BA
H
m�n = N m 7

� E�A8q�r�s 7:9<; e m ?BA

�
H
m�n = 9�p � ] � 7 ?BA<q�r�s 7:9<; e m ?BAWV (17.18)

where p representsthetransmittedpower of eachuser, p � denotesthe identicaltransmitted
powerof thepilot signaloneachsubcarrier,

G E 7 ?BA is thedatawaveformof the
�
th user, while]_E 7 ?BA is the spreadingcodewaveform of the

�
th user. Furthermore,] � 7 ?BA representsthe

spreadingcodewaveformof thepilot signal.In Eq.(17.18),

N m 7 � E.Al5 Q8V for � 5 � E~ V for ���5 � E (17.19)

indicatesthesubcarrieractivationfunction.

Thespectrumof theadaptive AMC DS-CDMA signalusingrectangularchip waveforms
is thesameasthatof theorthogonalmulticarrierDS-CDMA-I, which is shown in Fig.17.5.
Thespectralgainandthespreadinggaincorrespondingto asubcarrierarethesameasthatof
theorthogonalmulticarrierDS-CDMA-I schemeusingtheminimumspacingof N 5 9.O 36P ,
i.e., we have �T� 5)Q and ��� 5 ��O I , respectively. Theoverall system’s spreadinggain is
also � .

The receiver schematicof the multicarrier DS-CDMA mobile receiver using adaptive
subchannelallocationis shown in Fig.17.16,whereboth thecoherentdemodulationphases
with respectto the

�
th subcarrierand the despreadingcode are incoporatedin the term� � } � � V � 5)Q<V 9 V�X�X�XYV I correspondingto thepilot detection.By contrast,�>E } � E � corresponds

to the
�
th user’s detection.At themobile’s receiver, the index of thebestsubchannelis de-

terminedby estimatingthe received amplitudesof the subchannelsbasedon the mobile’s
receivedpilot signal.As shown in Fig.17.16,thereceivedsignalis first coherentlydemodu-
latedusingeachsubcarrierandthencorrelatedwith thedespreadingcodeof thepilot signal,
in orderto obtainthe decisionvariablescharacterzingthe fadingamplitude. The bestsub-
channelestimationblock estimatesthe fadingamplitudesof all the subchannelsusing the
outputsof thepilot correlators.The index of thebestsubchannelcorrespondingto thesub-
channelhaving highestamplitudeis determined,which is denotedas

� E in Fig.17.16.This
favorite subchannelindex informationon theonehandis sentto thebasestationby usinga
feedbackcontrol channelandalsopreserved in the mobile over the subchannelquality up-
dateperiod,in orderto provide the subchannelindex for the

�
th user’s datademodulation.

Accordingto the index
� E , the

� E th subchannelof user
�

is selectedandcorrelatedwith the�
th user’s despreadingcode ]_E 7 ?BA – which is includedin thetermof �1E } � E � in Fig.17.16– in

orderto form thedecisionvariablefor thetransmitteddata.

In [439] theperformanceof theadaptiveAMC DS-CDMA systemwasstudiedoverslow
Rayleighfading channels. It was shown that the adaptive AMC DS-CDMA schemeout-
performsthe multicarrierDS-CDMA schemeproposedin [453], whenboth orthogonalPN
spreadingcodesandrandomspreadingcodeswereconsidered.Sincea commonpilot signal
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Figure17.16:Themobile’s receiver schematicfor themulticarrierDS-CDMA systemusingadaptive
subchannelallocation.

is transmittedto all usersin thedown link, thecomplexity associatedwith thepilot signal’s
transmissionis low. However, a reliable,low-delayfeedbackcontrol channelhasto be as-
signedto eachuser, in orderto sendtheindex of thebestsubchannelprovidedby themobile
station’s receiver to thebasestation,in orderto controlthesubcarrieractivation.

The adaptive AMC DS-CDMA schemecan also be extendedto allocatea numberof
subchannelsinsteadof onefor datatransmission,in orderto supportvariable-rateor multi-
rateservices.

17.2.7 Slow Frequency-HoppingMulticarrier DS-CDMA

Theslow FH multicarrierDS-CDMA (SFH/MCDS-CDMA) schemeusingconstant-weight
codesbasedFH patternshasbeenproposedin [70,78,425]. This schemecan efficiently
amalgamatethe techniquesof slow FH, OFDM and DS-CDMA. In SFH/MC DS-CDMA
nonlinearconstant-weightcodeshave beenintroduced,in orderto control theassociatedFH
patternsandhenceto activateanumberof subcarriers,in orderto supportmulti-rateservices.
At the sametime, a setof constant-weightcodessatisfyingthe requiredminimum distance
conditionsis employed,in orderto assistin thedeterminationandinitial synchronizationof
theFH patternsemployed.

The model of the transmitterand the multiple accesschannelusedin the analysisof
SFH/MCDS-CDMA is depictedin Fig. 17.17.Eachof the M usersin thesystemis assigned
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Figure17.17:Transmitterand channelblock diagram of the frequency-hopping multicarrier DS-
CDMA system.

a randomlygeneratedspreadingcode,which producespreadsignals.In thefigure,C7 I V I E�A
representsa constant-weightcode(CWC) of user

�
with

I E numberof ‘1’s and 7 I»º-I E�A
numberof ‘0’s assigned.Hence,theweightof C 7 I V I E.A is

I E . This codeis readfrom a so-
calledCWC book,which representsthe frequency-hoppingpatterns.Theoretically, thesize
of theCWCbookis

HHY¼ 5 Ih½ O I E ½ 7 IgºjI E�A ½ . TheCWCC 7 I V I E�A playstwo differentroles.
Its first role is that its weight - namely

I E - determinesthenumberof activatedsubcarriers
involved, while its secondfunction is that the positionsof the

I E numberof binary ‘1’s
determinestheselectionof a setof

I E numberof activatedsubcarrierfrequenciesfrom theI
numberof outputsof thefrequency synthesizer.
At thetransmitterof the

�
th userin Fig. 17.17thebit streamhaving abit durationof

3�4
is

first serial-to-parallel(S-P)converted,yielding
I E parallelstreams,whichis controlledby the

CWC C 7 I V I E�A . Thesymbolduration,
36¾

, of theSFH/MCDS-CDMA signalis
3�¾ 5 I E 3�4 .

Multi-rate transmissioncanbesupportedby controllingtheweightof thecodeC 7 I V I E�A . As
seenin Fig. 17.17,after serial-to-parallelconversioneachstreamis DS spread,in orderto
form thespreadsignalandthis spreadsignalthenmodulatesoneof theselectedsubcarriers.
Finally, thetransmittedsignalof the

�
th usercanbeexpressedas:

D#E 7 ?BAl5
H ¼#¿ =
m�n �

o 9.p G E m 7 ?BAW]_E 7 ?BA8q�r�s 9<; eYÀ E�Ám ? ��Â À E#Ám V (17.20)

where p representsthe transmittedpower per carrier, while
I E indicatesthe weight of the

CWC currentlyemployed by the
�
th user. Furthermore,

G E m 7 ?BA representsthe currentdata

stream’swaveforms,] E 7 ?BA denotesthe
�
th user’sDSspreadingwaveforms,while e À E�Ám and

Â À E�Ám representthecurrentsubcarrierfrequency setandmodulationphaseset,respectively.

The spectrumof the SFH/MC DS-CDMA signal is similar to that of the orthogonal
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multicarrier DS-CDMA-I systemof Fig.17.5or orthogonalmulticarrier DS-CDMA-II of
Fig.17.8,dependingonthespacing,N , betweentwo adjacentsubcarriers,whichmayassume
N 5 9.O 3�P or N 5�Q O 3�P , respectively.
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Figure17.18:Receiverblockdiagramof thefrequency-hoppingmulticarrierDS-CDMA system.

The conventionalmatchedfilter basedRAKE receiver usingMRC canbe invoked for
its detection,asshown in Fig. 17.18,wherewe assumethat Ý numberof diversity pathsis
available.In contrastto thetransmitterside,whereonly Þàß outof Þ activatedsubcarriersare
transmittedby user á , at the receiver all Þ subcarriersarealwaystentatively demodulated.
The informationbits transmittedover the differentsubcarriersaredetectedin the decision
blockof Fig.17.18.Specifically, if thereceiverhastheexplicit knowledgeof theFH patterns,
theinformationbits conveyedby differentsubcarrierscanbedetected,asin coventionalFH
systems[425]. However, if noexplicit a-priori knowledgeof theFH patternsis available,the
informationbitscanbeblindly detectedwith theaidof theCWCcodes[70]. Blind joint soft-
detectionbasedonmaximum-likelihoodsequencedetection(MLSD) hasbeenproposedand
studiedin [70] over multipathNakagami-â fadingchannels.It wasshown thattheproposed
blind joint soft-detectiontechniqueswerecapableof detectingthe transmittedinformation
andsimultaneouslyacquiringtheFH patternswithoutexplicit signalling.

In SFH/MCDS-CDMA systemstheentirebandwidthof futurewirelesscommunication
systemscanbe divided into a numberof sub-bandsandeachsub-bandcanbe assigneda
subcarrier. Accordingto theprevalentservicerequirements,thesetof legitimatesubcarriers
canbe allocatedin line with the instantaneousinformation rate requirements.A rangeof
FH techniquescanbe employed for eachuser, in order to occupy the whole systemband-
width andto efficiently utilize thesystem’s frequency resources.Specifically, slow FH, fast
FH or adaptive FH techniquescanbe introduced,in order to further improve the system’s
performance.In SFH/MCDS-CDMA systemsthesub-bandsarenot requiredto beof equal
bandwidth.Henceexisting 2nd-and3rd-generationCDMA systemscanbesupportedusing
oneor moresubcarriers,consequentlysimplifying the frequency resourcemanagementand
efficiently utilizing the entirebandwidthavailable. This regime canalsoremove the spec-
trumsegmentationof existing ‘legacy’ systemsof thepast,while ensuringcompatibilitywith
futureBroadbandAccessNetworks(BRAN) andun-licensedsystems.Furthermore,a num-
ber of sub-channelsassociatedwith variableprocessinggainscanbeemployed, in orderto
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supportvariousservicesrequiringlow- to veryhigh-ratetransmissions,for examplefor wire-
lessInternetaccess.However, in SFH/MCDS-CDMA systemstheCWC basedFH patterns
mustbeproducedin thetransmitterandacquiredin thereceiver. Furthermore,SFH/MCDS-
CDMA systemsbenefitfrom usingRAKE receivers in order to achieve diversity. Hence,
SFH/MCDS-CDMA systemshave a relatively complex transmitterandreceiver.

17.2.8 Summary

In this sectionwe have briefly outlinedthefeaturesof a numberof multicarrierCDMA sys-
tems,which have beenstudiedin the literature. Theadvantagesanddisadvantagesof these
multicarrierCDMA schemeshavebeensummarized.It canbeshown thattherearetrade-offs
associatedwith eachmulticarrierCDMA schemeconsidered.In the following sectionswe
will focusour attentionon theBER performanceanalysisof theseschemesover frequency
selectiveRayleighfadingchannels.

17.3 ChannelModel

The channelmodel consideredin this chapteris a frequency selective channel,wherethe
transmittedsignal is received over ã independentslowly-varying flat fading channels,as
shown in Fig.16.8.Thecomplex lowpassequivalentrepresentationof the impulseresponse
experiencedby subcarrier� of user

�
is givenby:

ä E m 7 ?BAT5
å
æ n =6ç

À E�Ám æéè 7 ? ºëê E æ A<ì�í1î 7�ïBð À E�Ám æ AWV (17.21)

where ñ is the index of thechannelimpulseresponse(CIR) taps, è 7[ò A is theDirac function,

ç À
E�Ám æ

å
æ n = , ð À E�Ám æ

å
æ n = and U ê E æ Z åæ n = aretherandomCIR tapamplitudes,phasesanddelays,

respectively. However, we assumethatall subcarriersignalsof thesameuserencounterthe
samedelay, i.e.,

ê E æ is independentof � . Notethat,if ã 5»Q , thesetermswill berepresented

by ç À
E�Ám , ð À E�Ám and U ê E æ Z , respectively. We assumethat ç À

E�Ám æ
å
æ n = , ð À E�Ám æ

å
æ n = and

U ê E æ Z åæ n = aremutually independent.Without lossof generality, we alsoassumethat
ê E�=ôóê E�Cõó ò�ò�ò ó ê E å .

If we let
ê E æ 5 7Wñ º Q^A 3�P � ê E , thenEq.(17.21)canbeexpressedas:

ä E m 7 ?BAl5
å
æ n =6ç

À E�Ám æ±è 7 ? º 7Wñ º Q�A 3�P ºëê E�A8ì�í1î 7�ï8ð À E�Ám æ AWV (17.22)

whichrepresentsthewidely usedtap-delayline modeof thefrequency-selectivechannel[95].

For a multipathRayleighfadingchannelthe fadingamplitudes ç À
E�Ám æ

å
æ n = areassumed

to bestatisticallyindependentrandomvariableshaving a probabilitydensityfunction(PDF)
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expressedas[95]:

e 7 ç À
E�Ám æ Aö5 ÷ 7 ç À

E�Ám æ V_øùA`V
÷ 7Wú V[øùAö5 9.úø ì�í1î ºûú Cø V (17.23)

whereøü5þý ç À
E�Ám æ
C

. We assumethat

å
æ n =

ý ç À
E�Ám æ
C 5)Q , hence,we have øü5

Q O�ã . Thephases ð À E�Ám æ
å
æ n = of thedifferentpathsandof differentsubcarriersareassumed

to beuniformly distributedrandomvariablesin } ~ V 9<; A , while thepathdelaysof U ê E æ Z åæ n = of
user

�
areuniformly distributedin } ~ V 36¾ A .

17.4 Performance of multicarrier CDMA SystemsUsing

Frequency-DomainSpreading

In thesubsectionof 17.2.1the featuresof theMC-CDMA schemeusingfrequency-domain
spreadingwassummarized.As shown in Fig.17.1,in thisMC-CDMA schemethetransmitter
spreadsthe original signalusinga given spreadingcodein the frequency domain. In other
words,a fractionof thesymbolcorrespondingto a chip of thespreadingcodeis transmitted
througha different subcarrier. For efficient multicarrier transmissionit is crucial to have
frequency non-selective fadingover eachsubcarrier[79]. Therefore,if the original symbol
rateis high, resultingin frequency selective fading,thenserial-to-parallelconversionof the
original datastreamto a numberof reduced-ratesubstreamsmay be needed,in order to
increasethechipdurationandhenceto avoid frequency selective fading.

In this sectionwe derive theBER for theMC-CDMA systemseenin Fig.17.19employ-
ing serial-to-parallelconversion. Specifically, we derive the BER expressionsfor the asyn-
chronousMC-CDMA system[440] over frequency selective Rayleighfadingchannels.The
expressionsderived in this sectionaresuitablefor theanalysisof uplink transmissions.Let
usfirst considerthesystemmodel.

17.4.1 SystemDescription

17.4.1.1 The Transmitter

The transmitterschematicof the MC-CDMA systemusing frequency-domain spreading,
which is basedonFig.17.1but additionalinvolvesserial-to-paralleldataconversionis shown
in Fig.17.19.TheMC-CDMA systemtransmits��ÿ chipsof a datasymbolin parallelon ��ÿ
differentsubcarriers,onechip persubcarrier, where ��ÿ is thetotal numberof chipsperdata
bit or theprocessinggain. Hence,thechipdurationis thesameasthesymboldurationof the
transmittedMC-CDMA signal,i.e., � ¾ , which is givenby � ¾ 5�� ��� , since � bits aretrans-
mitted in a symbolduration.Throughoutour discussionswe assumethat randomspreading
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Figure17.19:Thetransmitterschematicof theMC-CDMA systemusingfrequency-domainspreading
andserial-to-paralleldataconversion.

codesareemployedandthefrequency separationbetweentwo adjacentsubcarriersis Q OA� ¾ .
Hence,thesubcarriersareorthogonalover chipduration� ¾ . Let

U^eFE9G8Z 5
e>=_= e�=�C X�X�X e>=/H0Ie#C8= e�CaC X�X�X e#C#H0I
...

...
. . .

...eFJ�= eFJWC X�X�Xde�J$H-I (17.24)

bethesubcarrierfrequency set,whicharearrangedaccordingto:

e�E9G�5-e � � Q� ¾ } 7 � º Q�A � 7�ï º Q�AK� � X (17.25)

Hence,accordingto Eq.(17.25)eachcolumnrepresents� numberof adjacentsubcarriers,
while theminimumspacingbetweentwo subcarriersfrom thesamerow is � O#� ¾ . In Fig.17.19
after theserial-to-parallelconversionstage,� databits of user

�
arespreadby thespreading

codeof user
�

in thefrequency domain.Notethatthedatabitsmappedto differentsubstreams
usethesamespreadingcode.Thespreadsignalthenmodulatesthesubcarriersmappingeach
chip to a subcarrier. The subcarrierfrequenciesmodulatedby the samedatabit are from
thesamerow of thematrix in Eq.(17.25),andthesesubcarriersaresufficiently separatedin
frequency to avoid correlatedfading. Consequently, referring to Fig.17.19the transmitted
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signalcanbeexpressedas:

D�E 7 ?BAT5 LM8n ¿ L
J
E n =
H0I
G n = 9.p

��ÿ
G E�E } N � ]_E } ï º Q � p �K� 7 ? º N � ¾ A8q�r^s 9<; eFE9G[? �.O À E�ÁE9G V (17.26)

where
G EFE } N � representsthe

�
th datasubstreamof user

�
and

G E�E } N � is assumedto bearandom
variable,assumingvaluesof +1or -1 with equalprobability. Furthermore,]_E } ï � is theï th chip
of thespreadingcodeU<]aE } Q � ]_E } 9 � X�X�Xé]_E } ��ÿ º Q � Z assignedto user

�
, whichis alsoassumed

to be a randomvariabletaking values+1 or -1 with equalprobability of 1/2. The variable
pQP�7 ?BA representstherectangularmodulationwaveformdefinedas pQP.7 ?BA 5 Q , if ~ f-?ùf ê ,
andzerootherwise.Furthermore,eFE9G is thesubcarrierfrequency associatedwith the

�
th data

substreamandthe 7�ï º Q�A th chip of the spreadingcode. Finally,
O À E#ÁE9G is the randomphase

introducedby thecarriermodulation,whichis assumedto beuniformly distributedin } ~ V 98; A .
We assumethatfrequency non-selective fadingis encounteredby eachsubcarriersignal.

Hence,thefollowing conditionis satisfied:

Q O#� ¾ ó ó 7:NSR A P V (17.27)

where 7�NSR A P representsthe coherencebandwidthof the channel[95]. The reciprocalof
7�NSR A P is a measureof themultipathdelayspreadof thechannel,which is denotedby ��T ,� TVU Q O17�NSR A P . In orderto guaranteeindependentfadingof thesubcarriersignalscarrying
chipsassociatedwith thesamedatabit, weassumethatthefollowing conditionis satisfied:

7:NSR A P ó óW� O#� ¾ X (17.28)

Theconditionsof Eq.(17.27)andEq.(17.28),i.e., Q OA� ¾ óõó 7�NSR A P óõóX� O#� ¾ imply thatthe
modulatedsubcarriershaving transmissionbandwidthof Q OA� ¾ do not experiencesignificant
dispersion.

However, if the conditionsof Q O#� ¾ óõó 7:NSR A P óõóY� OA� ¾ cannotbe satisfied,the sys-
tem modelof Fig.17.19canbe modified,in orderto satisfythis conditions.Specifically, ifQ O#� ¾ ó ó 7:NSR A P cannotbe satisfied,we candecreasethe term Q OA� ¾ by transmittingmore
bits persymbol,i.e, by increasingthevalueof � in Fig.17.19.By contrast,if thecondition
of 7�NSR A P ó óZ� O#� ¾ cannotbesatisfied,the independencebetweentheadjacentsubcarriers
conveying thesamedatabit canbe furtherguaranteedby incorporatingsufficient interleav-
ing at thecostof an increaseddelay. For example,assumingthat thefirst ��ÿ symbols,i.e.,5 ��ÿ � G � ?�D , emittedby the sourcemodulatethe ��ÿ � subcarriersin the first time interval,
whereeachsymbol is modulatedby the subcarrierfrequenciesfrom the samecolumn of
Eq.(17.24).In thesecondtime interval, thesame��ÿ symbolsmodulatethe ��ÿ � subcarriers,
but cyclically shiftedby onesymbol. Similarly, in the

�
th interval, Q�f � f � ÿ , the � ÿ

symbolsafterthe 7 � º Q�A th cyclic shift modulatethe ��ÿ � subcarriers.At thereceiver, adein-
terleaver is employedto recover theoriginal orderingof thesymbols.However, interleaving
techniquescanonly beusedfor thetransmissionof delay-insensitive data.

Here,we assumethat thereare M asynchronousCDMA usersin thesystemandthatall
of themusethesame� and ��ÿ values.Theaveragepowerreceivedfrom eachuserat thebase
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Figure17.20:Thereceiver block diagramof theMC-CDMA systemusingfrequency-domainspread-
ing for thereferenceuser.

stationis alsoassumedto bethesame,i.e. perfectpower control is assumed.Consequently,
thereceivedsignalat thebasestationcanbeexpressedas:

� 7 ?BAT5
w
E n =

LM<n ¿ L
J
E n =
H0I
G n = 9�p

� ÿ ç
À E#ÁE9G G E�E } N � ]_E } ï º Q � p �1� 7 ? º N � ¾ ºgê E�A

ò q�r�s 98; eFE9G[? ��Â À E�ÁE9G � N 7 ?BA`V (17.29)

where
Â À E�ÁE9G 5 O À E�ÁE9G � ð À E�ÁE9G º 98; eFE9G ê E andtherandomphaseð À E�ÁE9G correspondsto thesubcarrier

frequency eFE9G of user
�
, which wasintroducedby thechannel.Thephase

Â À E�ÁE2G is a random
variableuniformly distributedin } ~ V 9<; A . In Eq.(17.29),

ê E is themisalignmentof user
�

with
respectto thereferenceuser– we assumedthat

� 5cQ and
ê =�5 ~ – at thereceiver, which is

i.i.d for different
�

valuesanduniformly distributedin } ~ V � ¾ A . Furthermore,ç À
E�ÁE9G represents

the amplitudeattenuationdue to the fading channel,which is assumedto be a Rayleigh

distributedrandomvariableobeying thePDFgivenby Eq.(17.23)and ø 5»ý ç À
E�ÁE9G C 5

Q . Finally, N 7 ?BA is theAdditive White GaussianNoise(AWGN) with zeromeananddouble-
sidedpowerspectraldensityof � � O�9 .

17.4.1.2 Receiver

Thereceiver of thefirst user(
� 5 Q ) is shown in Fig.17.20,wherethesuperscriptdenoting

the referenceuser is omitted. The MC-CDMA receiver consideredis basedon coherent
correlatordetector. As shown in Fig.17.20,thedecisionvariable � m of the ~ th databit in the
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� th datasubstreamfor thereferenceusercanbeexpressedas:

� m 5
H-I
�'n = � m�� V (17.30)

� m�� 5
�1�
� � 7 ?BAW] } J º Q � � m�� q�r^s 7�9<; e m�� ? ��Â m�� Ap��?�V (17.31)

where� m�� is aparameterdeterminingwhich typeof combiningmodelof thechipsbelonging
to the samedatabit is used. Dependingon the choiceof U'� m�� V`Jg5�Q<V 9 V�X�X�XYV � ÿ Z , in our
analysistherearetwo waysof combiningthechipsof thesamedatabit, namelyMRC and
equalgain combining(EGC).which we have studiedin chapterXXXX. In this sectionthe
associatedBERusingtheMRC schemewill beinvestigated.

UponsubstitutingEq.(17.29)into Eq.(17.30),thevariable � m�� canbesimplifiedto:

� m�� 5 p
9.��ÿ � ¾ S m�� �

w
E n C
� À E�Á= �

w
E n C

J
E n =
H0I
G n =G)�n�� for
E n6m
� À E#ÁC �S� m�� V (17.32)

where S m�� is thedesiredtermgivenby:

S m�� 5 ç m�� � m�� G m�} ~ � V (17.33)

and
G m�} ~ � is the ~ th databit of thereferenceusertransmittedby the � J th subcarrier. Dueto

theorthogonalityof thesubcarriersignalsassociatedwith thesameuser, noself-interference
is inflictedby thereferencesignalto the J th subcarrierof the � th datastream.Themulti-user
interferenceimposedby user

�
canbedivided into two terms. Thefirst term is constituted

by thesubcarriersignalhaving thesamesubcarrierfrequency, e m�� , asthebranchconsiderd.
This termis

� À E�Á= in Eq.(17.32),whichcanbeexpressedas:

� À E�Á= 5 p
9.��ÿ � ¾

¿ = �1�
� LM8n ¿ L

9.p
��ÿ ç À

E�Ám�� G E m�} N � ]_E } J º Q �
ò	p �K� 7 ? º N � ¾ ºëê E�A<q�r�s 9<; e m�� ? � Â À E�Ám��
ò ] } J º Q � � m�� q�r�s 7:9<; e m�� ? � Â m�� Ap�#?

5 ç À
E�Ám�� � m�� q�r�s�� À E#Ám��� ¾

ò } G E m�} º Q � ]_E } J º Q � ] } J º Q �£ê E � G E m�} ~ � ]aE } J º Q � ] } J º Q � 72� ¾ ºëê E�A � V(17.34)

where� À E�Ám�� 5 Â À E�Ám�� º Â m�� . Thesecondtermof themultiuserinterferenceimposedby user
�

is
contributedby theothersubcarriersignalsassociatedwith U<eFE9GBV � 5�Q<V 9 V�X�X�XYVF��� ï 5 Q8V 9 V�X�X�XYV
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�=� � ïë�5�J for
� 5 � Z . The interference,

� À E�ÁC , arisingfrom the subcarriersignalassociated
with thefrequency e�E2G of user

�
canbeexpressedas:

� À E�ÁC 5 p
9.��ÿ � ¾

¿ = �K�
� LM<n ¿ L

9.p
��ÿ ç

À E�ÁE9G G EFE } N � ]_E } ï º Q �
òÕp �1� 7 ? º N � ¾ ºgê E�A8q�r�s 98; eFE9G[? � Â À E�ÁE9G
ò ] } J º Q � � m�� q�r^s 7�9<; e m�� ? ��Â m�� Ap��?

5 ç À
E#Ám�� � m��� ¾ ú À E�ÁE9G 7 ê E�A ���ú À E�ÁE2G 7 ê E�A V (17.35)

where ú À E�ÁE9G 7 ê E�A and
�ú À E�ÁE9G 7 ê E�A arechip-partialcross-correlationfunctionsdefinedas:

ú À E�ÁE9G ê E V�� À E#ÁE9G 5 P ¼
� G E�E } º Q � ]_E } ï º Q � ] } J º Q �
ò q�r�s 9<; 7 eFE9G º e m�� A�? � � À E�ÁE2G ��?�V (17.36)

�ú À E�ÁE9G ê E V�� À E#ÁE9G 5
�1�
P ¼ G E�E } ~ � ]_E } ï º Q � ] } J º Q �
ò q�r�s 9<; 7 eFE9G º e m�� A�? � � À E�ÁE2G ��?�V (17.37)
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and � À E�ÁE9G 5 Â À E�ÁE9G º Â m�� . UponusingEq.(17.25),Eq.(17.36)andEq.(17.37)canbewrittenas:

ú À E�ÁE9G ê E1VF� À E�ÁE2G 5 P ¼
� G E�E } º Q � ]_E } ï º Q � ] } J º Q �
ò q�r�s 98; } 7 � º � A � 7�ï º J�AK� � ?� ¾ � � À E�ÁE9G ��?

5 � ¾ G E�E } º Q � ]_E } ï º Q � ] } J º Q �
9<; } 7 � º � A � 7�ï º J�Ap� �

ò s$�9� ��� }9� � º ��� � � ï º J � � ��ê��� ¾ � � À � ÁE2G º s$�9�s� À � ÁE2G V(17.38)

�ú À � ÁE9G ê�� VF� À � ÁE2G � �K�
P ¼ G � E } ~ � ] � } ï º Q � ] } J º Q �
ò q�r�s ��� }9� � º ��� � � ï º J � � �)�� ¾ � � À � ÁE9G � �

� � ¾ Ga� E } ~ � ] � } ï º Q � ] } J º Q ���� }9� � º ��� � � ï º J � � �
ò s���� ��� }�� � º ��� � � ï º J � � � � ¾� ¾ � � À � ÁE9G

º s���� ��� }�� � º ��� � � ï º J � � ��ê��� ¾ � � À � ÁE9G V (17.39)

where � � º ��� � � ï º J � � �� ~ . Finally,
� m�� is thenoisetermengenderedby theAWGN N~� � � ,

whichcanbeexpressedas:

� m�� � p� ��ÿ � ¾
¿�� �1�

� N � � � ] } J º Q � � m�� q�r�s � ��� e m�� � ��Â m�� � � � X (17.40)

17.4.2 PerformanceAnalysis

In orderto derive thesystem’sbit errorprobability, wehaveto derive thePDFof thedecision
variable � m in Eq.(17.30).First,weexaminethetermsin the � m�� expressionof Eq.(17.31).

17.4.2.1 Noiseand Interfer enceAnalysis

A. NoiseAnalysis
Thenoiseterm

� m�� is givenby Eq.(17.40),whichis aGaussianrandomvariablewith zero
meanandvariancegivenby:

Var} � m�� � � ��ÿ>� �� ý � �¢¡m�� V (17.41)
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where ý � � p~� ¾ is theenergy perbit.

B. Analysisof theMultiuserInterferenceTerm
� À � Á�

The first multiuserinterferenceterm
� À � Á� expressedby Eq.(17.34)canbe modeledasa

Gaussianrandomvariablewith zeromean.Its varianceis givenby:

Var} � À � Á� � � ý P ¼ L £�¤ ¼(¥¦#§ � � À � Á� � ¡ V (17.42)

where ý P ¼ L £�¤ ¼(¥¦#§ } � representsthe averageassociatedwith the randomvariables
ê�� { } ~ V � ¾ � ,� À � Ám�� {�} ~ V ��� � . Uponsubstituting

� À � Á� from Eq.(17.34)into Eq.(17.42)it canbeshown that

thevarianceof
� À � Á� canbeexpressedas:

Var} � À � Á� � � Q¨ �¢¡m�� V (17.43)

wherewe usedý ç À
� Ám�� ¡ � Q , sincefrequency non-selective fadingis assumedfor each

subcarriersignal,i.e. for eachsubcarriersignalthereexistsonly oneresolvablepath.

B. Analysisof theMultiuserInterferenceTerm
� À � Á¡

Thesecondmultiuserinterferenceterm
� À � Á¡ expressedby Eq.(17.35)canalsobemodeled

asaGaussianrandomvariablewith zeromean.Its varianceis derivedasfollows. According
to Eq.(17.35),thevarianceof

� À � Á¡ canbeexpressedas:

Var} � À � Á¡ � � ý P ¼�L £ ¤ ¼(¥©eª � � À � Á¡ � ¡
� � ¡m��� ¡¾ ý P ¼BL £ ¤ ¼(¥©eª ú À

� ÁE9G ê�� V�� À � ÁE9G ¡ � ý P ¼BL £ ¤ ¼�¥©eª �ú À � ÁE2G ê�� V�� À � ÁE9G ¡ V
(17.44)

whereý P ¼BL £ ¤ ¼�¥©{ª ú À
� ÁE9G ê�� VF� À � ÁE2G ¡

and ý P ¼BL £ ¤ ¼�¥©eª �ú À � ÁE2G ê�� V�� À � ÁE9G ¡
arethevariancesof

thechip-partialcross-correlationfunctionsdefinedin Eq.(17.38)andEq.(17.39),respectively.
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Let usfirst derive thefirst term.Accordingto Eq.(17.38),it canbeshown that:

ý P ¼ L £�¤ ¼(¥©{ª ú À
� ÁE9G ê � VF� À � ÁE2G ¡ � � ¡¾« � ¡ }9� � º ��� � � ï º J � � � ¡

ò ý P ¼ L £�¤ ¼(¥©{ª s���� ¡ ��� }9� � º ��� � � ï º J � � ��ê��� ¾ � � À � ÁE2G
� s$�9� ¡ � À � ÁE9G
º � s���� ��� }�� � º ��� � � ï º J � � ��ê��� ¾ � � À � ÁE9G s����s� À � ÁE9G X

(17.45)

It is not difficult to shown that ý P ¼ L £�¤ ¼(¥©eª s$�9� ¡ ¡#¬5 À E ¿ m Á�® À G ¿ � Á/Jp¯ P ¼�1� � � À � ÁE9G � Q O � ,
ý £ ¤ ¼(¥©eª s$�9� ¡ � À � ÁE9G � Q O � and ý P ¼�L £ ¤ ¼(¥©eª � s���� ¡#¬5 À E ¿ m Á�® À G ¿ � Á+Jp¯ P ¼�1� � � À � ÁE9G s$�9�s� À � ÁE9G � ~ . By

substitutingthesetermsinto theabove equation,finally, weobtainthat:

ý P ¼ L £�¤ ¼�¥©{ª ú À
� ÁE9G ê�� V�� À � ÁE9G ¡ � � ¡¾« � ¡ }9� � º ��� � � ï º J � � � ¡ X (17.46)

Similarly, thesecondtermof Eq.(17.44)canbederivedandit canbeshown that it is the
sameasEq.(17.46)

ý P ¼ L £�¤ ¼�¥©{ª �ú À � ÁE9G ê�� V�� À � ÁE9G ¡ � � ¡¾« � ¡ }9� � º ��� � � ï º J � � � ¡ X (17.47)

UponsubstitutingEq.(17.46)andEq.(17.47)into Eq.(17.44),we obtainthatthevariance
of
� À � Á¡ canbeexpressedas:

Var} � À � Á¡ � � � ¡m��
��� ¡ }9� � º ��� � � ï º J � � � ¡ X (17.48)

17.4.2.2 DecisionStatisticsand Err or Probability

Now we derive thePDFof thedecisionvariable � m of Eq.(17.30)associatedwith theMRC
scheme.We approximatethemultiuserinterferenceby Gaussiannoise,sinceit is thesumof
many independentrandomvariables.Consequently, it canbe shown that � m of Eq.(17.32)
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canbeapproximatedasaGaussianrandomvariablewith normalized1 meangivenby:

ý } � m
� � H0I�'n � ý } � m�� � � G m�} ~ �

H0I
�an � ç m�� � m�� V (17.49)

andits normalizedvariancecanbeexpressedas:

° ¡ � ��ÿ�� �� ý � � � M º Q �¨ � � M º Q � � � ��ÿ º Q � �r± ò
H ²
�'n � �¢¡m�� V (17.50)

where
�5±

representstheaverageof Var} � À � Á¡ �
associatedwith thevariablesof � andJ aswell

as
�

andï . For thegivenvaluesof � andJ , let
� � � VWJ � beexpressedas:

� � � V`J � � ý E`L G Var} � À � Á¡ �

� Q� � ��ÿ º Q �
J
E n �
H0I
G n �G)�n�� for
E nàm

Q
��� ¡ }�� � º ��� � � ï º J � � � ¡ V (17.51)

then,
�r±

canbeexpressedas:

�5± � Q� ��ÿ
J
m�n �
H0I
�'n � � � � V`J � X (17.52)

Consequently, for a givensetof channelattenuationsç m�� V6J � Q<V � V�X�X�XYV ��ÿ , thecondi-
tionalBER canbeexpressedas[95]:

pQ� �9³ � ��´ � ³ V (17.53)

where ´ � � representstheGaussiań -function,which is definedas[95]:

´ �2µ � � Qo ��� L¶¸· ¿j¹2º�» ¡�� � X (17.54)

For the useof MRC, the channelgain associatedwith eachsubcarrieris continuouslyesti-
matedandmultipliedby thecorrelatoroutputs.If perfectchannelgainestimationis assumed,
then, � m�� � ç m�� . Consequently, thevariable³ in Eq.(17.53)usingMRC canbeexpressed

1Thenormalizationis obtainedfrom u \ dividedby ¼)½ ¾nKo I�¿ .
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as:

³ � ³ P ò
H0I
�'n � ç ¡ m�� V (17.55)

³ P � � � M º Q �¨ � � � M º Q � � � ��ÿ º Q � �5± � ý �
� � ��ÿ

¿�� ¿��
X (17.56)

The unconditionalBER pQ� can be derived by weighting pQ� �9³ � of Eq.(17.53)with its
probabilityof occuranceexpressedin termsof its PDFandthenaveraging,i.e., integratingit
over thevalid rangeof ³ , whichcanbeexpressedas:

pQ� � L� ´ � ³ e �9³ � ����V (17.57)

wheree �9³ � is thePDFof ³ . Sinceç m�� is aRayleighdistributedrandomvariablehaving PDF
givenby Eq.(17.23)andø � Q for theMC-CDMA scheme,

H0I�an � ç ¡ m�� obeysthecentralchi-
squaredistribution with � ��ÿ degreesof freedom[95]. Finally, ³ givenby Eq.(17.55)is also
a randomvariableobeying thecentralchi-squaredistribution with � � ÿ degreesof freedom,
whichcanbeexpressedas[95]:

e �2³ � � Q
³ H-IP � ��ÿ º Q � ½ ³

H0I ¿�� ì�íKî º ³³ P V ³ÁÀ�~ X (17.58)

UponsubstitutingEq.(17.58)into Eq.(17.57)anduponsimplifying theintegral, it canbe
shown thattheBER of theMC-CDMA systemusingMRC canbeexpressedas:

pQ� � � Q ºÃÂ ��
H0I H0I ¿��
M8n � ��ÿ º Q � NN � Q � Â ��

M V (17.59)

where,by definition:

Â � ³ PQ � ³ P X (17.60)

When the averageSNR of ³ P satisfiesthe condition ³ PÅÄ	Ä Q , we have À � ®�Æ8Á¡ U Q andÀ �_¿ ÆBÁ¡ U �Ç ÈqÉ [95]. Furthermore,wehave:

H-I ¿��
M8n � ��ÿ º Q � NN � � ��ÿ º Q��ÿ X (17.61)
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Figure17.21:BER versusSNR per bit performancefor the MC-CDMA systemusing frequency-
domainspreadingover Rayleighfading channelswith parametersÊ@ËZÌ numberof
bitspersymbol,processinggainof Í } Ë Î_Ï andnumberof usersÐÑË Ò�Ó�Ô�Ó�ÒaÕ5Ó�ÏaÕ . The
resultswerecomputedfrom Eq.(17.59).

Therefore,when³ P is sufficiently high, theBER of Eq.(17.59)canbeexpressedas:

pQ� U Q« ³ P
H0I � ��ÿ º Q��ÿ X (17.62)

According to Eq.(17.62)the probability of error for the MC-CDMA systemshown in
Fig.17.19variesas Q O ³ P raisedto the ��ÿ th power. Thus, when using frequency-domain
spreadingin theMC-CDMA systememploying a spreadingcodeof length ��ÿ , thebit error
ratedecreasesinverselyproportionatelywith the ��ÿ th powerof theSNR.

Fig.17.21shows theBER performanceof theMC-CDMA systemdespictedin Fig.17.19
using frequency-domainspreading.The BER resultswere computedas a function of the
SNRperbit, namely ý � O�� � , usingparametersof � � « , � ÿ � ¨ � andthenumberof users
of M � Q<VaÖ.VBQ ~ V � ~ . From the resultswe observe that the BER performancedegrades,as
thenumberof usersincreases.Furthermore,asexpected,theBER decreasesastheSNRper
bit increases.However, whenthe numberof userssupportedis sufficiently high, the BER
decreasesslowly, asshown by thecurve associatedwith M � � ~ markedby the ‘triangles’.
Thiscanbealsoseenin Eq.(17.59)andEq.(17.60).Accordingto Eq.(17.60),if thenumberof
interferingusersandtheSNRperbit aresufficiently high, in Eq.(17.59)wehave

Â U Q O o � .
Hence,for a given ��ÿ , theBER remainsapproximatelyconstantaccordingto Eq.(17.59)forÂ U Q O o � .
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17.5 Performanceof Overlapping Multicarrier DS-CDMA

Systems

17.5.1 Preliminaries

In Subsections17.2.3and17.2.4wehavereviewedthebasiccharacteristicsof two orthogonal
multicarrier DS-CDMA systems,namelythoseof the multicarrier DS-CDMA-II, and the
multitoneDS-CDMA systemsseenin figures17.7and17.10. In the multitoneDS-CDMA
systemof Fig.17.10,thesubcarrierfrequenciesarechosento beorthogonalto eachotherwith
minimumfrequency separationbeforetheassociatedDSspreading,which is formulatedas:

�1�
� q�r^s � ��� e�E � � O E � ò q�r�s � ��� eFG � � O G � � � � ~ V for

� �� ï X (17.63)

Hence,thespacingN betweentwo adjacentsubcarrierfrequenciesis N � Q O#� ¾ , where� ¾
is themultitoneDS-CDMA signal’s symbolduration.Thesubcarrierfrequencies,therefore,
take thevaluesof e � � � O#� ¾ for

� � ~ VBQ<V�X�X�X�V I º Q , where e � is themaincarrierfrequency.
In contrastto the multitoneDS-CDMA systemof Fig.17.10,in the orthogonalmulticarrier
DS-CDMA-II systemof Fig.17.7,thesubcarrierfrequenciesarechosento beorthogonalto
eachother with the minimum frequency separationafter the DS spreading,which can be
expressedas:

� É
� q�r�s � ��� e E � �.O E � ò q�r�s � ��� e G � �.O G � � � � ~ V for

� �� ï V (17.64)

implying that the spacingN betweentwo adjacentsubcarrierfrequenciesis N � Q OA� P , as
shown in Fig.17.8,where� P is thechipdurationof theDSspreadingcodesandthesubcarrier
frequenciesassumethevalueof e � � � O#� P for

� � ~ VBQ<V�X�X�X�V I º Q .
Let � � � � ¾ O#� P bethespreadinggainof theDSspreadsubcarriersignalsandweassume

that eachsubcarriersignalhasthe same‘null-to-null’ bandwidthof � O#� P . Then, it canbe
shown that the conditionof Eq.(17.63),which wasstipulatedfor the multitoneDS-CDMA
systemof Fig.17.10,in fact, includestheorthogonalityconditionof Eq.(17.64)statedin the
context of themulticarrierDS-CDMA-II systemsof Fig.17.7.Thisobservationcanbeproven
by setting e E � e G � � � O#� ¾ in Eq.(17.63),yielding:

�1�
� q�r^s � ���� P � � ð E � � � � ~ V (17.65)

aftera few steps,whereð E � O E º O G . Notethat,in Eq.(17.65)we used���8OA� ¾ � Q OA� P . To
proceedfurther, Eq.(17.65)canbeextendedto:H × ¿��

æ n �
À æ ® � Á�� É
æ � É q�r^s � ���� P � � ð E � � � � ~ X (17.66)
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Accordingto Eq.(17.66)it canbeshown thateachtermof thesumis zeroandhencewehave:

� É
� q�r^s � ���� P � � ð E � � � � ~ V (17.67)

which reflectstheorthogonalitybetweensubcarrierfrequencieshaving minimumfrequency
separationafterDS spreading.In otherwords,Eq.(17.63)constitutestheorthogonalitycon-
dition of thesubcarrierfrequenciesin themulticarrierDS-CDMA-II systemof Fig.17.8.

Furthermore,it canbereadilyshown thattheorthogonalityconditionof (17.63)is obeyed,
whenever thespacingN takestheform of N �ÙØ OA� ¾ V ØÁ� Q<V � V�X�X�X , where Ø is referredto
as the normalizedspacingbetweentwo adjacentsubcarriers.The multicarrierDS-CDMA
schemebelongsto the family of multitone DS-CDMA arrangementshaving spectrumof
Fig.17.11,if ØÚ� Q , while to the classof orthogonalmulticarrierDS-CDMA systemswith
spectrumshown in Fig.17.8,if Ø@� ��� . Furthermore,thereexists no overlapbetweenthe
main-lobesof the modulatedsubcarriersignalsafter DS spreading,when ØÛ� � ��� , which
is thebandwidthrequirementof Fig.17.11for themulticarrierDS-CDMA systemproposed
in [453].

Basedon theabove observationsboth themultitoneDS-CDMA systemandtheorthog-
onalmulticarrierDS-CDMA systemcanbeviewedasa memberof theclassof generalized
multicarrier DS-CDMA systemshaving arbitrary subcarrierspacingof Ø { U>Q8V � V�X�X�XYV�Z .
Hence,the above generalizedmulticarrierDS-CDMA systemmodel includesa numberof
specificmulticarrierDS-CDMA schemes.Furthermore,basedon theanalysisof thisgeneral
model,theresultsgeneratedcanbeextendedto differentmulticarrierDS-CDMA systemsby
simply varying singleparameter, namely Ø . Finally, the subcarrierspacingØ canbe opti-
mizedaccordingto specificdesignrequirementstailoredto thecommunicationenvironments
encountered,in orderto achieve theoptimumperformancein termof Ø . For example,for a
giventotalsystembandwidth,Ø canbeoptimized,in orderto minimizethemultiuserinterfer-
ence,since Ø hasaninfluenceonboththeoverlapof themodulatedsignalsof thesubcarriers
andon the processinggain. In this context a cleartrade-off exists betweentheoverlapand
the processinggain. On the onehand,if Ø is low - for example ØÜ� Q - in the context of
multitoneDS-CDMA, then,asubcarriersignalwill overlapwith ahighnumberof subcarrier
signalsof boththesameuserandwith thoseof theinterferingusers.Ontheotherhand,given
a totalbandwidthanda low valueof Ø , ahighspreadinggaincanbemaintained,which leads
to thereductionof themultiuserinterference.By contrast,if Ø is high- for exampleØÝ� � ���
- which meansthatthereexistsno spectraloverlapbetweenthemain-lobesof thesubcarrier
signals,then, the modulatedsubcarriersignalsbenefitfrom a low interferenceinflicted by
theothersubcarriersignalsof both thereferenceandthe interferingusers.However, in this
casethe spreadinggain of eachsubcarriersignal is low, which leadsto the increaseof the
multiuserinterference.Theinfluenceof thesubcarrierspacingØ on boththespreadinggain
andon thespectraloverlapof thesubcarriersignalshighlightsthat thereexistsanoptimum
spacingØßÞ ÿ ¹ , thatmayminimizethemultiuserinterferenceinflicteduponeachof thesubcar-
rier signals.Anotherexamplein thecontext of optimizing Ø is that thesubcarrierspacingØ
canbesetappropriately, in orderto matchthereceiver requirements.For example,assuming
that the receiver employs a three-fingerRAKE receiver. Thena specificspacingØ canbe
selectedsuchthat the numberof resolvablepathsassociatedwith eachsubcarrierbecomes
threein the propagation environmenttypically encountered,sincein this case,in addition
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to achieving the diversity gain, the receiver cancombineall the energy scatteredover the
multipathcomponents.

Hence,in theremainderof sectionweinvestigatetheperformanceof thegeneralizedover-
lappingmulticarrierDS-CDMA systemhaving anarbitraryspacingof N , whentransmitting
over frequency selective Rayleighfadingchannels.We commenceby first consideringthe
systemmodelandtheparametersinvolvedin ouranalysis.

17.5.2 SystemDescription

17.5.2.1 Transmitted Signal

The transmitterschematicof the overlappingmulticarrierDS-CDMA systemconsideredis
thesameasthatseenin Fig.17.10.Hence,thetransmittedsignalcanbeexpressedas:

à � � � � �
H
m�n � o � p G � má� � � ] � � � � q�r�s � ��� e m � �.O � m � V (17.68)

where p is the transmittedpower of eachsubcarriersignal,
G$� m � � � representsthe � th data

substreamof user
�

aftertheserial-to-parallelconversion,
G � má� � � � L E n ¿ L G À

� Ám E p �1� � �>º � � ¾ �
consistsof a sequenceof mutually independentrectangularsignallingpulsesof duration� ¾
andof amplitude+1 or -1 with equalprobability. Furthermore,] � � � � � L G n ¿ L ] À

� ÁG p � É � � ºï_� P � denotesthe randomspreadingcodewaveform of the
�
th user, where p P � � � � Q for

~ f � f ê
and equalszero otherwise,where ] À

� ÁG takes valuesof +1 and -1 with equal
probability. Thevariable

O � m representsthemodulationphaseimposedon the � th subcarrier
of user

�
. Finally, U<e m V � � Q<V � V�X�X�XYV I Z arethesubcarrierfrequencies,which arearranged

accordingto:

e m � e � � Ø � � º Q �� ¾ V � � Q<V � V�X�X�XYV I V (17.69)

whereØÝ� Q8V � V�X�X�XYV � ��� correspondingto N � Q O#� ¾ V � O#� ¾ V�X�X�XYV � ���8O#� ¾ , if weassumethat
themaximumspacingbetweentwo adjacentsubcarriersis � ��� . Thespectrumof theover-
lappingmulticarrierDS-CDMA signalis shown in Fig.17.22,where â ¾ is thebandwidthof
thesystemconsidered,� P � is thechip-durationcorrespondingto a single-carrierDS-CDMA
system,while âäã ¾ representsthenull-to-null bandwidthof thesubcarriersignals.

Accordingto Fig.17.22thesystem’s total transmissionbandwidth,thesubcarrierspacing
N andthebandwidthof thesubcarriersignalobey thefollowing relationship:

â ¾ � � I º Q �:N � âäã ¾ X (17.70)

This in turnmeansthat:

�� P � � � I º Q � Ø� ¾ � �� P X (17.71)
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Figure17.22:Spectrumof theoverlappingmulticarrierDS-CDMA signals.

Since � ¾ � I ��� � I �å� P � and � ¾ � ���a� P , after substitutingtheserelationshipinto
Eq.(17.71),thespreadinggainassociatedwith eachsubcarriersignalcanbeexpressedas:

��� � I � º � I-º Q � Ø� X (17.72)

Accordingto Eq.(17.72),it canbeshown thatthespreadinggainof themulticarriersignal
correspondingto the normalizedspacingof Øæ� Q , i.e. that of the multitoneDS-CDMA
system[463], is ��� � I � º H ¿��¡ , asshown in Eq.(17.14). The spreadinggain of the
systemassociatedwith Øç� ��� , i.e. thatof theorthogonalmulticarrierDS-CDMA systemof
Fig.17.7[69], is ��� � � I ��O � I � Q � , asshown in Eq.(17.10).

Let ã � be the numberof resolvablepathsof a correspondingsingle-carrierDS-CDMA
system.Then,the numberof resolvablepathsassociatedwith the subcarriersignalsin the
overlappingmulticarrierDS-CDMA systemhaving spectrumshown in Fig.17.22canbeap-
proximatedby:

ã UZè � ���8ã �� ��� � � I º Q � Ø�é X (17.73)

Let us assumethat we support M asynchronousCDMA usersin the systemandall of
themusethe sameparameters

I
and ��� . The averagepower received from eachuserat

thebasestationis alsoassumedto be thesame,correspondingto theperfectpower control
assumption.Consequently, when M signalsdescribedby Eq.(17.68)aretransmittedover the
frequency selective fadingchannelscharacterizedby Eq.(17.21),the received signalat the
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Figure17.23:Thereceiverblockdiagramof theoverlappingmulticarrierDS-CDMA system.

basestationcanbeexpressedas:

� � � � �ûú�#ü �
ý
þ ü �

å
æ ü �öÿ ����� �

���þ��
	 � þá� ������ � ��� � � ������ � ������� ��� � þ �
��� � ���þ�� � N � � ��� (17.74)

where
� � ���þ�� � O � þ ��� � ���þ�� � ��� � þ �� � and

� � ���þ�� is contributedby thechannel.

17.5.2.2 Receiver Model

Let usassumethatwewantto receive thesignaltransmittedby thefirst user, which is treated
asthe referenceuseror referencesignal in our analysis,andthat the receiver is capableof
acquiringperfecttime-domainsynchronizationwith eachsubcarriersignalof the reference
user. The receiver consideredis a conventionalcorrelatorbasedRAKE receiver, asshown
in Fig.17.12.The  th branchof Fig.17.12correspondingto the  th subcarrieris shown in
Fig.17.23.Referringto Fig.17.23,thedecisionvariable !#" associatedwith the $ th databit
correspondingto the  th substreamof thereferenceusercanbeexpressedas:

!#" %
&
' ü)( !#" ' �* +%-,��/.��1010102�13
� (17.75)

!#" ' %
46587:9<;
9<; =

>@?BADCFE " ' � >@? �� ' A �1�G� > .�H � " ? ��� " ' AJI1? � (17.76)

where
E " ' is aparametercontrollingwhichtypeof combiningschemeis used,suchasMRC,

EGCor SC,respectively. However, in this sectiononly theperformanceof thesystemusing
MRC is investigated,hence,

E " ' % � " ' is assumed.Moreover, in Eq.(17.75)thesubscripts
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andsuperscriptsassociatedwith thereferenceuserareomittedfor notationalsimplicity. Fur-
thermore,without lossany generality, we let

 ' %K$ in thefollowing analysis.Uponsubsti-
tutingEq.(17.74)into Eq.(17.76),it canbeshown that !#" ' canbewrittenas:

!#" ' % � .
L2M N " ' �PO " ' �

&
� üQ(�8Rü '

S � M �( � ý
þ üQ(þJRü "

&
� ü)(�8Rü '

S � M �T

� úU ü T
&
� üQ( S

� U �( � úU ü T
ý
þ üQ(þJRü "

&
� ü)( S

� U �T 0 (17.77)

In Eq.(17.77),
O " ' is contributedby thenoiseterm V >W?BA seenin Eq.(17.74),which is aGaus-

sianrandomvariablewith zeromeanandvariance
E T" '6XZYG[ .�\)] , where\)]Z% � L2M represents

the energy per bit. The variable
N " ' in Eq.(17.77)representsthe desiredoutputgiven by

combiningEq.(17.74),Eq.(17.76)andEq.(17.77)uponsetting ^_%`,��1a�%cb and dc%e ,
whichyields:

N " ' % 	 "gf $�h � " ' E " ' 0 (17.78)

The outputof the correlatormatchedto subcarrier , correspondingto the b th pathof
thereferenceusercontainsfour typesof interferencein Eq.(17.77).Theinterferenceof

S � M �(
is contributedby thepath ai�Qa2%j,��/.��1010102�1k
�)a)l%mb , on thesamesubcarrier receivedfrom
thereferenceuser, whichcanbeexpressedas:

S � M �( % � " � E " ' ���G�*n�" �L M
465
Y 	 " >@? �� � A � >W? �� � A � >@?BA�I1? � (17.79)

where n�" � % � " � �o� " ' , which is a randomvariableuniformly distributedin f $��/.�H A . With
theaidof thepartialauto-correlationfunctionsgivenbelow, Eq.(17.79)canbeexpressedas:

S � M �( % � " � E " ' �1�G�2n�" �L2M 	 "gf � ,�hqp ( >  � A � 	 "rf $Ghtsp ( >  � A � (17.80)

where p ( >  � A and sp ( >  � A arethepartialauto-correlationfunctionsdefinedas:

p ( >  � A %
9�u
Y � >@? �� � A � >@?BA�I1? � (17.81)

sp ( >  � A %
465
9<u � >@? �� � A � >W?BA�I1? 0 (17.82)

Theinterferencetermof
S � M �T in Eq.(17.77)is contributedby thepath ai�)a*%j,��v.w��01010*�1k
�)a)l%
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b , on the subcarrierdx�ydz%{,��/.��1010102�13
�yd|l%z by the referenceuser2, which can be
expressedas:

S � M �T % � þ�� E " 'L M 	 þ f � ,�h}p ( >  � �1n þ�� A � 	 þ f $Ghtsp ( >  � �1n þ�� A � (17.83)

where n þ�� % � þ�� �~� " ' . Dueto thedifferenceof thefrequenciesassociatedwith thesubcar-
riers d and , thecorrespondingpartialauto-correlationfunctionsarenow definedas:

p ( >  � �1n þ�� A %
9<u
Y � >@? �P � A � >@?BA ����� > .�H > � þ � � " AW? � n þ�� A�I1? � (17.84)

sp ( >  � �1n þ�� A %
465
9�u � >W? �P � A � >@?BA �1�G� > .�H > � þ � � " A@? � n þ�� A�I1? 0 (17.85)

With theaidof Eq.(17.69),Eq.(17.84)andEq.(17.85)canthenbewrittenas:

p ( >  � �1n þ�� A %
9 u
Y � >@? �� � A � >W?BA �1�G� .�H
� > d �  A@?L2M � n þ�� I1? � (17.86)

sp ( >  � �1n þ�� A %
465
9 u � >@? �P � A � >@?BA ����� .�H
� > d �  A@?L:M � n þ�� I1? 0 (17.87)

The multiuserinterferenceterm
S � U �(

in Eq.(17.77)is dueto path a8��a�%�,��/.��1010102�1k on

thesamesubcarrier inflictedby theinterferingusersfor which we have ^�l%j, . Then,
S � U �(

in Eq.(17.77)canbeexpressedas:

S � U �( % �
� U �
" � E " ' �1�G�2n

� U �
" �L2M 	 U "gf � ,<h}p U >  U � A � 	 U "gf $Gh sp U >  U � A � (17.88)

where n � U
�

" � % �
� U �
" � ��� " ' is a randomvariableuniformly distributedin f $��/.�H A , p U >  U � A and

sp U >  U � A arethepartialcross-correlationfunctionsdefinedas:

p U >  U � A %
9�� u
Y � U >@? �� U � A � >@?BA�I1? � (17.89)

sp U >  U � A %
465
9�� u � U

>W? �� U � A � >@?BA�I1? 0 (17.90)

Finally, themultiuserinterferenceterm
S � U �T in Eq.(17.77)is dueto path ai��a*%-,��/.��1010102�1k on

thesubcarrierd���dK%�,��v.w��01010*�13r�#d�l%K inposedby the interferingusersassociatedwith

2Due to the orthogonality betweenthe subcarriersignals from the same path and the same user, i.e.,�*� 5�c�/�������1���B�:��� �W��� �����<�����6������� �������1 ¢¡¤£ , the interferenceof ¥J¦�§©¨ª due to the path « on the subcarrier¬t�¬ ¡K®  � �¯/¯/¯�/°��¬²±¡´³ from the referenceuseris zero. Hence,the associatedtermsareexcludedby let-
ting µ ±¡ « in Eq.(17.77).
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^�l%-, . Hence,
S � U �T in Eq.(17.77)canbeexpressedas:

S � U �T % �
� U �þ�� E " 'L2M 	 U þ f � ,�h}p U >  U � ��n � U �þ�� A � 	 U þ f $�h¶sp U >  U � �1n � U �þ�� A � (17.91)

where n � U
�þ�� % � � U �þ�� �·� " ' is a randomvariableuniformly distributedin f $��/.�H A . Theassoci-

atedpartialcross-correlationfunctionsaredefinedas:

p U >  U � �1n � U
�þ�� A %

9�� u
Y � U >@? �� U � A � >W?BA �1�G� .�H
� > d �  A@?L2M � n � U

�þ�� I�? � (17.92)

sp U >  U � �1n � U
�þ�� A %

4 5
9�� u � U

>@? �� U � A � >@?BA �1�G� .�H
� > d �  AW?L2M � n � U
�þ�� I1? 0 (17.93)

Having analyzedthereceiver modelandthedecisionvariable,in thenext subsectionthe
multipathinterferenceimposedby thereferenceuserandthemultiuserinterferenceinflicted
by theinterferinguserswill beanalyzed.

17.5.3 Interfer enceAnalysis

In this subsectionthemultipathinterferenceengenderedby thereferenceuseritself andthe
multiuserinterferencewill be evaluatedby assumingthat all theseinterferencesourcesare
Gaussiandistributedandhencecanbetreatedasindependentadditionalnoise.Accordingto
Eq.(17.80),Eq.(17.83),Eq.(17.88)andEq.(17.91),theinterferenceterms

S � M �(
,
S � M �T and

S � U �(
constitutethespecialcasesof the term

S � U �T in Eq.(17.91).Specifically, if we set d¸%¸ in
Eq.(17.91),we obtainEq.(17.88). If we let ^K%¹, in Eq.(17.91),thenwe get Eq.(17.83).
Finally, if we let ^�%�, and dK%K , thenwe obtainEq.(17.80).Hence,we cananalyzethe
multipathinterferenceengenderedby thereferenceuseraswell asthemultiuserinterference
by first analyzingthemultiuserinterferencetermof Eq.(17.91).BasedonthestandardGaus-
sianapproximation[108,464], theinterferenceterm

S � U �T of Eq.(17.91)canbemodelledasa
Gaussianrandomvariablewith zeromeanandavarianceexpressedas:

Var
S � U �T %

º E T" 'L TM \ 9�� ui» ¼�½ �8¾¿ u p T U  U � �1n � U
�þ�� � \ 9�� ui» ¼�½ �8¾¿ u sp T U  U � �1n � U

�þ�� � (17.94)

where
º %�\ �

� U �þ�� T
, \ 9�� ui» ¼�½ �i¾¿ u f�h representstaking the expectedvaluewith respectto

therandomvariables
 U � and n � U

�þ�� . In our following discourse,we analyzethepartialcross-
correlationfunctionsof Eq.(17.92)andEq.(17.93).Specifically, wewill evaluatetheirexpec-
tationsby assumingthatthephaseanglesandtime delaysaremodeledasmutuallyindepen-
dentrandomvariables,eachof which is uniformly distributedover theappropriateinterval.

Below we only analyzetheexpectationof p T U  U � ��n � U
�þ�� , theexpectationof sp T U  U � �1n � U

�þ��
canbeobtainedfollowing thesameapproach.
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Eq.(17.92)canbewrittenas[464]:

p U >  ��n A %
À
Á ü Y Â�Ã >@ÄtA Â U > X�Å ��Ær� , � ÄtA

Á 4JÇ@7:9�È À 4JÇ
Á 4JÇ �1�G� .�H)� > d �  AW?L2M � n I�?

� À È
(

Á ü Y Â�Ã >@Ä�A Â U > X�Å ��Æg� ÄtA
� Á 7 (i� 4JÇ
Á 4JÇ@7:9�È À 4JÇ �1�G� .�H
� > d �  AW?L2M � n I�? �

(17.95)

where
Æ L2ÉËÊ  U �
Ì > a � , A L2É and X�Å representsthenumberof chipspersymbolperiodor

thespreadingfactorof thesubcarriersignal.Furthermore,in Eq.(17.95)we set
 U � %  and

n � U
�þ�� %Ín for simplicity. Uponevaluatingtheintegralsin Eq.(17.95),wefind that:

p U >  �1n A % > Î�oÆ L:É A
sinc

H > d �  A � > Î�oÆ L É AL:M
C À
Á ü Y Â�Ã >@Ä�A Â U > X�Å ��Ær� , � ÄtA �1�G�ÐÏ U1Ñ >WÄ �  A

� f > Æg� , A L2É �� h sinc
H > d �  A � >v> Ær� , A L2É �� AL2M

C À È
(

Á ü Y Â�Ã >WÄtA Â U > X�Å �oÆr� ÄtA �1�G�ÐÏ U ] >WÄ �  A � (17.96)

wheresinc
>@Ò�A %m�vÓWÔ >@Ò�A [ Ò , and

Ï U1Ñ >@Ä �  A % H > d �  A �L2M > . Ä L2É �PÎ��Æ L2É A � nG�
Ï U ] >@Ä �  A % H > d �  A �L2M >v> . Ä � , A L:É �PÎ�oÆ L2É A � nG0
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Theexpressionof p T >  � � A is computedfrom Eq.(17.96)as:

p T U >  �1n A % > Î��Æ L2É A T
sinc

T H > d �  A � > Î�oÆ L2É AL2M
C À
Á ü Y Â

T Ã >@ÄtA Â T U > X�Å ��Ær� , � ÄtA �1�G� T Ï U1Ñ >WÄ �  A

� À
Õ ü Y

À
M ü YM Rü Õ

Â�Ã > =
A Â U > X�Å �oÆË� , � =

A Â�Ã >�Ö�A Â U > X�Å �oÆr� , � Ö�A

C �1�G�ÐÏ U1Ñ > = � 
A �1�G�ÐÏ U1Ñ >�Ö �  A

� > Î�oÆ L2É A f > Æg� , A L2É �P h sinc
H > d �  A � > ¢��Æ L2É AL:M

C
sinc

H > d �  A � >/> Ær� , A L2É �P AL2M
C À
Õ ü Y

À È (
M ü Y Â�Ã > = A Â U > X�Å �oÆr� , � = A Â�Ã >�Ö�A Â U > X�Å ��Æg� Ö�AC �1�G�ÐÏ U1Ñ > = � 

A �1�G�ÐÏ U ] >�Ö �  A
� À È

(

Õ ü Y
À
M ü Y Â�Ã > = A Â U > X�Å �oÆr� = A Â�Ã >�Ö�A Â U > X�Å ��Ær� , � Ö�A

C �1�G�ÐÏ U ] > = � 
A �1�G�ÐÏ U1Ñ >�Ö �  A

� f > Ær� , A L:É �P h T sinc
T H > d �  A � >v> Æg� , A L2É �� AL2M

C À È
(

Õ ü Y Â T Ã > = A Â T U > X�Å ��Æg� = A �����
T Ï U ] > = � 

A

� À È
(

Õ ü Y
À È (
M ü YM Rü Õ

Â�Ã > =
A Â U > X�Å ��Æg� =

A Â�Ã >�Ö�A Â U > X�Å �oÆg� Ö�A

C �1�G�ÐÏ U ] > = � 
A �1�G�ÐÏ U ] >�Ö �  A 0 (17.97)

Sincewe assumedthat randomspreadingcodesare employed in our system, Â�Ã > =
A

is
statisticallyindependentof Â U >�Ö�A when ×�l%Ø^ or = l%

Ö
, andtakesvaluesof +1 or -1 with

equalprobability. Hence,upon taking the expectationof p T U >  �1n A with respectto Â�Ã > =
A
,
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Â U >�Ö�A , n and


weariveat:

E9 » ¼ p T U >  �1n A % ,
. L2M

Ù)ÚvÈ (
À ü Y

C � À 7 (i� 4JÇ
À 4JÇ

> Î��Æ L2É A T
sinc

T H > d �  A � > Î�oÆ L2É AL2M C�> Ær� , A

� f > Ær� , A L:É �� h T sinc
T H > d �  A � >/> Æg� , A L2É �� AL2M C Æ I  0

(17.98)

Uponevaluatingtheresultingintegralwefind that:

E9 » ¼ p T U >  �1n A % X�Å L TMÛ H TJ> d �  A8T � T , � sinc
.�H > d �  A �

X�Å 0 (17.99)

Thecorrespondingexpressionfor E9 » ¼ sp T U >  ��n A canbeobtainedby evaluatingtheex-

pectationof sp T U >  �1n A in thesameway, asfor p T U >  �1n A . We foundthat theresultis thesame
asEq.(17.99),i.e.:

E9 » ¼ sp T U >  �1n A % X�Å L TMÛ H T6> d �  A�T � T , � sinc
.�H > d �  A �

X�Å 0 (17.100)

SubstitutingEq.(17.99)andEq.(17.100)into Eq.(17.94),we finally found that the vari-
anceof themultiuserinterference

S � U �T canbeexpressedas:

Var
S � U �T %

º E T" '�XÜÅ
.�H T > d �  A T � T , � sinc

.�H > d �  A �
X�Å 0 (17.101)

Let d �  Ý% Ò
andcomputethe limit ÞWÓàßá�â Y Var

S � U �T . Thenwe find that the variance

of the interference
S � U �T equalsto ãåäFæ ç ;è Ù)Ú . This is the interferencevariance,whena subcarrier

signalof thereferenceuseris totally overlappedby thesubcarriersignalof the ^ th interfering
user, i.e. thevarianceof

S � U �(
in Eq.(17.88),whichcanbeexpressedas:

Var
S � U �( %

º E T" 'é X Å 0 (17.102)

By usingasimilarapproachdeterminingtheterm
S � U �T , wecanderivethevarianceof

S � M �T ,
which wasfound to be thesameasEq.(17.101).This resultin fact is predictable,sincewe
have assumedthat randomspreadingcodesareused,whenthe signalassociatedwith each
chip is assumedto bean i.i.d randomvariable.Moreover, it canbeseenthatEq.(17.101)is
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independentof theuserindex ^ . Hence,thevarianceof
S � M �T canbeexpressedas:

Var
S � M �T %

º E T" '�X�Å
.�H T > d �  A T � T , � sinc

.�H > d �  A �
X�Å 0 (17.103)

Finally, the varianceof
S � M �(

canbe obtainedfrom Eq.(17.103)by computingthe limit

expressedas ÞWÓàßþ È " ü á�â Y Var
S � M �T , which resultsin:

Var
S � M �( %

º E T" 'é X�Å 0 (17.104)

Beforeconcludingthissubsection,wenotethatthevarianceof themultiuserinterference
in the multitoneDS-CDMA systemof Fig.17.10[463] canbe obtainedby setting �-%z, ,
while thatin theorthogonalmulticarrierDS-CDMA systemof Fig.17.7[69] canbeobtained
by setting ��% X�Å . It canbeshown that for thecaseof ��% X�Å , thevarianceof

S � U �T canbe
expressedas:

Var
S � U �T %

º E T" '
.�H T6> d �  A8T X�Å � (17.105)

if d �  {l%m$ . Otherwise,if d �  ê%m$ , it canbeshown that:

Var
S � U �T %

º E T" 'é X�Å 0 (17.106)

IN summary, In this subsectionwe have analyzedthemultipathinterferenceengendered
by the referenceuseraswell asthemultiuserinterferenceinflicted by the interferingusers.
With theaid of theanalysisin this subsection,thebit error rateperformanceof theoverlap-
pingmulticarrierDS-CDMA systemcannow bederived.

17.5.4 PerformanceAnalysis

In order to derive the BER expressionsof the generalizedmulticarrierDS-CDMA system
using overlappingsubcarriers,we first have to derive the PDF of the associateddecision
variables. We have assumedthat all the interferencetermsin Eq.(17.77)are independent
additive Gaussianvariables,hence,the variable !#" ' of Eq.(17.77)is a Gaussianvariable
with normalizedmeangivenby Eq.(17.78),andnormalizedvariancegivenby:

ë T %
ì k � ,é X�Å

� > 3 � , Av> k � , A S M � > ìí� , Av> 3 � , A k S�î�� . º \Q]
XZY

È ( C º E T" ' �
(17.107)
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where
S M

and
S�î

aretheaverageassociatedwith thevalueof d and  , respectively, which
canbeexpressedas:

S M % S�î

% ,
3 > 3 � , A

ý
" üQ(

ý
þ üQ(þJRü "

X�Å
.�H T6> d �  A8T � T , � sinc

.�H > d �  A �
X�Å 0(17.108)

UponsubstitutingEq.(17.108)into Eq.(17.107),weobtainthat:

ë T %
ì k � ,é X�Å

� > 3 � , Av> ì k � , A S�îØ� . º \Q]
XZY

È ( C º E T" ' 0 (17.109)

Since !#" of Eq.(17.75)is the sumof k independentGaussianvariables,!#" is alsoa
Gaussianvariable. Let

E " ' % � " ' , i.e. we assumethat thecorrelatoroutputsof thesame
databit arecombinedaccordingto theMRC scheme.Then,thenormalizedmeanof !#" can
beexpressedas:

\rf�!#"�h#% 	 "rf $Gh
&
' ü)( � T" ' � (17.110)

andthenormalizedvarianceof !#" canbeexpressedas:

ë T %
ì k � ,é X�Å

� > 3 � , Av> ì k � , A S�î�� . º \ ]
XZY

È ( C º &
' ü)( � T " ' 0 (17.111)

Consequently, the BER conditionedon encounteringthe subcarrierfading attenuationï � " '6ð canbeexpressedas:

� ] >@ñ�A %¸ò . ñ � (17.112)

where

ñ % ñ É C ,º
&
' ü)( � T " ' � (17.113)

and

ñ É % . > ì k � , Aé X�Å
� . > 3 � , A/> ì k � , A Swî�� º \)]

XZY
È ( È (

0 (17.114)

As we have shown in Section17.4,theaverageBER, � ] , canbederivedby theweighted
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Figure17.24:Varianceof themultipathplusmultiuserinterferenceversusnormalizedsubcarrierspac-
ing ó performancefor theoverlappingmulticarrierDS-CDMA systemover thedisper-
sive Rayleighfadingchannelswith parametersô`õÍöB÷Bø�ùqú�ûQõÍöBü and ý¹õÍ÷ , whereô andúþû arethespreadinggain andthenumberof resolvablepathsof a corresponding
single-carrierDS-CDMA systemhaving thesamedatarateaswell asthesamesystem
bandwidth.TheresultsweregeneratedbeevaluatingEq.(17.111).

averaging� ] >@ñ�A of Eq.(17.113)over thevalid rangeof
ñ

, which canbeexpressedaccording
to Eq.(17.57).ThePDFof

ñ
canbederivedfrom Eq.(17.58)with X�ÿ replacedby k . With the

aid of theseequations,finally, theaverageBER of theoverlappingmulticarrierDS-CDMA
systemusingtheMRC schemecanbeexpressedas:

� ]Z%
> , ��� A
.

& &DÈ (

��� Y
k � , � V

V
> , ��� A
.

�
� (17.115)

where,
�

is givenby:

� %
ñ É

, � ñ É � (17.116)

and
ñ É

is givenby Eq.(17.114).
In Fig.17.24the varianceof the multipath interferenceplus the multiuser interference

wasestimatedasa functionof thenormalizedspacingbetweentwo adjacentsubcarrierfre-
quencies.The parametersemployed were X %`,�.��w��k ( %`,	��� ì %�. and 3 % Û �
���B,	� ,
where X and k ( werethespreadinggain andthenumberof resolvablepathscorresponding
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Figure17.25:BER versusnormalizedsubcarrierspacingó performancefor theoverlappingmulticar-
rier DS-CDMA systemover the dispersive Rayleighfadingchannelswith parametersô õ_öB÷Bø�ùqú�û
õ_öBü�ù�����qô � õ_ö
����� and ý õKö
� , whereô and ú�û arethespreading
gain andthe numberof resolvablepathsof a correspondingsingle-carrierDS-CDMA
systemhaving the samedatarateaswell asthe samesystembandwidth.. The results
werecomputedfrom Eq.(17.115)by assumingthat thereceiver cancombineall there-
solvablepaths.

to thesingle-carrierDS-CDMA systemhaving thesamedatarateaswell asthesamesystem
bandwidth.For acorrespondingoverlappingmulticarrierDS-CDMA systemhaving thesame
systembandwidthasthesingle-carrierDS-CDMA system,thespreadinggain X�Å , associated
with eachsubcarriersignal and the numberof resolvable paths, k of eachsubcarriersig-
nal weregivenby Eq.(17.72)andEq.(17.73),respectively. Note that, thesystemassociated
with �o%�, correspondsto the multitoneDS-CDMA schemeof Fig.17.10[463], while the
systemusing �K% X�Å correspondsto the orthogonalmulticarrierDS-CDMA-II schemeof
Fig.17.7[69]. Fromtheresultsseenin Fig.17.24we find that theinterferencepower engen-
deredby the multipathsignalsandthe multiusersignalsdecreases,asthe spacingbetween
two adjacentsubcarrierfrequenciesbecomeswider. Thisalsoimpliesthatthemultipathplus
multiuserinterferenceencounteredby a givensubcarriersignalin themultitoneDS-CDMA
schemeis higherthanthatexperiencedby a givensubcarriersignalin theorthogonalmulti-
carrierDS-CDMA-II scheme.Furthermore,observe in Fig.17.24for a givenvalueof � , the
varianceof themultipathinterferenceplusthemultiuserinterferencedecreases,asthenum-
berof subcarriersincreases.Notethat,thevariancecurvesin Fig.17.24appearin theshapeof
steps.This is becausethespreadinggain andthenumberof resolvablepathsassociatedwith
eachsubcarriersignalonly assumediscretevaluesaccordingto Eq.(17.72)andEq.(17.73).

Accordingto Eq.(17.72)andEq.(17.73)boththespreadinggainandthenumberof resolv-
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Figure17.26:BER versusnormalizedsubcarrierspacingó performancefor theoverlappingmulticar-
rier DS-CDMA systemover the dispersive Rayleighfadingchannelswith parametersô õ_öB÷Bø�ùqúþû
õ_öBü�ù���
�qô � õ_ö
����� and ý`õ_ö
� , whereô and ú�û arethespreading
gain andthe numberof resolvablepathsof a correspondingsingle-carrierDS-CDMA
systemhaving the samedatarateaswell as the samesystembandwidth. The results
were computedfrom Eq.(17.115)by assumingthat the receiver can only combineat
mostfivepaths.

ablepathsdecreases,asthespacingbetweentwo adjacentsubcarrierfrequenciesincreases.
Furthermore,accordingto Eq.(17.115),for a given valueof

ñ É
, the BER will increase,as

thenumberof diversitybranches,k thatcanberesolvedfor eachsubcarrierdecreases.This
in turn implies that the BER will increase,asthe spacingbetweentwo adjacentsubcarrier
frequenciesincreases.However, accordingto Fig.17.24theinterferenceengenderedby both
multipathandmultiusersignalsbecomeslesssevere,whenincreasingthenormalizedsubcar-
rier spacing,� . TheresultingBERperformanceis determinedby thesetwo tendencies.

In Fig.17.25the BER performanceof the overlappingmulticarrier DS-CDMA system
wasevaluatedaccordingto Eq.(17.115)asa functionof thenormalizedsubcarrierspacing�
overthedispersiveRayleighfadingchannelsof Section17.3.TheassociatedparameterswereX %-,�.����)k ( %j,���� ì %-,�$w�Q\)] [1XZY %-,�$ I�� and 3�% Û ����� ,	� . Thesubcarrierspreading
gainandthenumberof resolvablepathsof eachsubcarriersignalwerecomputedwith theaid
of Eq.(17.72)andEq.(17.73).With the aid of Eq.(17.73),it canbe shown that the number
of resolvablepathsof eachsubcarrierdecreases,asthenormalizedspacing,� increases.We
assumedthat the receiver hasthe capability to combineall the resolvable pathsasociated
with eachsubcarrier. From the resultsof Fig.17.25we observe that, for any given number
of subcarriers3 , theBER increases,asthenormalizedspacing,� , increases.However, the
BER increaseis lesssevere,when � Ì .G$G$ . Therefore,over dispersive multipathRayleigh
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fadingchannelsdiversity receptionappearsmoreimportant,thanthereductionof multipath
andmultiuserinterference.Accordingto theresultsof Fig.17.25,if thereceivercancombine
all theresolvablepaths,themultitoneDS-CDMA schemeof Fig.17.10( ��% , ) outperforms
the orthogonalmulticarrierDS-CDMA schemeof Fig.17.7( �j% X�Å ). Moreover, for any
given valueof � , the overlappingmulticarrierDS-CDMA schemeusinga low numberof
subcarriersperformsbetterthanthatusingahighnumberof subcarriers.

If the complexity of the receiver is consideredin termsof the diversity fingersof the
RAKE receiver, it canbeshown that theassociatedcomplexity of thereceiver decreases,as
the normalizedsubcarrierspacing,� , increases.This is because,accordingto Eq.(17.73),
thenumberof resolvablepathsdecreases,asthenormalizedsubcarrierspacing,� , increases.
However, dueto thecomplexity limitationof thereceiver, usuallythereceivercannotcombine
an arbitrarynumberof resolvablepaths. Hence,in Fig.17.26the BER of the overlapping
multicarrierDS-CDMA systemwasestimatedby assumingthat thereceiver cancombineat
mostfive resolvablepathsfor eachsubcarrier. If thereweremorethanfive resolvablepaths,
we assumedthat thereceiver wascapableof combiningfive paths.However, again, if there
were lessthanfive resolvablepathsfor eachsubcarrier, we assumedthat the receiver was
capableof combiningall the resolvablepaths.Theothersystemparameterswerethesame
asthoseusedin Fig.17.25andwere listed in the captionof Fig.17.26. The corresponding
resultsof Fig.17.26were computedfrom Eq.(17.115)with k replacedby the numberof
pathsthat the receiver was capableof combining. From the resultsof Fig.17.26we find
that, for the overlappingmulticarrierDS-CDMA systemhaving a sufficiently high number
of subcarriers,both the multitoneandorthogonalmulticarrierDS-CDMA schemesarethe
suboptimumschemes.From Fig.17.26we found that for 3 %�� and 3`%�,	� , thereexists
an optimumnormalizedsubcarrierspacingregion in the rangeof , Ì � Ì X�Å , where X�Å
is about195 for 3 %�� and185 for 3ê% ,�� . In this rangeof Fig.17.26the overlapping
multicarrier DS-CDMA schemecan achieve the minimum BER value. However, for the
schemeusing 3 % Û

the orthogonalmulticarrierDS-CDMA systemassociatedwith �j%X�Å %m.G$ Û hasthebestBERperformance,sincethenumberof resolvablepathsat �¢% X�Å %
.�$ Û is still k %�� accordingto Eq.(17.73),which is higher than the diversity combining
capabilityof thereceiver.

17.6 Performanceof Multicarrier DS-CDMA-I Systems

17.6.1 DecisionVariable Statistics

In thissectionweanalyzetheperformanceof themulticarrierDS-CDMA systemof Fig.17.4
describedin Subsection17.2.2,whichwereferredto asthemulticarrierDS-CDMA-I system.
In thissystemadatasequenceis multipliedby aspreadingcodeandthenmodulates3 subcar-
riers.Observein Fig.17.4thatthisschemedoesnot includeserial-to-paralleldataconversion.
Eachsubcarriersignalis directsequence(DS) spreadusinga commonspreadingsequence,
asshown in Fig.17.4. Therefore,thesymboldurationof themulticarrierDS-CDMA signal
is thesameasthatof theinput databits. Thetransmittedsignalof user ^ in themulticarrier
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DS-CDMA-I systemcanbeexpressedas:

Ö U >@?BA % . �3
�
��� ( 	

U >@?BA � U >@?BA ����� > .�H � � ? �! U � A � (17.117)

where � is thetransmittedpowerof themulticarrierDS-CDMA-I signal, 3 is thenumberof
subcarriers,while 	 U >W?BA and � U >@?BA arethe basebanddatasequenceandthe spreadingwave-
forms, respectively, as we discussedpreviously in Section17.5. Finally,

� � and
 U � for

d´%-,��/.��1010102�13 arethesubcarrierfrequenciesandmodulationphases.
The userstransmitover a slowly varying frequency selective Rayleighfading channel

having adelayspreadof
L " andcoherencebandwidth

>#"$� A É
, whicharerelatedby

>%"$� A É'&
, [ L " . Assumingthat thespacingbetweentwo adjacentsubcarrierfrequenciesis

" % T4JÇ ,
where

L2É
is the chip durationof the spreadingcodes,no overlapexists betweenthe main-

lobesof thesubcarriersignals.In thiskind of multicarrierDS-CDMA systemsthenumberof
subcarriers3 is chosensoasto meetthefollowing conditions[453]:

( The subcarrier signals of the multicarrier DS-CDMA-I system experience no
frequency-selectivity or nosignificantdispersion.Hence

L " [ L2É�Ê , .
( All subcarriersignalsaresubjectto independentfading,which implies that . [ L2É�)>%"$� A É

.

Theseconditionscanbeexpressedas:

,
.
Ê L "L2É Ê ,�0 (17.118)

Let
L2É (

bethechip durationof a correspondingsingle-carrierDS-CDMA systemhaving the
samedatarateandthe samebandwidthasthe multicarrierDS-CDMA systemconsidered.
Then,the chip durationof the multicarrierDS-CDMA-I systemconsideredis

L2É %�3 L2É ( .
Upon substitutingthis into the above equation,we canseethat the numberof subcarriers
shouldsatisfytheconditionof:

L "L2É ( Ê 3 Ê . L "L:É (Ü0 (17.119)

Since k ( %+* L " [ L2É (-,Ë� , representsthe numberof resolvablepathsin the corresponding
single-carrierDS-CDMA system,hence,wechoose3 %Ík ( .

Since in the multicarrier DS-CDMA-I systemof Fig.17.4satisfying the condition of
Eq.(17.118)eachsubcarriersignalis subjectto independentfrequency non-selective fading,
thereceivedsignalassociatedwith

ì
numberof asynchronoususerscanbeexpressedas:

=
>@?BA %

.
U � (

�
�/� (

. �3 � U � 	 U >@? �� U A � U >@? �� U A �1�G� > .�H � � ? ��� U � A � V >@?BA � (17.120)

where
� U � %  U � �þ� U � � .�H � �  U is arandomvariableuniformly distributedin f $w�v.�H A , while
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Figure17.27:The receiver block diagrammatchedto the referenceuser Qmõ ö in the multicarrier
DS-CDMA-I system.

� U � ,  U and
� U � arethechannelamplitude,delayandphase,respectively, correspondingto

the subcarrierd of user ^ . Finally, V >@?BA representsthe AWGN with double-sidedpower
spectraldensityof XZY�[ . .

Thereceiver blockdiagramfor thereferenceuseris shown in Fig.17.27,wheretheindex
of ^ %Ø, is omittedand

J( % $ is assumedfor notationalconvenience.In the multicarrier
DS-CDMA-I system,frequency diversity is achieved by combiningthecorrelator’s outputs
associatedwith thesubcarriers.Thereceiverprovidesacorrelatorfor eachsubcarrierandthe
outputsof thecorrelatorsarecombinedin orderto yield aprocessinggaincomparableto that
of a single-carrierDS system,providedthat thespacingbetweentwo adjacentsubcarriersis" % T4JÇ . Referringto Fig.17.27,thedecisionvariablecorrespondingto the $ th databit can
beexpressedas:

! %
�
'R� ( ! ' � (17.121)

! ' %
4CS
Y =

>@?BA@E ' � >W?BA �1�G� > .�H � ' ? ��� ' A�I1? � (17.122)

where
E ' % � ' is assumed,associatedwith perfectchannelestimationanda MRC diversity

combiningscheme.According to Eq.(17.101),in the multicarrierDS-CDMA-I systemof
Fig.17.4,the normalizedvarianceof the multiuserinterferenceengenderedby an adjacent

subcarriersignal is äFæ ;T	U æ Ù)Ú , which is derived from Eq.(17.101)by setting d �  Ý% ,����_%
. X�Å � E " ' % E ' and

º %c, . It canbeshown that äFæ ;T	U æ Ù)Ú is significantlylower than
E T' [ é X�Å .

Therefore,in our following analysiswe ignore the interferenceimposedby the subcarrier
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signalsotherthanthesubcarrierconsidered.Consequently, ! ' canbeexpressedas:

! ' % �.�3
N ' �

.
U � T

S U �PO ' � (17.123)

where
N ' is thedesiredoutput,which is givenby:

N ' % 	 f $Gh � T ' 0 (17.124)

Furthermore,
S U �Q^¢%o.w� é ��01010*� ì representsthenormalizedmultiuserinterferenceinflicted

by user ^ , whichcanbeexpressedas:

S U % � U ' � ' �����2n U 'L ] 	 U f � ,�hqp U >  U A � 	 U f $Gh¶sp U >  U A � (17.125)

where n U ' % � U ' �K� ' . Thevariablesp U >  U A and sp U >  U A arethepartial cross-correlation
functionsdefinedby Eqs.(17.89)and(17.90),while

S U canbe approximatedasa Gaussian
randomvariablewith zeromeanandvarianceof � T ' [ é X�Å . Finally,

O ' in Eq.(17.123)is a
Gaussianrandomvariablewith zeromeanandvarianceof 3 � T '�XZY�[ .�\)] , where\Q]Z% � L ] is
theenergy perbit.

Therefore,! ' canbeapproximatedasa Gaussianrandomvariablehaving a normalized
meangivenby

N ' andanormalizedvarianceof fà, [ é X Å � 3 X Y [ .�\ ] h E T' . Since! is thesum
of 3 independentGaussianrandomvariables,! is alsoapproximatelyGaussiandistributed
with ameangivenby:

\rf�!)h:% 	 f $Gh
�
'�� ( �

T ' � (17.126)

andvarianceof:

Varf�!)h#%
ì � ,é X�Å

� .�\Q]
3 XZY

È ( �
'R� ( �

T ' 0 (17.127)

Having obtainedthestatisticsof thedecisionvariable,let usnow derive theBERexpres-
sionfor themulticarrierDS-CDMA-I systemin thefollowing subsection.

17.6.2 PerformanceAnalysis

Sincethe decisionvariable ! canbe modelledasa Gaussianvariablehaving a normalized
meangivenby Eq.(17.126)andanormalizedvariancegivenby Eq.(17.127),theBERcondi-
tionedonasetof channelfadingamplitudes

ï � ' �2b�%-,��/.��1010�0*�13 ð canbeexpressedas:

� ] >Wñ�A %Íò . ñ � (17.128)
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where

ñ % ñ É
�
'�� ( �

T ' � (17.129)

and

ñ É % . > ì � , Aé X�Å
� \Q]

3 XZY
È ( È (

0 (17.130)

TheunconditionalBERcanbederivedby averagingEq.(17.128)- afterweightingit with
the PDF of

ñ
- over the valid rangeof

ñ
usinga similar approachto that in Section17.5.

Finally, theunconditionalBER canbeexpressedas:

� ]Z%
> , ��� A
.

� �
È (
��� Y

3 � , � V
V

> , ��� A
.

�
� (17.131)

where,
�

is givenby:

� %
ñ É

, � ñ É � (17.132)

and
ñ É

is givenby Eq.(17.130).

17.7 Performance of Multicarrier DS-CDMA SystemsUs-

ing AdaptiveSubchannelAllocation

ThemulticarrierDS-CDMA schemeusingadaptive subchannelallocation– which waspor-
trayedin Fig.17.15andreferredto astheadaptive AMC DS-CDMA scheme– hasbeenpro-
posedandstudiedin [439]. Theadaptive AMC DS-CDMA schemerepresentstheextension
of the multicarrierDS-CDMA scheme[453] of Fig.17.4for the forward links. In contrast
to themulticarrierDS-CDMA schemeof [453], whereidenticalDS waveformsaretransmit-
tedover eachof thesubchannels,in adaptive AMC DS-CDMA eachuser’s DS waveformis
transmittedover theuser’s favorite subchannelexhibiting thehighestamplitude[439]. The
channel’s fadingamplitudesareestimatedat themobilefor all subchannelsandtheindex of
thebestsubchannelis fedbackto thebasestation.

In thissection,weinvestigatetheperformanceof theadaptiveAMC DS-CDMAsystemof
Fig.17.15discussedin Subsection17.2.6.Again, thisschemecanbeviewedastheextension
of themulticarrierDS-CDMA schemeinvestigatedin Section17.6. In our investigationswe
assumethat randomspreadingcodesareemployed and the channelis frequency-selective
Rayleighfading,but eachsubchannel’s fadingamplitudeis ani.i.d randomvariableobeying
theRayleighdistribution. Weassume,for simplicity thatthechannel’s fadingamplitudesare
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perfectlyestimatedandfed backfrom the mobile stationto the basestationwithout delay
andfeedbacktransmissionerrors. This assumptionhasoften beenusedin the literaturein
orderto derive thebest-caseperformanceestimateof systemswith theaidof perfectchannel
qualityside-information[75]. Furthermore,weassumethatthemultiuserinterferencecanbe
approximatedby anadditive Gaussianrandomvariablehaving zeromean,aswe assumedin
theprevioussections.

In theadaptiveAMC DS-CDMA systemof Fig.17.15thesignaltransmittedon thedown
link by thebasestationcanbeexpressedasin Eq.(17.18),whichcanberewrittenas:

Ö U >@?BA %
.
U � (

V .XWZY U >W?BA�[ U >@?BA
�
�/� (

" � > × U A�\/]�^�> .�H`_ � ?8a  U � A

a �
�/� ( .XW Y [ Y >@?BA�\2]�^�> .�H8_ � ?`a  � Acb (17.133)

where W representsthe power transmittedtransmittedby the basestationto eachuser, W Y
representsthetransmittedpower of thepilot signalthat is transmittedby thebasestationon
eachsubcarrier, in orderto facilitatetheselectionof thebestsubchannelfor thetransmission
of theusefuldatato themobiles, Y U >@?BA and

[ U >@?BA representthedatawaveformandspreading
codewaveform of the ^ th user, while

[ Y >W?BA representsthe spreadingcodewaveform of the
pilot signal.Finally,

" � > × U A % , b for d´%´× U
$ b for dKl%´× U b (17.134)

indecatingthatonly onesubcarrieris activatedby eachuser.

Assumingthatfrequency non-selective fadingis experiencedby the 3 subcarriersignals
andthatthe

ì
numberof down link usersignalsplustheassociatedpilot signalusedfor es-

timatingthedown link subchannelqualityaretransmittedsynchronously, thesignalreceived
by themobilecanbeexpressedas:

=
>@?BA %

.
U � (

V .XWZd Ã � Y U >@?BAc[ U >@?BA�\/]�^�> .�H`_ Ã � ?8a=e U Ã � A

a �
��� ( .fW Y d � [ Y >W?BA�\2]�^�> .�H8_ � ?8a=e � A

a V >@?BA�b (17.135)

where
e U Ã � %  U Ã � a � U Ã � , e � %  � a � � , V >@?BA is theAWGN.

The mobile’s receiver block diagramfor the AMC DS-CDMA schemewas shown in
Fig.17.16,wherethe coherentdemodulationphasesassociatedwith the × th subchanneland
thedespreadingcodeareincorporatedin thetermof

E Y f ×�h b ×þ%j, b . b 01010 b 3 correspondingto
thedetectionof thepilot signalusedfor theestimationof thesubchannelquality. Similarly,
thetermof

E U f × U h correspondsto the ^ th user’s datadetection.Explicitly, at themobile,the
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index of the bestsubchannelis determinedby estimatingthe fadingamplitudesof the sub-
channelswith theaidof theknown pilot signal.Weassumethatthefirst useris thereference
userandignoretheuserindex relatedto thereferenceuserassociatedwith ^�% , . Let × ( be
thebestsubchannel,which is beingusedfor the $ th databit’s transmission.We assumethat
thereare

ì À out of
ìhg , active interferinguserswho sharethe × ( th subchannelwith the

referenceuser. Therefore,assumingperfectestimationof thesub-channels’amplitudesand
phases,thedecisionvariable,! seenat theoutputof themobile’s receiver schematic,canbe
expressedin theform of:

! %
4 S
Y =

>W?BA d Ã ( [ ( >@?BA�\/]�^#> .�H8_ Ã-i ?8a=e ( Ã-i AJI1?

% W
.
L ] N Ã-i a

.Fj
U j � (

S U j a S Y a O Ãci b
(17.136)

where
N Ã ( representsthetermassociatedwith thedesireduser, whichcanbeexpressedas:

N Ã-i %kY�f $Gh�d T Ã-i b (17.137)

and
S U j is themultiuserinterferenceimposedby from the ^ th user, which canbeexpressed

as:

S U j % d Ã � d Ã-i \/]�^�> n Ã � AL ]
4 S
Y Y U j >@?BA�[ U >@?BAc[ ( >@?BA�I1?

% d Ã � d Ã-i \/]�^�> n Ã � A Y U j f $Gh
X�Å

Ù)ÚvÈ (

��� Y
[/l U	m� [/l ( m� 0 (17.138)

Themultiuserinterferenceterm
S U j canbeapproximatedby aGaussianrandomvariablewith

meanzeroandvarianceof:

Var f S U j h#%
º î d T Ã-i
. X�Å

b
(17.139)

where
º î % \ d T î , while d î representsthefadingamplitudecorrespondingto thebest

subchannelof user ^ . Since
ï d U Ã b ×þ%-, b . b 01010 b 3 ð areRayleighdistributedrandomvari-

ablesobeying a PDF given by Eq.(17.23), d T U Ã b ×þ%-, b . b 010�0 b 3 obey exponentialdistri-
butionshaving aPDFgivenby:

_/n æ �co
> p A % ,ºqp2rCs g pº b p ) $�0 (17.140)
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ThePDFof d T î %mßut r d T U ( b d T U T b 01010 b d T U � canbederivedusingthefollowing formula:

_/n æ v
>
=
A %

I
I
=

Õ
Y _/n æ ��o

> p A�I p
�
0 (17.141)

UponsubstitutingEq.(17.140)into Eq.(17.141),weobtain:

_ n æ v
>
=
A % 3º p2rCs g =º , g p2rws g =º

��È ( b
= ) $�0 (17.142)

With theaidof Eq.(17.142)
º î

is givenby:

º î % \ d T î
%

x
Y =

C _/n æ v
>
=
A�I
=

%
x
Y = 3º p/rws g =º , g p2rCs g =º

�
È ( I
=

% 3 º
�
È (
��� Y

3 g ,
V

> g , A �> V a , A�T 0 (17.143)

In Eq.(17.136)
S Y representsthe interferenceengenderedby the pilot signal. Assuming

thattheinterferencedueto thesubcarriersotherthansubcarrier× ( of interestcanbeignored,S Y canbeexpressedas:

S Y % W
.
L ]

È ( 4 S
Y .XW Y dzy Ã-i [ Y >@?BA�\/]�^�> .�H`_ Ã-i ?8a!e Ã-i A

d Ã-i [ ( >W?BA�\2]�^�> .�H8_ Ã-i ?8a=e ( Ã-i A�I1?

%
V { d y Ãci d Ã-i \2]�^ n Ã-i

X�Å
Ù)ÚvÈ (

��� Y
[ l Y m� [ l ( m� b

(17.144)

where
{ %|W Y�[ W representsthe ratio betweenthe power of the pilot signaltransmittedby

thebasestationon eachsubcarrierandthatof thereferencesignal.Thefadingamplitudeof
thepilot signalon subcarrier× ( is denotedby d y Ãci . For a givenvalueof d Ã-i , S Y canalsobe
approximatedaGaussianrandomvariablewith zeromeanandvarianceof:

Var f S Y h:%
{ º î d T Ã-i
. X�Å 0 (17.145)

Finally,
O Ãci is aGaussianrandomvariablewith meanzeroandvariancegivenby XZY�[ .�\)] .

Consequently, for agivenfadingamplitudeof d Ãci , thedecisionvariable! attheoutputof
themobile’sreceiverschematicseenin Fig.17.16canbeapproximatedby aGaussianrandom
variablehaving a normalizedmeangiven by Eq.(17.137),anda normalizedvariancegiven
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by:

Varf�!)h#%
ì À a {
. X�Å

a . º î \Q]
XZY

È ( º î d T Ã-i 0 (17.146)

Thebit errorprobabilityfor a givenfadingamplitudeof d Ã-i andfor
ì À numberof users

activatingthe × ( th subcarriercanbeexpressedas:

WD] > d T Ã-i b ì À A %Íò ñ É C .Xd T Ã-iº î b
(17.147)

where

ñ É %
ì À a {
X�Å

a º î \)]
XZY

È ( È (
0 (17.148)

Sincethe × ( th subchannelwas assumedto be the bestsubchannelduring the $ th bit’s
transmission,i.e., d T Ã-i %¤ßut r d T ( b d TT b 01010 b d T � , d T Ã-i hasthesamePDFas d T î which was
givenby Eq.(17.142).Therefore,theconditioningof WD] > d T Ã-i b ì À A on d T Ã-i canberemovedby
theweightedaveragingof Eq.(17.147)accordingto its PDF _/n æ o i

>
=
A

of Eq.(17.142)over the

valid rangeof d T Ã-i , whichcanbeexpressedas:

WD] > ì À A %
x
Y WD] > = b ì À A _/n æ o i

>
=
A�I
=

%
x
Y ò ñ É C . =º î } 3º p/rws g =º , g p2rCs g =º

�
È ( I
=

%
�
È (
��� Y

> g , A �V .�H
3 g ,
V

3º
x
Y

x
~ � Ç æ��� v

p2rCs g ? T
. p2rCs g > V a , A =º I1?1I

= 0
(17.149)

Interchangingtheorderof intefrationassociatedwith
?

and= , Eq.(17.149)canbewrittenas:

WD] > ì À A %
��È (
��� Y

> g , A �V .�H
3 g ,
V

3º
x
Y

� vF� ææ �
Ç

Y p/rws g ? T
. p/rws g > V a , A =º I1?1I

= 0
(17.150)

Uponevaluatingout theabove integrals,Eq.(17.150)canbesimplifiedto:

WD] > ì À A % 3
.
�
È (
��� Y

> g , A �> V a , A
3 g ,
V , g

ñ É º
ñ É º ao> V a , A º î 0 (17.151)
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Since

3
�
È (
��� Y

> g , A �> V a , A
3 g ,
V %j, b (17.152)

Eq.(17.151)canberewrittenas:

WD] > ì À A % ,
.
a 3
.
��È (
��� Y

> g , A � 7 (> V a , A
3 g ,
V

ñ É º
ñ É º a·> V a , A º î

% ,
.
a ,
.
�
��� (

> g , A � 3
V

ñ É º
ñ É º a V º î¸0 (17.153)

If weassumethatthechannelattenuationfor agivenmobileis independentof thechannel
quality for any other mobile and that the probability of choosingany specificsubchannel
as the bestsubchannelfrom the setof 3 subchannelsis equiprobable,the probability that
thereare

ì À out of
ì|g , numberof interferingusersactivatingthe × ( th subchannelcanbe

expressedas:

W > ì À A %
ì�g ,ì À ,

3
. j

, g ,
3

.�È ( ÈX. j
0 (17.154)

TheunconditionalBER,consequently, canbeexpressedas[439]:

WD] %
.�È (
. j � Y W

> ì À A WD] > ì À A

%
.�È (
.Fj � Y

ì�g ,ì À ,
3

.Fj
, g ,

3
.�È ( ÈX.Fj

WD] > ì À A�b (17.155)

where WD] > ì À A is givenby Eq.(17.153).
In Fig.17.28andFig.17.29we comparedthedown link BER performanceof themulti-

carrierDS-CDMA-I systemof Fig.17.4,which wasanalyzedin Section17.6,andthatof the
adaptive AMC DS-CDMA systemof Fig.17.15andFig.17.16investigatedin this section.In
Fig.17.28theBERwasevaluatedasafunctionof theSNRperbit \Q] [1XZY by assumingthatthe
spreadinggain of a correspondingsingle-carrierDS-CDMA systemwas X % X Å 3�%j.����
andthe numberof active userswas

ì %�.�$ . By contrast,in Fig.17.29the BER waseval-
uatedas a function of the numberof active users

ì
by assumingthat the spreadinggain

of the correspondingsingle-carrierDS-CDMA systemwasalso X % X�Å 3 % .���� andthe
SNRperbit was \)] [�XZY %q� dB. Therefore,thespreadinggain of eachsubcarriersignalwasX�Å %q� Û for 3c% Û and X�Å % é . for 3e%q� . Theresultsfor theadaptive AMC DS-CDMA
schemewerecomputedaccordingto Eq.(17.155)with

ñ É
given by Eq.(17.148),while the

resultsfor the multicarrierDS-CDMA-I schemewerecomputedfrom Eq.(17.131)with
ñ É

given by Eq.(17.130).However, sincesynchronoustransmissionsareusuallyemployed in
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Figure17.28:Down link BER versusSNR per bit, ��
�qô � , performancecomparisonfor the multi-
carrierDS-CDMA-I systemof Fig.17.4andthe adaptive AMC DS-CDMA systemof
Fig.17.15over dispersive Rayleighfadingchannelswith parametersof ô õ_÷��Bü�ùqý`õ÷
� and � õ��wùyø , where ô is the spreadinggain of a correspondingsingle-carrier
DS-CDMA system. The resultswerecomputedfrom Eq.(17.131)for the multicarrier
DS-CDMA-I scheme,while from Eq.(17.155)for theAMC DS-CDMA scheme.

the down link, the term
é X�Å in Eq.(17.130)shouldbe replacedby . X�Å , accordingto the

derivation of Eq.(17.148)in this section.From the resultsof Fig.17.28we observe that for
low to moderateSNRperbit value,theadaptive AMC DS-CDMA schemeoutperformsthe
multicarrierDS-CDMA-I scheme,aslong asthereceiver canmaintainnear-perfectchannel
estimationwith the aid of the pilot signalsandprovided that thereareno feedbackerrors
concerningthe choiceof the bestsubchannel.However, if the SNR per bit in excessof
\)] [1XZY�� , Û Iw� for 3ê% Û

and \)] [�XZY�� ,�. Iw� for 3ê%�� , the above-mentionedtrend
is reversed,in otherwords, the adaptive AMC DS-CDMA schemeis outperformedby the
multicarrierDS-CDMA-I scheme.In Fig.17.29theadaptive AMC DS-CDMA schemeout-
performsthemulticarrierDS-CDMA-I schemeover theentirerangeof thenumberof active
usersinvestigated,namelyfrom

ì %-, to
ì %=�G$ , whenSNRperbit of \)] [�XZY %!� dB was

assumed.Furthermore,sincemulticarriersystemsusinga high numberof subcarrierscan
achieve a high diversityorder, we infer from theresultsof bothFig.17.28andFig.17.29that
for any givenvalueof \Q] [1XZY or any givennumberof active users,

ì
, theBER performance

of the systemusinga high numberof subcarriers,suchas 3 %�� , is betterthanthat of the
systememploying a low numberof subcarriers,suchas 3 % Û .
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Figure17.29:Down link BERversusnumberof users,ý , performancecomparisonfor themulticarrier
DS-CDMA-I of Fig.17.4systemandtheadaptiveAMC DS-CDMA systemof Fig.17.15
over dispersive Rayleighfadingchannelswith parametersof ô õ_÷��Bü�ù�����qô � õ·ø����
and � õ��wùþø , where ô is the spreadinggain of a correspondingsingle-carrierDS-
CDMA system.The resultswerecomputedfrom Eq.(17.131)for the multicarrierDS-
CDMA-I scheme,while from Eq.(17.155)for theAMC DS-CDMA scheme.

17.8 Performance of Slow Frequency-Hopping Multicar -

rier DS-CDMA Systems

In this sectionwe investigate the performanceof the SFH/MC DS-CDMA systemseenin
Fig.17.17,whenusingBPSKdatamodulation.Its performanceis evaluatedover a rangeof
multipathRayleighfadingchannels.Two detectionschemesareinvestigatedin conjunction
with the receiver having perfectknowledgeor no knowledgeof the FH patternsemployed.
Whenthereceiver invokestheexplicit knowledgeof theFH patternsused,thenconventional
hard-detection- which is oftenappliedin direct-sequence,slow frequency-hoppingCDMA
(DS/SFHCDAM) [408,465] systems- is employedfor thesake of simplifying thereceiver.
By contrast,whenthereceiverdoesnothaveany knowledgeconcerningtheFH patternused,
thenthejoint soft-detectiontechniquesareused,in orderto simultaneouslyaccomplishboth
demodulationandFH patternacquisition.
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17.8.1 SystemDescription

17.8.1.1 The Transmitted Signal

TheSFH/MCDS-CDMA systemhasbeenreviewed in Subsection17.2.7,wherethemodel
of the transmitterandthe multiple accesschannelwasdepictedin Fig. 17.17. Referringto
Fig. 17.17,thetransmittedsignalof user ^ canbeexpressedas:

Ö U >W?BA %
�D�1È (
� � � Y

V .XWZY U � � >W?BA�[ U >@?BA�\2]�^ .�H`_ l UAm� � ?8a!e l U	m� � b
(17.156)

whereW representsthetransmittedpowerpersubcarrier, while 3 U indicatestheweightof the
constant-weightcodecurrentlyemployedby the ^ th user, and

[ U >W?BA representsthespreading

waveform. Furthermore,
ï Y U � � >@?BA ð , _ l U	m� � and

e l U	m� � representthecurrentdatastream’s

waveforms,thesubcarrierfrequency setandthephaseanglesintroducedin thecarriermodu-

lation process.Thedatastream’s waveform Y U � � >@?BA %
x

Ã � È x Y
l Ã mU � � W 465 >W? g × L2M A consistsof a

sequenceof mutually independentrectangularpulsesof duration
L2M

andof amplitude+1 or

-1 with equalprobability. Thespreadingsequence
[ U >W?BA %

x
Á � È x

[ l Á mU W 4 Ç >W? g Ä L2É A denotes

thesignaturesequencewaveformof the ^ th user, where
[ l Á mU assumesvaluesof +1 or -1 with

equalprobability, while W 4JÇ >W?BA is the commonchip waveform for all signals. In our anal-
ysis for the sake of simplicity we assumethat thereexists no spectraloverlapbetweenthe
spectralmain-lobesof two adjacentsubcarriers,andalsoassumethatthereexistsno interfer-
encebetweensubcarriers.More explicitly, interferenceis inflicted only, whenaninterfering
useractivatesthe samesubcarrier, as the referenceuser. Let X ]�% L ] [ L:É be the number
of chipsperbit, where

L ] is thebit durationbeforetheserial-to-parallelconversionstageof
Fig.17.17.Let theprocessinggain of eachsubcarriersignalbe X�Å , which canbeexpressed
as X�Å % L2M [ L2É . Furthermore,weassumethatthefrequency hoppingdurationis

L À , andthat
thenumberof databits X À % L À [ L transmittedperhopis apositive integer, which is strictly
largerthan1, i.e. weassumeusingslow frequency hopping.

17.8.1.2 ChannelDescription

Thechannelmodelconsideredin this sectionis thefinite-lengthtappeddelayline modelof
a frequency-selective multipathchannel[95], whosecomplex low-passimpulseresponsefor
subcarrierd U of user ^ is givenby:

Æ l U	m� � >@?BA %
&X�BÈ (
� � � Y d

l U	m� � » � ��� Á�� ½
�8¾¿ ��� u ��� >@? g a ÿ L:É A 0 (17.157)

In Eq.(17.157)a ÿ L2É is the relative delayof the a ÿ -th pathof user ^ with respectto themain

path, the phases
 l U	m� � » � � are i.i.d randomvariablesuniformly distributed in the interval
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f $ b .�H A , whilst the k ÿ tap weights d l U	m� � » � � are independentRayleighdistributed random

variableswith aPDFgivenby Eq.(17.23).Consequently, for anasynchronousCDMA system
supporting

ì
users,thereceivedsignaltakestheform of:

=
>@?BA % V >@?BA

a V .XW C
.
U � (

� � È (
� � � Y

&��BÈ (
� � � Y d

l U	m� � » � � Y l U	mU � >@? g a ÿ L2É g�� U A

C�[ U >@? g a ÿ L2É g�� U A�\2]�^ .�H8_ l U	m� � ?8a � l U	m� � » � � b
(17.158)

whereV >W?BA representsthe AWGN with zeromeananddouble-sidedpower spectraldensity

of XZY�[ . , � l U	m� � » � � % e l U	m� � a  l U	m� � » � � g .�H8_ l U	m� � > � U a a ÿ L2É A >  �� I .�H A , which is assumedto

be an i.i.d randomvariablehaving a uniform distribution in f $ b .�H A , and
� U representsthe

propagationdelayof user ^ .

17.8.1.3 Receiver Model

Let the first userbe the user-of-interestandconsiderthe conventionalmatchedfilter based
RAKE receiver usingMRC, asshown in Fig. 17.18,wherethesuperscriptandsubscriptof
the referenceuser’s signalhasbeenomitted for notationalconvenience. In Fig. 17.18 k -
the numberof diversity branchesusedby the receiver - , Ê k Ê k ÿ is a variable,allow-
ing us to studythe effect of differentdiversity orders. In contrastto the transmittersideof
Fig.17.17,whereonly 3 U outof 3 subcarriersaretransmittedby theuser̂ , at thereceiverof
Fig. 17.18all 3 subcarriersarealwaystentatively demodulated.Furthermore,the informa-
tion bitstransmittedoverthedifferentsubcarriersmightbedetectedusinghard-detectionsep-
arately, or usingblind soft-detectionjointly for all subcarriers.Thechoiceof soft-detection
dependson whetherthereceiver is capableof acquiringtheFH patternsblindly, i.e.,without
their explicit signalling.This importantissuewill bediscussedin theforthcomingSections.
Consequently, from the point of view of the receiver, eachsubcarriercanbe viewed asan
On-Off typesignallingscheme.Whena subcarrieris actively usedfor signallingandhence
it is in the On-state,the MRC outputsamplesgive +1 or -1 information. Otherwise,while
passiveandhencein theOff-state,theMRC stageoutputsnoise.

The 3 numberof matchedfilters in Fig. 17.18arematchedto thereferenceuser’sspread-
ing code,andareassumedto haveachievedtimesynchronization.Let usassumethatperfect
estimatesof thechanneltapweightsandphasesareavailable.Then- afterappropriatelyde-
laying theindividual matchedfilter outputs,in orderto coherentlycombinethe k numberof
pathsignalsusedby theRAKE combiner- the � th MRC outputsampledat

? % L a > k g , A L2É ,
in orderto detectthefirst symbolcanbeexpressedas:

!���% N �Gf $Gh a S � b (17.159)
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where
N �Gf $Gh representsthedesireddirectcomponent,whichcanbeexpressedas:

N �Gf $�h#% W
.
L:M Y��Gf $�h

&DÈ (
� � Y d

T � » � 0 (17.160)

In Eq.(17.160)Y��Gf $Gh is thefirstbit transmittedonsubcarrier� by thereferenceuserand Y
�Gf $Gh �ï�a , b g , b $ ð with ‘0’ representingtheOff-state.Sincewe have assumedthat thereexistsno
interferenceamongstthesubcarriers,interferenceis inflicted only, whenan interferinguser
activatesthesamesubcarrier, asthe referenceuser. Hence,the interferenceplusnoisetermS � in Eq.(17.159)canbeexpressedas:

S ��% S �Gf�¡Dh a S �Gf£¢Kh a X � b (17.161)

where
S �Gf�¡*h representsthemultipathinterferenceimposedby the � -th subcarrierof theuser-

of-interest,whichcanbeexpressedas:

S �Gf£¡*h % W
.
L2M &*È (

� � Y d¤�
» �
&���È (
u �
¥w¦� � R� �

d¤� » � � \2]�^ nA� » � �L2M

C 4J587 l &*È ( m 4JÇ
l &*È ( m 4JÇ Y � f ? g > k a a ÿ g a g , A L É h
C§[ f ? g > k a a ÿ g a g , A L:É h [ f ? g > k g , A L2É h I1?2b (17.162)

where
S �Gf�¢_h representsthemultiuserinterferenceinflicted the � -th subcarriersof the inter-

fering users.Let usassumethat thereexists
ì À , > $ Ê ì À Ê ì¨g , A numberof interfering

signals,all of which activatethe � -th subcarrierduringthefirst symbol’s transmissionof the
referencesignal.Theevent,whenaninterfereractivatesthesamesubcarrierasthereference
user, is oftenreferredto in theliteratureasa so-calledhit - aneventthatwill bediscussedin
detail in thenext Subsection.Then,

S �Gf�¢_h canbeexpressedas:

S �Gf�¢_h % W
.
L2M &*È (

� � Y d¤�
» �
.Fj
À � (

&��BÈ (
� � � Y

d l À/m� » � � \2]�^ n l À2m� » � �L
C 4J587 l &*È ( m 4JÇ
l &*È ( m 4JÇ Y l À2m� f ? g > k a a ÿ g a g , A L2É g�� À h

C�[ À f ? g > k a a ÿ g a g , A L2É g�� À h [ f ? g > k g , A L2É h I1? 0 (17.163)

In Eq.(17.162)and(17.163)the
\2]�^�>/C@A

termsarecontributedby thephasedifferencesbetween
the incomingsubcarriersandthe locally generatedsubcarrierusedin thedemodulation.Fi-
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nally, thenoisetermof Eq.(17.161)canbeexpressedas:

X ��%
&*È (
� � Y d¤�

» �
4J587 l &*È ( m 4JÇ
l &*È ( m 4JÇ V >W?BA�[ f ? g > k g , A L2É h \2]�^�> .�H8_/� ?8a � � » � A�I1?2b (17.164)

whichis aGaussianrandomvariablewith zeromeanandvarianceof
Ù ¦ 465© &*È (� � Y d T � » � , whereï d¤� » � ð representsthepathattenuations.

Wehaveobtainedthedecisionvariablesof theMRC outputsamples.Let usnow analyze
theBER performanceof theSFH/MCDS-CDMA systemusinghard-detectionby invoking
theoften-usedGaussianapproximation.

17.8.2 Performanceof the SFH/MC DS-CDMA Receiver with Explicit

Knowledgeof the FH Patterns: Hard-Detection

17.8.2.1 Probability of Err or

In theanalysisof this section,we employ theGaussianapproximationandhencemodelthe
multiuserinterferenceandthe self-interferencetermsof Eq.(17.161)asan AWGN process
having zeromeananda varianceequalto thecorrespondingvariances.Consequently, for a
setof givenchannelamplitudes

ï d¤� » � ð – accordingto theanalysisof theprevioussections–
the � -th MRC outputsamplecanbeapproximatedasanAWGN variablehaving ameanvalue
givenby Eq.(17.160)andavarianceof:

ë T % W L TM
.

ì À k ÿ a k ÿ g ,é X�Å
a . º \Q]

XZY
È ( C º &DÈ

(
� � Y d

T � » � b (17.165)

where \Q]Z%kW L2M is theenergy perbit and
º %Í\ > d¤� » � A T .

Sincethe receiver hasthe explicit knowledgeof the FH patternemployed by the trans-
mitter, theinformationtransmittedonthe 3 U numberof activatedsubcarrierscanbedetected
without taking into accountthe Off-statecarriers. Hence,the averagebit error probability
canbeexpressedas[408,465]:

WD]�%
.�È (
.Fj � Y

ì�g ,ì À W .FjÀ > , g W À A .ÜÈ
( È�. j WD] > ì À b ñ É Acb (17.166)

where $ Ê ì À Ê ìªg , and W À is the probability of a hit - asdefinedabove - imposed
by an interferingsignal. In an asynchronoussystem,if we assumethat the FH patternis
determinatedrandomlyby a constant-weightcodechosenfrom the setof

��D� codes,then
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theprobabilityof ahit engenderedby theinterferinguser ^ canbeapproximatedby:

W À > ^ A %
�
È (�D�1È (�� � % 3 U

3 0 (17.167)

Theaverageprobabilityof a hit, W À , canbecomputedby averagingEq.(17.167),takinginto
accountthe weightsof the constant-weightcodesusedandthe numberof users,

ì
, which

yields:

W À % 3
ò
b

(17.168)

where3 representstheaverageweightof theconstant-weightcodesused.TheprobabilityofWD] > ì À b ñ É A in Eq.(17.166)denotestheconditionalbit errorprobabilityof thehard-detections,
giventhat

ì À hits wereinflicted by theother
ì|g , interferingusers,i.e.,

ì À out of
ì�g ,

usersin thesystemactivatedthesamesubcarrierasthereferenceuser.

Beforeproceedingto theevaluationof theaverageprobabilityof WD] > ì À b ñ É A for a givenì À , we first have to determinethe error probability conditionedon the multipathcompo-
nentattenuations

ï dB� » � ð . Following from our previous discussions,for the receiver having
an explicit knowledgeof the FH pattern,only the case,when Y��Gf $Gh«� ï�a , b g , ð hasto be
consideredin deriving theerrorprobability. Theassociatedconditionalbit errorprobability
of theBPSKmodulatedbitsmaybewrittenas:

WD] > ì À b�ñ�A %Íò > . ñ
Acb (17.169)

where

ñ % ñ É C ,º
&*È (
� � Y d

T � » � (17.170)

ñ É % . > ì À k ÿ a k ÿ g , Aé X�Å
a º \)]

XZY
È ( È ( b

(17.171)

where
ñ É

representstheaverageSNRperpath.

Theaveragebit errorprobabilityfor
ì À numberof hits is calculatedfrom theconditional

error probability uponweighting WD] > ì À b�ñ�A by the PDF of
ñ

, _ >Wñ�A , andthenaveragingor
integratingtheweightedproductover its legitimaterange,asshown in Eq.(17.57).According
to our analysisin Section17.4,theaverageBER for a givennumberof interferinguserscan
beexpressedwith theaidof Eq.(17.57)- Eq.(17.59)as:

WD] > ì À b ñ É A %
> , g�� A
.

& &*È (

��� Y
k g , a V

V
> , a � A
.

� b
(17.172)
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where,by definition:

� %
ñ É

, a ñ É
b

(17.173)

with
ñ É

givenby Eq.(17.171).
Consequently, theaverageBER of thereceiver usinghard-detectioncanbecomputedby

substitutingEq.(17.168)andEq.(17.172)into Eq.(17.166).

17.8.2.2 Numerical Results
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Figure17.30:BER versusSNR per bit performancefor constant-weightcodebasedSFH/MC DS-
CDMA systemsusing hard-detectionover multipath Rayleigh fading channelsupon
varying the diversity order ú , using the constant-weightcode C(32,16) for FH pat-
terns,ú>¬�õ¸ü resolvablepaths,ý¹õ�
� usersanda bit-durationto chip-durationratioô®Qõ¸ö�÷Bø . For thereceiver usingmaximumratio combining(MRC), theoptimumdi-
versityorder ú is its maximumpossiblevalueof ú·õ~ú>¬ , correspondingto combining
all theresolvablemultipathcomponents.

In orderto quantify thesystem’s performanceimprovementsdueto diversity, Fig.17.30
depictsthe BER asa function of the SNR per bit, namely \)] [�XZY . The individual curves
in eachfigure areparameterizedby the diversity order k�% , b . b 01010 b � . We assumedthat
theFH patternsweredesignedfrom theconstant-weightcodeC(32,16),therewere k ÿ %�
resolvablepaths,the numberof active userswas

ì %|�G$ and the spreadinggain of each
subcarriersignal was X�Å % ,<.���3 , i.e., the bit-durationto chip-durationratio was X %
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Figure17.31:BER versusSNR per bit performancefor constant-weightcodebasedSFH/MC DS-
CDMA systemsusinghard-detectionandú>¬þõPú´õ!¯ uponvaryingthevalueof ô and°

. For aconstantbandwidthassociatedwith ô  ° õm÷ û ª , thecombinationof ô  õm÷���ü
and

° õoöBü providesthebestperformancewhile alsoimposingthehighestcomplexity,
requiringahighbit/chipdurationratio ô® .

,<.�� . Fromtheresultsit is seenthatthesystem’s BER performanceis dramaticallyimproved
by increasingthe diversity order k . For MRC, the valueof k hasto be maximized. The
correspondingchoiceof km%¸k ÿ impliescombiningall theresolvablemultipathcomponents,
irrespective of thereceiver’s associatedcomplexity.

In Fig.17.31SFH/MC DS-CDMA systemshaving a constantsystembandwidthassoci-
atedwith theproductX ]1ò�%m.

( T
, but usingvariouscombinationsof thenumberof subcarri-

ers ò andbit-durationto chip-durationratioof X ] wereconsidered.In thissystem,increasing
thenumberof subcarriersimpliesdecreasingthe‘hit’ probability inflicted by theinterfering
usersandsimultaneously, decreasingthedirect-sequencespreadbandwidthof eachsubcar-
rier. Theparametersusedareshown in thefigure. For a constantsystembandwidthandfor
k ÿ %Ík�% é , weobserve thatalthoughò and X ] changeoverawide range,theBERperfor-
manceremainsindistinguishablefor relatively low SNRperbit values,namelybelow 15dB.
However, for higherSNRperbit values,in excessof 21dB,theBER performanceimproves
uponincreasingX ] .

Sinceincreasingthe value of X ] implies increasingthe DS spreadbandwidthand re-
sultsin decreasingthechip-duration,consequently, for agivenmultipathfadingenvironment
having an averagedelayspreadof

L " , the numberof resolvablepaths k ÿ % L " [ L2É , in-
creasesupondecreasing

L2É
. Hence,the assumptionof k ÿ % k % é

in Fig.17.31is im-
practical. Therefore,in Fig.17.32the performanceof a SFH/MC DS-CDMA systemusing
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Figure17.32:BER versusSNR per bit performancefor constant-weightcodebasedSFH/MC DS-
CDMA systemsusing hard-detectionand ú±¬�õ ú õ�ö�ùF÷�ù²�wùFø�ùFöBü upon varying the
valueof ô  and

°
. BestBERperformanceis achievedfor ahighdiversityorderof ú>¬ õú�õcöBü , combiningall associatedmultipathcomponents,regardlessof the associated

receiver complexity.

hard-detectionover a given multipath fadingenvironmenthaving an averagedelayspread
of
L " wasconsidered,asa function of k ÿ %Øk % , b . b Û b � and16. More explicitly, here

we assumedthattherewasoneresolvablepathat thereceiver for thesystemassociatedwithX ]Z%-,	� . Consequently, thenumberof resolvablepathswas k ÿ %m. b Û b � b ,	� for thesystems
using X ]¢% é . b � Û b ,�.�� b .���� , respectively. Furthermore,we assumedthat the receiver was
capableof combiningall theresolvablepathsregardlessof theassociatedcomplexity. Other
parametersrelatedto thecomputationswerethesame,asin Fig.17.31,which areshown in
the figure. The resultsindicatethat the BER performanceis significantly improved, when
increasingX ] . Hence,for signalsundergoingseverefading,a high numberof independent
subchannelsarerequired,in orderto enhancethesystem’sperformance.

For thesystemsconsideredin Fig.17.32to achievethebestBERperformancethereceiver
hasto haveahighdiversityorder. For example,for thesystemwith X ]Z%m.���� to achieve the
bestBER performance,the receiver hasto combineall the 16 multipathsignals.However,
at the time of writing the implementationof sucha complex receiver is impractical.Hence,
in Fig.17.33we considereda receiver with a maximumdiversity orderof k�% é , although
a highernumberof resolvablepaths,k ÿ , wasavailableat the receiver. Fromthe resultswe
infer that thecurve associatedwith òe%³� Û b X ]�%³� Û , or k ÿ % Û b kK% é achievesthebest
BERperformance.

Fromtheresultsof Fig.17.31to Fig.17.33we concludethat, for a SFH/MCDS-CDMA
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Figure17.33:BER versusSNR per bit performancefor constant-weightcodebasedSFH/MC DS-
CDMA systemsusinghard-detectionuponvarying the valueof ô´ and

°
for a maxi-

mumdiversityorderof ú�õq¯ and ú>¬yõ·ö�ùF÷�ù²�wùFø�ùFöBü . Giventhecomplexity constraint
of ú�õq¯ , thesystemassociatedwith ô®�õ·ü
�wù ° õ·ü
� , ú±¬yõ��wùtú�õµ¯ achievedthe
bestperformance.

systemhaving a constantsystembandwidthandusinghard-detection,from a systemopti-
mization point of view, the DS spreadbandwidthof eachsubchannelhasto be adjusted,
so that the resultingnumberof resolvable paths, k ÿ , is as closeto k as possible. Then
thereceiver canefficiently utilize theenergy dispersedover themultipathcomponents.The
requirednumberof subchannels,consequently, canbeobtainedby dividing thesystemband-
width by therequiredDSspreadbandwidth.

17.8.3 Detectionof SFH/MC DS-CDMA Signalswithout Knowledgeof

the FH Patterns: Blind Joint Soft-Detection

In the previous subsection,we studiedthe detectionof the SFH/MC DS-CDMA signals,
whenthereceiveremployedtheexplicit knowledgeof theFH patternof thetransmitterused,
whilst theperfectestimationof thechannelimpulseresponse(CIR) wasalsoassumed.Often,
however, the receiver is not suppliedwith the explicit knowledgeof the FH patterns.This
happensfor exampleat thecommencementof communicationsbeforethereceiver detected
this information,or in caseof soft hand-oversto otherbasestations.However, the lossof
informationunderthesecircumstancesis unacceptableandhencemorepowerful detection
algorithmsarerequired,thanthehard-detectiontechniquesof thelastsubsection.

If we assumethat the transmittedsignals are equally probable, symbol-by-symbol
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Maximum-LikelihoodSequenceDetection(MLSD) is consideredto betheoptimumreceiver
scheme[83,95,466]. In this subsectionwe investigatethe MLSD of SFH/MC DS-CDMA
signalsundertheassumptionthatall symbols(vectors)aretransmittedwith equalprobabil-
ity. We assumefurthermorethattheMRC outputsamplesaremutually independentrandom
variableshaving meanvaluegiven by Eq.(17.160)and, for simplicity, a commonvariance
givenby Eq.(17.165).HencethePDF of the � -th sampledsubchanneloutputof Fig. 17.18
canbeexpressedas:

¶ � >�·JA % ,V .�H ë �
È l#¸²¹Bºf»�¼ ¦¾½ m ææR¿ æ

b
(17.174)

where
N �Gf $Gh is given by Eq.(17.160)with Y��Gf $�hÀ� ï�a , b g , b $ ð , and ë T is given by

Eq.(17.165).

17.8.3.1 Maximum Lik elihoodDetection

Sincethe receiver is only awareof the weight of the transmittedconstant-weightcode,but
not thepositionsof thebinary‘1’s,thereceivernow hasto detectnotonly thepositionsof the
‘1’s,whichindicatethesubcarriersused,but alsotheantipodalbinarymodulatedinformation
conveyed by the activatedsubcarriers.Let us expressthe input dataof the schemeseenin
Fig.17.18in the vectorial form of Á�Â % ï�I Ã » Y b1I Ã » ( b 01010 b1I Ã » �
È ( ð , where $ Ê × Ê ¢ g
, representsthe constant-weightcodesetof weight 3 ( and ¢ is the numberof constant-
weightcodesincludedin this set.Thena setof 3 MRC samplesÃj% ï ! ( b ! T b 01010 b ! ��È ( ð
in Fig. 17.18 - which we refer to hereas a received symbol or vector - are input to the
’decisionunit’ invokinga joint ML detectionrule,which is basedonthedeterminationof the
probabilitiesdefinedas:

¶ > ÃFÄ£Á�Â A % ,> .�H ë TJA ��Å T p2rCs
g
��È (

� � Y !�� g W
.
L2M I Ã » �

&*È (
� � Y d

T �
T

. ë T
b

×þ%m$ b , b 01010 b ¢ g ,�0 (17.175)

Thedecisioncriterionis basedon selectingthesignalcorrespondingto themaximumof the
setof probabilities

ï ¶ > ÃFÄ£Á�Â A ð .
Upontakingthelogarithmof bothsidesof theabove equationwearriveat:

ÞàÔ > ¶ > ÃFÄ£Á�Â A % g 3 . ÞàÔ
> .�H ë T A g ,

. ë T
N > Ã b Á�Â A�b (17.176)



17.8. PERFORMANCE OF SFH/MC DS-CDMA SYSTEMS 615

where

N > Ã b Á�Â A %
�
È (

� � Y Äà!��
g W

.
L2M I Ã » �

&*È (
� � ( d

T � Ä T (17.177)

representstheEuclideandistancebetweenthedecisionvariablevectorof Ã andthetransmit-
teddatavectorof Á$Â . Findingthemaximumof ÞWÔ > ¶ > ÃFÄ£Á$Â A over thewholesetof legitimate
transmitteddatavectors Á�Â is equivalent to finding the vector Á�Â that minimizesthe Eu-
clideandistanceof

N > Ã b Á$Â A�b ×þ%m$ b , b 01010 b ¢ g , . Furthermore,by extendingEq.(17.177)
wearriveat:

N > Ã b Á�Â A %
��È (

� � Y !
T� g W

.
L2M &*È

(
� � Y d

T �
��È (

� � Y !��
I Ã » �

a W
.
L2M &*È

(
� � Y d

T �
T �
È (

� � Y
I T Ã » � b (17.178)

wherethefirst termon theright-handsideis a constantfor all × values,i.e., for all transmit-
ted datavectors.Furthermore,sincewe assumedthat the constant-weightcodeis from the
codeset

ï Á�Â ð , the third term is alsoconstantfor × %�$ b , b 01010 b ¢ g , . Consequently, the
minimizationof

N > Ã b Á�Â A is equivalentto themaximisationof thecorrelationmetricsof:

Æ > Ã b Á$Â A %
�
È (

� � Y !��
I Ã » � b ×þ%m$ b , b 01010 b ¢ g , b (17.179)

whichdefinesthecorrespondingdecisionrulebasedonselectingthesignalcorrespondingto
the maximumof the setof correlationmetrics

Æ > Ã b Á�Â A over the setof ¢ legitimatedata
vectorsmaybeinput to thetransmitterschematicof Fig.17.17.

Thedetectioncomplexity of areceivedsymbolor vectoris determinedby boththelength
andtheweightof theconstant-weightcode.For aconstant-weightcodeC

> 3 b 3 U A , thedetec-

tion complexity is proportionalto Ç ��D� . �D� - whereÇ indicatesthe’order’ of complexity

- sinceeachactivatedsubcarrierassociatedabinary‘1’ in theconstant-weightcodeC
> 3 b 3 U A

mayconvey a+1 or -1 databit. However, if 3 numberof different-ratetransmissionschemes
aresupported,andeachrateis invoked with anequala-priori probability, thenthe average
detectioncomplexity canbe expressedas Ç é � [ 3 . This detectioncomplexity becomes
excessive,whenevaluatingEq.(17.179)for all possiblecodewords,if thevalueof 3 is high.
In thenext two sectionswe imposesomelimitationson thetransmissionschemeby limiting
theminimumdistanceof theconstant-weightcodesrepresentingtheFH patterns,in orderto
simplify thedetectionprocess.
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17.8.3.2 ApproachI

To this effect, let usassumethat thesynthesizerof thereferenceuserin Fig 17.17generates
a total of 3í%Í. " subcarriers.This designchoiceconvenientlycoincideswith thepractical
implementationalconstraintsof invoking theFastFourierTransform(FFT) for modulation.
Assumefurthermorethat 3 ( %�. � b V�% $ b , b 01010 b  , numberof subcarriersareactivated.
Thenthe 3 numberof subcarrierscanbedividedinto 3 ( numberof groups,eachgrouphav-
ing È % 3 [ 3 ( %�. " È � subcarriers.A 3 ( -bit symbolor vectornow canbe transmitted
by 3 ( numberof subcarriersrandomlyselectedfrom the 3 ( groups,whereeachgroupcon-
tributesoneactivatedsubcarrier. Underthe above constraints,eachof the 3 ( groupsof È
subcarrierscanbe independentlydetected.This reducesthe numberof combinationsto be
consideredby thedetectorandhencethecorrelationmetricsof Eq.(17.179)canbereformu-
latedas:

Æ > Ã b Á Â A %
É�È (

� � Y ! �
I Ã » � a

T É�È (

� � É ! � I Ã » � a 01010 a
� i É�È (

� � l � i È ( m É ! �
I Ã » � b (17.180)

where
Æ Á % I Ã » Á É b1I Ã » Á É 7 ( b 010�0 b1I Ã » l Á 7 ( m É�È ( for

Ä % $ b , b 010�0 b 3 («g , representsa
constant-weightcodeC

> È b , A having a weightof one.SincetheMRC outputsin Fig. 17.18
aremutuallyindependentrandomvariables,the 3 ( termsin Eq.(17.180)canbecomputedin
aparallelfashion,which impliesthateachof the 3 ( bitscanbedetectedseparatelyby simply
consideringthe È numberof MRC outputsamples.Consequently, thedetectioncomplexity
of the 3 ( -bit symbolis now proportionalto Ç > .�3 ( È A±Ê Ç > .�3 A , whichis linearlydependent
on thetotal numberof subcarriers,but independentof theinformationrate.

Although the complexity of the above detectionapproachis low, it resultsin a reduced
detectionperformance.In orderto enhancethedetectionperformanceandat thesametime
simplify the computations,the FH patternscanbe designedby selectinga subsetof codes
having aminimumdistanceof

I
from theconstant-weightcodesC

> 3 b 3 ( A , whichis discussed
in thenext subsection.

17.8.3.3 ApproachII

Let C
> 3 b1Iwb 3 ( A representa constant-weightcodesethaving a codelengthof 3 andweight

of 3 ( , asdiscussedpreviously. Furthermore,let theminimumdistancebetweenany pair of
codesfrom C

> 3 b1Iwb 3 ( A be
I
. Then,this codeconstitutesa specificsubsetof the constant-

weight codeC
> 3 b 3 ( A , wherethe numberof codewordswas ¢ % �� i . By contrast,let

A
> 3 b1Iwb 3 ( A representthe numberof codewords of the constant-weightcodeC

> 3 b1Iwb 3 ( A .
Then, if the frequency hoppingpatternsare determinednow by all the A

> 3 b1Iwb 3 ( A code-

words,thedetectioncomplexity will be reducedfrom Ç �� i . � i to Ç A
> 3 b1Iwb 3 ( A . � i .

In fact,from ournumericalresultsin Subsection17.8.4.3,wewill seethat,if thevalueof the
minimumdistance

I
is sufficiently high andtheSNRis alsosufficiently high, thentheBER

performancewill beverycloseto thatof thereceiverhaving anexplicit knowledgeof theFH
pattern.This allows thereceiver to blindly acquirea restrictedsetof FH patternsexhibiting
aminimumdistanceof

I
, duringthecall-initiationprocess.This limited setof FH codescan

beusedby thetransmitterto signaltheactualFH codeusedfor thetransmissionof ‘payload’
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informationto thereceiver. Accordingto theabovephilosophy asetof constant-weightcode-
wordshaving a minimumdistanceof

I
is usedto convey theside-informationconstitutedby

the index of the FH codein the fixed weight codebookto be usedby the receiver. During
theconsecutive informationtransmissionphasethenthethewholesetof

�� i numberof FH
codesor patternscanbeusedwithout imposingany minimumdistancelimitations.

Thenonlinearconstant-weightcodeC
> 3 b1Iwb 3 ( A , where

I %¤.�b with b beinga positive
integer, hassomewell-known properties.Specifically, Theconstant-weightcodesconstitute
aclassof efficientcodessuitablefor error-correctionor error-detectionoverbothbinarysym-
metricalandasymmetricalchannels[467–469]. For completeness,someof them,which are
relatedto theforthcominganalysisarecharacterisedbelow.

Proposition1 Johnsonbound[468]:

Ë > 3 b .�b b 3 ( A Ê 3Qb
3 b g 3 ( > 3 g 3 ( A

b
(17.181)

providedthat 3 b � 3 ( > 3 g 3 ( A .
Proposition2 [469][pp.528]: Giventhat � is theinteger powerof a primenumber, wehave:

Ë > � T a , b .X� g . b � a , A %k� > � T a , A�bË > � è a , b .f� b � a , A %k� T > � T g � a , A 0 (17.182)

Proposition3 [469][pp.528]: Assumingthata
Û = } Û = Hadamard matrixexists,wehave:

Ë > Û = g . b . = b . = g , A %m. = bË > Û = g , b . = b . = g , A % Û = g , bË > Û = b . = b . = A %!� = g .w0 (17.183)

Basedontheabovelimitationsin thecontext of ApproachI andII, wecanexploit arange
of furtherpropertiesof thecodeC

> 3 b .�b b 3 ( A . Let usnow derive theexpressionsof theerror
probabilityfor theSFH/MCDS-CDMA systemusingblind joint soft-detection.

17.8.4 Performanceof theSFH/MC DS-CDMA receiver without Knowl-

edgeof the FH Patterns: Blind Joint Soft-Detection

Fig. 17.34 portraysan example of the previously discussedconstant-weightcodes. The
SFH/MCDS-CDMA systemof Fig.17.17usesaconstant-weightcodeC

> 3 b .�b b 3 ( A for acti-
vatingthesubcarriers.In thissectionweemploy receiver relyingonnoknowledgeof theFH
patternitself. However, thereceiver is awareof thenumberof theactive subcarriers.There-
ceiver’staskis thento evaluatethepreviouslyderivedcorrelationmetricsseenin Eq.(17.179).
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Thesemetricsmustbeevaluatedfor two differentscenariosin orderto demodulateaparallel
3 ( -bit symbolor vector.

Specifically, we have to considerthosecodes,which have identical ‘1’ positionsin the
FH code,correspondingto identicalactivatedsubcarriers,but potentiallyconveying different
datasymbolson theseactive subcarriers.We referto theseasintra-setcodesor intra-codes,
for short, which are exemplifiedin Fig.17.34. Explicitly, the above intra-codesarederived
from thesameconstant-weightcodeandactivatethesamesubcarriers.By contrast, theso-
calledinter-codesof Fig.17.34are derivedfromdifferentconstant-weightcodes,which have
thesamenumberof ‘1’ FH codepositions,but activatedifferentsubcarriers.

Figure17.34:Example of intra-codesand inter-codesof a constant-weightcode CÌ�ö
�wù²�wùR��Í for
SFH/MCDS-CDMA systemusing10subcarriers.

Consequently, in our proposedblind joint soft-detectionschemetwo different typesof
errorsexist, the intra-codeerrorsandthe inter-codeerrors. The probability of theseerrors
is denotedby W Ã ��Î�Õ Ñ >/C@A and W Ã ��Î Å Õ >/CWA , respectively. The intra-codeerrorsdo not result in
optingfor a codeotherthanthetransmitter’s codeandhencedo not inflict a constant-weight
FH codedecisionerror, they simply resultin somebits beingdemodulatederroneously. By
contrast,the inter-codeerrorsmay leadnot only to erroneousbit decisions,but alsoto opt-
ing for anotherconstant-weightcodeandhenceto potentiallymoreseverebit decisionerror
events.Thederivationof theexactexpressionfor theprobabilityof correctvectoror symbol
decodingis arduous,sincetheerrorprobabilitiesdependon all the

Ë > 3 b .�b b 3 ( A . � i number
of correlationmetricsevaluatedaccordingto Eq.(17.179).Hencebelow we derive theunion
upper-boundof theerrorprobability.
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Let us divide the entiresetof
Ë > 3 b .�b b 3 ( A . � i numberof informationvectorsor sym-

bolsinto
Ë > 3 b .�b b 3 ( A numberof sets,wherethevectorsfrom thesamesetactivatethesame

subcarriers.Hencethevectorsof thedifferentsetsconstitute’inter-codes’,whichwereexem-
plified in Fig.17.34.Henceeachsethas. � i vectors,sincetheinformationtransmittedby an
active subcarriermight be+1 or -1 andthereare 3 ( active subcarriers.Let thefirst vectorin
thefirst set,whichis denotedby Ï (v( betransmitted.Thentheunionupper-boundprobability
of anintra-codeerrorcanbeexpressedas[95,466]:

W Ã ��Î�Õ Ñ > 3 ¶ A %
T�Ð i
Á � T ò

Ä Ï (F(±g Ï ( Á Ä TÛ ë T b
(17.184)

where Ï ( Á is the
Ä
th vectorof the first set, Ä Ï (v(Fg Ï ( Á Ä T representsthe distancebetweenÏ (F( and Ï ( Á , and ë T is the commonvarianceof the MRC outputsamples,which is given

by Eq.(17.165).By contrast,theunionupper-boundprobabilityof aninter-codeerrorcanbe
writtenas:

W Ã ��Î Å Õ > 3 ¶ A %
Ñ l � » T ' » � i m
Ã � T

T�Ð i
Á � ( ò

Ä Ï (F(±g Ï Ã Á Ä TÛ ë T b
(17.185)

whereagain, Ä Ï (F(±g Ï Ã Á Ä T representsthedistancebetweenÏ (v( andÏ Ã Á .
Consequently, theunionupper-boundprobabilityof error is thesumof Eq.(17.184)and

Eq.(17.185),yielding:

W > 3 ¶ A %kW Ã ��Î�Õ Ñ > 3 ¶ AEa W Ã ��Î Å Õ > 3 ¶ A 0 (17.186)

Furthermore,thejoint probabilityof acorrectdetectionplusthatof anintra-codedecision
error representsthe probability of the event that the receiver selectedthe correctconstant-
weightcodematchedto thetransmittedone.Thiseventcorrespondsto thecorrectFH pattern
detectionprobability, which can be interpretedas the correct acquisition- or acquisition
success- probabilityexpressedas:

��%-, g W Ã ��Î Å Õ > 3 ¶ A 0 (17.187)

With theaidof Eqs.(17.184)to (17.187),wecannow approximatetheunionupper-bound
bit error probability performanceof the SFH/MC DS-CDMA scheme.For the previously
introducedApproachII of subsection17.8.3.3we will alsoconsidera moreaccurateerror
probabilityexpression.

17.8.4.1 ApproachI

Recallfrom ourpreviousdiscussionsthataccordingto ourApproachI in subsection17.8.3.2
eachgroupof È %`3 [ 3 ( subcarriersof the 3 ( groupscanbe separatelydetected,since
eachhostsone active subcarrier. The codesutilized by the È subcarriersof a group are
equivalentto aclassof

Æ > È b . b , A codewith
Ë > È b . b , A %kÈ . Thisclassof constant-weight
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codesincludes È numberof orthogonalinter-codes,eachactivating a singlecarrierin one
of the È possiblepositions.In otherwords,this scenariocanbeviewedasconsideringthe
independentdetectionof 3 ( numberof length È codes,which have a weight of 1 anda
minimum distanceof 2. Reduceddetectioncomplexity is attaineddueto decomposingthe
originaldetectionprobleminto 3 ( numberof low-complexity detectionsteps.

Sincethecross-correlationbetweentwo intra-codesis -1,hence,theintra-codeerrorprob-
ability conditionedon theCIR tapattenuationscanbeexpressedusingEq.(17.184)as:

W Ã ��Î�Õ Ñ > 3 ¶ b�ñ�A %¸ò . ñ b
(17.188)

where
ñ

is given by Eq.(17.171).By contrast,the union upper-boundof an inter-codeFH
sequenceerrorconditionedon theCIR tapattenuationscanbewrittenas:

W Ã ��Î Å Õ > 3 ¶ b�ñ�A %m. > È g , A ò > V ñ�A 0 (17.189)

Hencetheunionupper-boundprobabilityof intra- or inter-codeFH patternerrorscondi-
tionedontheCIR tapattenuationsis thesumof Eq.(17.188)andEq.(17.189),aswehaveseen
in Eq.(17.186).Theaverageunionupper-bounderrorprobabilityperbit for a givennumber
of hits,

ì À , is calculatedfrom theconditionalunionupper-boundprobabilityby weightingit
with theaid of its probabilityof occuranceexpressedin termsof thePDFof

ñ
, _ >Wñ�A , which

is givenby Eq.(17.58)with X�ÿ replacedby k and
ñ É

beinggivenby Eq.(17.171).It canbe
shown that:

WFÒ > ì À b ñ É A %W > ì À b ñ É AEa . > È g , A W ì À b ñ É.
b

(17.190)

where W > ì À b�Ò�A is givenby Eq.(17.172).

The averageunion upper-boundbit error probability for the receiver using the previ-
ously introducedblind soft-detectionApproachI of Subsection17.8.3.2canbe computed
by substitutingEq.(17.168)andEq.(17.190)into Eq.(17.166)with W > ì À b ñ É A replacedby
W Ò > ì À b ñ É A .

The acquisitionsuccessprobability for the caseof potentialhits inflicted by the
ì�g ,

interferingusersis expressedas:

� > ì À A %-, g . > È g , A W ] > ì À b ñ É A 0 (17.191)

Then the average acquisitionprobability for the proposedblind joint soft-detectionAp-
proachI of Subsection17.8.3.2can be computedby averagingEq.(17.191)over the dis-
tributionof thenumberof hits,yielding:

�¢%
.�È (
.Fj � Y

ì�g ,ì À W .FjÀ > , g W À A .�È
( ÈX.Fj � > ì À A 0 (17.192)
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17.8.4.2 ApproachII

For thepreviouslyintroducedblind joint soft-decisionApproachII of Subsection17.8.3.3,the
knowledgeof thedistancebetweenany pairsof constant-weightcodewordsis required.Ex-
plicitly, thisdistanceinformationis necessaryfor thecomputationof theunionupper-bounds
for the probability of intra-codeand inter-codeFH patterndetectionerrorsin Eq.(17.184)
andEq.(17.185),aswell asfor thedeterminationof theunionupper-boundof theFH pattern
detectionerrorprobabilityin Eq.(17.186).For specificsetsof constant-weightcodesexhibit-
ing an equaldistancein the context of arbitrarypairs,the exact union upper-boundcanbe
determinedfrom theabove mentionedequations.

Note that for intra-codesandfor sufficiently high SNRs,the probability of a singlebit
error in a 3 ( -bit symbol is significantly higher, than that of two bit errors,assumingthat
theMRC outputsarei.i.d randomvariables.Hencetheunionupper-boundprobabilityof an
intra-codeerrorin Eq.(17.184)canbeapproximatedby:

W Ã ��Î�Õ Ñ > 3 ¶ A & W Ã ��Î�Õ Ñ > S6S A %
� i
Á � T ò

Ä Ï (F(±g Ï ( Á Ä TÛ ë T b
(17.193)

wherewe replaced3 ¶ by
S�S

, in orderto indicatethat this probability is now not theunion-
upperboundof anintra-codeerroraccordingto ApproachII. Furthermore,Ï (F( andÏ ( Á are
two intra-codesactivatingthesamesubcarrier, but having a distanceof ’one’ betweenthem,
representinga one-biterror. Hence,thecross-correlationof Ï (F( and Ï ( Á is

> , g T� i A , and
consequentlytheerrorprobabilityof Eq.(17.193)canbewrittenas[95]:

W Ã ��Î�Õ Ñ > S6S b�ñ�A % > 3 (±g , A ò . ñ 0 (17.194)

By contrast,for aninter-codeerrorundersufficiently highSNRs,accordingto Fig.17.34,
themetricscomputedfrom Eq.(17.179)for thespecificdatavectorsÁ�Â otherthanthetrans-
mittedvectoraremaximized,if thebits of Á�Â in thepositionscorrespondingto theactivated
subcarriersof thetransmitterwereidenticalto thetransmittedbits. Thesecasesconstitutethe
mostprobableeventsof inter-codeerrorsandhenceEq.(17.185)canbeapproximatedby:

W Ã ��Î Å Õ > 3 ¶ A & W Ã ��Î Å Õ > S6S A %m. ' f Ë > 3 b .�b b 3 ( A g ,�hGò Ä Ï (F(±g Ï Ã Á Ä TÛ ë T b
(17.195)

whereagain, 3 ¶ wasreplacedby
S6S

, in orderto avoid confusionwith theunionupper-bound
of the inter-codeerror probability. Furthermore,Ï (F( and Ï Ã Á aretwo inter-codeshaving a
minimum distanceof

I % .�b . The conditionalprobability of error in Eq.(17.195)canbe
hencesimplifiedto:

W Ã ��Î Å Õ > S6S b�ñ�A %�. ' f Ë > 3 b .�b b 3 ( A g ,�hGò > V b ñ�A 0 (17.196)

Notethatin deriving Eq.(17.196),accordingto Fig.17.34,thecross-correlationbetweenÏ (F(
andÏ Ã Á is , g '� i , sincethe‘0’ elements(Off-state)of theconstant-weightcodeareincluded
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in thecorrelationcomputations.
The total bit error probability conditionedon the CIR tap attenuationsis constitutedby

bothintra-andinter-codeerrors,whichcanbeapproximatedas:

W > S�S b�ñ�A % ,
3 ( W Ã ��Î�Õ Ñ

> S6S b�ñ�AEa ,
. W Ã ��Î Å Õ

> S6S b�ñ�A
(17.197)

accordingto theabove analysis.Theaveragebit errorprobabilityfor agivennumberof hits,ì À , is calculatedfrom the conditionalbit error probability of Eq.(17.197)by averagingit
with respectto thePDFof

ñ
, _ >Wñ�A , which is givenby Eq.(17.58)with X�ÿ replacedby k andñ É

beinggivenby Eq.(17.171).Following thisaveragingor integrationwehave:

WFÒ�Ò > ì À b ñ É A % 3 (±g ,
3 (ÓW > ì À b ñ É AEa .

' f Ë > 3 b .�b b 3 ( A g ,�h
. W ì À b b ñ É.

b
(17.198)

where W > ì À b�Ò�A is givenby Eq.(17.172).
Theaveragebit errorprobabilityof thereceiverusingtheblind soft-detectionApproachII

of Subsection17.8.3.3can be computedby substitutingEq.(17.168)and Eq.(17.198)into
Eq.(17.166)with W > ì À b ñ É A replacedby W Ò�Ò > ì À b ñ É A .

The acquisitionsuccessprobability for the given numberof hits inflicted by the
ì�g ,

interferinguserscanbeexpressedas:

� > ì À A %j, g . ' f Ë > 3 b .�b b 3 ( A g ,�h�W > ì À b b
ñ É
.
A 0 (17.199)

Finally, the averageacquisitionsuccessprobability of the blind joint soft-detectionAp-
proachII can be computedby averagingEq.(17.199)over the distribution of the number
of hits, which wasgiven in Eq.(17.192)with � > ì À A replacedby Eq.(17.199).Let us now
characterizedtheperformanceof theblind soft detectionApproachI andApproachII.

17.8.4.3 Numerical Results

In Fig.17.35weestimatedtheupper-boundBERof ApproachI uponcombiningkm%j, b é b �
pathsin thereceiver. TheBERof hard-detectionbasedon theapproachof Subsection17.8.2
wasalsoplottedasa benchmarker, assumingthat the receiver exploited theexplicit knowl-
edgeof theFH patterns.Theparametersrelatedto thecomputationswereshown in thefig-
ures. The resultsdemonstratethat thesystemprovidesdramaticBER improvements,when
thenumberof combineddiversitypaths,k , increases.However, theresultsalsodemonstrate
thatoptingfor theblind joint soft-detectionApproachI of Subsection17.8.3.2increasedthe
BERwith respectto hard-detection.

In Fig.17.36weevaluatedtheintra-codeWordErrorRate(WER)andtheinter-codeword
error rate, as well as their sum for the SFH/MC DS-CDMA systemusing the blind joint
soft-detectionApproachII of Subsection17.8.3.3. We employed the FH descriptioncode
of C(16,12,8),having a minimum distanceof

I %z,�. betweenthe constant-weightcodes,
which correspondedto b_%�� . Sincethe intra-codeword error probability is the codeword
errorprobabilityof thesoft-detectiontechniqueproposed,whenthereceiver hasthea-priori
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Figure17.35:Comparisonof theBER versusbit-SNRperformancebetweenthehard-detectiontech-
nique of Subsection17.8.2and blind soft-detectionusing ApproachI evaluatedfrom
Eqs.(17.190),(17.166)and(17.168)for theconstant-weightcodeC(16,8), ú>¬rõÔ� re-
solvablepaths,diversitycombiningordersú´õmö�ùB¯�ùz� , ý�õ=�
� usersandabit-duration
to chip-durationratio of ô®�õ öB÷Bø . The remainingparametersareexplicitly statedat
thetop of theillustration. TheBER performanceof hard-detectionis superiorto thatof
theblind joint soft-detectionusingApproachI.

knowledgeof the FH patterns,the resultsshown in this figure explicitly illustratethe com-
parisonof theword error rateperformancebetweentheSFH/MC DS-CDMA systemusing
blind joint soft-detectionand that usingsoft-detectionwith a-priori knowledgeof the FH
patterns.From the resultswe concludedthat undervariousSNR conditionsthe total WER
wasdominatedby oneof its contributing factors.Namely, for very low SNRperbit valuesor
very low numberof diversityfingers,suchas kK% k ÿ %�, , theperformancewasdominated
by theworderrorrateof theinter-codedecisions.By contrast,for moderateto highSNRsper
bit andfor highdiversityordersk�%Ík ÿ %!� , theworderrorrateof theintra-codeerrorswas
moredominant.However, for thecaseof km%Ík ÿ % é andfor sufficiently highSNRsperbit,
the resultantword error ratewasdependenton both the intra-codeandthe inter-codeerror
events. Basedon the fact that theword error rateof blind joint soft-detectionis thesumof
theintra-codeandinter-codeWER,theblind joint soft-detectionapproachis outperformedby
thesoft-detectiontechniqueusingthea-priori knowledgeof theFH patterns.This becomes
explicit for k�%-, b k�% é andfor k�%!� at relatively low SNRperbit valuesin Figure17.36.
However, for k %�� at sufficiently high SNR per bit valuesthereis effectively very little
differencebetweenthe word error rateperformancecurvesof the blind joint soft-detection
scheme(Intra+Inter-codecurve)andthesoft-detectionarrangementusingthea-priori knowl-
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Figure17.36:Word error rate (WER) versusSNR per bit performanceof the constant-weightcode
basedSFH/MCDS-CDMA systemusingtheblind soft-detectionApproachII. For Õ×ÖØ
, sufficiently highSNRperbit valuesandsufficiently highdiversityorders,theaverage

error probability of blind joint soft-detectionusing ApproachII is dominatedby the
intra-codeerrors.

edgeof theFH patterns(Intra-codecurve). Sincetheinter-codeword errorrateis a function
of Ù , weinfer from Eq.(17.194)andEq.(17.196)thatif ÙÛÚµÜ , thetotalworderrorratewill be
dominatedby Eq.(17.194),providedthattheSNRperbit is sufficiently highandthechannel
fadingis sufficiently benignor thediversityorderis sufficiently high. Thispropertysuggests
that for Ù�ÚÔÜ intra-codeerror-control techniquescanbe introduced,in orderto correctthe
intra-codeerrorsby increasingtheminimumdistancebetweentheintra-codesandhencede-
creasingthe intra-codeword error rateof Eq.(17.194).This would decreasethe total word
errorrateof theblind soft-detectionusingApproachII.

Finally, in Fig.17.37we characterisedtheprobabilityof thesuccessfulFH codeacquisi-
tion for theblind soft-detectionApproachI andthatof theblind soft-detectionApproachII
for the multi-ratetransmissionscenariodiscussedpreviously, underthe assumptionthat all
the interferingusersemployedthesameconstant-weightcodes,namelyC(32,16).Fromthe
resultswe observe that for ApproachI theprobabilityof successfulFH codeacquisitionbe-
comeshigher, whentheconstant-weightcodesassociatedwith higherinformationratesare
used.By contrast,for ApproachII andfor thespecificsetof constant-weightcodesweused,
C(32,8,4)achievedthebestperformance.Nevertheless,if theSNRperbit is sufficiently high,
thecurvescorrespondingto theconstant-weightcodesof C(32,4,2),C(32,8,4)andC(32,14,8)
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C(32,16), Lp=L=3, K=50, Nb=256
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Figure17.37:Acquisitionsuccessprobabilityof theconstant-weightcodebasedSFH/MCDS-CDMA
systemusingtheblind soft-detectionApproachI andII, undertheassumptionof constant
spreadinggain for multi-ratebasedsystems.If theSNRperbit is sufficiently high,blind
joint soft-detectionscanacquiretheFH patternsusedwith ahighprobability, while also
detectingthetransmittedinformationbits.

will tendto asuccessfulacquisitionprobabilityof unity.
This allows the receiver to blindly acquirea restrictedset of FH patternsexhibiting a

minimumdistanceof Ý . This restrictedsetof FH patternscanthenbeusedby thetransmitter
to signaltheindex of theactualFH codesusedfor thetransmissionof ‘payload’ information
to the receiver. During the informationtransmissionphasethena randomlyselectedsetof
FH patternsfrom the Þ ß numberof FH codescanbeusedwithout imposingany minimum
distancelimitations. In otherwords,following theblind detectionof the ’side-information’
constitutedby theFH codesusedby thetransmitter, successivecommunicationscanbebased
on theexplicit knowledgeof theFH patterns.

17.9 Chapter Summary and Conclusions

Following abrief classificationof themostpopularMC-CDMA systemsin thischapterwein-
troducedslow frequency hoppingfor improving thesystem’sperformanceandflexibility . The
proposedSFH/MCDS-CDMA systemis capableof efficiently amalgamatingthetechniques
of slow FH, OFDM andDS-CDMA. Nonlinearconstant-weightcodeshavebeenintroduced,
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in orderto controltheassociatedFH patterns,andhenceto activatea numberof subcarriers,
in orderto supportmulti-rateservices.Hard-detectionor blind joint soft-detectionhavebeen
proposedfor signaldetection.Thehard-detectionexploitstheexplicit knowledgeof of theFH
patteremployed,while the soft-detectionassumesno apriori knowledgeof the FH patterns
used.Thepropertiesof theconstant-weightFH codeshave beeninvestigatedin conjunction
with specificsystemparameters,andtheperformanceof theproposedSFH/MCDS-CDMA
systemsusingeitherhard-detectionor blind joint soft-detectionhasbeenevaluated,under
the conditionsof supportingconstant-rateor multi-rateservices.From the resultswe con-
cludedthat theblind joint soft-detectiontechniquesarecapableof detectingthetransmitted
informationandsimultaneouslyacquiringtheFH patterns.
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Glossary

ACL Auto-correlationof asequence

adaptive-rate a termappliedto techniquesthatadaptthebit rateaccordingto certaincriteria

AQAM Adaptive QuadratureAmplitudeModulation,a transmissionschemewherethe

modulationmodeis adaptedaccordingto certaincriteria

ARIB Associationof RadioIndustriesandBusinessesin Japan

AWGN AdditiveWhiteGaussianNoise

BCH Bose-Chaudhuri-Hocquenghem,A class of forward error correcting codes

(FEC)

BER Bit errorrate,thenumberof thebits receivedincorrectly

blind detection A dataor parameterestimationtechniquethat doesnot requirereferencese-

quencesto betransmittedor parameterestimationto becarriedout separately

BPS Bits PerSymbol,indicatesthethroughputperformance

BPSK BinaryPhaseShift Keying, a typeof datamodulationscheme

BS A commonabbreviation for BaseStation

CATT ChineseAcademyof TelecommunicationTechnology

CCL Cross-correlation,usuallyof two differentsequences

CDMA CodeDivision Multiple Access,a multiple accessschemewheremultiple users

transmitsimultaneouslywithin the samebandwidthandareseparatedthrough

theuseof auniquespreadingcodefor eachuser

CIR ChannelImpulseResponse

CRAD CoherentReceiverAntennaDiversity, wherethereceivedsignalsfrommorethan

oneantennaarecoherentlycombinedto obtainsignalgain.

DBPSK DifferentialBinaryPhaseShift Keying, a typeof datamodulationscheme

decorrelator A detectorthatremovesthecorrelationof all theinterferersignalswith thesignal

of thedesireduser

891
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diversity A techniqueemployedto obtainperformancegainwheredifferentreceivedver-

sionsof the samesourcesignalarecombinedin order to improve the system

performance

DS-CDMA Direct SequenceCodeDivision Multiple Access,a sub-classof CDMA where

eachtransmittedbit is directly multiplied with a spreadingsequencein orderto

spreadits bandwidth.

ETSI EuropeanTelecommunicationsStandardsInstitute

FDMA Frequency Division Multiple Access,a multiple accessschemewheredifferent

userstransmitin differentbandwidthsin ordernot to interferewith eachother

FFH FastFrequency Hopping

FH-CDMA Frequency Hopping Code Division Multiple Access,a sub-classof CDMA

wherethecarrierfrequency of theCDMA useris switchedaccordingto apattern

determinedby its uniquecode

IC InterferenceCancellation,a type of multiuserreceiver for CDMA wherethe

receivedsignalis regeneratedfrom previousdataestimatesandcancelledfrom

thecompositereceivedsignal,in orderto provide morereliableestimatesafter

thecancellationstages

IMT -2000 InternationalMobile Telecommunications2000

interleaving A techniqueemployedto randomizebursterrorscausedby fadingin themobile

channel.The transmittedbits arearrangedaccordingto a known orderbefore

transmissionandat the receiver the received symbolsarere-arrangedinto the

pre-transmissionorder so that the bursty errorscan be separated.This helps

improve theperformanceof thechanneldecoder.

IS-95 Interim Standard95, thedefinitionof thecellular(800MHz) CDMA Common

Air Interface

ISI Inter-symbol Interference,interferencecausedby the time dispersionof the

widebandchannelwherethetransmittedsymbolsinterferewith eachother

JD JointDetectionor JointDetector, a typeof multiuserreceiver thatusesequaliza-

tion techniquesto detectjointly detectthesymbolsof multipleusers

JD-CDMA Joint DetectionCDMA system,a CDMA systemthat employs joint detection

receivers

LMS LeastMeanSquarealgorithm,a linear adaptive filtering algorithmthat recur-

sively optimizesthe filter tap weights in order to obtain the minimum mean

squareerrorat theoutputof thefilter

MAI Multiple AccessInterference,the interferencecausedby multiple userstrans-

mitting simultaneouslywithin the samebandwidthand is usually usedin the

context of CDMA systems

MAP Maximum A Posteriori,the maximuma posterioriprobability criterion maxi-

mizestheprobabilityof makingacorrectdecision

matchedfilter A filter that hasan impulseresponsethat is matchedto the waveform of the

desiredsignalandmaximizestheSNRat theoutputof thefilter
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MC-CDMA Multi-Carrier CodeDivision Multiple Access,a sub-classof CDMA wherea

datasymbolis spreadwith aspreadingsequenceinto say, à chipsandeachchip

of the spreaddatasymbol is transmittedover a narrowbandsubcarrierin the

frequency domain.

MLSE Maximum Likelihood SequenceEstimation,a sequenceestimationtechnique

that producesthe most likely transmittedsequencebasedon a metric that is

optimizedfor acertaincriterion

MMSE Minimum MeanSquareError

MMSE-BDFE Minimum Mean SquareError Block DecisionFeedbackEqualizer, a type of

joint detectionreceiver that minimizesthe meansquareerror and feedsback

alreadydetectedsymbolsto improve thereliability of theoutputestimates

MMSE-BLE Minimum MeanSquareError Block LinearEqualizer, a typeof joint detection

receiver thatlinearlyminimizesthemeansquareerror

MRC Maximal RatioCombining,a diversitycombiningtechniquewheremultiple re-

ceivedsignalsarecoherentlycombined

MS A commonabbreviation for Mobile Station

multipath diversity Multiple versionsof thetransmittedsignalareobtainedat thereceiverdueto the

differentmultipathsin achannelandthesignalsof thesepathscanbecombined

in orderto provideperformancegain

multiuser receiver A receiver thatemploys availableknowledgeon thepropertiesof all the trans-

mitting usersin orderto detectthedatasymbolsof all theusers

near-far effect Thephenomenonthatoccurswhenthesignalsfrom differentusersarrive at the

basestationwith differentsignalstrengths.Thestrongersignalsswampout the

weakersignals,thusseverelydegradingtheperformanceof theweakersignals.

PDF ProbabilityDensityFunction

PIC Parallel InterferenceCancellation,an interferencecancellationreceiver where

the received signalsof all the interferersarecancelledfrom the received com-

positesignalateachcancellationstagein orderto generateamorereliablesignal

for thedataestimationof thedesireduser

PN sequence Pseudo-noisesequence,or pseudo-randomsequence,which is a generatedse-

quencethatexhibitsnoise-likeproperties

power control A techniqueusedto combatthe near-far effect wherethe power control algo-

rithm attemptsto regulatethe transmittedpowersof all the userssuchthat the

signalsof all theusersarrivewith similar strengthsat thereceiver.

PSD PowerSpectralDensity

PSP Per Survivor Processing,a trellis-decodingalgorithm, wherethe requiredpa-

rameters,for exampleCIR estimates,areunknown. Theparameterestimationis

carriedout in a ”per-survivor” fashion,which meansthata parameterestimator

is assignedto eachsurviving datasequenceof thetrellis.

QAM QuadratureAmplitudeModulation
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RAKE A multipathdiversitycombiner, that inheritedits namefrom theway it “rakes”

in all the incomingpulsesto form anequalizedsignal. Thesignalenergy from

differentmultipathsarecombinedaccordingto thechosendiversitycombining

technique.

RLS Recursive Least Squares,an adaptive filtering techniquewhere a recursive

methodis usedto adaptthe filter tap weightssuchthat the squareof the error

betweenthefilter outputandthedesiredresponseis minimized

SFH Slow Frequency Hopping

SIC Successive InterferenceCancellation, an interferencecancellation receiver

whereonly thereceivedsignalsof all the interferersthataremorereliablethan

thedesiredsignalarecancelledfrom the receivedcompositesignalin orderto

generateamorereliablesignalfor thedataestimationof thedesireduser

SINR Signalto InterferenceplusNoiseratio,sameassignalto noiseratio(SNR)when

thereis no interference.

SNR Signalto NoiseRatio,noiseenergy comparedto thesignalenergy

SOVA Soft OutputViterbi Algorithm, a trellis algorithmthatgeneratesthemostlikely

sequencein soft decisionsaccordingto theconstraintsof the trellis andthere-

ceivedsignal

SSMA SpreadSpectrumMultiple Access

TDD Time Division Duplex, a transmissionprotocolwheretheuplink anddownlink

transmissionsarecarriedout in thesamefrequency but separatedin time

TDD-CDMA TimeDivisionDuplex CodeDivisionMultiple Access,amultipleaccessscheme

thatcombinesTDD andCDMA

TDMA Time Division Multiple Access,a multiple accesstechniquewhere multiple

userstransmitin the samebandwidthbut are separatedin time throughuser-

designatedtimeslots

TH-CDMA Time Hopping CodeDivision Multiple Access,a sub-classof CDMA where

eachusertransmitsin thetimeslotsdeterminedby its spreadingsequence

TIA TelecommunicationsIndustryAssociationin USA

UMTS UniversalMobile TelecommunicationsSystems

UTRA UMTS TerrestrialRadioAccess

Viterbi algorithm A trellis algorithmthatgeneratesthemostlikely sequenceaccordingto thecon-

straintsof thetrellis andthereceivedsignal

VSF VariableSpreadingFactor, an adaptive rate transmissionschemefor CDMA,

wherethe bit rate is adaptedby varying the spreadingfactor but keepingthe

chip rateconstant

W-CDMA WidebandCodeDivision Multiple Access,a high chip-rateandbit-rateCDMA

air interface,wherethe mobile channelbandwidthis very wide andthe fading

within thechannelis frequency-selective. In general,theminimum bandwidth

of widebandCDMA is 5 MHz.
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WMF WhiteningMatchedFilter, afilter thatwhitensthereceivednoiseandmaximizes

theSNRat theoutputof thefilter

ZF-BDFE Zero Forcing Block DecisionFeedbackEqualizer, a type of joint detectionre-

ceiver that eliminatesall the interferenceat the expenseof noiseenhancement

andfeedsbackalreadydetectedsymbolsto improve thereliability of theoutput

estimates

ZF-BLE Zero Forcing Block Linear Equalizer, a type of linear joint detectionreceiver

thateliminatesall theinterferenceat theexpenseof noiseenhancement
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