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Chapter

Prologue- Intr oduction to
Intelligent BroadbandWireless
Transcewvers

1.1 Motivation of the Book

Againstthe back-clothof the explosive expansionof the Internetandthe continueddramatic
increasdn demandfor high-speednultimediawirelessservicesthereis anurging demand
for flexible, bandwidth-eficient transceiers. Multi-standardsoperationis alsoanimportant
requiremenfor the future generation®f wirelesssystems.In this introductorychapterwe
presenta versatilebroadbandmultiple accessscheme combiningfrequeng-hopping (FH)
with multicarrierDS-CDMA (FH/MC DS-CDMA). The proposed~-H/MC DS-CDMA sys-
temframework is capableof meetingthe requirement®f future mobile wirelesssystemsby
supportingthe existing 2nd- and 3rd- generatiorsystemswhile alsointroducingmore ad-
vancedtechniquedacilitatedby the employmentof Software DefinedRadios(SDR) [1-3].
andwith theaid of efficientadaptve base-bandlgorithmg4,5]. This genericsystemdesign
framework will be usedthr oughoutthe monographasthe unifying backboneof the var-
ious intelligent algorithms and systemsproposed.No doubt that the concrete solutions
proposedconstitute only a miniscule fraction of the set of potential solutionsto wire-
lesscommunicationsproblems.Our hopeis however that the book will be motivational,
inspiring further reseach and leadingto more advancedwir elesssystemsolutions.
The designof attractive wirelesstransceiershingeson a rangeof contradictoryfactors,
which aresummarisedh Figurel.1. Theessencef thisillustrationis thatof contrastinghe
conflictingdesignfactorsof wirelesssystemdgrom differentperspecties. For example,given
a certainwirelesschannel,it is alwaysfeasibleto designa transmissiorschemecapableof
furtherincreasinghe achiezabletransmissionntegrity at the costof invoking'smarter'and
hencemoresophisticatesgignalprocessingAlternatively, the transmissionntegrity maybe
increasedeven without increasingthe system$ compleity, provided that for examplethe
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turbo channelcoding/interleging delaycanbe furtherextended.Naturally, thisis only pos-
siblein the contet of delay-insensitie, ie. non-interactre datacommunicationsbut notin
delay-sensitie interactive speector videosystemslt is alsorealisticto increasehesystems
integrity by invoking a more robust but lower throughputmodulationschemeasit will be
demonstratethroughouthis monographagain oftenwith the addedbenefitof reducingthe
systems compleity. Naturally, diversesystemsolutionsaccruewhen optimising different
featuresf the system.

By contrast,it is always possibleto increasehe achiezable effective throughputof the
system|f the systems targetintegrity may be relaxed, which facilitatesthe employmentof
anincreasedhroughputbut moreerrorsensitve transmissiorschemeAs anothedesignal-
ternative to emplyingmorerobustmodulationschemesvhenrequiringareducedamgetBER,
thechannekodingratemaybereducedijn orderto increasghe transmissionntegrity atthe
costof sacrifycingthe effective throughputof the system.aswell asincreasinghe system$
complity. Whenthe fadingchannels characteristicendthe associatedbit error statistics
change differenttranscerer modesmay have to be activated. Furthermorethe channels
impulseresponseandthe associatedlispersionvaries,astherecevver roamsin differenten-
vironments. The subjectof this monograptis that of providing powerful solutionsto these
problemswith particularemphasi®n variousCDMA transcvers,which have found favour
in all therecentthird-generatiorwirelesssystems.

Our intention with the book is multi-f old:

1) First,wewouldliketo paytributeto all reseachers, colleaguesandvaluedfriendswho
contributedto thefield. Hencethis bookis dedicatedo them,sincewithout their quest
for betterCDMA transcerer solutionsthis monograplcouldnot have beenconceved.
They aretoonumerougo namehere hencethey appeain theauthorindex of thebook.

2) Sinceat the time of writing no joint treatmentof the subjectscovered by this book
exists, it is timelyto compilethe mostrecentadvancesn thefield. Henceit is our hope
thattheconceptiorof thismonaraphonthetopicwill presenanadequateortrayal of
thecommunitys recentreseach efforts andspurthisinnovationprocesdy stimulating
furtherreseach in thewirelesscommunicationseseach community

1.2 Organisationand Novel Contrib utions of the Book

The book is constitutedby four partsandthe gradeof challengeaswell asthe amountof
knowledgeassumeds graduallyincreasingowardsthe endof the book. Below, we present
the outlineandrationaleof themonograph:

e Partl providesadetaileddiscourseon multiuserdetectionaimingfor furnishingade-
tailed historicalperspectie on thetopic. Our discussionsareembeddedn the generic
systemdesignframework to be outlinedat a later stagein this introductorychapter

e Chapter 2: A basicexpositionof the principlesof CDMA transmissiorandreception
is presentedn this chapter The corventional CDMA recever, i.e. the matchedfilter
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Implementational
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Figure 1.1: Factorsaffecting the designof wirelesstranscerers(©JohnWiley andIEEE Press 2002,
Hanzo,Liew, Yeap[5]

is investicatedandits performancén synchronoussaussiarcthannelss analyzed The
effects of variousspreadingsequencesn the bit error rate (BER) performanceare
alsoconsideredFinally, aliteraturesurey of multiuserreceversis discusse@ndthe
variousreceversarelooselyclassified.

e Chapter 3: Joint detection(JD) recevers, which constitutea classof multiuserre-
ceivers are introduced. Thesemultiuserrecevers are derived from the well-known
single-uselequalizerswhich areusedto equalizesignalsthat have beendistortedby
inter-symbolinterferencélSI) dueto multipathchannelsTheadoptionof thesesingle-
userequalizerss supportedby the fact that the ISI inflicted by a K -pathdispersie
channelis similar to the multiuserinterferencedueto K users.As a preliminaryin-
troductionto joint detectiona brief overview of single-useequalizationis presented.
This is followed by the portrayalof the theoreticalbasisof four joint detectionre-
ceivers,namelythe zero-forcingblock linearequalize(ZF-BLE), the minimummean
squareerror block linear equalizer(MMSE-BLE), zero-forcingblock decisionfeed-
backequalizern(ZF-BDFE) andthe minimum meansquareerror block decisionfeed-
backequalizefMMSE-BDFE).Theimplementationatompleity of thesereceversis
estimatedand a simple methodof reducingthe compleity is presented.Finally, the
effectsof multipathdiversity, channekodingandchannekstimatiorerrorsonthe BER
performancesf the JD receversarepresente@gnddiscussed.

e Chapter 4: In this chapter adaptve-rate CDMA techniquesare introduced,where
theinformationrateis variedin accordancevith the channelquality. Theinformation
rateis choseraccordinglyin orderto provide the besttrade-of betweerthe BER and
throughputperformancdor a givenapplication. The signalto interferenceplus noise
ratio (SINR) at the outputof the JD recever is derived andthis parameteis usedas
the criterion for adaptingthe informationrate. Two differentmethodsof varying the
informationrate are considerednamelythe Adaptive QuadratureAmplitude Modu-
lated(AQAM) JD-CDMA systemandtheVariableSpreading-actor(VSF) JD-CDMA
scheme. AQAM is an adaptve-ratetechniquewherebythe datamodulationmodeis
chosenaccordingto somecriterion relatedto the channelquality. On the otherhand,
in VSFtransmissiontheinformationrateis variedby adaptingthe spreadingactorof
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the CDMA codesused,while keepingthe chip rateconstant. The performanceof the
proposedAQAM JD-CDMA andVSF JD-CDMA schemess evaluatedanddiscussed
in relationto fixed-rateschemesA numericalmethodfor obtainingthe BER of the JD
receveris presentedywhichemplo/sthe SINR attherecever outputandtheassociated
semi-analyticaperformances comparedo the simulationresultspresentedFinally,
a performanceomparisorbetweerthe two differentadaptve-ratemethodss carried
outandacombinedAQAM-VSF schemss investicated.

Chapter 5: Another classof multiuserreceversis considerednamelythe family
of interferencecancellation(IC) recevers. TheselC receversare often divided into
threecategyories,namelysuccessie interferencecancellation(SIC), parallelinterfer
encecancellationPIC)andhybrid IC, whichis acombinatiorof theformertwo. Here,
the SIC andPIC receversareanalyzedn termsof their BER performanceandcom-
plexity. The performanceof thesereceversin adaptve-rateCDMA schemess also
investicatedand again, the SINR at the output of eachreceier is derived and used
asthe switchingcriterionin the adaptve schemesFinally, performancecomparisons
betweerthelC andJD receversarecarriedout.

Chapter 6: A joint datadetectorand channelimpulseresponsgCIR) estimatoris
proposedn thischapternamelytheblind PerSurvivor ProcessingPSP)ecever. This
recever performsjoint datadetectionand CIR estimationat the recever, without the
aid of trainingsequencesTheblind PSPreceveris proposedor the bit-synchronous,
multipath,multiuserscenariowhereareducedcompleity tree-search-basedgorithm
is employedfor datadetectionandCIR estimationis performedby adaptve Recursie
LeastSquareqRLS) estimators.The performanceof this recever is investigatedfor
static, slowly-fadingandfast-fading multipathchannels.The PSP-CDMArecever is
alsocombinedwith errorcorrectiontechniquespamelyturboconvolutional coding,in
orderto improve the performancef the system.The performancedf the turbo-coded,
PSP-CDMArecever is analyzedor variousfadingscenariog@ndthe performancdor
variousturbo-codedschemesrecompared.

Chapter 7: In this chaptemwe investigatethe performancef single-carrieWideband
CDMA (W-CDMA) schemes.Furthermorewe employ space-timespreading(STS)
basedransmitdiversity, whenencounteringnultipath Nakagami-m fadingchannels,
multiuserinterferenceandbackgroundhoise.Our analysisandtheresultswill demon-
stratethat the diversity gains achieved by STS andthoseowing to multipath diver-
sity accruingasa benefitof the channels frequeng-selectvity areindependentFur-
thermore we will shav thatboththe STSbasedransmitdiversity andthe multipath-
inducedrecever diversity achiezed with the aid of the channels frequeng-selectvity
appeatto have the sameorderof importanceand henceoffer similar potentialperfor
mancebenefits.

Wewill argue,howveverthatin certainnon-dispersie indoorpropagtionervironments
thechannelmayhave asingleresohablepropagtionpathandhencenoreceverdiver
sity gain may be achieved. Given a fixed chip-rateassociateavith a constantsystem
bandwidth,suchasin the third-generatiolMT2000 standardof Chapter20, in this
scenariothe numberof resohable multipath componentsaindthe associatedecever
diversity gain cannotbe increasedy increasingthe chip-rate. We will arguein this
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chapterthatin this casethe intelligent systemframevork proposecat a later stagein
this Prologueis expectedto configureitself for attaininga highertransmitdiversity
gain.

More specifically basedon the time-varying characteristicef the wirelesscommuni-
cationchannelsin thischapteranadaptve STSbasedransmissiorschemes proposed
andinvestigated,which adaptghe modeof operationof its STSschemeandits corre-
spondingdatarateaccordingto the nearinstantaneoufrequeng-selectvity informa-
tion fed backfrom the mobile recever to the basestations transmitter Our numerical
resultsshaw thatthis adaptve STS schemads capableof efficiently exploiting the di-
versity potentialprovided by the channels frequeng-selectvity, hencesignificantly
improving the effective throughputof W-CDMA systems.

To elaboratea little further, since W-CDMA signals are subjectedto frequeng-
selectve fading,the numberof resohable pathsat the receiver may vary over a wide
rangedependingon the transmissiorervironmentencounteredlt is shavn thatif the
channels gradeof frequeng-selectvity is sufficiently high, thereis no needto em-
ploy transmitdiversity Thereforein this chapteranadaptve STSbasedransmission
schemads proposedor improving the throughputof W-CDMA systems Specifically
when the numberof resohable pathsis low and hencethe resultantBER is higher
thanthe requiredBER, thena low throughputSTS-assistettansmittermodeis acti-
vated,which exhibits a high transmitdiversity gain. By contrast,whenthe number
of resohable pathsis high and hencethe resultantBER is lower than the required
BER, thena higherthroughputSTS-assistettansmittermodeis activated,which has
alower transmitdiversity gain. Our numericalresultswill demonstrat¢hatthis adap-
tive STS-basetransmissiorschemds capableof significantlyimproving the effective
throughputof W-CDMA systems Specifically the studiedW-CDMA systems bitrate
canbe increasedy a factorof threeat the modestcostof requiringan extra 0.4dB
or 1.2dBtransmittecbower in the context of the investigatedurbanor suturbanareas,
respectiely.

e Chapter 8: Part Il of the book commencesvith Chapter8, which investigatesthe
potentialof geneticalgorithmassistedMUD. In this chaptemve continueour discourse
by assuminghatthereadeiis familiarwith thebasicCDMA principles.We commence
ourdiscourseby giving anoverview of GAs, sincethe conceptof GAs arenotwidely
known in the mobile communication€ommunity We will presenthe basicfunctions
of a GA in optimisingan objective function, with the aid of a flowchartaswell asan
example. An insightinto why a GA constitutesan efficient function optimiseris also
givenin the contet of the schemataandthe schemaheorem[6]. Someof the more
adwancedGA processesre alsohighlightedhere,in orderto improve the efficiency
of our searchfor the optimum solution. Finally, a suney of the GA-basedCDMA
mutiuserdetectionschemegoundin the currentliteratureis conducted.

e Chapter 9: In this chapter we will invoke the GA-assistednultiuserdetectorin a
symbol-synchronou€ DMA systemover a simple AWGN channelaswell asover a
single-pathRayleighfading channel.While this systemmodelis not practical,it can
provide uswith abetterinsightinto how certainGA operationsandparameterbehae
in the context of our specificapplication,without consideringhe effectsof the multi-
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pathinterferenceandthe asynchronisnamongsthe users.We will first definethe ob-
jective functionfor ouroptimisationby deriving the correlationmetricfor theoptimum
multiuserdetector As mentionedaborve, the compleity of the optimummultiuserde-
tectoris exponentialto the numberof usersandhenceit is impracticalto implement.
Hencewewill applyGAsin optimisingthecorrelationmetric,while achieving areduc-
tion in the associatedompleity. Througha seriesof experimentswe will attemptto
find the particularGA configurationthatis capableof offering a nearoptimumbit er
ror probability(BEP)performancatareducedcomputationatompleity, comparedo
thatof theoptimummultiuserdetector Upondetermininghe GA configuratiorthatwe
will be adoptingfor our GA-assistednultiuserdetectionschemewe will theninves-
tigateits BEP performancen an AWGN channelaswell asin a single-pathRayleigh
fadingchannel.

Chapter 10: In Chapte9 we have assumedhatthe ChannelmpulseRespons¢CIR)
coeficientsareperfectlyknown by therecever, which allowed usto detectthe users’
transmittedbits coherently In practice,thesecoeficients must be estimatedeither
blindly or with the aid of pilot symbols. By exploiting the capabilitiesof the GAs in
dealingwith bothbinaryandfloating point variableswe proposed joint GA-assisted
multiuserchannekstimatiorandsymboldetectiortechniquen this chapter Unlike in
traditional systemswherethe CIR estimationand symbol detectionare usually per
formed by separatebut inter-linked algorithms, such as the Kalman filter usedfor
channelestimation[7] andthe decorrelatorfor symbol detection[8], our proposed
techniqueis capableof performingboth the channelestimationand symboldetection
concurrentlyusing the sameGAs. The achievable MSE of the estimatedCIR coef-
ficientsaswell asthe BEP performanceof our proposedoint GA-assistednultiuser
CIR estimatorandsymboldetectorarethenevaluatedusingcomputersimulations.

Chapter 11: In orderto obtaina BEP performancamprovement,in this chapterwe
evaluatedthe performanceof the GA-assistednultiuserdetectorin conjunctionwith
antennaliversity More specifically we investigatedthe BEP performancef the GA-
assistednultiuserdetectowusingtwo differentdiversity selectiorstrat@ies. According
to the first strat@y, the so-calledmating pool is createdby selectingthe K-bit GA
individuals basedon the combinedfigure of meritsof the diversity antennas.On the
otherhand,we canexploit the population-basedptimisationapproactof the GAs and
invoke the so-calledParetooptimality [9], in orderto aid our search. According to
this strateyy, the matingpool is comprisedf all non-dominatedndividuals. The BEP
performanceof the antennadiversity aided GA-assistednultiuserdetectorbasedon
thesetwo stragtgiesis evaluatedandcomparedor variousfadingscenarios.

Chapter 12: Themodelthatwe have adoptedn the previousGA-assistedMUD chap-
terswas basedon a symbol-synchronou€ DMA systemand multiuserdetectionis
performedat the centralisedbasestation. Unlessstrict timing controlis employed, it
is almostimpossibleto maintaina symbol-synchronousansmissioramongthe users.
Hencein Chapterl2 we will proposea GA-assistednultiuserdetectorfor an asyn-
chronoustransmissiorervironment. The correlationmetric over a finite obsenation
window is derived. The effectsof the so-callededgebits, which placeda limitation on
the BEP performanceinustbetakeninto accountwhendetectionis consideredver a
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finite obserationwindow. In our proposedechniquewe canreducethe effectsof the
edgebits by attemptingto estimatethe tentatize decisionsconcerningheseedgebits,
while at the sametime detectingthe desiredbits usingthe sameGA. The BEP per
formanceof our proposedschemds thencomparedvith thatof a similar GA-assisted
multiuserdetectorwherethe edgebits areestimatedisingthecorventionalsingle-user
matchedilter.

e Chapter 13: The topic of Part Il of the book s the investication of M-ary CDMA
schemeswhich s introducedin Chapterl3in the context of non-coherentletection.
In generalthetransmissiorof known pilot signalsis requiredfor providing a coherent
referencen supportof coherentlemodulationin afadingervironment[10]. However,
in theuplink, anindependenpilot signal/symboivould have to betransmittedoy each
userfor coherentlydemodulatingeachsignal. This clearlyreducegheefficiengy of the
system.Thusamorepracticalapproachs to usenon-coherentletectionon theuplink,
which doesnot requirea pilot signalfor estimatingthe phasereferencg10]. Thisis
thecasein the|S-95CDMA system[11].

e Chapter 14: This chapterinvestigatesthe achievable performanceof a RS coded
DS-CDMA system,when M -ary orthogonalsignalingis employed in conjunction
with a Ratio Statistic Test (RTT) basederasureinsertion scheme when communi-
cating over multipath Rayleigh-ading channels. Two different diversity combining
schemeq12], [13] - namelyequal-gin combining (EGC) and selectioncombining
(SC) - are consideredand their performances evaluatedin the contet of the pro-
posedRTT basederasuransertionschemeWe derive the probability densityfunction
(PDF) of the ratio definedin the RTT conditionedon both the correctdetectionhy-
pothesiq H;) anderroneougietectionhypothesig Hy) of thereceved M-ary signals
over multipath Rayleighfading channels. ThesePDFsare then usedfor computing
the symbolerasureprobability andthe randomsymbolerror probability after erasure
insertion,andfinally to computethe codevord decodingerror probability Thesean-
alytical resultsallow us to quantify the performanceof the systemconsideredusing
a numericalapproach.Furthermorewith the aid of theseanalyticalresults,we gain
aninsightinto the basiccharacteristicef Viterbi’'s RTT, anddeterminethe optimum
decisionthresholdfor practicalsystemssincethe formulaeobtainedcanbe evaluated
numerically

e Chapter 15: A deficieny of the previously introducedM -ary CDMA systemss that
the numberof correlatorsrequiredat the recever for detectingthe M -ary symbolsis
increasingexponentiallywith the numberof bits transmitted.In this chaptera classic
numbemrepresentatiosystemnamelythe so-calledResidueNumberSystem(RNS)is
introducedwith theintentionof invoking it in the next chapterin the designof novel
errorcorrectioncodedM -ary CDMA system.

e Chapter 16: The motivation of this chapteris the substantiatompleity reductionof
the previously discussed\/-ary CDMA receversby decomposingachM -ary mes-
sageinto shorter’'symbols’with the aid of the RNS system. This allows usto usea
reducechumberof correlatorsat therecever. More specifically our basicapproachn
this chapteris thatthe A -ary informationsymbolsare corvertedto the residuedigits
of an RNS andall requiredoperationsarethencarriedout in the RNS domain. It is
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readily seenin this contet thateachindividual M -ary symbolis mappedo a higher
numberof residuedigits. Hence this mappingoperatiorcanbeinterpretedasbreaking
up the M -ary symbolsinto U numberof m,-ary symbols,whereU is the numberof
moduliin theRNS,wherem,,, v = 1,2, ... ,U representthe moduli of the RNS.

In asomavhatsimplistic, but conceptuallyfeasiblemanneronecould arguethenthat
for the transmissiorof the U numberof reduced-sizen,,-ary symbolswe nowv need
only " m, < M correlatorsat the receier, which is essentiallythe motivation
of this chapter Hence,in this chapter we focusour attentionon studyingthe perfor

manceof RNS-and RedundanRNS (RRNS)basedparallel direct sequence€DMA

(DS-CDMA) systemsn the contet of M -ary orthogonalmodulation,whencommu-
nicating over both Additive White GaussiarNoise (AWGN) channelsand multipath
fadingchannels.

Chapter 17: Thesubjectof PartIV of thebookis multicarrierCDMA, whichis intro-

ducedandclassifiedin Chapterl?. It will be shovn thattherearea numberof trade-
offs associatedvith the designand emplogyment of the various multicarrier CDMA

schemeroposedn theliterature. TheBER performancef thevariousschemess also
characterisedwhen communicatingover frequeng selectve Rayleighfading chan-
nels. The chapteris concludedwith variousnovel systemdesignproposalsnvoking
frequeng hoppingfor improving the systems achievableperformance.

Chapter 18: Following the philosoply of the genericcommunicationsystemframe-
work proposedn the Prologueof Chapterl, in Chapter7 anadaptie STS-aided/V-
CDMA systemwas proposedwhich was capableof adaptingthe modeof operation
of its STSschemeandits correspondinglatarateaccordingto the nearinstantaneous
frequeng-selectvity informationfed backfrom the mobile recever to the basesta-
tion’s transmitter The numericalresultsof Chapter7 shaved thatthis adaptve STS
schemas capableof efficiently exploiting the diversity potentialprovidedby the chan-
nel's frequeng-selectvity, hencesignificantlyimproving the effective throughputof
W-CDMA systems.

In this chapterour discussionsvolve further by initially consideringthe advantages
anddisadwantagef single-carrielCDMA, MC-CDMA andMC-DS-CDMA in Sec-
tion 18.2,whith particularattentiondevotedto communicatingn diversepropagtion
ervironmentsexhibiting a time-variantamountof dispersion. More specifically the
benefitsanddeficiencieof thesehreesystemsareanalyzedwhenaimingfor support-
ing ubiquitouscommunicationgver a variety of propagtionchannelsencounteredn
indoor, openrural, suturbanandurbanervironments We will demonstrat¢hat,when
communicatingn suchdiverseervironments,both SC DS-CDMA and MC-CDMA
exhibit certainlimitationsthatarehardto circumwent. By contrastwhenappropriately
selectinghe systemparameterandusingtransmitdiversity, MC DS-CDMA becomes
capableof adaptingo suchdiversepropa@tionervironmentsatareasonabléetection
compleity.

Henceagnin, following the philosoply of the genericcommunicationsystemframe-
work proposedn the Prologueof Chapterl, in Section18.4we focusour attentionon
MC DS-CDMA schemesisingSTS.Specifically MC DS-CDMA usingSTSis inves-
tigatedin the contet of broadbandommunicationgver frequeng-selectie Rayleigh



1.2. ORGANISATION AND NOVEL CONTRIBUTIONS OF THE BOOK 11

fadingchannelsWe considera rangeof designissuesaswell astheachievableBit Er-
ror Rate(BER) performancdor the down-link (base-to-mobil&eommunications)by
assumingsynchronoudransmissiorof the usersignals. We also considerthe attain-
able capacityextensionof broadbandVC DS-CDMA with the adventof using Time-
Frequeng-domain(TF-domain)spreadingFurthermorethedetectionssuef broad-
bandMC DS-CDMA using TF-domainspreadingare investigated. Our study shavs
that by appropriatelyselectingthe systemparametersSTS assistedoroadbandVC
DS-CDMA is capableof supportingubiquitouscommunicationgver variouscommu-
nicationernvironmentsincludingindoor, openrural, suburbanandurbanareaswithout
BER performancedegradation. Furthermore we demonstrateéhat STS basedtrans-
mit diversity schemeganbe designedaccordingto the requireddiversity gain, while
maintaininga nearconstantBER in variouscommunicatiorervironments aslong as
frequeng-selectve Rayleighfadingchannelsareencountered.

Finally, in the spirit of the genericcommunicationsystemframevork proposedn the
Prologueof Chapterl, in Section4 a classof generalizedMC DS-CDMA schemes
is definedand its performanceis considered when communicatingover multipath
Nakagmi-m fading channels. In the generalizedViIC DS-CDMA schemesonsid-
eredthe spacingbetweentwo adjacentsubcarrierss a variable,allowing us to gain
insight into the effects of the spacingon the BER performanceof MC DS-CDMA
systems.This generalizedMC DS-CDMA schemeancludesthe subclassesf multi-
toneDS-CDMA andorthogonalMC DS-CDMA asspecialcasesA unifiedanalytical
framawork is utilized, which determineshe exactaverageBER of thegeneralizedC
DS-CDMA systentransmittingover generalizednultipathNakagami-m fadingchan-
nels. The optimumspacingof the MC DS-CDMA systemrequiredfor achiezing the
minimum BER is investicatedandthe BER performanceof the systemhaving opti-
mumspacings evaluated.TheresultantBER is comparedvith thatof both multitone
DS-CDMA andorthogonaMC DS-CDMA.

e Chapter 19: Accurateandfastsynchronizatiorplaysa cardinalrole in the efficient
utilization of ary spread-spectruraystem. Typically, the first stepin the processof
synchronizatiorbetweerthe received spreadpseudonoise(PN) code(sequenceand
thelocally generatedlespreadode(sequence)s codeacquisition[14-16], which is
alsoreferredto asinitial synchronization.More explicitly, initial synchronizatioris
constitutedby a procesof successie decisionswhereinthe ultimategoalis to bring
thetwo codesinto coarsdime alignment,namelywithin onecode-chipinterval. Once
initial codeacquisitionhasbeenaccomplishedjsuallyacodetrackingloop[14] is em-
ployed for achieving fine alignmentof the two codesandfor maintainingtheir align-
mentduringthe whole datatransmissiorprocess The aim of this chapterhowever, is
to focuson the taskof initial synchronizatiorin the context of direct-sequenceode
division multiple-acces¢DS-CDMA) systems.

Initial synchronizatiorhas beenlavishly treatedin the literature [15-53] in recent
years.Initial codeacquisitionin DS-CDMA systemss usuallyachiezedwith theaid of
non-coherentorrelationor matchediltering, sinceprior to despreadinghe signal-to-
noiseratio (SNR) is usuallyinsuficient high for attaininga satishctoryperformance
with the aid of coherentarrierphaseestimatordasedn carrierphaserackingloops.
Initial codesynchronizatiormethodscanbe broadlyclassifiedasserialsearchacqui-
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sition [15,22,28,30,39,44] and parallelsearchacquisition[19,20,23-25,31,46,49]
techniqueslin serialsearchbasednitial codesynchronizatiorall potentiallypossible
codephasesaresearchedserially, until synchronizations achieved. More explicitly,
in serialsearchbasedcodeacquisitioneachreferencephaseis evaluatedby attempt-
ing to despreadherecevedsignal. If the estimatedcodephases correct,successful
despreadinguill take place,which canbe detectedIf the codephasds incorrect,the
received signalwill notbe successfullydespreadandthe local referencecodereplica
will be shiftedto a new tentatve phasefor evaluation. By contrast,in parallelsearch
basedcodeacquisitionpotentiallyall of the possiblecodephasesretestedsimultane-
ously In this chaptemoth serialandparallelsearchhasedacquisitionschemesvill be
investicated.

It is well known thatthenearfarinterferencenflicted uponlow-power signalsby high-

power interfering signalsmy substantiallydegradethe systems performance.in the
contt of DS-CDMA the abore-discussederialandparallel searchbasedcodetim-

ing acquisitionare asinterference-limitecand as vulnerableto the nearfar problem,
as corventionalmatched-filtethasedsingle-userdetection. Recently a rangeof tim-

ing acquisitionalgorithmshaving a high nearfar resistancen multiuserernvironments
have alsobeenproposed17,18,21,37,54-56]. Thesetiming-acquisitionalgorithms
canbe classifiedasmaximum-likelihoodsynchronizatiorschemg?21,55], minimum-
mean-square-errdMMSE) timing estimationarrangementgl7,37,54], persurvivor

processindPSP)basedlind acquisitiontechniqueg18] andMUItiple SignalClassi-
fication Algorithm (MUSIC) basediming estimationschemg54-56]. In this chapter
bothserialandparallelsearchhasednitial synchronizatiorschemesreconsideredn

the contet of bothsingle-andmulti-carrierCDMA systems.

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

Chapter 21: In this chapteradaptve rate transmissiongare investicatedin the con-
text of DS-CDMA systemsusing variable spreadingfactors(VSF). In the recently
establishedamily of adaptve rate transmissiorschemeg4] the transmissiorrateis
typically adaptedn responséo the perceved nearinstantaneoushannelquality. The
perceved channelquality is influencedby numeroudactors,suchasthe variation of
the numberof userssupportedwhich imposesa time-variantMUI load or the fading-
inducedchannelquality fluctuationof the userconsidered.In Chapter4 the impact
of both of thesechannelquality factorswas consideredn the contet of multiuser
detectioraidedadaptve modulationaswell asvariablespreadingactorassistedrans-
missions.It wasfoundthatthesystenperformedestwhenboththespreadindgactors
andthemodulationmodeswerecontrolledin a nearinstantaneougashion.

However, thenumberof userssupportedvasvariedin Chapter4 on along-termbasis.
Hencethe averageMUI level wasconstanthroughouthe simulations.By contrastjn
this chapterthe individual users’transmissiorrateis adaptedn responseo the near
isntantaneouMUI fluctuationsencounteredOur studywill shav thatby employing
theproposed/SF-assisteddaptve ratetransmissiorschemethe effective throughput
may be increasedoy up to 40%, whencomparedo that of DS-CDMA systemsus-
ing constanspreadindgactors.This increasedhroughputs achiezed without wasting
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power, withoutimposingextrainterferencaiponotherusersandwithoutincreasinghe
BER.

1.3 Intr oduction to Flexible Transcevers

Thereis arangeof actwvities in variouspartsof the global concerningthe standardization,
researchand developmentof the third-generation(3G) mobile systemg57] known asthe
UniversalMobile TelecommunicationSystem(UMTS) in Europe which wastermedasthe
IMT-2000 systemby the InternationalTelecommunication&/nion (ITU) [58,59]. Thisis
mainly dueto the explosive growth of the Internetandthe continueddramaticincreasen de-
mandfor all typesof advancedmultimediawirelessservicesncludingvoice anddata.How-
ever, all the advancedservicessuchas bit-hungry high-resolutionmultimediaones,which
demanddatarate significantly higherthan 2Mb/s, are unlikely to be supportedby the 3G
systemg60-64]. Consequentlythe concepbof “beyond 3G” hasbeencreatedn the context
of techniguesuchasbroadbandccesssoftwaredefinedradioandhigh-flexible terminals.

In contrasto the 3G systemsthebeyond3G mobilewirelesscommunicatiorsystemsre
expectedto employ atleastthefollowing three(but without ary reasorto limit them)typical
characteristicsThefirstis themobilebroadbandvirelesssystemswhichimpliesthatthefu-
ture generatiormobile wirelesssystemanmustbe ableto handlea wide rangeof information
bit rateswith transmissiorcapability“beyond UMTS” up to morethan100Mb/s aswell as
varioustypesof real-timeandnon-real-timeserviceclassesith differenttraffic characteris-
tics andquality of serviceguaranteef0]. The objective is thatthe mobile usersareableto
accesso therangeof broadbandervicesvailablefor fixedusersof theintegratedbroadband
communicatiometwork (IBCN). For anoutdoor cellular scenarioMobile BroadbandSys-
tems(MBS), a conceptbornin the RACE program,are underconsiderationtargeting data
ratesupto 155 Mb/s. The secondcharacteristigs the multi-standardsonnectablesystems,
which implies thatthe beyond 3G mobile terminalsare capableof connectingthe wireless
network with nolimitation from the existing wirelesscommunicatiorstandard$l, 2,65-68],
whicharedevelopedoprimarily regionalratherthanworldwideandcausegroblemswith global
roaming.Thethird but not thelasttypical characteristicss the high-flexible mobilewireless
systemswhich arenot only reflectedby the multimodeandmultibandoperationaswell as
globalroaming,but alsoliesin the high-flexible air-interfacecapableof achieving thehighest
spectrunefficiengy underthedifficult constraintof moving usersdynamictraffic loadvari-
ations,andhighly sensitve wirelesslinks. Therefore the future generatiormobile wireless
systemsn thelongtermmightbelongtheadaptve (or eventheintelligent) broadbananobile
wirelesssystemdasedn the softwaredefinedradio (SDR)[1, 2].

In the first part of this treatisea broadbandmultiple accessandidateschememeeting
the above requirementss presentedwhich is constitutedby frequeng-hopping(FH) based
multicarrierDS-CDMA (FH/MC DS-CDMA) [69—72]. Recentnvestigationsshawv thatrate
adaptationin mobile wirelesssystemss not only the efficient stratgy to implementvari-
ablerateandmultiple rateservicesput alsothe increasinglyimportantapproacho achie/e
higher spectrumefficiengy in term of b/s/Hz[73-77]. Hence,in the secondpart the exist-
ing and novel possibleadaptve ratetransmission(ART) schemesassociatedvith support-
ing variablerate and multirate servicesas well as achieving high spectrumefficiency are
reviewed. Furthermore ART techniquesare also discussedn the contet of the FH/MC
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Figure 1.2: Transmitterdiagramof thefrequeng-hoppingmulticarrierDS-CDMA systenmusingadap-
tive transmission.

DS-CDMA systemsThe standardizatiomvorldwidein thefield of wirelesscommunications
shaws thatvariousmobile communicatiorstandardsvill continueto exist evenin thefuture.
This causegroblemsnot only with internationalroaming,but alsowith multiple standards
operationwithin the samegeographicabrea.Hence,it is importantto develop transcevers
thatwill operatewith several standardsindin several frequeng bandson a commonhard-
wareplatform. SDR areevolving asflexible all-purposeradiosandgiving rise to the possi-
bility of implementingthesekinds of multi-standardmultimodeandmultibandtranscerers.
Therefore,in the final part of this chapter the conceptof SDR assistecbroadband=H/MC
DS-CDMA systemis presentedandthe re-configurableparametersn termsof this system
andthoseassociateavith connectiorwith the otherwirelesssystemsaredescribed.

1.4 FH/MC DS-CDMA

The transmitterschematioof the proposed=H/MC DS-CDMA arrangements depictedin
Fig. 1.2. Eachsubcarrierof a useris assigneda pseudo-nois€PN) spreadingsequence.
ThesePN sequencesan be simultaneouslyassignedo a numberof users,provided that
only oneuseractivatesthe samePN sequencen the samesubcarrier ThesePN sequences
producenarrav-bandDS-CDMA signals.In Fig. 1.2, C(Q, U) represents constant-weight
codehaving U numberof ‘1's and (¢} — U) numberof ‘0’s. Hencethe weightof C(Q, U)
is U. This codeis readfrom a so-calledconstant-weightodebook, which representshe
frequeng-hoppingpatterns. The constant-weightode C(Q. U) playstwo differentroles.
Its first role is thatits weight- namelyU - determineghe numberof subcarrierdnvoked,
while its secondunctionis thatthe positionsof the U humberof binary‘1’s determineghe
selectionof asetof U numberof subcarriefrequenciesrom the (Q outputsof thefrequeny
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Figure 1.3: Recever block diagramof the frequeng-hopping multicarrier DS-CDMA systemusing
cornventionalRAKE recever.

synthesizer Furthermore|n the transmitter'side-information’ reflectingthe channels in-
stantaneouguality mightbeemployed,in orderto controlits transmissiorandcodingmode,
sothattherequiredtargetthroughputandtransmissionntegrity requirementaremet.

As shawn in Fig. 1.2, the original bit streamhaving a bit durationof T, is first serial-
to-parallel(S-P)corverted. Then,theseparallelbit streamsaregroupedandmappedo the
potentiallytime-variantmodulationconstellation®f the U active subcarriersLet usassume
thatthe numberof bits transmittedoy a FH/MC DS-CDMA symbolis M, andlet usdenote
thesymboldurationof the FH/MC DS-CDMA signalby 7. Then,if the systemis designed
for achieving a high processinggain andfor mitigating the inter-symbol-interferencéglSI)
in a constant-ratéransmissiorschemethe symboldurationcanbe extendedto a multiple
of the bit duration,i.e., Ts = MT,. By contrast,if the designaimsto supportmultiple
transmissiomatesor channel-qualitynatchedvariableinformationrates thena constanbit
durationof T, = T, canbe emplo/ed. Both multirate and variablerate transmissiongan
be implementedoy employing a differentnumberof subcarriersassociatedvith different
modulationconstellationsaswell asdifferentspreadinggains. As seenin Fig. 1.2, afterthe
constellatiormappingstage eachbranchis DS spreadusingthe assigned®N sequenceand
thenthis spreadsignalis carrier modulatedusing one of the active subcarrierfrequencies
derived from the constant-weightode C(Q), U). Finally, all U active branchsignalsare
multiplexed,in orderto form thetransmittedsignal.

In the FH/MC DS-CDMA recever of Fig.1.3the receved signal associatedvith each
active subcarrieris detectedusingfor examplea RAKE combiner Alternatively, Multiuser
Detection(MUD) canbe invoked, in orderto approachthe single-usetound. In contrast
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to the transmitterside,whereonly U out of ) subcarriersaretransmittedoy a user at the
recever differentdetectorstructureanight beimplementedasedon the availability [72] or

lack [78] of the FH patterninformation. During the FH patternacquisitionstage,which

usuallyhappenst the beginning of transmissioror during hand-wer, tentatively all Q sub-
carrierscanbedemodulatedThetransmittednformationcanbedetectecandthe FH patterns
canbeacquiredsimultaneouslyy usingblind joint detectionalgorithmsexploiting thechar

acteristicsof the constant-weightodes[70, 71]. If however, the recever hasthe explicit

knowledgeof the FH patternsthenonly U subcarrierdhave to be demodulated However,

if FastFourier Transform(FFT) techniqguesareemployed for demodulation asoftenis the
casein multicarrierCDMA [79] or OFDM [80] systemsthenall () subcarriersnight bede-
modulatedwherethe inactive subcarrieronly outputnoise. In the decisionunit of Fig.1.3,
thesenoise-output-onljbranchesanbe eliminatedby exploiting the knowledgeof the FH

patterng72,78]. Hence thedecisionunit only outputstheinformationtransmittecoy the ac-

tive subcarriersFinally, the decisionunit’s outputinformationis parallel-to-seriatorverted
to form the outputdata.

At therecever, the channektatesassociatedavith all the subchannelmight be estimated
or predictedusingpilot signals[75,77]. This channelstateinformationcanbe utilized for
coherentdemodulation.It canalsobe fed backto the transmitteras highly protectedside-
information, in orderto invoke a rangeof adaptie transmissiorschemesncluding power
controlandadaptve-ratetransmission.

1.5 Characteristics of the FH/MC DS-CDMA Systems

In theproposed~H/MC DS-CDMA systentheentirebandwidthof futurebroadbandystems
canbedivided into a numberof sub-bandsndeachsub-banccanbe assigneda subcarrier
Accordingto the prevalentservicerequirementsthe setof legitimatesubcarriercanbe dis-
tributedin line with the users’instantaneoumformationraterequirementsFH techniques
areemployedfor eachuser in orderto evenly occupy thewhole systembandwidthavailable
andto efficiently utilize theavailablefrequeng resourcesln thisrespecEH/MC DS-CDMA
systemsexhibit compatibilitywith the existing 2nd-and3rd-generatiot©DMA systemsand
henceconstitutea highly flexible air interface.

Broadband WirelessMobile System— To elaboratea little further, our adwvocatedFH/MC
DS-CDMA systemis a broadbandvirelessmobile systemconstitutedby multiple narrav-
bandDS-CDMA sub-systemsAgain, FH techniquesreemployedfor eachuser in orderto
evenly occupy the whole systembandwidthandto efficiently utilize the availablefrequeng
resourcesThe constant-weightodebasedrH patternsusedin the schematiof Fig.1.2are
invoked,in orderto controlthe numberof subcarriersnvoked,whichis keptconstantduring
theFH procedureln contrasto single-carriebroadbandS-CDMA systemssuchaswide-
bandCDMA (W-CDMA) [59] exhibiting abandwidthin excessof 5 MHz - which inevitably
resultsin extremelyhigh-chip-ratespreadingsequenceandhigh-compleity - the proposed
FH/MC DS-CDMA systemdoesnot have to use high chip-rateDS spreadingsequences,
sinceeachsubcarriercorveys a narrav-bandDS-CDMA signal. In contrastto broadband
OFDM systemg63] - which have to usea high numberof subcarrierandusuallyresulting
in ahigh peak-to-aeragepower fluctuation- dueto the associate®S spreadinghe number



1.5. CHARACTERISTICS OF THE FH/MC DS-CDMA SYSTEMS 17

5MHz AI Frequency

1.25MHz (W-CDMA)
(1S-95)

Figure 1.4: Spectrunof FH/MC DS-CDMA signalusingsubchannebandwidthof 1.25MHz and/or5
MHz.

of subcarrierof the advocatedbroadbandvirelessFH/MC DS-CDMA systemmay be sig-
nificantly lower. This potentially mitigatesthe crest-aictorproblem. Additionally, with the
aid of FH, the peak-to-aeragepower fluctuationof the FH/MC DS-CDMA systemmight
befurtherdecreasedin otherwords,the FH/MC DS-CDMA systemis capableof combin-
ing the bestfeaturesof single-carrieS-CDMA andOFDM systemswhile avoiding mary
of their individual shortcomings.Finally, in comparisorto the FH/MC DS-CDMA system,
both broadbandsingle-carrierDS-CDMA systemsand broadbandOFDM systemsare less
amenabléo interworking with the existing 2nd-and3rd-generatiomvirelesscommunication
systemsLet usnow characterizeéomeof the featuresof the proposedsystemin moredepth.

Compatibility — Thebroadband~H/MC DS-CDMA systemcanberolled out overthebands
of the2nd-and3rd-generatiomobilewirelesssystemsand/orin thebandlicensedor future
broadbandvirelesscommunicatiorsystems.In FH/MC DS-CDMA systemshe sub-bands
associateavith differentsubcarrierarenotrequiredto be of equalbandwidth.Henceexist-
ing 2nd-and3rd-generatiol©DMA systemsanbesupportedisingoneor moresubcarriers.
For example,Fig. 1.4 shavs the spectrumof a frequeng hopping,orthogonalmulticarrier
DS-CDMA signalusinga subchannebandwidthof 1.25MHz, which constituteghe band-
width of a DS-CDMA signalin thelS-95standard58]. In Fig. 1.4 we alsoshav thatseven
subchannelssachhaving a bandwidthof 1.25MHz canbereplacedoy onesubchannelith
abandwidthof 5 MHz (= 8 x 1.25/2 MHz). Hence the narrov-bandIS-95 CDMA system
canbe supporteddy a singlesubcarrierwhile the UMTS andIMT-2000W-CDMA systems
might be supportedusing seven subchannelsbandwidthamalgmatedinto one W-CDMA
channel.Moreover, with the aid of SDRs,FH/MC DS-CDMA is alsocapableof embracing
otherexisting standardssuchasthe Time-Division Multiple-Access(TDMA) basedGlobal
Systemof Mobile communicationknowvn asGSM[81].

FH Strategy — In FH/MC DS-CDMA systemshoth slow FH andfastFH techniquescan
be invoked, dependingon the systems$ designandthe state-of-the-art.In slow FH several
symbolsare transmittedafter eachfrequeng hopping,while in fastFH several frequeny
hopstake placein a symbolduration,i.e. eachsymbolis transmittedusing several subcar
riers. Moreover, from a networking point of view, randomFH, uniform FH and adaptve
FH [72] schemeganbe utilized, in orderto maximizethe efficiency of the network. In the
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context of randomFH [72], the subcarriersassociatedvith eachtransmissiorof a userare
determinecby the setof pre-assignedrH patternsconstitutinga group of constant-weight
codevords[78]. Theactive subcarriersareswitchedfrom a groupof frequenciego another
without the knowledge of the FH patternsof the otherusers. By contrast,for the FH/MC
DS-CDMA systenusinguniformFH [72], the FH patternsof all usersaredeterminedointly
underthe control of the basestation(BS), so that eachsubcarrieris activatedby a similar
numberof users. It canbe shavn that for the down-link (DL) uniform FH canbe readily
implementedsincethe BS hasthe knowledgeof the FH patternsof all users.However, for
implementingup-link (UL) transmissionsthe FH patternsto be usedmustbe signalledby
the BS to eachmobile station(MS), in orderto be ableto implementuniform FH. Finally,
if the nearinstantaneoushanneljualityinformationis availableat thetransmitteradvanced
adaptve FH canbeinvoked,whereinformationis only transmittedover a groupof subchan-
nelsexhibiting a satishctorySignalto InterferenceRatio (SIR).

Implementation of Multicarrier Modulation — The multicarrier modulation block in
Fig. 1.2 andthe multicarrierdemodulatiorblock in Fig. 1.3 canbeimplementedusingFFT
techniques provided that eachof the subchanneloccupiesthe samebandwidth. Since
not all of the subcarriersare activated at eachtransmissionn the proposedFH/MC DS-
CDMA systemthedeactvatedsubcarrierganbesetto ‘zero’ in the FFT or IFFT algorithm.
However, if an unequalbandwidthis associatedvith the subchannelsmulticarrier modu-
lation/demodulatiorcanonly be implementedusing lessefficient corventional,ratherthan
FFT basedcarriermodulation/demodulatioschemes.

AccessStrategy — Whena new userattemptso accesghe channelandcommencesis/her
transmissiona rangeof different accessstrategjies might be offered by the FH/MC DS-
CDMA systemjn orderto minimizetheinterferencenflicted by the new userto thealready
active users.Specifically if therearesubchannelsyhicharenotoccupiedoy ary otherusers,
or therearesubchannelthatexhibit a suficiently high SIR, thenthe new usercanaccesshe
network usingthesepassie subchannelsr the subchannelexhibiting a high SIR. However,

if all the subchanneltiave beenoccupiedandthe SIR of eachof the subchannelss insuf-
ficiently high, thenthe newv useraccessethe network by spreadingts transmittedenegy

evenly acrosghesubchannelsThisaccesschemamposesheminimumpossiblempacton

the QoS of the usersalreadyactively communicating.However, the simpleststratey for a
new userto accesshe network is by randomlyselectingoneor severalsubchannels.

Multirate and Variable Rate Serices—In FH/MC DS-CDMA systemsanultirateandvari-
ablerateservicesanbeimplementedisingavarietyof approachesSpecifically theexisting
techniquessuchasemploying avariablespreadingyain, multiple spreadingodesavariable
constellatiorsize,variable-raté=orward Error Correction(FEC) coding,etc. canbeinvoked
to provide multirate and variable rate services. Furthermore sincethe proposedFH/MC
DS-CDMA systemsiseconstant-weightodebased~H patternsmultirateandvariablerate
servicesanalsobe supportedy usingconstant-weightodeshaving differentweights,i.e.,
by activating a differentnumberof subcarriers.Note that the abore-mentionedechniques
canbeimplementeceitherseparatelpr jointly in asystem.

Diversity — The FH/MC DS-CDMA systemincludesfrequeng hopping,multicarriermod-
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ulationaswell asdirect-sequencepreadinghencea variety of diversity schemesandtheir
combinationscan be implemented. The possiblediversity schemesnclude the following
arrangements.

¢ If thechip-duratiorof thespreadingequenceis lowerthanthemaximumdelayspread
of thefadingchannelsthenfrequeny diversitycanbeachiezedon eachof thesubcar
rier signals;

e Frequeng diversity canalsobe achiezed by transmittingthe samesignalusinganum-
berof differentsubcarriers;

e Time diversity canbe achiezed by usingslow frequeng hoppingin conjunctionwith
errorcontrolcodingaswell asinterleaving;

o Time-frequeng diversitycanbeachieved by usingfastfrequeny hoppingtechniques,
wherethe samesymbolis transmittedusing several time slots assignedo different
frequencies;

e Spatialdiversitycanbeachiezedby usingmultiple transmitantennasmultiple recever
antennasindpolarization.

Initial Synchronization — In our FH/MC DS-CDMA systeminitial synchronizatiorcanbe
implementedby first accomplishingDS codeacquisition. The fixed-weightcodebook in-
dex of the FH patternusedcanbe readily acquired,onceDS codeacquisitionwasachieed.
During DS codeacquisitionthe training signalsupportingthe initial synchronizationywhich
is usually the carrier modulatedsignal without datamodulation,can be transmittedusing
a groupof subcarriers.Thesesubcarriersignalscanbe combinedat the recever using for
exampleequalgain combining (EGC) [82]. Hence,frequeng diversity can be employed
duringthe DS codeacquisitionstageof the FH/MC DS-CDMA systems operationandcon-
sequentlythe initial synchronizatiorperformancecanbe significantlyenhancedFollowing
the DS codeacquisitionphase datatransmissiorcanbe activatedandthe index of the FH
patternusedcanbe signalledto thereceier usinga given setof fixed subchannelsAlterna-
tively, theindex of the FH patterncanbe acquiredblindly from the receved signalwith the
aid of agroupof constant-weightodeshaving agivenminimumdistancg71].

Interfer enceResistance- The FH/MC DS-CDMA systemconcernedcan mitigate the ef-
fectsof intersymbolinterferenceencountereduring high-speedransmissionsandit read-
ily supportspartial-bandand multi-tone interferencesuppression.Moreover, the multiuser
interferencecanbe suppressebly usingmultiuserdetectiontechniqueg73], potentiallyap-
proachingthe single-useperformance.

Advanced Technologies- The FH/MC DS-CDMA systemcan efficiently amalgamatethe
techniquesof FH, OFDM and DS-CDMA.. Simultaneouslya variety of performanceen-
hancementechniques such as multiuser detection[83], turbo coding [84], adaptve an-
tennag85], space-timecodingandtransmitterdiversity [86], nearinstantaneousladaptve
modulation[74], etc,mightbeintroduced.
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Flexibility — Thefuture generatiorbroadbandnobilewirelesssystemswill aimto supporta
wide rangeof servicesandbit rates. The transmissiorratesmay vary from voice andlow-

ratemessaget® very high-ratemultimediaservicegequiringratesn excesf 100Mb/s[60].

The communicationgrvironmentsvary in termsof their gradeof mobility, the cellularin-

frastructurethe requiredsymmetricandasymmetridransmissiorcapacity andwhetherin-

door, outdoor urbanor rural areapropagtion scenariosreencounteredgtc. Henceflexible

air interfacesare required,which are capableof maximizing the areaspectrumefficiency

expressedn termsof bits/s/Hz/kn® in a variety of communicationervironments. Future
systemsarealsoexpectedto supportvarioustypesof serviceshasedon ATM andIP, which
requirevariousQuality of Service(QoS).As arguedbefore,FH/MC DS-CDMA systemsex-

hibit a high gradeof compatibilitywith existing systemsThesesystemslsobenefitfrom the
employmentof FH, MC andDS spreadindasedliversity assistecdaptve modulation[80].

In short,FH/MC DS-CDMA systemsconstitutea high-flexibility air interface.

1.6 Adaptive Rate Transmission

1.6.1 Why Adaptive Rate Transmission?

Thereare a rangeof issues,which motivate the applicationof adaptve rate transmissions
(ART) in the broadbandnobile wirelesscommunicatiorsystem=f the nearfuture. The ex-
plosive growth of the Internetandthe continueddramaticincreasen demandor all typesof
wirelessservicesarefueling the demandor increasinghe usercapacity dataratesandthe
variety of servicesupportedTypical low-data-rateapplicationsncludeaudioconferencing,
voice mail, messagingemail, facsimile,andso on. Medium-to high-data-ratepplications
encompastle transfer Internetaccesshigh-speegaclet- andcircuit-basecetwork access
aswell ashigh-qualityvideo conferencing Furthermorethe broadbandvirelesssystemsn
thefuturearealsoexpectedo supportreal-timemultimediaserviceswhich provide concur
rentvideo,audioanddataservicedo supportadwancednteractive applicationsHencejn the
future generatiormobile wirelesscommunicatiorsystemsawide rangeof informationrates
mustbe provided, in orderto supportdifferentserviceswhich demanddifferentdatarates
anddifferentQoS.In short,animportantmotivationfor usingART is to supporta variety of
serviceswhichwe referto asservice-motiatedART (S-ART). However, thereis arangeof
othermotivatingfactorswhich areaddressedtelow.

The performanceof wirelesssystemds affectedby a numberof propagtion phenom-
ena:1) path-lossvariationversusdistance?2) randomslow shadaving; 3) randommultipath
fading;4) Inter-Symbolinterferenc€lSl), co-channeinterferenceaswell asmultiuserinter
ference;and5) backgroundhoise. For example,mobile radio links typically exhibit severe
multipathfading,which leadsto seriousdegradationin thelink’ s signal-to-noiseatio (SNR)
andconsequentlyo a higherbit errorrate (BER). Fadingcompensatiotechniquesuchas
anincreasedink budgetmamgin or interleaving with channelcoding aretypically required
to improve the link’s performance.However, todays cellular systemsare designedor the
worst-casechannelconditions,typically achieving adequatevoice quality over 90-95% of
the coverageareafor voice userswherethe signalto interferenceplus noiseratio (SINR) is
above thedesignedarmet[74]. Consequentlythe systemaesignedor the worst-casehan-
nel conditionsresultin poorexploitation of the availablechannekapacitya goodpercentage
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of time. Adaptingthetransmitters certainparameter$o thetime-varying channekonditions
leadsto betterexploitation of the channelcapacityavailable. This ultimately increaseghe
areaspectralefficiency expressedn termsof b/s/Hz/kn?. Hence the secondreasorfor the
applicationof ART is constitutecby the time-varying natureof the channelwhich we refer
to aschannelquality motivatedART (C-ART).

1.6.2 What Is Adaptive Rate Transmission?

Broadlyspeaking ART in mobilewirelesscommunicationgmpliesthatthetransmissiomate
atboththe basestationsandthe mobileterminalscanbe adaptvely adjustedaccordingo the
instantaneousperationatonditions,including the communicatiorervironmentandservice
requirements With the expectedemploymentof SDR-basedvirelesssystemsthe concept
of ART might alsobe extendedto adaptiely controlling the multiple accesschemes in-
cluding FDMA, TDMA, narrav-bandCDMA, W-CDMA and OFDM - aswell asthe sup-
porting network structures suchasLocal AreaNetworks andWide AreaNetworks. In this
chapteronly C-ART andS-ART areconcernedn the contet of the proposed=H/MC DS-
CDMA scheme Employing ART in responseo differentservicerequestsndicatesthatthe
transmissiorrate of the basestationandthe mobile stationcanbe adaptedaccordingto the
requirementf the servicesconcernedaswell asto meettheir different QoS tamets. By
contrastemplo/ing ART in responseo the time-varying channelquality implies thatfor a
givenservicesupportedthe transmissiomate of the basestationandthat of the mobile sta-
tion canbe adaptvely controlledin responséo their nearinstantaneoushannelconditions.
The main philosoply behindC-ART is the real-timebalancingof the link budgetthrough
adaptve variation of the symbolrate, modulationconstellationsize and format, spreading
factor codingrate/schemeetc, or in factary combinationof theseparameters.Thus, by
taking advantageof the time-varying natureof the wirelesschannelandinterferencecondi-
tions,the C-ART schemeganprovide a significantlyhigheraveragespectrakfficiency than
their fixed-modecounterparts.This takes placewithout wastingpower, without increasing
theco-channeinterferenceor withoutincreasinghe BER. We achieve thesedesirableprop-
ertiesby transmittingat high speedsinderfavorableinterference/channeonditionsandby
respondingo degradinginterferenceand/orchannelconditionsthrougha smoothreduction
of the associatedlatathroughput. Procedureghat exploit the time-varying natureof the
mobile channelarealreadyin placefor all the major cellular standardsvorldwide [74], in-
cluding1S-95 CDMA , cdma200andUMTS W-CDMA [81], IS-136 TDMA, the General
Paclet RadioServiceof GSM andin the Enhancedataratesfor Global Evolution (EDGE)
schemesTherudimentaryportrayalof a rangeof existing andfuture ART schemess given
belov. Notethata systemmayemploy a combinationof several ART schemedisted below,
in orderto achievethedesireddatarate,BER or thehighestpossibleareaspectrurnefficiency.

e Multiple SpreadingCodes-In termsof S-ART, higherrateservicesanbesupported
in CDMA basedsystemsy assigninganumberof codes For example,in 1IS-95Beach
high-speedisercanbe assignedneto eight Walsh codes,eachof which supportsa
datarate of 9.6kb/s. By contrast,multiple codescannotbe employed in the context
of C-ART in orderto compensatéor channefading,path-lossandshadeving, unless
they corvey the sameinformation and achieve certain diversity gain. However, if
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the co-channelinterferences low - which usuallyimpliesin CDMA basedsystems
thatthe numberof simultaneouslyransmittingusersis low - thenmultiple codescan
betransmittedby anactive user in orderto increasehe users transmissionate.

Variable Spreading Factors — In the context of S-ART higherrate servicesare sup-
portedby using lower spreadingfactorswithout increasingthe bandwidthrequired.
For example,in UMTS W-CDMA [58] the spreadingactorsof 4/8/16/32/64/128/256
maybeinvokedto achieve thecorrespondinglataratesof 1024/512/256/128/64/32/16
kb/s. In termsof C-ART, whenthe SINR experienceds increasedreducedspreading
factorsareassignedo usersfor the sake of achieving higherdatarates.

Variable Rate FEC Codes-In aS-ART scenaridiigherrateservicexanbesupported
by assignindesspowerful, higherrateFEC codesassociatewvith reducededundang
In aC-ART scenariowhenthe SINRimproves,ahigherrateFEC codeassociate@vith
reducededundang is assignedin aneffort to achieve a higherdatarate.

Different FEC Schemes- Therangeof codingschemesnight entail differentclasses
of FEC codescodestructuresencoding/decodingchemespuncturingpatternsijnter-
leaving depthsand patternsandso on. In the context of S-ART, higherrateservices
canbe supportedby coding schemeshaving a higher codingrate. In the context of
C-ART, usually an appropriatecoding schemeis selectedjn orderto maximizethe
spectrumefficiengy. The FEC schemesoncernednay entail block or convolutional
codes block or corvolutional constituenttodebasedurbo codes trellis codes turbo
trellis codes.etc. Theimplementationatompleity anderror correctioncapability of
thesecodescanbe variedasa function of the codingrate,codeconstrainiength,the
numberof turbodecodingterations thepuncturingpatternetc. A rule of thumbis that
the codingrateis increasedowardsunity, asthe channelquality improves,in orderto
increasehe systems effective throughput.

Variable Constellation Size— In S-ART schemesigherrateservicecanbesupported
by transmittingsymbolshaving higherconstellationsizes. For example,an adaptve

modemmay emplogy BPSK, QPSK,16QAM and 64QAM constellationg80], which

correspondso 1, 2, 4 and 6 bits per symbol. The highestdatarate provided by the

64QAM constellatioris afactorsix higherthanthatprovidedby emplgo/ing the BPSK

constellation.In C-ART scenariosywhenthe SINR increasesa highernumberof bits

per symbolassociatedvith a higher order constellationis transmittedfor increasing
the systems throughput.

Multiple Time Slots—In aS-ART scenarichigherrateservicesanalsobe supported
by assigninga correspondingrumberof time slots. A multiple time slot basedadap-
tive rateschemds usedin GPRS-13g1-3 time slots/20ms) andin EnhancedsPRS
(EGPRS)(1-8 time slots/4.615GSMrame)in orderto achiese increaseddatarates.
In the context of C-ART, multiple time slotsassociateavith interleaving or frequeny



1.6. ADAPTIVE RATE TRANSMISSION 23

hoppingcan be implementedfor achieving time diversity gain. Hence,C-ART can
be supportedy assigninga high numberof time slotsfor the compensatiof severe
channefadingatthe costof toleratinga low datathroughput.By contrastassigninga
low numberof time slotsover benignnon-fadingchannelsallows usto achiese a high
throughput.

e Multiple Bands — In the context of S-ART higher rate servicescan also be sup-
ported by assigninga higher numberof frequeny bands. For example,in UMTS
W-CDMA [58] two 5 MHz bandsmay be assignedo a user in orderto supportthe
highestdatarateof 2 Mb/s (= 2x 1024kb/s)which is obtainedby usinga spreading
factorof 4 on eachsub-bandsignal. In the context of C-ART associateavith multi-
ple bandsfrequeng-hoppingassociateavith time-variantredundang and/orvariable
rateFECcodingschemespr frequeng diversitytechniquesnightbeinvoked,in order
to increasethe spectrumefficiencgy of the system. For example,in C-ART schemes
associateavith double-bandassistedrequeny diversity if the channelguality is low,
thesamesignalcanbetransmittedn two frequeny bandsfor the sale of maintaining
adiversityorderof two. However, if the channelquality is sufficiently high, two inde-
pendenstream®f informationcanbetransmittedn thesebandsandconsequentiyhe
throughputtanbedoubled.

e Multiple Transmit Antennas—Employing multipletransmitantennavasednspace-
time coding[86] is a novel methodof communicatingover wirelesschannelswhich
wasalsoadaptedor usein the 3rd-generatiomobile wirelesssystems ART canalso
beimplementedusingmultiple transmitantennasissociateavith differentspace-time
codes.In S-ART schemeshigherrate servicescanbe supportedoy a highernumber
of transmitantennasssociatedavith appropriatespace-timeodes.In termsof C-ART
schemesganultipletransmitantennasanbeinvokedfor achiazing ahigh diversitygain.
Thereforewhenthechannehuality expressedn termsof theSINRis sufficiently high,
thediversity gain canbe decreasedConsequentlytwo or moresymbolscanbetrans-
mitted in eachsignalling interval and eachstreamis transmittedby only a fraction
of the transmitantennasssociateavith the appropriatespace-timecodes.Hencethe
throughputis increased.However, whenthe channelquality is poor, all the transmit
antennagsanbeinvokedfor transmittingonestreamof data,henceachiering the high-
estpossibletransmitdiversity gain of the systemwhile decreasinghethroughput.

Above we have summarizedhe philosoply of a numberof ART schemeswhich can
be emplo/edin wirelesscommunicatiorsystems.A S-ART schemeaequiresa certainlevel
of transmittedpower, in orderto achieve the requiredQoS. Specifically a relatively high
transmittedpower is necessitatetbr supportinghigh-datarateservicesandarelatively low
transmittedpower is requiredfor offering low-datarate services.Hence,a side-efect of a
S-ART schemesupportinghigh datarateservicess the concomitanteductionof thenumber
of userssupporteddueto the increasednterferenceor/andincreasedandwidth. By con-
trast,a cardinalrequiremenpf a C-ART schemés the accuratechannelquality estimation
or predictionat the recever aswell asthe provision of a reliable side-informationfeedback
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betweenthe channelquality estimatoror predictorof the recever andthe remotetransmit-
ter [75,77], wherethe modulation/codingnoderequestedy the recever is activated. The
parametergapableof reflectingthe channelquality mayinclude BER, SINR, transmission
frameerrorrate,receved power, pathloss,AutomaticRepeaReques{ARQ) status.etc. A
C-ART schemetypically operatesinderthe constraintof constantransmitpower andcon-
stantbandwidth. Hence,without wastingpower and bandwidth,or without increasingthe
co-channeinterferencecompromisingthe BER performanceC-ART schemesre capable
of providing a significantlyincreasedaeragespectralefficiency by taking advantageof the
time-varying natureof thewirelesschannelwhencomparedo fixed-moderansmissions.

1.6.3 Adaptive Rate Transmissionin FH/MC DS-CDMA System

Above we have discussed rangeof ART schemeswhich werecontrolledby the prevalent
servicerequirementandthe channelquality. Futurebroadbandnobilewirelesssystemsare
expectedto provide a wide rangeof servicescharacterizedy highly different datarates,
while achievzing the highestpossiblespectrumefficiency. The proposed-H/MC DS-CDMA
basedroadbandnobilewirelesssystenconstituteanattractve candidatesystemsinceit is
capableof efficiently utilizing the availablefrequeng resourcesaswe discussegbreviously,
andsimultaneoushachieving ahigh gradeof flexibility by employing ART techniquesMore
explicitly, the FH/MC DS-CDMA systemcanprovide awide rangeof dataratesby combin-
ing the variousART schemedliscussedabove. At the sametime, for ary given service,
the FH/MC DS-CDMA systemmay alsoinvoke a rangeof adaptatiorschemesin orderto
achiere the highestpossiblespectrumefficiengy in variouspropagtion ervironments,such
asindoor, outdoor urban,rural scenariostlow to highspeedsAgain, thesystenis expected
to supportdifferentservicesat a variety of QoS,includingvoice mail, messagingemail,file
transfer Internetaccesshigh-speegaclet- andcircuit-basedetwork accessteal-timemul-
timediaservicesandsoon. As anexample,a channel-qualitymotivatedburst-by-turst ART
assisted~H/MC DS-CDMA systemis shavn in Fig. 1.5, wherewe assumehatthe number
of subcarrierds three, the bandwidthof eachsubchanneis 5 MHz andthe channelqual-
ity metricis the SINR. In responséo the SINR experiencedthe transmittermay transmita
frameof symbolsselectedrom the setof BPSK,QPSK,16QAM or 64QAM constellations,
or simply curtail transmittinginformation,if the SINR is too low.

1.7 Software Defined Radio AssistedFH/MC DS-CDMA

Therangeof existing wirelesscommunicatiorsystemss shavn in Fig.1.6. Differentlegacy
systemawill continueto coexist, unlesdTU - by somemiracle- succeedin harmonizingall
theforthcomingstandardsinderajoint frameawork, while atthe sametime ensuringcompati-
bility with theexisting standardsln theabsencef the‘perfect’ standardtheonly solutionis
employing multiband,multimode,multi-standardranscerersbasedon the conceptof Soft-
wareDefinedRadios(SDR)[1-3].

In SDRsthe digitization of the receved signalis performedat somestagedownstream
from the antenna,typically after widebandfiltering, low-noise amplification, and down-
conversionto a lower frequeng. The reverseprocessesare invoked by the transmitter In
contrastto mostwirelesscommunicatiorsystemswvhich employ Digital Signal Processing
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Figure 1.5: A frame structureof burst-by-hurst adaptve modulationin multicarrier DS-CDMA sys-
tems.

(DSP)only atbasebandsDRsareexpectedo implementthe DSPfunctionsat anintermedi-
atefrequeny (IF) band.A SDRdefinesall aspect®f theair interface,including RF channel
accesandwaveformsynthesisn software.ln SDRswide-bandanalog-to-digitabnddigital-
to-analogcorverters(ADC andDAC) transformeachRF servicebandfrom digital andana-
logueformsat IF. The widebanddigitized recever streamof bandwidthi¥y accommodates
all subscribechannelseachof which hasa bandwidthof W.(W, << Wj). Thanksto using
programmabl®SPchipsatboththeintermediatdrequeny aswell asatbaseband;DRsare
sufficiently to efficiently supportmultibandandmulti-standarccommunicationsA SDRem-
ploys oneor morereconfigurablgrocessorembeddedn areal-timemultiprocessindabric,
permittingflexible reprogrammingndreconfiguratiorusingsoftwaredownloadedor exam-
ple with the aid of a signallingchannelffrom the base-stationHence ,SDRsoffer an elegant
solutionto accommodatingariousmodulationformats,coding and radio accessschemes.
They alsohave the potentialof reducingthe costof introducingnew technologysuperseding
legagy systemsandareamenabléo future softwareupgradespotentiallysupportingsophis-
ticatedfuture signalprocessindunctionssuchasarrayprocessingmulti-userdetectionand
asyet unknavn codingtechniques.

FH/MC DS-CDMA systemswill bedesignedin orderto provide the maximumgradeof
compatibility with the existing CDMA basedsystemssuchas|S-95 and W-CDMA based
systems.For example,the frequeng bandsof the IS-95 CDMA systemin North America
are824-849MHz (uplink) and869-894MHz (downlink), respectiely. The corresponding
frequengy bandsfor the UMTS-FDD widebandCDMA systemare 1850-1910MHz (up-
link) and1930-1990MHz (downlink) in North America,while 1920-1980MHz (uplink) and
2110-2170MHz (downlink) in Europe.In orderto ensurecompatibility with thesesystems,
the proposed=H/MC DS-CDMA systems spectrumcan be assignedaccordingto Fig.1.7.
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Software Defined Radio (SDR) controlled re-configuration unit

CDMA based systems: Non-CDMA based system:
IS-95A(B), CDMA |, GSM/DCS-1800, PDC,
CDMA I, W-CDMA(/NA) FH/MC DS-CDMA 1S-54/136, UWC-136(+),
cdma2000, TD-CDMA, DECT, EDGE, ......

WIMS W-CDMA, UTRA

1 Compatibility |

1S-95: Digital cellular standards in the United States GSM: Global System of Mobile communications

1S-95B: Enhanced version of IS-95 DCS-1800: GSM system in the 1800 MHz band

CDMA I: Multiband synchronous DS-CDMA PDC: Japanese Personal Digital Cellular system

CDMA II: Asynchronous DS-CDMA 1S-54: American digital advanced mobile phone system (DAMPS)
W-CDMA: Wideband CDMA 1S-136: North American TDMA system

W-CDMA/NA: North American Wideband CDMA UWC-136: Universal Wireless Communications based on IS-136
cdma2000: Multicarrier CDMA system based on IS-95 UWC-136+: Enhanced version of UWC-136

TD-CDMA: Time-Division synchronous CDMA DECT: Digital Enhanced Cordless Telecommunications

WIMS W-CDMA: Wireless Multimedia and Messaging EDGE: Enhanced Data Rates for Global Evolution
Services Wideband CDMA
UTRA: UMTS Terrestrial Radio Access

Figure 1.6: Softwaredefinedradioassisted~H/MC DS-CDMA andits re-configuratiormodes.

Specially in thefrequeny bandof I1S-95, 39 orthogonalsubcarrierareassignedeachhav-
ing a bandwidthof 1.25MHz, while in the frequeny bandof UMTS-FDD W-CDMA, 23
orthogonakubcarriersreallocated eachwith abandwidthof 5 MHz. Themulticarriermod-
ulationusedin the FH/MC DS-CDMA systemobeying the above spectrunallocationcanbe
readilyimplementedisingtwo IFFT sub-systematthetransmitterandtwo FFT sub-systems
attherecever, wherea pair of IFFT-FFT sub-systemsarriesout modulation/demodulation
in thelS-95band,while anothermair of IFFT-FFT sub-system$ransmitsandrecevesin the
UMTS-FDD band.If thechipratefor the1.25MHz bandwidthsubcarrierss 1.2288Mchips
per second(cps)andfor the 5 MHz bandwidthsubcarrierds 3.84 Mcps, thenthe FH/MC
DS-CDMA systemwill be compatiblewith boththe 1S-95andthe UMTS-FDD W-CDMA
systems.

However, the terminalsof future broadbandmobile wirelesssystemsare expectednot
only to supportmultimodeandmulti-standarccommunicationshut alsoto possesshe high-
estpossiblegradeof flexibility , while achiezing ahigh spectrunefficiengy. Hence thesesys-
temsareexpectedo becapableof softwarere-configuratiorbothbetweerdifferentstandards
aswell aswithin a specificstandard.In contrastto re-configuratiorbetweerdifferentstan-
dardsinvoked, mainly for the sake of compatibility, the objective of re-configuratiorwithin a
specificstandards to supportavariety of servicesatthehighestpossiblespectrunefficiengy.
The SDRassistedroadband-H/MC DS-CDMA systemis operatedunderthe controlof the
software re-configuratiorunit shovn in Fig.1.6. The setof reconfiguredparametersf the
broadband-H/MC DS-CDMA systemmayinclude:
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UMTS-FDD W-CDMA: 60MHz

1S-95: 25MHz

(MHz)

N D)
824 | |« 849\\ 1920 [ 5 MHz | 1980 (Europe)
1.25MH 1850 1910 (USA)

(a). Uplink

UMTS-FDD W-CDMA: 60MHz

1S-95: 25MHz

(MHz)

) h) )
869 | J 8941 2110 | 5 MHz J 2170 (Europe)
1.25MH2 1930 ! ' 1990 (USA)

(b). Downlink

Figure 1.7: Exhibition of spectrumcompatibility of the broadband=H/MC DS-CDMA systemwith
I1S-95andUMTS-FDD widebandCDMA systems.

e Sewices Datarate,QoS real-timeor non-real-timgransmissionencryption/decryption
schemesndparameters;

e Error Control: CRC, FEC codes coding/decodingchemesgodingrate, numberof
turbodecodingstepsinterleaving depthandpattern;

e Modulation: Modulationschemessignalconstellationpartialresponsdiltering;

e PN Sequence Spreadingsequencegodes)chip rate,chip waveform, spreadingac-
tor, PN acquisitionandtrackingschemes;

e FrequencyHopping: FH schemegslow, fast,random,uniform and adaptve), FH
patternsweightof constant-weightodes;

e Detection Detectionschemegcoherentor non-coherentetc.) andalgorithms(max-
imum likelihood sequencealetection(MLSD) or minimum meansquareestimation
(MMSE), etc.), parametergassociatedvith space/timeaswell asfrequeng diversity,
beam-forming diversity combiningschemesequalizationschemesaswell asthe re-
latedparametergsuchasthenumberof turboequalizatioriterations etc.) andchannel
quality estimationalgorithms parameters;

e Others: Subchannebandwidth power controlparameters.

In the contet of different standards in additionto the parameterdisted above - the
transcerer parametershat mustbe re-configurablénave to includethe clock rate, the radio
frequeng (RF) bandsandair interfacemodes.
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1.8 Chapter Summary and Conclusions

We have presented flexible broadbandmobile wirelesscommunicationsystembasedon
FH/MC DS-CDMA andreviewed a variety of existing aswell asa rangeof forthcoming
techniqueswhich might be requiredfor developingbroadbandnobile wirelesssystemsex-
hibiting a highflexibility andhighcommunicationgfficiengy. We arguedthatthis broadband
FH/MC DS-CDMA systemexhibits a high gradeof compatibility with the existing CDMA
basedsystemssinceit is capableof incorporatinga wide rangeof techniqueslevelopedfor
the 2nd- and 3rd-generatiormobile systems.At the time of writing researchs well under
way towardsthe SDR-basedmplementatiorof a rangeof existing systems.lt is expected
that theseefforts will soonencompasa genericschemenot too differentfrom the FH/MC
DS-CDMA schemedwcatedhere. Therestof this monographwill provide anoverview of
variouscommunicationsechniqueswhich maybeaccommodateby the systemframevork
introducedn this Prologue.
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Chapter

CDMA Overview

2.1 Intr oductionto CodeDivision Multiple Access

Spreadspectrumcommunicationshave long beenusedin military systems[87]. The dis-
tinguishingfeatureof spreadspectrumcommunicationss that the transmissiorbandwidth
is significantly higherthanthat requiredby the informationrate, resultingin the “spread”
terminology Typically, a pseudo-randoraodeis usedto ‘spread’theinformationsignalto
theallocatedrequeng bandwidth.

Multiple accesssystemsdesignedfor mobile communicationshave traditionally em-
ployed Time Division Multiple Access(TDMA) [81] andFrequeng Division Multiple Ac-
cess(FDMA) [81] techniques.In FDMA, the allocatedspectrumis divided into frequeny
slots,while in TDMA thetime-domaintransmissiorframeis periodicallydividedinto time
slots. Thuseachuseraccessefts own slotin eitherthe time-domainor frequeng-domain
and hencethey arethusorthogonalto eachothereitherin time or frequeng, respectiely.
from Qualcomminc. wasone of the first to proposeusing CodeDivision Multiple Access
(CDMA) [88] for civilian mobilecommunicationsywhich eventuallyled to the North Ameri-
canlS-95standard89,90]. CDMA is a multiple accesdechniquehatallows multiple users
to transmitindependeninformationwithin the samebandwidthsimultaneously Eachuser
is assignedh pseudo-randomodethatis eitherorthogonalo the codesof all the otherusers
or the codepossesseappropriatecross-correlatiopropertieghat minimize the multiple ac-
cessinterferencg(MAI). This codeis superimposean the informationsignal, makingthe
signal appeamoise-like to all the otherusers. Only the intendedrecever hasa replica of
the samecodeandusesit to extractthe informationsignal. This thenallows the sharingof
thesamespectrunmby multiple userswithout causingexcessie MAI. It alsoensuresnessage
privagy, sinceonly theintendeduseris ableto “decode”the signal. This codeis alsoknowvn
asa spreadingcode,sinceit spreadghe bandwidthof the original datasignalinto a much
higherbandwidthbeforetransmissionThereforetheterm SpreadSpectrumMultiple Access
(SSMA) is alsousedinterchangeablyvith the term CDMA. Theseaspectsare explainedin
furtherdetaillaterin this chapter

Figure2.1 shaws a classificationtree of the varioustypesof CDMA techniques.These

35
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CDMA
DS-CDMA FH-CDMA TH-CDMA Hybrid CDMA
SFH FFH MC-CDMA DS/FH DS/TH FH/TH DS/FH/TH
Key :
CDMA Code Division Multiple Access
DS Direct Sequence
FH Frequency Hopping

SFH Slow Frequency Hopping
FFH Fast Frequency Hopping
TH Time Hopping

MC Multi Carrier

Figure 2.1: Classificationof CDMA schemesccordingto the modulationmethodusedto obtainthe
spreadspectrunsignal

techniquediffer from eachotherin the way that the information signalis transformedo
producea high-bandwidthspreadsignal.In Direct Sequenc€DMA (DS-CDMA), apseudo-
randomsequencéaving a higherbandwidththantheinformationsignalis usedto modulate
theinformationsignaldirectly. Theresultansignalhasasignificantlyhigherbandwidththan
theoriginal signal.In Frequeng HoppingCDMA (FH-CDMA), thetransmissiorbandwidth
is divided into frequeny sub-bandswherethe bandwidthof eachsub-bands equalto the
bandwidthof theinformationsignal. A pseudo-randoroodeis thenusedto selectthe sub-
band,in which the informationsignalis transmittedandthis sub-bandchangegeriodically
accordingto the code. Therearetwo sub-catgoriesof FH-CDMA, namelySlow Frequenyg
Hopping (SFH) [91] and FastFrequeng Hopping (FFH) [91]. In FFH, the frequeny sub-
bandusedto transmitonebit of informationis changednultiple timeswithin thebit-duration,
while in SFH,the sub-bands changednly after multiple bits have beentransmitted.Time
Hopping CDMA (TH-CDMA) [91] transmitsthe informationsignalin shortbursts. These
shortburstsrenderthe transmissiorbandwidthhigh. The startof eachburstfor oneuseris
determinedby a pseudo-randonsode. Hybrid CDMA [91] encompassea group of tech-
niguesthat combinetwo or more of the othertechniquesalreadydescribed. One of these
hybrid techniqueds known as Multi-Carrier CDMA (MC-CDMA) [91]. Thereare mary
variationsof this technique which were summarizedfor example,by [79,91], but their
commoncharacteristigs thata spreadingcodeis usedto spreada users signaleitherin the
time or frequeny domain,andthatmorethanonecarrierfrequeng is usedfor transmission.
This thesisdiscusse®S-CDMA only. For moredetailedinformationon the othermultiple
accesschemesthereadeiis referredto the excellentmonographdy [88], [91], and [92],
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aswell asand [93].

CDMA as a multiple accessschemehasadwantagesand disadwantagesover the more
traditionally employed FDMA and TDMA. [94] hasprovided an insightful comparisorof
CDMA, FDMA and TDMA. If all threemultiple accessschemesare comparedunderthe
hypotheticalconditionsof a Gaussiarchannelandall the usersare perfectly orthogonalto
eachother thenall threeschemesreequivalentwith respecto Shannors channelcapacity
[95]. However, mobile communicationsare usuallyconductedover radio channelghatare
more hostilethanthe ideal Gaussiarchannelandtheseradio channeldeadto performance
differenceamongsthethreemultiple accesschemesln comparisorio FDMA andTDMA
systemsCDMA systemssuffer more severe multiple accessnterferencgMAI) dueto the
oftenimperfectcross-correlatiopropertiesof the spreadingcodesused.The usersignalsin
FDMA andTDMA areinherentlyorthogonalto eachotherdueto the orthogonalfrequeng
andtime slotsused.However, FDMA andTDMA areprimarily dependenbntheavailability
of bandwidth whichis a costlyresourceandthe capacitieof boththeseschemesarethere-
fore bandwidth-limited. CDMA, on the otherhandis only interference-limited.In second
generationCDMA systemsspecifically in the QualcommIS-95 CDMA standard11, 88],
the multiple accessnterferencg MAI) is treatedasnoise. We note, however that uponex-
ploiting the extra knowledgeof the users’spreadingsequenceandtheir associatea¢hannel
impulseresponse$CIR) the MAI canbe substantiallyreduced resultingin corresponding
usercapacitygains.

Oneof the effectsof the mobile radio channelis dispersie multipathpropagtion. This
is dueto the reflectionsand scatteringof the signal by objectspresentin the propagtion
ernvironment. The multipath channeldestrgs the orthogonalitybetweenspreadingcodes,
thusfurtherincreasingthe cross-correlatiometweenthe users. The multipath spreadingof
thesignalresultsin inter-symbolinterferenc€1Sl), which severelydegradegheperformance
of the system.However, an advantageof CDMA schemess thatthe multipath propagtion
canbeexploitedto give multipathdiversitygains. With theaid of multipathrecevers,namely
RAKE recevers [96,97], the correlationpropertiesof the spreadingcodescanbe exploited
and the enegy from the different pathscan be coherentlycombined,in orderto provide
a multipath diversity gain. A detrimentaleffect of the mobile channelis its time-varying
property more commonlyknown asfading. This time-varying propertyis causedby the
movementf mobile stationsandotherobjectsin the propa@tionenvironment.This results
in the receved signalhaving a large varianceaboutits mean,again resultingin a degraded
performanceTheseeffectswill be explainedin moredetailin ourfurtherdiscussionsOther
adwantageof CDMA includethe privilege of privagy throughthe useof uniquespreading
codesfor differentusersanddiversity techniquedo combatmultipathfading[98,99]. Some
of thesediversity techniquesnclude multipathdiversity combining[100], cell-siteantenna
diversity combining[100] and“soft-handof” combining,wheresignalsfrom two or more
cell sitesarecombined 100]. Anotheradwantageof CDMA is thatit is well suitedto support
variable bit rate transmissiorand dataratescan be chosenindividually for eachuser as
proposedor exampleby Baier[101]; and [102]; and [103]. Furtherdiscussion®n variable
bit rateandadaptie-ratetransmissiongreprovidedin Chapterd.

A disadwantageof CDMA is thatmultiple accessnterferencgMAI) is themainlimiting
factorimposedby the cross-correlatiobetweenspreadingcodes. Additionally, evenwhen
the spreadingcodesare designedto be perfectly orthogonal,the widebandmobile chan-
nel destrgs this orthogonalitybetweenthe codes. Traditionally, powerful errorcorrecting
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Userl di(t) di(t)ei(t) s1(t) = Adi(t)c1(t) cos(wet)
c1(t) A cos(wet)
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Figure 2.2: Block diagramof a simpleasynchronou®S-CDMA systemin a noiselesshannel. The
signalsfrom all the K usersarrive at the recever with differentpropagtion delays, 7.
Only thereceverfor userl is shavn. Thedespreadingnddemodulatiorprocesseshovn
in thefigureassumeperfectsynchronization.

codeq104] areusedto overcomethis problem.Otherinterferencereductiontechniquesised
in CDMA arevoiceactiity-basedit ratecontrol[98,99] andcell-sitesectorizatiorf98,99].
Currentresearcton CDMA receversincludesmultiuserdetectior{83] thatexploitstheavail-
able information aboutthe spreadingsequencesnd CIR estimatesjn orderto reducethe
MAI. An introductionto the basicprinciplesof thesereceverswasgiven, for exampleby
[91] and [83]. Multiuserreceversaredealtwith in Chapters3 to 5. Furthermoredueto
thetime-varying natureof the mobile radio channel the powersof the receved signalsvary
widely amongtheusers.This resultsin the phenomenogommonlytermedasthe “nearfar”
effect, wherethe strongersignals“swamp” the wealer signals. Therefore stringentpower
control [98] is requiredto ensurethat the signalsfrom all the differentusersarrive at the
recever with relatively similar strengths.

Following the above brief introductionto CDMA, let us now considerthe basicsof this
multiple accessechniqueandthefoundationf cornventionalDS-CDMA receversin alittle
moredepth.



2.2. DS-CDMA TRANSMISSION MODEL 39

2.2 DS-CDMA transmissionmodel

This sectionexplainsthe basicprinciplesof operationin a DS-CDMA scheme.For a more
detaileddiscussionthereadeiis referredto themonograph®y [88], [91], and [92] aswell
asand [93]. The block diagramof a simple asynchronou€£DMA modemin a noiseless
channelis shavn in Figure 2.2. This systemsupportsK users,eachtransmittingits own
information. The usersareidentifiedby k£ = 1,2,... , K. Themodulationschemeusedis
Binary Phaseshift Keying (BPSK).Eachusers datasignalis denotedby di,(¢) andeachuser
is assignedh uniquepseudo-randornodealsoknown asa spreadingcodedenotedy ¢y (t).
Therearetwo classe®f spreadingcodesin generalbinaryandcomple. For simplicity, the
following discussiorconsideronly binary codes Eachspreadingodeconsistf () pulses,
commonlyknown aschips. Spreadingcodesarediscussedn moredetailin Section2.6.

In this discussionthewantedsignalis thesignalof userk = 1 andall theother(K — 1)
signalsareconsideredo beinterferingsignals.

2.3 DS-CDMA transmitter

At thetransmitterof userk, eachdatabit of userk is first multiplied by the spreadingcode
¢k (t). This causeghe spectrumof the informationsignalto be spreadacrossthe allocated
bandwidth.Next, the signalis modulatedontoits carrierbeforeit is transmitted.Thetrans-
mitted signalis givenby :

si(t) = Adg(t) e (t) cos(wet), (2.2)

wherew.,. is the carrierfrequeng in rad/secand A is the amplitudeof the carriersignal. Let
usnow considettherecovery of the DS-CDMA signalattherecever.

2.4 DS-CDMA recever

At therecever, the compositeof all the K usersignalsis receved, consistingof the trans-
mitted signalfrom userl andthe other (K — 1) interferingsignals.Ignoringthe noise,the
recevedsignalis givenby :

K
r(t) =) skt — i), 2.2)
k=1

wherery, is the propagtiondelayfrom the transmitterto therecever of the k-th user Let us
now concentraten therecovery of theinformationsignal.
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Figure 2.3: The power spectraldensity(PSD) plot of a despreadignalin the presencef interfering
users,normalizedto the total power in the signal. The receied signal consistsof the
superpositiorof the signalsfrom morethanoneuser The PSDvaluesare normalizedto
thePSDvalueatfrequeng 0. The despreadignalhasa bandwidthof approximatelyl /7"
comparedo the othersignals,which remainspreadandhave bandwidthsof 1/7, where
1. is thedurationof onechipin the spreadingequenceTheratio of 7'/1 is 128.

2.4.1 Recovery of the information signal

Let usfirst considerthe simplestcasewhere K = 1, yielding:

r(t) = si(t—m) (2.3)
= Adi(t —1)c1(t — 1) cos(wet + 6", (2.4)

wherethe propagtiondelay-inducedarriershiftis givenby ' = —w.7;.

In orderto recover the original informationof userl, thereceved signalis despready
multiplying the receved signalwith a synchronizedeplicaof the spreadingcodeof userl,
asfollows:

51(t) r(t)er(t — ') (2.5)
Ady(t — m1)er(t —m)ea(t — 7') cos(wet + 0'), (2.6)

I

wherer’ is the delayestimate This despreadshe spreadsignalof userl backto its original
bandwidth asillustratedin Figure2.3.

In orderto demodulatehesignal,it is thenmultiplied by the carrierandpassedhrougha
correlatorfollowedby athresholdinglevice,asdemonstrateth Figure2.2. At thecorrelator
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output,wethenhave :

ti+T
2 = / 51(t) cos(wet + 0 + p)dt, (2.7)

t1
wheret; is thetime of commencemerfor the databit, 7" is the periodof onedatabit andy
is the phasesynchronizatiorerror.

If we assumehatthe replicaof the spreadingcodeat the recever is perfectly synchro-
nizedto the codeusedto spreadthe signalat the transmittey then; = 7/ andwe canset
7 =0, yielding:

51(t) = Ady(t)c3 () cos(wet). (2.8)

Substitutingequation2.8into Equation2.7 andassuminghatthereis no phasesynchro-
nizationerror, i.e. ¢ = 0, we thenhave :

t14+T
z1 = / Ady ()3 (t) cos? (wet) (2.9)
_ g / T () (0 cos 2wnt) + 1] d. (2.10)

Thehighfrequeny termcos 2(w..t) tendsto zeroafterthecorrelatorbasedecever, sincethe
frequeny w. is significantlyhigherthanthatof d; (t)c?(t), resultingin an equalnumberof
positive andnegative termsin theintegral, yielding:

A t1+T

a=g dy(t)c3(t) dt. (2.11)

Sinceit is assumedhatthereis no timing error, d; (¢) is BPSKdemodulatedgiving d; (t) =
+1, andfOT c2(t) = T, hencewe have :

2= i%. (2.12)

Theabove derivationassumeshatthereis accuratephaseandtiming synchronizationlf
theseassumptionareinvalid, thenwe arrive at:

t1+4+T
2 = / Ady(t —m)er(t — m)er(t — 77) cos(wet + 0') cos(wet + 0" + ¢)(@.13)
ty
t1+4+T A
_ / St =)t = m)en(t — ') cos(p)dr. (2.14)
ty

wherewe usedtheidentity thatcos A cos B = 1[cos(A+ B)+ cos(A — B)] andwe exploited
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agpin thatthe high-frequeny termof 1 cos[2(w.t + 0') + ¢] tendsto 0 afterthe correlator
Sinced; (t — 1) = +1, thefollowing ensues

A t1+T
z = :I:E cos(¢p) / cr(t —m)e(t —7)dt (2.15)
ty
= :I:% cos(p) Ree(m1 — 7'), (2.16)

whereR..(m1 — 7’) is theauto-correlatiorof the spreadingodec; (t) givenby :
T
Reolr —7') = / er(m)en (7). 2.17)
0

Therefore|z; | is maximum,when(r;, — /) = 0 andg = 0. Synchronizatiorerrorswill
resultin lower |z; | values,leadingto lower signal-to-noiseatios (SNR) and hencehigher
bit-errorrates(BER). Wheninaccuratesynchronizatioroccurs,we have 1 # 7/ andhence
the high valuesof out-of-phaseautocorrelatiorcontributionsdueto R..(m — 7’) resultin
high BERs. Therefore the spreadingcodeshave to be carefully designedn orderto have
low out-of-phaseautocorrelatiorvalues,an issueto be addressedn Section2.6 in greater
depth.

2.4.2 Recovery of the information signalin multiple accessnterference

In thecasewherethereareseveralusersj.e. K > 1, therecevedsignalis givenby :

K
r(t) = skt — 7). (2.18)
k=1

After multiplying therecevedsignal,r(t), with thespreadingode c, (¢), theinformation
signalof user1, d;(t), is despreadnto its original bandwidth. However, the signalsof all
theother K — 1 usersremainspreadsincec; (t) is orthogonato the otherspreadingodes,
resultingin :

M=

51(t) = ) silt — m)ea(t — 71). (2.19)

k=1

Next the signalis demodulatecand passedhrougha correlatoraswell asthe thresholding
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device,asseenin Figure2.2. The outputof the correlatoris formulatedas:

t1+7 K
/ S skt — e (t — 71) cos(wet + 0)d (2.20)
t k=1

4T
/ [sl(tfﬁ)cl(t—ri)+52(t77'2)02(t—7'{)+...

t1

Z1 (t)

+sr(t — x5 )er (t — T{)} cos(wet +0') dt. (2.21)

In asynchronousystemthestartof eachdatabit of a usercoincideswith thestartof the
databits of all the otherusers.Assumingthatthereareno phaseor timing synchronization
errors,i.e. 7, = 0 and#’ = 0, we have :

t1+T K
alt) = / S sk(t)e (t) cos(wet)dt (2.22)
t k=1
t14+T K
_ / S Adg(B)er(B)es (t) cos? (wet)dt (2.23)
t k=1
A 0T K
= 3 > " di(t)er(t)e (t)dt (2.24)

1

t g
t1+T
= é/tl {dl(t)C%(t) +da(t)ea(t)er (t) + ...+ dK(t)CK(t)Cl(t)} d(2.25)

whereagnin, the high frequeng termof cos(2w,t) integratesto zero.
If thespreadingsequencearedesigneduchthatthey constituteanorthogonaket,where

T S
/0 Ci(t)cj(t)dt_{g Ig{;;j , (2.26)

thenall theinterferencdermsintegrateto zero,leaving only the databits of the wanteduser
namelyuserl. Sinced; (t) = +1 andfOT A(t)=T,wehae:

AT

asseenfor asingleuserin Equation2.12.

Thus, underthe assumptionof perfectsynchronizatiorthe databits of userl canbe
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. fOT ci(t — m)ei(t) = 0, for
T # 0. Secondly Equation2.26 hasto be satisfied. In addition,a rangeof otherpractical
codedesignconstraintshave to be satisfied,as we will seein Section2.6. The resultis
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usuallya compromiseby approximatingheideal conditions wherethe spreadingcodesare
notperfectlyuncorrelatedvith eachother butthecross-correlationaluesarekeptassmallas
possible. Thesecross-correlationsesultin multiple accessnterferencgMAI) thatdegrades
the performancef the system.Thesecorrelationsaregivenby :

r T  fori=j
/O Ci(t)cj(t)dt_{ Ry 40 forij (2.28)

Consideringequation2.25again in conjunctionwith the correlationconstraintof Equa-
tion 2.28,we have:

t1+T
alt) = g /t [dla)ci(t) +dy(t)ea(t)er(t) + dK(t)cK(t)cl(t)} dt (2.29)
- g[iTiTng—i—...iTRlK]. (2.30)

Thefirst termis thewanteddataandall the othertermscontributeto the MAI.
Let usnow considerthe correspondingperationsn thefrequeny domain.

2.5 Frequency-domainrepresentation

The spreadingand despreadingf the information signalis more easily representedh the
frequeng domain.If theinformationsignal,dy (¢), is BPSK-modulatedhaving anamplitude
of +1 andabit rateof 1/7" bits/secthenthe power spectraensity(PSD)of theinformation
signalis givenby :

S(f) = TsinG(fT). (2.32)

Thisis shavn in Figure2.4(a). Thefrequencie®f thefirst nulls of thespectrumareat+1/T,
giving anapproximatebandwidthof 1 /7.

The spreadingsignal,c (t), hasa chip rateof 1/T.. If the chip amplitudesarealso+1,
thenthe spreadingignalhasa PSDof :

S.(f) = T. sin@(fT,). (2.32)

If the spreadtime-domainsignal is given by the product dj(¢)ck(t), the resulting
frequeng-domainPSDis that of the correspondingorvolved spectra,which is shavn in
Figure2.4(b). Sincethe T../T ratio is typically high, the PSD of Equation2.31is a’near
Dirac’ impulseand hencethe PSD of Figure 2.4(b)is similar to S.(f) in Equation2.32.
Therefore,for corventionalrecevers, the bandwidthof the original information signal is
spreadby theratio of T'/T... Theratio of the spreacbandwidthto theinformationbandwidth
is known astheprocessingyain . Historically, thetermprocessingjain wasusedin jamming
systemswhich employedthe principlesof spreadspectrumto protecta signalagainstjam-
ming interferencefrom an unknavn or hostile source. The term processinggain was used
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Figure 2.4: Power spectraldensity(PSD)plot of the signalbeforeandafter spreadingnormalizedto
the total power in the signal. The PSD valuesare normalizedto the PSD value at fre-
queny 0. Notethatthe frequeng scalesin (a) and(b) aredifferentfor simplegraphical
representatioreasonssinceT’/T. = 128.
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to quantifythefactorof advantageof a signalthathadbeenspreadover the jammerinterfer
ence.ln DS-CDMA systemsthe spreadbandwidthis approximatelfthespreadingodechip
rate,1/T, andtheinformationbandwidthis approximatelyl /T. Thisthusgivesaprocessing
gain of T'/T.. Thetermspreadingfactor is alsousedinterchangeablyvith processingyain
to corvey asimilar meaning.

If at the recever, the spreadsignal, d.(t)c(t), is multiplied by the spreadingsignal,
ck(t), again, the spreadsignalis thendespreadnto its original bandwidthandwill have a
PSDof :

S(f) = Tsin@(fT), (2.33)

while all the othersignalsremainspread.Figure2.3 shavs the PSDof a despreadsignalin
thepresencef interferinguserswhich correspondso the corvolution of therecevedsignal
spectrumwith thatof the spreadingcodefor anarbitraryT’/T, ratio of 128.

In the next section,afew examplesof spreadingsequencewill beconsidered.

2.6 Spreadingsequences

In Section2.4.2,we notedthat the multiple accessdnterference(MAI) of Equation2.30is
largely dependenbn the cross-correlatiolfCCL) betweerthe spreadingzodeof the wanted
userandthe spreadingcodesof all the otherinterferingusers.Theideal CCL valueis zero
for all valuesof ¢ # 0. Ideally, the out-of-phaseauto-correlation(ACL) of the spreading
sequenceshouldalsobezero,in orderto tolerateinaccuratesynchronizatiomof thespreading
sequencesThereforefor thecorventionalCDMA recever, thedesignof thesetof spreading
sequence® beusedin a CDMA systemis very importantasto its performanceThedesign
is usuallybasedon a setof criteriawhich will be the topic of the forthcomingsections.Let
uscommenceéy consideringhe correlationpropertiesof the spreadingsequences.

2.6.1 Correlation of sequences

TheperiodicACL of acomple spreadingsequence;(¥), is definedas:

Q
Ri(q) =Y Vet o, (2.34)
i=1
forq = —(Q — 1),...,Q; wherethe expression[(q + ) @ Q] representshe remainder

afterdividing (¢ + i) by @, ¢®*)* is the complex conjugateof ¢(*) andQ is thelengthof the
sequenceTheperiodicCCL of two differentsequences:?) andc¢(®) is definedas:

e
Ry(a) = e el)r, (2.35)

forg=—(Q—1),....,Q.
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A userssignalthathasbeenspreachasto appeanoise-liketo all theotherusers.Thiscan
be achieved by usinga randomspreadingcode,having aninfinite repetitiontime. However,
if the codeis truly random,the original datasignal cannotbe recoseredat the recever by
correlationtechniques.For the spreadingcodeto be useful, it hasto be deterministic,but
known only to the transmitterandthe intendedrecever. However, it still hasto appeaiike
randomnoiseto non-intendedecevers. Thereforethe spreadingodesaregenerallyknown
aspseudo-randoror pseudo-noiséPN) sequencesThesecodeshave alengthof ) andare
repeategberiodicallywith a periodof Q. Eachspreadingodesethasafamily sizeof K, i.e.
thereare K codedn theset. Thiswill be explainedlaterin thefollowing sections.Thereare
basicallytwo classe®f spreadingequencesiamelythebinaryandthenon-binarysequences
alsoknown aspolyphasesequencefl05]. Thelatterarecomple-valuedsequences.

Traditionally the measureusedto comparedifferent code setswas definedas R,,q.,
where:

Rpes = max|Ra, R, (2.36)
and
R, = maX|Rkk(Q)| for 1<k<K’ 7(Q71)<Q<Q Q%AO (237)
R. = maX|R]k(Q)| for 1<]7k<K7 ]#ka _(Q_1)<q<Q .

The value of the periodicCCL or out-of-phaseperiodicACL that hasthe highestmag-
nitudeis takento be the R,,,, of a particularcodeset. A low out-of-phaseperiodicACL
allows easiercode acquisitionor synchronizationwhile a low periodic CCL reducesthe
MAI. A measuref “goodness’of R,,.. is how well it comparesvith thewell-knowvn Welch

[87] or Sidelnikov [87] bounds.For asetof K sequencebaving a periodof @, the Welch

boundis definedas[87] :
K-1
> Q) ——. .

Thisvalueis dependenbnthenumber K, of codesn theset,andthelength,@, of thecodes.
Therefore for a codesetto be optimum,accordingto Welch, it hadto achieze the minimum
valuegivenby Equation2.38.

For the samesetof sequenceghe Sidelnikov boundis definedas[87] :

Rmax > (2Q - 2)% . (239)

A codesetis optimumaccordingto thesecriteria, if its performanceneasureR,,.q.,
approachethe Welchor Sidelnikov lower boundsgivenby Equation®2.38and2.39,respec-
tively. Somenumericalexampleswill be givenin Sections2.6.3and2.6.4in the context of
Gold sequenceandKasamisequencesgspectiely.

Thecriterionof family size, K, is importantbecauséarge familiesof goodcodesenable
moreusersto beaccommodateih the samebandwidth thusincreasinghe usercapacityof
the system. Sincea CDMA systemis interference-limitedasit will be shovn in Section
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2.7,thelargerthe codesethaving low CCL values the higherthe capacity Thedifficulty in
designingspreadingcodeslies in achiezing a large family sizehaving good CCL valuesfor
a specificvalueof spreadingcodelength, ). Theseissueswill be demonstratech Sections
2.6.2,2.6.3and 2.6.4 using various examples,namelythe m-sequence§d7], Gold codes
[106] andKasamisequenceELO7], respectiely.

2.6.2 m-sequences

An importantclassof binarysequencess thebinarymaximal-lengthtshift registersequences,
commonlyknown asm-sequencef87]. Sequencesanbe generatedisingthe well-known
lineargeneratopolynomialsof degreem, where:

g(T) = gma"™" + g‘m—l'r”m*1 + g‘m—2-77mi2 + ...+ 17+ go. (2.40)

In orderto generaten-sequencegshe generatopolynomial,g(z), mustbefrom the classof
polynomialsknown asprimitive polynomials,which impliesin simpleterms,thatg(z) can-
not be factorizedinto lower-orderpolynomials. For a moredetaileddiscussioron primitive
polynomialsthereadeis referredo’sexcellentmonograptonerrorcorrectioncoding[104],
wheregeneratopolynomialsare usedextensvely. The m-sequencgeneratedasa period
of Q = 2™ — 1, wherem is thedegreeof the generatopolynomial. By contrasta sequence
generatedy a non-primitive generatompolynomial, g(z), may have a period of lessthan
2™ — 1 andhencethis sequencés notanm-sequence.

Oneof thepropertieonf m-sequenceis thatthe ACL of thesesequencesanbecalculated
as:

Ry (0) Q
Rik(q) = —1 forq#0, (2.41)

which accruesrom the simple binary natureof the sequencesExplicitly, whena Q-chip
sequences perfectly alignedwith itself, correspondingo a shift of ¢ = 0 chip intervals,
thereare@ numberof +1 termsin theautocorrelatiosumof Equation2.34. By contrastfor

q # 0, the summatioralwaysconsistof oneextra —1 valuecomparedo the numberof +1
values. TheseACL propertiesarenearidealfor codeacquisitionor synchronizationywhere
the perfectlyalignedconditionof ¢ = 0 betweenthereceved andlocally storedsequences
hasto be detected As anadditionalconstraintjn multi-usercommunicationsa large setof
spreadingsequenceexhibiting low CCL valuesis needed.The m-sequencedo not satisfy
this requirementsincesomem-sequenc@airshave large CCL values.Let usnow consider
thefamily of Gold codes.

2.6.3 Gold sequences

Oneof thebest-knavn binarysequencebaving relatively goodcorrelationvaluesis the Gold
sequenceset[106]. A setof Gold sequencess constructedrom a preferredpair of m-
sequencesg andy, having identicallength Q. In 1967, Gold proved that thesepreferred
pairsof m-sequencesf lengthQ have only threepossibleCCL values which areshovn in
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Equation2.43,2.44and2.45. Theperiodof the Gold sequencegeneratedby 2 andy is also
Q. EachGold sequencén a setis generatedy a modulo-2sumof z andcyclic shiftsof y.
The setalsoincludesthe m-sequences andy. The entiresetof Gold sequencebaving a
periodof Q is givenby : a

Sy = {2 Yy, z®y, z®T 'y, 2®T %y, ..., £®T_(Q’”g} (2.42)

whereT 4y for ¢ = 0,1,... ,Q — 1, represents cyclic shift of y by ¢ chip intervals; and
thesymbol® representsnodulo-2addition. a

Thefamily sizeof a Gold sequencsethaving a periodof  is K = @ + 2. A property
of Gold sequencessstatedearliet is thatthe CCLsandout-of-phaséACLs have only three
possiblevalueswhich aregivenby :

_ Q forg=0
Rik(q) = { (—1, —t(m), t(m) —2} forg+0 (2.43)
Rji(q) = {-1, —t(m). t(m)—2} forallgandj # k, (2.44)
where
tm) = 2m*tY/211 misodd
t(m) = 2m2/2 11 miseven (2:45)

SinceGold sequenceareconstructedrom preferredoairsof m-sequenceshe ACL is given
by @, asseenin Equation2.41. The detailedderivation of the CCL valuesandout-of-phase
ACL valueswasgivenby Simonet al [87]. In orderto computethe correlationvalues,the
binary bits 0 and1 aremappedo +1 and—1, respectrely. Fromthe correlationvalues,it
canbeseerthatfor a setof Gold sequencesR, ... = t(m). Considera Gold sequencsetof
period@ = 63, correspondingo m = 6. Thenfrom Equation2.45we have :

Rppaz = t(m) = 20642/2 4 1 =17, (2.46)

The Welch boundof Equation2.38for this Gold sequenceset, which hasa family size of
K = Q + 2 = 65, is computedasfollows::

65— 1
Roas =634 ————— ~ 7.88. 2.47
63(65) — 1 (2.47)

Notethatthe Welchboundis aslow as46%o0f |R,,..| = 17 in Equation2.46,computedor
our exampleof a codesetof Q = 63 and K = 65. Two examplesof Gold sequencesre
shavn in Figure2.5.

The periodic CCL of thesetwo sequenceswvas calculatedusing Equation2.35 andthe
CCLisplottedin Figure2.6. Thebinarybits0 and1 weremappedo +1 and—1, respectiely.
It canbeseenfrom Figure2.6thatthe CCL hasthreevalues,.e. —1, —17 and+15. This set
of spreadingsequencegields comparatiely high CCLs,wherethe spikesarelocatedin the
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Figure 2.5: Examplesf Gold sequences
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Figure 2.6: Cross-correlatiorvaluesbetweentwo pairs of Gold sequencesersusqg as specifiedin
Equation2.35. Thebinarybits 0 and1 weremappedo +1 and—1 respectiely to compute
thecorrelationvalues.The CCL valuesare—1, —17 or 15.

figure.

Following theabove brief noteson Gold codes]et usnow considelKasamisequences.

2.6.4 Kasamisequences

A setof binary sequenceshat are nearoptimum with respectto the Welch boundis the
Kasamisequencdamily [107]. Eachsequencesetis generatedrom one m-sequencez,
which hasa periodof ). Them-sequence: is decimatedy samplingit periodically Then,
asecondsequencey, is formedby concatenatinghe decimatedsequenceepeatedlyuntil a
sequencef lengthQ is obtained.The entireKasamisetis thengeneratedy the modulo-2
additionof the sequence: andthe sequencegeneratedby cyclic shiftsof y.

The generatompolynomial of z is of degreem and 2 hasa periodof Q = 2™ — 1.
Kasamisequencesanonly be generatedor evenvaluesof m. The decimationfactorused
to decimater is givenby s(m) = 2™/2 + 1. Thedecimatedequencey, hasa shorterperiod

of (2™ —1)/s(m) = 2™/? — 1. Hence the setof Kasamisequenceis givenby :

Sk = {2 zdy, zoT Yy, 2T %y, ..., Q@T_(Zm/z_Q)y}- (2.48)

The correlationvaluesof a Kasamisequencaetarealsoternary similar to thoseof the
Gold sequencedyut the valuesarelower for sequencesf the samelength,which aregiven
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by :
Q forg=0
Rrle) = { {1, —s(m), s(m) 2} forg 20 (2.49)
Rijk(q) = {-1, —s(m), s(m) —2} forallgandj # k. (2.50)

The numberof Kasamisequencess now reducedto K = 2™/2, which is lower than
that of the m-sequencesMore explicitly, the usageof a decimatedsequenceeduceshe
numberof sequenced a set,comparedo the Gold sequenceet, having the sameperiod.
For example,a Gold sequencaethaving a periodof Q = 63 hasafamily sizeof K = 65,
while Kasamisequencesf the samelengthhave a setsizeof K = 8. However, dueto the
reducedsetsize,thehigh CCL sequencesanbeeliminatedandhencethe Kasamisequences
have lower CCL values whichis essentiallydueto the usageof a decimatedsequenceThis
is explainedin moredepthby etal [87]. Thesdower CCL valuesresultin Kasamisequences
beingnearerto achievzing the optimumWelch lower boundcomparedo Gold sequencesf
thesamdength. TheWelchboundof Equation2.38for theKasamisetof Q = 63 andK = 8
is givenby :

8—1
Ronan > 634 | ———— ~ 7.43, (2.51)
63(8) — 1
while
| s(m) |[= 22 +1=09. (2.52)

Therefore the optimumWelch lower boundis now 83%of R, .., comparedo the previous
46% for theequialentGold sequencset.Having consideredrangeof spreadingequences,
let usnow concentrat@ur discussion®n the performancef the DS-CDMA system.

2.7 DS-CDMA systemperformance

In this section,a modelfor a DS-CDMA systemusingBPSK modulationis presenteé@nda
theoreticalanalysisof its performances obtained.The modelshavn in Figure2.7is similar
to the model shawvn in Figure 2.2, the differencebeing that the noisesignal n(t) is now
addedto the receved signal. From this model, an expressionfor the bit-errorrate (BER)
performanceof the systemis derived. The conditionsunderwhich this modelis presented
are:

e BPSKmodulationis usedfor theinformationsignal. Thecarriersignalhasafrequeny
of w, andamplitudeof A = /P, whereP is the averagepower of the signal. This
givesanenepy perbit of E, = A2T = PT.

e Thelengthof thespreadingcodeusedis Q.
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Userl d1(t) di(t)e (t) s1(t) = Ady(t)e1(t) cos(wet)
e1(t) A cos(wet)
User2 da(t) da(t)ea(t) s2(t) = &Mj) cos(wet)
r(t) = 21 skt — k) +n(t)

] T —(
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} n(t)
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dgc(t) di (H)ex (t)
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Figure 2.7: Block diagramof a simpleasynchronou®S-CDMA systemtransmittingover a Gaussian
channel.Thesignalsfrom all the K usersarrive attherecever with differentpropagtion
delays, 7. Only the recever for userl is shavn. The despreadingand demodulation
processeshavn in thefigureassumeperfectsynchronization.

e Eachinformation/datebit hasa periodof 1" andeachchip hasa periodof T,, where
T =QT.

e Thepulseshapds rectangulamndhasanamplitudeof +1 for theinformationsignal.
The pulse shapefor eachchip of the spreadingcodeis alsorectangularhaving an
amplitudeof +1.

e Thetotalnumberof usersin thesystemis representetly K andeachuseris identified
by the subscriptk.

e All K usersaretransmittingatthe samebit rate.
e Thereis perfectpower controlfor all K users.

e Thissystemoperatesn asinglecell ervironment.
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2.7.1 Theoretical BER performanceof asynchronousBPSK/DS-CDMA
over Gaussianchannels

In this sectiona BER expressionis derived for a Gaussiarchannelwhereit is assumedhat
for eachuser all errorsare causedy zero-mearAdditive White GaussiarNoise (AWGN)
at the recever and multiple accessnterferencg(MAI) from the other (K — 1) users. The
derivationis performedatthebasebandkvel, which greatlysimplifiestheanalysis.However,
the derivation s still valid for a bandpassystem becausédaseban@ndbandpassystems
areequialent[97].

The desireduseris userl andall the other (K — 1) usersareinterferers.The receved
signal,r(t), is asumof thetransmittedsignalsfrom all K usersandit is corruptedby Gaus-
siannoise.Thesignalof eachuserarrivesat a differentpropagtiondelay givenby 7. The
recevedsignalis formulatedas:

r(t) =Y VPdy(t — mi)er(t — ) + n(t). (2.53)

This signalis thendespreaavith a replicaof the spreadingcodeof userl. A correlator
basedeceveris usedto obtainthe associatedecisionstatistic,z;, from which a decisionis
madeconcerninghe bit transmitted Thereforewe have :

T
z21 = / r(t)ey(t —m — 7')dt, (2.54)
0

where7’ is the code synchronizatiorerror, which degradesthe demodulatoss correlation
propertiesf) = —w.71, whichis thedelay-inducedarrierphasegerm;andy = —w.7’ isthe
demodulatos phaseerror.

If perfectsynchronizations assumedor userl, thenwe cansetr; = " = 0. Substituting
Equation2.53into Equation2.54leadsto :

0 = / " er () dt (2.55)
0

_ /0 [\/ﬁdl(t)c%<t) + 3" VP (t — mi)ex(t — T)er (t) + n(t)cl(t)] &2.56)
= Di+1+n, - (2.57)

wherethe correspondingermsaredefinedbelov, namely D, is thebit transmittedby userl

Dy = / T\/Fdl(t)ci(t) dt, (2.58)
0
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andtakinginto accounthatc?(t) = 1 andd; (t) = +1, thisyields:
D, = +VPT. (2.59)

Thetermn in Equation2.57is thecomponentiueto theAWGN, n(t), whichcorresponds
to thedespreaédinddemodulatedermof :

T
0= /0 n(t)es (t) dt. (2.60)

Sincen(t) is thezero-mea®MWGN having avarianceof Ny /2 = o2, i) is aGaussiavariable
with zeromeanandvarianceVarjy], whichis derivedas:

Varly] = E[n* (2.61)
- B /0 L e (t) di /0 " e (u) ] (2.62)
T T
= / / En(t)n(u)]ei(t)er (u) dt du. (2.63)
0 0
But E[n(t)n(u)] is theautocorrelatiorof n(t), where:
Eln()n(w)] = %5(75 ). (2.64)
ThereforethevarianceVar(rn] becomes
Vary] = % /O ! /0 " St — wex (t)es (u) didu (2.65)
T
_ % /0 A (u) du. (2.66)
SincefOT ci(u) =T, wehave:
Varln] = %. (2.67)

Themiddleterm, I, in Equation2.57is the MAI componenfrom all the other(K — 1)
userswhichis givenby :

K T
=y \/F/ dio(t — )t — me)ea (£) dt. (2.68)
k=2 0

Fromthecentrallimit theorem95], the summatiorof (K — 1) independentandomvari-
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ablescanbe modelledby the Gaussiardistribution andhencein our analysis,! is approxi-
matedby a Gaussiarrandomvariable. By usingthe Gaussiarapproximationrmethod[108]
andassuminghatthereis perfectpower control,thevarianceof I wasderivedby Pursle as
follows:

QT2 <
Val’[[] - T Z P
k=2
2
= Q?)Tc (K —1)P. (2.69)
Substitutingl” = QT,, we arrive at:
T2
Varl]| = @(K - 1P (2.70)

ThereforetheequialentSNR at the outputof the correlatorreceveris :

D}

~ Vary] + Varl]’ (2.71)

SNR,

Substitutingequations2.59,2.67and2.69into Equation2.71andemploying the expression
E, = PT,yields:

P12
SNR, = (2.72)

| 55+ %(K P
[N (g - 1)p] "

— 2 3 ) (2.73)
P12 P12
N, K-1]

_ | Lo A1 2.74
2F, = 3Q (2.74)

Thesecondermof (K — 1)/(3Q) in the bracletsin Equation2.74representshe MAI
that causesan SNR degradationresultingin a degradedSNR performancefor a particular
valueof E}/Ny. It canbeseerthatthis degradationdepend®n the numberof users, K, and
thesequencéength,@. An increasen K or adecreasén (Q would degradetheperformance
becausét would increasehe cross-correlatioffCCL) betweerthe receved signalsfrom all
theusers.

By assuminghatthe MAI hasa GaussiarPDF, the BER of a BPSK-modulatedystem
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Figure 2.8: BER versusE; /Ny plotsfor anasynchronou€ DMA systemin a Gaussiarchannel.The
numberof usersis fixedat K = 10, but varying valuesof sequencéengths,@, areused.
ThesegraphswereplottedusingEquation2.75. As the sequencéength,Q, decreaseghe
BER performancalegrades.

in aGaussiarchanneis givenasBER = Q(1/SNR,), leadingto :

BER = Q(v/SNR)
- NO K-1 7%
= Q<[2—Eb+—3Q] ) (2.75)

whereQ(z) is the GaussiarQ-function[95].

Accordingto Equation2.75, if thereis only one user then K = 1 andthe equation
simplifiesto BER = Q(+/2Ey/Ny), which is the sameasthe theoreticaBER performance
of aBPSKsystem.

Figure2.8 shavs a plot of threeBER versusE, /N, curves. Thesecurveswere plotted
usingEquation2.75for K = 10 usersandfor sequencéengthsof () = 31, 63and127.The
curvesshav thatasthe sequencéength,@, decreasedhe BER performancealegraded.

Figure2.9shavsanotherplot of threeBER versusE, /N, curves. Thesecurveswerealso
plottedusing Equation2.75, but for Q = 63 andfor K = 10, 20 and30. The curvesshowv
thatasthe numberof users,K, increasedthe BER performancalegraded.This wasdueto
theincreasan MAI.

Having characterizethe systemperformancdor K asynchronoussersover a Gaussian
channel]et usnow considersynchronousisers.
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Figure 2.9: BER versusE; /Ny plotsfor anasynchronou€DMA systemin a Gaussiarchannel.The
sequencéengthis fixedat Q@ = 63 chips,but varyingnumberof users K, areused.These
graphswereplottedusing Equation2.75. As the numberof users K, increasesthe BER
performancealegrades.

2.7.2 Theoretical BER performance of bit-synchronous BPSK/DS-
CDMA systemsover Gaussianchannels

As statedabove, the BER performancexpressiongivenin Equation2.75is valid for a sys-
tem, wherethe usersare asynchronousvith respectto eachother Simulationstudiesare
often conductedn a synchronougrvironmentdueto limited resourcesincethenno over-
samplingof the signalsis necessaryThis is especiallytrue for studiesthatcombineTime
Division Multiple Access(TDMA) and CDMA transmission.The usersare allocatedtime
slotsandall the usersin the sametime slot transmitsimultaneouslyleadingto synchronous
receptionatthereceier. Thereforethe BER performancef aperfectlysynchronousystem
is analysechext.

Again,theoutputof theintegratorin Figure2.7is oftenreferredto asthedecisiorstatistic,
21, andits expressionwasgivenin Equation2.57as:

z21=D1+1+n,

whereD; isthecomponentepresentingheoriginalbit transmittecby userl. Theexpression
for D1 wasgivenin Equation2.59as:

D, = +VPT.

Thevarianceof the noisecomponent; waspreviously derivedas:

Varln] = g (2.76)
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Lastly, I is the interferencecomponentontritutedby all the other (K — 1) userswhichis
givenby:

I= / ! > VP (t)e(t)e (t) dt. (2.77)

k=2

Theinterference/y, from the k-th useris representeds:

I

/ ’ VPdy(t)e(t)er (t) dt (2.78)
’ T
= +VP / cr(t)ey(t) dt. (2.79)

Theterm fOT ck(t)er(t) dt representshe normalizedperiodicin-phasecross-correlatiote-
tweenthe spreadingcodesof userl anduserk, which canberewritten as:

T
/ c(t)er(t) dt = Ry T (2.80)
0
Substitutingthis into Equation2.79leadsto :
I, = VPRy.T. (2.81)

If weassumehatthepowerof I, representebly Sy, is thesumof thepowersof all the K — 1
interferingusersthenwe have :

K
S = > I} (2.82)
k=2
K
= Y _[VPRa TP (2.83)
k=2
K
= PT*) R}, (2.84)
k=2

Thesignal-to-noiseatio is givenas:

D?

SNRy = ———-.
= Var] + 5;

(2.85)
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Q | MAI value
31 0.0593
63 0.0587
127 0.0055

Table 2.1: MAI termof Equation2.88for variousvaluesof Q andfor K = 10.

CombiningEquation2.59,2.67and2.84into Equation2.85,we arrive at:

pPT?
SNR, — - (2.86)
L+ PT2 Y, RE

NoT 2 K o 711
== PT Zk:QRk,l

P12 P12

(2.87)

Sincethe amplitudeof eachusers signalis v/ P, theenegy perbitis E, = PT'. Thisleads
to:

-1

SNR, = (2.88)

1 K
AR
(Ey/No) &

The secondterm in Equation2.88 representgshe SNR degradationdue to MAI. This
termdependdlirectly on the CCL betweerthe spreadingcodes ratherthanindirectly asin
Equation2.74. This is becausehe signalsfrom all the usersare synchronizedwith each
otherandthereforethe CCL valuesof the spreadingcodesdeterminethe amountof excess
interferenceat the outputof theintegratorin Figure2.7.

Assumingthatthe combinednoiseandinterferencecomponenthiave a Gaussiardistri-
bution, the BER performances givenas:

BER = Q(+/SNR)) (2.89)

- Q( ) (2.90)

whereQ(x) is the GaussiarQ-function[95].

Figure2.10shaws a plot of threeBER versusE, /N, curves. Thesecurveswereplotted
usingEquation2.90for K = 10 andfor Gold sequencesf ) = 31, 63and127.In general,
the curvesshaw thatasthe sequencdength, ), decreasedhe BER performancalegraded.
However, thereis virtually no differencebetweenthe curvesfor @ = 31 and@ = 63. This
is becausghe MAI termin Equation2.88hasvery similar valuesfor both of thesesequence
lengths,asshavn in Table2.1.

Figure2.11 portraysa plot of threeBER versusE, /Ny curvesusing Equation2.90 for
@ = 63 andfor K = 10, 20 and30. In harmoty with our expectationsasthe numberof

1 K
- R2
(QEb/NO) + kZZQ k,1
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Figure 2.10: BER versusE; /Ny plotsfor a synchronousCDMA systemin a Gaussiarchannel.Gold
sequenceare usedwith varying sequencédengths,Q, but the total numberof usersin
the systemis fixedat K = 10. Thesegraphswere plottedusing Equation2.90. As the
sequencéength, @, decreaseshe BER performancalegrades.

K | MAI value
10 0.0587
20 0.0612
30 0.0637

Table 2.2: MAI termof Equation2.88for variousvaluesof K andfor @ = 63.

users,K, increasedthe BER performancalegraded . However, the performancelegradation
wassmallcomparedo the performancalegradationshavn in Figure2.9. In a synchronous
system,the BER performancedependdirectly on the CCL valuesbetweenthe spreading
codeswhich indirectly dependon the numberof users.If the CCL valuesaresmall, then
theincreasan MAI is small,leadingto a smalldegradationin performanceTable2.2shavs
thecorresponding/Al valuesj.e. thesecondermin Equation2.88for K = 10, 20and30.

Having consideredhe theoreticalperformanceof a DS-CDMA system let us now turn
our attentionto the resultsof our simulationstudies.

2.8 Simulation resultsand discussion
Let usnow studythe performancef a BPSK-modulatedS-CDMA systemguantifying:
o theeffectof increasinghe numberof usersn the systemon the BER performance,

o theeffectof spreadingsequencéengthonthe BER performancef thesystem,
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Figure 2.11: BER versusE; /Ny plotsfor a synchronousCDMA systemin a Gaussiarchannel.Gold
sequenceareusedwith the sequencéengthfixedat Q = 63 chips,but varyingnumbers
of users K, areused.ThesegraphswereplottedusingEquation2.90. As the numberof
users,K, increasesthe BER performancelegrades.

¢ the effect of variousspreadingcodeshaving differentcross-correlatiovalueson the
BER performance.

Thesimulationmodelusedis shavn in Figure2.12. At thetransmitteythe databits were
generatedy a pseudo-randonbit generatorfor all the K users. Eachuserwas assigned
a uniquespreadingcodeandthe databits of eachuserwere spreadusing this code. Both
the databits and chipswerebinary, The spreadsignalswerethensummedsynchronously
wherebythefirst chip of eachbit for eachusercoincidedwith thefirst chip of eachbit of all
theotherusers.

At therecever, Gaussiamoisewasaddedto the received signal. The noisy signalwas
thendespreadisinga synchronouseplicaof the spreadingcodeof the wanteduser i.e. it
was assumedhat therewere no timing errors. The despreadgignalwasfed to a so-called
correlationrecever, whereit was then integratedover one bit period. The output of the
recever wasusedto make a decisionconcerninghe transmittedbit. The experimentswere
conductedunderthefollowing conditions:

e The simulationswere performedat basebandbecausehe performanceof baseband
systemds equivalentto that of bandpassystemdq97], but simulationscarriedout at
baseban@remoreeconomicabn computingresources.

e Perfectsynchronizatiorof the spreadingcodeswasassumedttherecever.

o Perfectpower controlwasassumed.
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Figure 2.12: Simulationmodelof a synchronou8PSKDS-CDMA modemin a Gaussiarthannel

2.8.1 Estimation of E,/N,

The E;, /N, value at point X of Figure 2.13,in a communicationsystemis estimatedoy
first obtainingthe averagesignal power, S, andthe averagenoisepower, N. The average
signal-to-noiseatio, SNR is calculatedas:

SNR— Signalpawer S (2.91)
Noisepower N

Theenegy perbit, £, is definedas £, = ST, while the noisepower spectraldensity N,
is definedas Ny = N /W,,, whereW, is thebandwidthof the noisysignalatthe pointwhere
the SNRis measuredThereforetherelationshipbetweenE, /Ny andSNRis :

Eb EXT

= - = 2.92

NO N/Wb ( )
S W

Nx 7 (2.93)

= SNRx % (2.94)
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.
dt dt
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Figure 2.13: Simulationmodelof a BPSKmodem

whereT is thebit periodand R = 1/T is thedatabit rate.

For a simpleBPSK modemasshavn in Figure 2.13,the bandwidth,IW;, at point X, is
equalto thedatabit rate, R. Thereforeat point X, we have E;, /Ny = SNR

For the DS-CDMA systemshawn in Figure2.12,at point X, the bandwidthrequirement
wasextendeddueto the spreadingf the signalby afactorof :

Wy T
20 0 2.
7 T (2.95)
= Q. (2.96)
Hencewe have:
E, T
- NR x — 2.97
Ny SNR x T (2.97)
= SNRx Q, (2.98)

whereT' is thebit periodandT, is theperiodof onechipin the spreadingode.

2.8.2 Simulated DS-CDMA BER performance over Gaussianchannels
for synchronoususers

Our initial simulationswere carriedout in a synchronougrvironment,whereall the users
wereperfectlysynchronizedat the recever. The simulationresultswerecomparedvith the
analyticalonesgivenin Equation2.75,which exploited the Gaussiarapproximationandin
Equation2.90, which modelleda perfectly synchronousystem. The graphsare presented
in Figure2.14,shaving the BER versusFE;, /Ny curvesfor asynchronou8PSK/DS-CDMA
systemusing Gold codesof length, @ = 63. Figures2.14(a)and 2.14(b) have different
numberof usersn thesystemnamely K’ = 31 and K = 63, respectiely.

From the figuresit canbe seenthat the simulationcurves matchthe theoreticalBER
cunwesof thesynchronousnodelquitewell. Let usnow considerexplicitly the effect of the
MAI dueto differentnumberof users.
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Figure 2.14: SimulatedBER versusE}, / No curvesfor asynchronou8PSK/DS-CDMAsystemusing
Goldcodesf @ = 63 andsupporting = 31 usersaaswell asK = 63 usersasspecified.
Thecurwve for the synchronousnodelwasobtainedfrom Equation2.90.
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Figure 2.15: Comparisorof simulation-baseB8ER versusE;, / Ny curvesfor asynchronou8PSK/DS-
CDMA systentor variousnumbersof usersin thesystem, K. Thespreadingcodesused
wereGold codeshaving alengthof Q = 63.

2.8.3 Simulated DS-CDMA BER performance versus the number of
usersover Gaussianchannels

Figure 2.15shows the plot of BER versusE;, /N, curvesfor synchronouS-CDMA sim-
ulationsusing differentvaluesof K. It was expectedthat asthe numberof users, K, in

the systemincreasedthe BER performancevould alsosuffer dueto the increasen multi-

ple accessnterferencg MAI). This wasevidentin the simulationresultsusingGold codes,
asshavn in Figure2.15. However, it shouldbe notedthatthe performanceifferencedor

K =7, 31and63 aresmallcomparedo the differencebetweenk = 1 andK = 7. Thisis

dueto thefactthatthe MAI termof Equation2.90hassimilar valuesfor K = 7, 31and63,
asexplainedbeforein Section2.7.2.We continueour elaborationdy investigatingthe effect
of thespreadingodelength.

2.8.4 Simulated DS-CDMA BER performance versus spreading code
length over Gaussianchannels

Figure2.16shavsthe BER versusE,, /Ny performancédor K = 7 usersjn conjunctionwith
differentGold codelengths,@. Increasingy from 7 to 31 andto 63 decreasethe BER for
agiven E,/N,. However, therewasonly a slight differencebetweenthe BER curvesfor
@Q = 31 and@ = 63. This canbe explainedby examiningthe maximumin-phasecross-
correlation(CCL) values, R, (0) of Equation2.36,for the differentvaluesof @) in Table
2.3,where@ = 31 and@ = 63 hadrathersimilar CCL values. Only the in-phaseCCL
valueswereconsideredsincethe simulationswereconductedn asynchronougrvironment,
wheretherecevedsignalsof the differentuserswerebit-synchronous.

From Table 2.3, R,,..(0) for Q = 7 is approximatelythreetimes higherthanthat of
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Q | CCL (Rnax(0))
7 0.714
31 0.226
63 0.238
127 0.133
Table 2.3: Maximum normalisedin-phaseCCL valuesof Equation2.36 for Gold codesof various
lengths
10°
o — Q=7
x — Q=31
O — Q=63
O — Q=127
1074
4
]
m

10

o1 2 3 4 5 6
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Figure 2.16: Comparisorof BER versusEj/No curvesfor a synchronou8PSK/DS-CDMAsystem
andfor variousGold codelengths,@, while supportingK’ = 7 users.

Q = 31 and@ = 63, which accountdor the BER curvesof Q = 31 and@ = 63 shaving
lower BERs.However, again, the R, (0) valuesfor @ = 31 and@ = 63 aresimilar, which
resultsin the similarity betweerthe BER curvesdespitetheir differentcodelengths.Again,
for Q@ = 127, the R,,,...(0) valueis half ashigh asthatof @ = 63, resultingin abetterBER
performancdor ) = 127. Therefore,the performanceof the systemis dependenbn the
R.q2(0) valuesof Equation2.36andnot specificallyon @. Let usnow studythe effect of
variousspreadingodes.

2.8.5 Simulated DS-CDMA BER performance for spreading code sets
having differ ent cross-corelation valuesover Gaussianchannels

Figure2.17offersaBER versusE;, /N, comparisorfor two differentcodesets namelyGold
codeswith Q = 63 andWalshcodesfor (Q = 64. Thenumberof users,K = 15 is thesame
for both codesets. The Walsh codesare perfectly orthogonalto eachother Therefore,in
a perfectlysynchronougnvironment,the BER curve matcheghat of the theoreticalsingle-
userBPSK curve. In comparisorno the Gold codes,they perform muchbetter However,
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Figure2.17: SimulatedBER versus E, /Ny curves for synchronousBPSK/DS-CDMA supporting
K = 15 usersin the systemandcomparingdifferenttypesof codes hamelyGold codes
andWalshcodes.Walshcodeshave perfectcross-correlatioproperties.e. thecodesare
perfectlyorthogonako eachother while Gold codesarenot perfectlyorthogonakodes.

Walshcodesarenot very effective asspreadingodes sincethey do not spreadhe spectrum
of the signal sufficiently widely in orderto caterfor high multipath diversity gains, anis-

sueto betreatedin our forthcomingdiscussionghroughoutthe thesis. The power spectral
density(PSD)plot of a datasignalspreadby a Walshcodeof length@) = 64 andthe PSD
of thatspreadby a Gold codeof length@ = 63 areshawn in Figures2.18(a)and2.18(b),
respectiely.

2.9 Discussion

In the precedingsectionsof this chaptera basicportrayalof the corventional CDMA trans-
mitter andrecever wasprovided. A few examplesof binary sequencewerepresentecnd
the effectsof their cross-correlatiovalueson the BPSK CDMA BER performancevereex-
amined. The BER performancdor an asynchronou€DMA systemutilizing the Gaussian
approximationvaspresentedlongwith a modifiedversionfor the bit-synchronousCDMA
system.Thetheoreticalandsimulationperformance®f bit-synchronousCDMA systemsn
Gaussiarchannelemploying the corventionalcorrelationrecever were compared.It was
concludedhatfor thesesimpleCDMA systemsthe BER performancevasdependentnthe
cross-correlatioetweenthe spreadingcodesof the usersandthe total multiple accessn-
terferencen the system.Many of our earlyassumptionsvereimpractical.For instancesyn-
chronizationandtiming errorsattherecever will increasdhe correlationbetweerspreading
codesandincreasethe MAI. Furthermore synchronougransmissioris difficult to achieve
practicallyfor theuplink, sincethetransmissiongrom differentmobileswill commencend
terminateat differenttimes. In a widebandchannelthe orthogonalitybetweenspreading
codeswill be destryed andthis increaseshe cross-correlatiometweenusersanddegrades
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(a) PSDplot of a signalthathasbeenspreadwith a Walshcodeof length
Q=064
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(b) PSDplot of a signalthat hasbeenspreadwith a Gold codeof length
Q =63

Figure 2.18: Pawer spectraldensityplots of a signalthathasbeenspreadwith two differentcodes,n
orderto shav thedifferencein bandwidthspread.
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the BER performance.Other propagtion phenomenauchas fastfading, shadeving and
pathloss affect the power of the receved signal making it impossibleto achieve perfect
power control. Imperfectpower control hasa very significanteffect, because strongsignal
from onesourcecancompletelyobscurea weaksignalfrom anothersource.Thiswill render
the BER performancdor someusersto be muchworsethanthe average.Lastly, the simula-
tionswerecarriedoutin asinglecell environment.In practice interferencerisesbothfrom
userswithin the samecell andalsofrom othercells.

Having gaineda basicknowledge of the theoreticaland simulationperformanceof the
corventionalBPSK/DS-CDMAreceier in a Gaussiarervironment,let usturn our attention
to the non-cowentionalmultiuserdetectiontechniquesn the forthcomingsection.

2.10 Multiuser detection

Multiple accessommunicationsisingDS-CDMA is interference-limitediueto themultiple
accessnterferencgMAI) generatedby the usergransmittingwithin the samebandwidthsi-
multaneouslyThesignalsfrom the usersareseparatetty meansof spreadingequencethat
areuniqueto eachuser Thesespreadingsequenceareusuallynon-orthogonalEvenif they
areorthogonaltheasynchronousransmissioror thetime-varying natureof themobileradio
channelmay partially destrg this orthogonality The non-orthogonahatureof the codesre-
sultsin MAI, whichdegradeghe performancef thesystem.Thefrequeny selectve mobile
radiochannehlsogivesriseto inter-symbolinterferencg1SI) dueto multi-pathpropagtion.
Thisis exacerbatedby thefactthatthe mobileradiochannels time-varying.
CorventionalCDMA detectors- suchasthematchedilter [95,109] andthe RAKE com-
biner[97] — areoptimizedfor detectinghe signalof asingledesireduser RAKE combiners
exploit theinherentmulti-pathdiversityin CDMA, sincethey essentiallyconsistof matched
filters for eachresohable 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].
Thesecorventionalsingle-userdetectorsare inefficient, becausehe interferenceis treated
asnoiseandthereis no utilization of the available knowledgeaboutthe mobile channelor
the spreadingsequencesf the interferers.The efficiengy of thesedetectorss dependenbn
the cross-correlatiofCCL) betweenthe spreadingcodesof all the users. The higherthe
cross-correlationthe higherthe MAI. This CCL-inducedMAI is exacerbatedy the multi-
pathchannelor by asynchronousgransmissionsCorventionally this MAI is reducedby the
useof voice-actvity monitoringandcell sectorizatior]10]. The utilization of thesecorven-
tional receversresultsin aninterference-limitedsystemand soft hand-wer capabilitiesare
requiredin orderto provide an acceptablegradeof service[98]. Anotherweaknesf the
cornventional CDMA detectords the phenomenorknowvn asthe “nearfar effect” [10, 98].
For corventionaldetectorgo operateefficiently, the signalsfrom all the usershave to arrive
attherecever with approximatelythe samepower. A signalthathasa muchwealer signal
strengthcomparedo the othersignalswill be“swamped’by therelatively higherpowersof
theothersignalsandthequality of thewealer signalatthe outputof thecorventionalrecever
will besererelydegraded.Thereforestringentpower controlalgorithmsareneededo ensure
thatthe signalsarrive at relatively similar powersat the recever, in orderto achieve similar
qualitiesof servicefor differentusers[10]. Using cornventionaldetectorgo detecta signal
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Figure 2.19: BER performancecurves for the RAKE recever with K = 8 usersusing BPSK, and
over the seven-pathBad Urbanchannelwith theimpulseresponseshaowvn in Figure2.20.
Differentmodulationmodes,including BPSK, 4-QAM and 16-QAM, wereinvesticgated
alongwith the spreadingsequencéengthsof @ = 32 and@ = 64.

corruptedby MAI, while encounteringa hostilechannekesultsin anirreducibleBER, even
if the E; /Ny is increased.This is becauset high E; /N, valuesthe errorsdueto thermal
noiseareinsignificantcomparedvith the errorscausedy the MAI andthe channel.There-
fore, detectorghat canreduceor remove the effectsof MAI andISI areneededn orderto
achieve capacitygains. Thesedetectorsalsohave to be “nearfar resistant’in orderto avoid
the needfor stringentpower control requirementsThe performanceof RAKE receversfor
asynchronousiplink DS-CDMA systemis shavn in Figure2.19in conjunctionwith BPSK,
4-QAM and16-QAM modulationwhereanerrorfloor is obseredfor all the differentmod-
ulationmodes,jncluding BPSK. The simulationswerecarriedout over the COST207[110]
seven-pathBad Urbanchannelshovn in Figure 2.20. The performancemproves, however,
with anincreasen the spreadingsequencéength,, althoughthe errorfloor still remains.

The COST 207 [110] channelprofiles were developedapproximatelyaroundthe time,
whenthe GSM systemwasstandardisedn orderto assistfor examplein GSM performance
investigations. Thethird generatiorwidebandCDMA systemg81] have, however, a higher
bandwidthand a significantly higher chip rate than the bit rate of the GSM system[81],
thusleadingto a higher multipath resolutionand a larger numberof resohable multipath
componentsNonethelessin our performanceanvesticationsthe COST 207 channelswere
adoptedfor the sale of the comparabilityof our results,sincethesechannelsare widely
utilized in the CDMA researclcommunity

In orderto mitigate the problemof MAI, [111] proposedand analyzedthe optimum
multiuserdetectorfor asynchronou§&aussiammultiple accesshannelsThe optimumdetec-
tor searchesll the possiblebit sequence@ orderto find the sequencehat maximizesthe
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Figure 2.20: Normalizedchannelimpulseresponsédor the COST 207 [110] seven-pathBad Urban
channel.

correlationmetricgivenby [83] :
Q(r,d) = 2d"r — d"Rd, (2.99)

wherethe elementsin vectorr representhe cross-correlatiorof the receved signal with
eachof the userspreadingsequenceshe vectord consistsof the bits transmittedby the
usersandthe matrix R. is the correlationmatrix of the spreadingsequencesThis optimum
detectorsignificantly outperformsthe corventionaldetectorandit is nearfar resistantbut
unfortunatelyits complexity grows exponentiallyin the orderof O(2VX), where NV is the
numberof overlappingasynchronousits consideredn the detectorwindow and K is the
numberof interferingusers.In orderto reducethe compleity of therecever andyetprovide
acceptablBER performancessignificantresearctefforts have beeninvestedin thefield of
sub-optimalCDMA multiuserrecevvers[83]. Multiuser detectionexploits the basestations
knowledgeof the spreadingsequenceandthat of the estimatedchannelimpulseresponse
(CIR) in orderto remove the MAI. Thesemultiuserdetectorsanbe catgyorizedin anumber
of ways, suchaslinear versusnon-linear adaptve versusnon-adaptie algorithmsor burst
transmissiorversuscontinuougransmissiomegimes.Excellentsummarie®f someof these
sub-optimunmdetectorcanbefoundin the monographdy [91], and [93] and [83]. Other

MAI-mitig ating techniquesnclude the employment of adaptve antennaarraysin orderto
suppresdhe level of MAI at the recever. Researclefforts investedin this areainclude,
amongsbthersresearcttarriedoutby, and [112,113];and [114]; [115]; aswell as, , and

[116]. However, the areaof adaptve antennaarraysis beyond the scopeof this thesisand
thereaderis referredto thereferencesitedfor furtherdiscussionlin the next section a brief
sunwey of thesub-optimaimultiuserreceverswill bepresented.

2.10.1 Surveyof multiuser recevers

Following the seminalwork by [111], numerousub-optimunmultiuserdetectordiave been
proposedor a variety of channelsdatamodulationschemesndtransmissiorformats. and
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[117] initially suggested sub-optimumlinear detectorfor symbol-synchronousansmis-
sionsandfurther developedit for asynchronougransmissiongn a Gaussiarchannel[118].
Thislineardetectoiinvertedthe CCL matrix, whichwasconstructedrom thespreadingodes
of the usersandwastermedthe decorrelatingdetector It wasshowvn thatthis decorrelator
exhibitedthesamedegreeof nearfarresistanceasthe optimummultiuserdetector A further
sub-optimummultiuserdetectorinvestigatedwasthe minimum meansquareerror (MMSE)
detector wherea biasedversionof the CCL matrix was invertedin orderto optimize the
recever obgying the MMSE criterion. and [119] proposeda multiuserdetectorfor a syn-
chronousCDMA systemdesignedor a frequeng-selectve Rayleighfadingchannel. This
approaclalsousedabankof matchedilters followedby awhiteningfilter, but maximalratio
combiningwas usedto combinethe resultingsignals. The decorrelatingdetectorof [118]
wasfurther developedfor differentially-encodeadoherentmultiuserdetectionin flat fading
channelsby Zvonaret al [120]. Zvonaralso amalgamatedthe decorrelatingdetectorwith
diversity combining,in orderto achiee performancadmprovementsin frequeng selectve
fadingchanneld121]. A multiuserdetectorjointly performingdecorrelatingchannelesti-
mationand datadetectionwasinvestigatedby and [122]. Path-by-pathdecorrelatorsvere
employedfor eachuserin orderto obtainthe input signalsrequiredfor channelestimation
andthechannekstimatesswell asthe outputsof amatchedilter bankwerefedinto adecor
relatorfor demodulatinghe data. A variantof this ideawasalsopresentedy , and [123],
wheretraining sequenceanda decorrelatingschemewnereusedfor determiningthe channel
estimatematrix. This matrix wasthenusedin a decorrelatinglecisionfeedbackschemeor
obtainingthe dataestimates, and [124] proposedterative schemegor obtainingthe decor
relatorandlinear MMSE detectordn orderto reducethe compleity. and [125] adwocated
using a sequentiakstimatorfor minimizing the meansquareerror. The cross-correlations
betweerthe spreadingcodesand estimateof the fadedamplitudeof the receved signal of
eachuserwereneededn orderto obtainestimate®f thetransmitteddataof eachuser Duel-
Hallen[126] proposeddecorrelatinglecision-feedbac#fetectoffor remaving theMAI from
a synchronousystemin a Gaussiarchannel.The outputsfrom a bankof filters matchedo
the spreadingcodesof the userswerepassedhrougha whiteningfilter. This filter wasob-
tainedby decomposinghe CCL matrix of the userspreadingcodesthroughthe Cholesly
decompositiorf127] technique.Theresultsshoved that MAI could be removed from each
usersuccessiely, assuminghattherewasno error propagtion. However, estimatef the
receved signal strengthsof the userswere neededbecausehe usershadto be ranked in
orderof decreasingignal strengthsso that the more reliable estimatesvere obtainedfirst.
Thedecorrelatindeedbackdetectomwasimprovedby and [128] with a sub-optimunvariant
of the Viterbi algorithm, where only thosemetricswhich were mostlikely were retained.
Decorrelatingdecisionfeedbackdetectionwasimprovedwith the assistancef soft-decision
convolutionalcodingby and [129]. Softdecisiondrom a Viterbi decodemwerefed backinto
thefilter for signalcancellation.

Theeffectof MAI onthedesiredsignalis similarto theimpactof multipathpropagtion-
inducedISI inflicted uponthe samesignal. Eachuserin a K-usersystemsuffersfrom MAI
dueto the other (K — 1) users. This MAI canalsobe viewed asa single-usersignal per
turbedby ISI from (K — 1) pathsin a multipath channel. Therefore classicequalization
techniqueg95,130] usedto mitigatethe effectsof ISI canbe modifiedfor multiuserdetec-
tion andthesaypesof multiuserdetectorcanbeclassifiedasjoint detectiorrecevers. These
joint detectiorreceversweredevelopedfor burst-basedatherthancontinuougransmission.
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The conceptof joint detectionfor the uplink was proposedby and [131] for synchronous
bursttransmissionwherethe performancef azero-forcingblock linearequalize(ZF-BLE)
wasinvesticatedfor frequeng-selectve channels.Otherjoint detectionschemedor uplink
situationswerealsoproposedy, , , , and, suchastheminimummean-squarerrorblock lin-
earequalizer(MMSE-BLE) [132-135], the zero-forcingblock decisionfeedbackequalizer
(ZF-BDFE)[134,135] andthe minimum mean-squarerror block decisionfeedbackequal-
izer(MMSE-BDFE)[134,135]. Thesdoint-detectiorreceiverswerealsocombinedwith co-
herentrecever antennaliversity (CRAD) technique$133-136] andturbocoding[137,138]
for performancamprovement. Joint detectionrecevers were also proposedor downlink
scenariody , , and [139,140]. Channelestimatesvererequiredfor the joint detectionre-
ceiversandsomechannekstimatioralgorithmswereproposedy and [141] for employment
in conjunctionwith joint detection. [142] extendedthe joint detectionrecever by combin-
ing ZF-BLE and MMSE-BLE techniqueswith a multistagedecisionusing soft inputsto a
decoder

Interferencecancellation(IC) schemesonstituteanothervariantof multiuserdetection
andthey canbe broadlydivided into threecatagories,parallelcancellation successie can-
cellationandahybrid of both. and [143] proposedh multistagedetectorfor anasynchronous
systemwherethe outputsfrom a matchedilter bankwerefedinto a detectorthatperformed
MAI cancellatiorusinga multistagealgorithm. At eachstagein the detector the estimates
of all the otherusersfrom the previous stagewereusedfor reconstructingn estimateof the
MAI andthis estimatavasthensubtractedrom theinterferedsignalrepresentinghewanted
bit. The computationatompleity of this detectorwaslinearwith respecto the numberof
users K. furthermodifiedthe parallelcancellatiorschemen orderto createa parallelgroup
detectionschemefor Gaussiarchanneld144] andlater developedit further for frequeng-
selectve slow Rayleighfadingchanneld145]. In this scheme K usersweredividedinto P
groupsandeachgroupwasdemodulatedn parallelusingagroupdetector, and [146] then
extendedthe applicability of the multistageinterferencecancellatiordetectorto a multipath,
slowly fadingchannel.At eachcancellationstage harddecisionggeneratedby the previous
stagewereusedfor reconstructinghe signalof eachuserandfor cancellingits contribution
from the compositesignal. The effectsof CIR estimationerrorson the performanceof the
cancellatiorschemaverealsoconsideredA multiuserreceverthatintegratedVIAl rejection
andchanneldecodingwasinvesticatedby and [147]. The MAI wascancelledvia a multi-
stagecancellatiorschemeandsoft-outputsverefed from the Viterbi decoderof eachuserto
eachstagefor improving the performance.

TheparallelinterferencecancellationPIC) recever[143] wasalsomodifiedfor employ-
mentin multi-carriermodulation148] by and, wherecorvolutionalcodingwasusedn order
to obtainimproved estimate®of the datafor eachuserattheinitial stageandtheseestimates
werethenutilized for interferencecancellationin the following stages.The employmentof
cornvolutional codingimproved the performancedy 1.5 dB. , and [149] enhancedhe per
formanceof the parallelinterferencecancellatiorrecever by feedingbackchannekestimates
to the signalreconstructiorstageof the multistagerecever and proposedan algorithm for
mitigating error propagtion. , , and [150] combinedmultistagedetectionwith channeles-
timationtechniqueaitilizing the outputsof antennaarrays. The channelestimatebtained
werefed backinto the multistagedetectoiin orderto refinethe dataestimatesAn adwanced
parallelcancellatiorrecever wasalsoproposedy , and [151]. At eachcancellationstage,
only partial cancellationwas carried out by weighting the regeneratedsignalswith a less
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thanunity scalingfactor At eachfollowing stage the weightswereincreasedasedon the
assumptiorthatthe estimatedbecamencreasinglyaccurate.

A simplesuccessie interferencecancellationSIC) schemewvasanalyzedoy and [152].
Therecevedsignalswereranked accordingto their correlationvalues ,which wereobtained
by utilizing the correlationsdbetweertherecevedsignalandthe spreadingodesof theusers.
The transmittedinformation of the strongestuserwas estimatedenablingthe transmitted
signalto bereconstructeédndsubtractedrom therecevedsignal. This wasrepeatedor the
next strongesuser wherethe reconstructedignal of this seconduserwas cancelledfrom
the compositesignalremainingafterthefirst cancellation Theinterferencecancellationvas
carriedout successiely for all theotherusersuntil eventuallyonly thesignalof thewealest
userremained.Ilt wasshavn thatthe SIC recever improvedthe BER andthe systems user
capacityover thatof the corventionalmatchedilter for the GaussianparrovbandRayleigh
anddispersve Rayleighchannels.Multipath diversity wasalsoexploited by combiningthe
SIC recever with the RAKE correlatof{152]. and [153] extendedthe SIC recever by using
referencesymbolsin orderto aid the CIR estimation. The performanceof the recever was
investigatedin flat andfrequeng-selectve Rayleighfadingchannelsaswell asin emulated
multi-cell scenariosA soft-decisiorbasedadaptve SIC schemevasproposedy and [154]
wheresoft decisionswereusedin the cancellatiorstageandif the decisionstatisticdid not
satisfya certainthreshold,no dataestimationwas carriedout for that particulardatabit, in
orderto reduceerror propagtion.

Hybrid SIC and PIC schemesvere proposeddy , and [155,156], whereSIC wasfirst
performedontherecevedsignal,followed by a multistagePIC arrangementThis work was
thenextendedto an adaptve hybrid scheméor flat Rayleighfadingchanneld157]. In this
schemesuccessie cancellationwasperformedfor a fractionof theuserswhile theremain-
ing users’signalswere processedia a sub-parallelcancellationstage. Finally, multistage
parallelcancellatiorwasinvoked. The numberof serialandsub-parallelcancellationger
formedwasvaried adaptvely accordingto BER estimates., , and [158] proposeda pilot
symbol-assistednultistagehybrid successie-parallelcancellationscheme. At eachstage,
dataestimatiorwascarriedout successiely for all theuserscommencingvith theuserhav-
ing the strongessignalandendingwith the wealestsignal. For eachuser interferencérom
otheruserswvasregeneratedisingthe estimate®f the currentstagefor the strongemusersand
the estimatesf the previous stagefor the wealer users. Channelestimatesvere obtained
for eachuserby emplgying pilot symbolsanda recursve estimationalgorithm. Anotherhy-
brid successie andparallelinterferencecancellatiorreceiver wasproposedy , , and [159],
wherethe usersto be detectedvere split into a numberof groups. Within eachgroup,PIC
was performedon the signalsof theseusersbelongingto the group. Betweenthe separate
groups,SIC wasemployed. This hadthe advantageof a reduceddelayandimproved perfor
mancecomparedo the SIC recever. A furthervariantof thehybrid cancellatiorschemeavas
constitutedoy the combinationof MMSE detectorsvith SIC recevers,asproposedyy and
[160]. Single-useMMSE detectorsvereusedo obtainestimate®f thedatasymbolswhich
werethenfed backinto the SIC stages.An adaptve interferencecancellationschemewas
investicatedby and [161] for a multicellular scenariowhereinterferencecancellationwas
performedor bothin-cell interferersandout-of-cellinterferers.It wasshavn thatcancelling
theestimatednterferencdrom usershaving weaksignalsactuallydegradedheperformance,
sincetheestimatesvereinaccurate The adaptve schemeexercisednterferencecancellation
in a discriminatingmanney usingonly the estimatedrom usershaving strongreceied sig-
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nals. Thereforesignalpower estimationrwasneededndthe thresholdfor signalcancellation
wasadaptedaccordingly

Severaltree-searcldetection162-164] recevershave beenproposedn theliterature,in
orderto reducethe compleity of the original maximumlik elihood detectionschemepro-
posedby [111]. Specifically , and [162] investicgateda tree-searchietectionalgorithm,
wherea recursve, additive metric was developedin orderto reducethe searchcomplec-
ity. Reducedtree-searchalgorithms,suchas the well-knowvn M-algorithms[165] and T-
algorithms[165] were usedby , and [163] in orderto reducethe compleity incurredby
the optimummultiuserdetector Motivatedby the M-algorithm, at every nodeof the search
algorithm, only M pathswere retained,dependingon certaincriteria suchasthe highest-
metric M numberof paths.Alternatively, all the pathsthatwerewithin afixedthreshold, T,
comparedo theidealmetricwereretained At thedecisionnode the pathhaving the highest
metric was chosenasthe mostlikely transmittedsequence Maximal-ratiocombiningwas
alsousedin conjunctionwith thereducedree-searchlgorithmsandthe combiningdetectors
outperformedhe“non-combining”detectorsThe T-algorithmwascombinedwith soft-input
Viterbi detectorsfor channel-code€€DMA multiuserdetectionin the work carriedout by ,
and [164]. The recursve tree-searcliletectorgeneratedoft-outputswhich werefed into
single-useiViterbi channeldecodersin orderto generateéhebit estimates.

Multiuser projectionrecevers were proposedoy , , and [166] and by Alexander and
Schlgyel [167]. Thesereceversreducedthe MAI by projectingthe receved signalonto a
spacewhich wasorthogonatlto the unwantedMAI, wherethe wantedsignalwasseparable
from the MALI

In all themultiuserrecevver schemesliscusseaarliet all therequiredparametersxcept
for the transmitteddataestimatesvereassumedo be known atthe recever. In orderto re-
move this constraintwhile reducingthe compleity, adaptie recever structureshave been
proposed168]. An excellentsummaryof theseadaptve recevershasbeenprovidedby and

[169]. Severaladaptve algorithmshave beenintroducedfor approximatinghe MMSE re-
ceivers,suchastheleastMeanSquaregLMS) [130] algorithm,theRecursie LeastSquares
(RLS) algorithm[130] andthe Kalmanfilter [130]. , and [170] shaved that the adaptie
MMSE approactcouldbeappliedto multiuserrecever structuresvith a concomitanteduc-
tion in compleity. In theadaptie receversemplo/edfor asynchronoutransmissiorby and

[168], training sequencesvere emplogyed, in orderto obtainthe estimatesof the parame-
tersrequired., andintroduceda multiuserrecever for anasynchronouflat-fadingchannel
basedntheKalmanfilter [171], which comparedavourablywith thefinite impulseresponse
MMSE detector An adaptve decisionfeedbackoint detectionschemewasinvestigatedby
and [172], wheretheleastmeansquareg¢LMS) algorithmwasusedto updatethefilter coef-
ficients,in orderto minimizethemeansquareerrorof thedataestimatesNew adaptve filter
architecturesor thedownlink DS-CDMA receversweresuggestety, , , and [173], where
anadaptve algorithmwasemployedin orderto estimatehe CIR, andthis estimatedCIR was
thenusedby a channelequalizer The outputof the channelequalizerwasfinally processed
by afixed multiuserdetectorin orderto provide the dataestimate®f the desireduser

The novel classof multiuserdetectorsreferredto as“blind” detectorsdoesnot require
explicit knowledgeof the spreadingcodesand CIRs of the multiuserinterferers. Thesede-
tectorsdo not requirethe transmissiorof training sequencesr parameteestimategor their
operation.nsteadthe parameterareestimatedblindly” accordingo certaincriteria,hence
the term “blind” detection. RAKE-type blind recevers have beenproposedfor example
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by , and [174] for fast-fadingmobile channelswheredecision-directe@¢hannelestimators
wereusedfor estimatingthe multipathcomponentsndthe outputof the RAKE fingerswas
combinedemploying varioussignalcombiningmethods.and [175] alsoproposedh RAKE-
typerecever for frequeng-selectie fadingchannelsIn [175], aweight vectorwasutilized
for eachRAKE fingerwhich wascalculatecbasedn maximizingthe signal-to-interference-
plus-noiseratio (SINR) at the outputof eachRAKE finger. , , and [176] proposedan ap-
proximateMaximum Lik elihood Sequencéstimation(MLSE) solutionknown asthe per
survivor processingPSP)type algorithm,which combineda tree-searctalgorithmfor data
detectionwith the aid of the Recursie LeastSquareRLS) adaptve algorithm usedfor
channelamplitudeandphaseestimation.The PSPalgorithmwasfirst proposedy [177]; as
well asby , and [178,179]for blind equalizationin single-usetSI-contaminateadhannels.
, , and extendedtheir earlierwork [176] in orderto include the estimationof userdelays
alongwith channel-anddata-estimatiofirl 80]. and [181] combinedthe PSPalgorithmwith
the Kalmanfilter, in orderto adaptvely estimatethe amplitudesand delaysof the CDMA
users. In otherblind detectionschemesand comparedhe applicationof neuralnetworks
andLMS filters for obtainingdataestimateof the CDMA userg[182]. In contrastto other
multiuserdetectorswhich requiredthe knowledge of the spreadingcodesof all the users,
only the spreadingcodeof the desireduserwasneededor this adaptie recever [182]. An
adaptve decorrelatingletectowasalsodevelopedby Mitra andPoor[183], whichwasused
to determinethe spreadingcodeof a new userenteringthe system.Blind equalizationwas
combinedwith multiuserdetectionfor slowly fadingchannelsn thework publishedby and

[184]. Only the spreadingsequencef the desireduserwasneededand a zero-forcingas
well asan MMSE detectorwere developedfor datadetection.As a further solution,a sub-
spaceapproachto blind multiuserdetectionwas also proposedby and [185], whereonly
the spreadingsequencandthe delayof the desireduserwereknown at therecever. Based
on this knowledge, a blind sub-spaceracking algorithmwas developedfor estimatingthe
dataof the desireduser Furtherblind adaptve algorithmswere developedby , and [186],
and [187], aswell asby and [188]. In [186], the applicability of two adaptie algorithms
to the multiuserdetectionproblemwasinvestigated, namelythat of the stochastiagyradient
algorithmandtheleastsquareslgorithm;while in [188] anadaptve detectorthatcorverged
to thedecorrelatowasanalyzed.

Theemploymentof theKalmanfilter for adaptve data,CIR anddelayestimationvasad-
vocatedfor exampleby and [189], demonstratinghatthe Kalmanfilter gave a goodperfor
manceandexhibited a high gradeof flexibility. However, the Kalmanfilter requiredreliable
initial delayestimatesn orderto initialize thealgorithm.and [190] modifiedthewell-knovn
constanmodulusapproactj191,192]to blind equalizatiorfor ISI-contaminate@¢hannelsn
the context of multiuserinterferencesuppression.and [193] proposedan orthogonalizing
matchediltering detectorwhich consistef a bankof despreadindjiters anda signalcom-
biner Oneof thedespreadin{jiterswasmatchedo thedesiredspreadingequenceyhile the
otherdespreadingequencewerearbitrarily chosensuchthatthe impulseresponsesf the
filters werelinearly independenbf eachother Thefilter outputswereadaptvely weighted
in the complex domainwith the criterionthatthe averageoutputpower of the combinerwas
minimized. A constraintwasimposedon the combiningprocesssuchthat the combiners
respons¢o thedesiredusers sighalwaskeptconstantln anotheresign aniterative scheme
usedto maximizethe log-likelihood function was the basisof the researchby and [194].
RAKE correlatorswere employed for exploiting the multipath diversity and the outputsof
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thecorrelatoraverefedto aniterative schemdor joint channelestimatioranddatadetection
usingthe Gauss-SeiddlL95] algorithm.

Severalhybrid multiuserrecever structureshave alsobeenproposedecently[196-199].

[196] adwocatedthe hybrid multiuserdetectorthat consistebf a decorrelatoffor detecting
asynchronoussers followed by a maximum-SNRdatacombiner anadaptve cancellerand
anotherdatacombiner The decorrelatormatrix was adaptvely determined. A multiuser
recever employing aniterative hybrid geneticalgorithmasa searchtechniquehasalsobeen
proposedby et al [197]. The search-spacéor the mostlikely sequenceavaslimited to a
certainpopulationof sequenceandthe sequencewere updatedat eachiterationaccording
to certainprobabilistic,aptly termedgeneticoperationsknown asreproduction crosswer
or mutationoperations. Commencingwith a populationof tentatve decisions,the bestn
sequencesvere selectedas so-called“parent” sequencesccordingto a fitnesscriterion in
orderto generatehe“offspring” for thenext generatiorof sequencestimatesTheoffspring
of sequencestimatesveregeneratedy employing auniform“crossover process’wherethe
bits betweertwo parentsequencesereexchangedccordingo arandommaskandacertain
probability value. Finally, “mutation” was performedwherethe value of a bit is flipped
accordingto a certainprobability. In orderto preventthe lossof “high-fitness”individuals
that were not selectedas parents the worst offspring was replacedby the bestnon-parent
individual of the earliergeneration.

Neuralnetwork-typerecevershave alsobeenproposedas CDMA recevers[200,201].
and proposeda non-linearrecever that exploited neural-netwrk structuresand employed
patternrecognitiontechniquedor datadetection[200]. This work [200] wasextendedto a
reduceccompleity neuralnetwork recever for thedownlink scenarid201].

Other novel techniquesemplogyed for mitigating the multipath fading effects inflicted
upon multiple usersinclude joint transmittesrecever optimization proposedby , and
[198,199]. In theseschemesiransmitterprecodingwas carriedout, suchthat the mean
squareckerrorsof the signalsat all the receverswereminimized. This requiredthe knowl-
edgeof the CIRsof all theuserchannelsandtheassumptionvasmadethatthechannefading
wassuficiently slow, suchthatthe channebpredictioncould beemployedreliably.

Recentlytherehasbeensignificantinterestin iterative detectionschemesvherechannel
codingwasexploitedin conjunctionwith multiuserdetectionjn orderto obtaina high BER
performanceThe spreadingf the channel-codedymbolsandtheir corruptionby the wide-
bandchannelvasviewedasaseriallyconcatenatedodestructurewherethe CDMA channel
wasviewedastheinnercodeandthesingleuserconvolutionalcodesmadeuptheoutercodes.
After processingherecevedsignalin a bankof matchedilters or orthogonalizingwhiten-
ing matchedfilter, the matchedfilter outputswere processedisingthe turbo-styleiterative
decoding TEQ)[202] processIn this processamultiuserdecodemwasusedto producecon-
fidencemeasuresvhich wereusedassoftinputsto the single-usechanneldecodersThese
single-usedecodershenprovidedsimilar confidencemetricsfor themultiuserdetector This
iterative procesontinueduntil no further performancémprovementwasrecorded.

and [203] presentethemaximumlik elihoodsolutionfor theasynchronou€ DMA chan-
nel, wherethe userdatawas encodedwith the aid of corvolutional codes. Nearsingle-
userperformancewas achieved for the two-usercasein conjunctionwith fixed-spreading
codes. The decoderemployed was basedon the Viterbi algorithm, where the numberof
statesincreasedexponentiallywith the productof the numberof usersand the constraint
length of the convolutional codes. Later, a suboptimalmodificationof this techniquewas
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Figure 2.21: Classificatiorof CDMA detectors

proposed147], wherethe MAI wascancelledvia multistagecancellationandthe soft out-
putsfrom the Viterbi algorithmwerefed to eachstagefor improving the performance Fol-
lowing this, several proposalof iterative multiuserdetectionfor channel-codedignalshave
beenpresented204-209]. For example,, , and [206,208] proposedhe multiusermaxi-
mum a-posteriori(MAP) detectordor the decodingof the inner CDMA channelcodeand
single-useMAP decodergor the outerconvolutionalcodes.A reduceccompleity solution
employing the M-algorithm[165] wasalsosuggestedvhich resultedn a complity thatin-
creasedinearly—ratherthanexponentially asin [203] —with the numberof user4207]. and
[209] employeda soft-outputmultiuserdetectoifor theinnerchannekode which combined
softinterferencecancellatiorandinstantaneounear MMSE filtering, in orderto reducethe
compl«ity. Thesdterative recever structureshaved considerabl@romiseandnearsingle-
userperformancevasachievedat high SNRs.

Figure2.21portraysthe classificatiorof mostof the CDMA detectorghathave beendis-
cussedreviously. All theacrorymsfor thedetectordhiave beendefinedin thetext. Examples
of thedifferentclasse®f detectorsarealsoincluded.

2.11 Chapter Summary and Conclusions

In this chapterwe commencedur discussionsith a rudimentaryintroductionto CDMA
systemaandclassifiedhevarioustechniqueshatareapplicableo spreadinghesignalbefore
transmissions We then briefly consideredhe operationof the DS-CDMA transmitterand
recever aswell asthe effectsof the channelandthe MUI. The correlationpropertiesof m-
sequences;old-sequenceaswell asKasami-sequenceagerereviewed next anda rangeof
basicresultswere presentedor characterisinghe achievable performanceasa function of
the varioussystemparametersThe chapterwasconscludedy a brief overview of various
multiuserdetectors.

In conclusionmultiuserdetectorseducethe error floor dueto MAI andthis translates
into usercapacitygainsfor the system. If the performanceof multiuserdetectorss inde-
pendenbf the spreadingcodesused,thenthe codescanbe chosenin orderto optimizethe
systems spectralefficiengy. Thesemultiuserdetectorsarealsonearfar resistanto a certain
extentandthis resultsin lessstringentpower controlrequirements.

On the other hand, multiuserdetectorsare more comple than corventionaldetectors.
Coherentdetectorsrequire knowledge of the CIR estimateswhich meansthat a channel
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estimatoris neededn the recever andtraining sequenceblave to beincludedin the bursts
thataretransmitted Thesemultiuserdetectorsalsoexhibit aninherentateng, which results
in adelayedreception.

Multiuserdetectionis moresuitablefor uplink receversdueto its increaseccompleity.
A hand-heldmobile recever hasto be compactandlightweight, renderingmultiuserdetec-
tion impracticalfor the downlink. Recentresearchinto blind receivershasshavn thatdata
detectiorfor thedesireduser— without usingthe spreadingsequenceandchannekstimates
of otherusers— is possible,asdiscussedn Section2.10.1,henceusingthesedetectorgor
downlink receversmaybecomeareality. However, theinherentlateng in corvergenceand
theincreasedcompleity may still remaina limiting factorin thesedownlink recevers. less
harmfulto themobilestation,becausall the signalsof all theusersin onetransmissiotburst
aregenerate@tthesamesignalstrengthfrom thebasestation. Thenearfar problembecomes
seriousonly, whentheinterferencdrom othercellsis high. To mitigatethe problemof MAI
for the downlink, measuresuchasusing spreadingcodeswith good cross-correlatiorand
auto-correlatiorpropertiescan be employed. The cross-correlatiompropertyis lesslikely
to be destryed, asdownlink transmissionganbe madesynchronousespeciallyin hybrid
TDMA/CDMA systemssuchastheonesin the FRAMES proposal210]. To combatfading,
RAKE receverscanbeemployed,in orderto exploit multi-pathdiversity.
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Chapter

GeneticAlgorithm-Assisted
Multiuser Detectionfor
SynchronousCDMA

9.1 Intr oduction

In this chapterwe will applya GA-assistedschemeasa suboptimamultiuserdetectiontech-
niquein bit-synchronousCDMA systemsover single-pathRayleighfading channels.This
providesasimplemodelfor investigatingthefeasibility of applyingGAsin CDMA multiuser
detectionaswell asfor determiningthe GA's configuration,in orderto obtaina satishctory
performanceBasedntheresultsobtainedn this chapterthe GA-assistedCDMA multiuser
detectowill thenbesubsequentlgxtendedio anasynchronousystemmodelincorporating
multipathRayleighfadingchannelsn Chapterl 2.

This chapteris organisedasfollows. We will first highlight our systemmodelusedin
this chapterin Section9.2. The notationsdefinedherewill alsobe usedin the subsequent
chapters.An equialentdiscrete-timesystemmodelis alsohighlightedin Section9.3. We
will thenderive the optimum multiuserdetectorbasedon the Maximum Likelihood (ML)
criterion for the systemmodeladoptedn this chapterin Section9.4, which canbe seento
have a computationakompleity exponentiallyproportionalto the numberof users. GA-
assistednultiuserdetectorsare thendevelopedthrougha seriesof experimentsjn orderto
find the GA configurationthatis bestsuitedfor our applicationandtheresultswill beshavn
in Section9.5. Finally, usingthis GA configurationthe BEP performancef the GA-assisted
multiuser detectorbasedon our systemmodelis assessedy simulationsin Section9.6.
The summaryof this chapteris givenin Section9.7. Before we commenceour in-depth
discourse a few obserationsare maderegarding our mathematicahotationsusedin this
dissertationVectorsandmatricesarerepresenteih boldface,while (-)” and(-)* denotethe
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Figure 9.1: Block diagramof the K-usersynchronou€DMA systemmodelin aflat Rayleighfading
channel.

transposenatrix andthe conjugatematrix of (-), respectiely. Hermitianmatricesdefinedas
the complex conjugatetransposef the matrices,aredenotedas(-)”. Furthermorediag(-)
represents diagonalmatrix, wherethe diagonalelementcorrespondo the vector(-).

9.2 SynchronousCDMA SystemModel

We considera bit-synchronousCDMA systemasillustratedin Figure 9.1, where K users
simultaneouslyransmitdatapacketsof equallengthto a singlerecever. In this dissertation
we will adoptthe Binary Phaseshift Keying (BPSK) modulationtechniquefor all thetrans-
missions. The transmittedsignal of the kth usercanbe expressedn an equialentlowpass
representations:

M-1

Sn() = VE > b ar(t — mTy), Vk=1,... K (9.1)
m=0

where, is the kth users signalenengy per bit, b,(c’") € {+1, —1} denoteghe mth databit

of the kth user ay(t) is the kth users signaturesequenceTy, is the databit durationand M

is the numberof databits transmittedn a paclket. Whenconsideringa synchronousystem
experiencingno multipathinterferenceit is sufiicient to obsenre the signalover a singlebit

durationTy, sincethereis no interferencanflicted by symbolsoutsidethis duration. Hence
without loss of generality we can omit the superscript(m) from all our equationsin this

chapter

The kth users signaturesequencey (t) maybewritten as:

N.—1
ac(t)= Y a'Tr(t—hT.), 0<t<Ty Vk=1,.. K (9.2)
h=0
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whereT, is the chip duration,aff) € {+1, -1} denoteghe hth chip, IV, is the spreading

factor,whichrefersto thenumberof chipsperdatabit durationT, suchthatN, = T, /T, and
I'r.(t) is thechip pulseshape.ln practicalapplicationsI',(¢) hasa bandlimitedwaveform,
suchasa raisedcosineNyquist pulse. However, for the sale of simplicity in our analysis
andsimulation,we will assumehatl',(t) is arectangulapulsethroughouthis dissertation,
whichis definedas:

1, 0<t<r

() = { 0, otherwise. (9:3)
Without loss of generality we assumehat the signaturesequence (¢) of all K usershas
unit enegy, asgivenby:

Ty
/ atydt=1, Yk=1,... K. (9.4)
0

Eachusers signal §x(t) is assumedo propagte over a single-pathfrequeng-nonselectie
slowly Rayleighfadingchannelasshavn in Figure9.1 andthe fadingof eachpathis statis-
tically independentor all users.The complex lowpasschanneimpulserespons€CIR) for
thelink betweerthe kth users transmitterandthe recever, asshavn in Figure9.1, canbe
written as:

hi(t) = g ()2 D5(t), Ve=1,... K (9.5)

wherethe amplitudeay (t) is a Rayleighdistributedrandomvariableandthe phasepy () is
uniformly distributedbetween0, 27).

Hencewhenthe kth users spreadspectrunsignal $;.(¢) givenby Equation(9.1) propa-
gatesthrougha slowly Rayleighfadingchannehaving animpulseresponseivenby Equa-
tion (9.5),theresultingoutputsignals; (t) over asinglebit durationcanbewritten as:

sk(t) = VEorbrap(t)ed®, Yk =1,... K (9.6)

UponcombiningEquation(9.6)for all K userstherecevedsignalattherecever, which
is denotedby r(t) in Figure9.1,canbewritten as:

K
r(t) = sk(t) +n(t), 9.7)
k=1

wheren(t) is the zero-mearcomplex Additive White GaussiarNoise (AWGN) with inde-
pendenteal andimaginarycomponentseachhaving a double-sidecower spectraldensity
of 02 = Ng/2 W/Hz.

At the recever, the outputof a bankof filters matchedto the correspondingsetof the
users’signaturesequencess sampledat the end of the bit interval. The outputof the ith
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users matchedilter, denotedasz; in Figure9.1,canbewritten as:

T
- / r(t)as(t)dt

0
‘Tb K ] Tb

- / E:J&%m%ﬁwmm@ﬁ+/‘n@m@ﬁ
0 k=1 0

. K .

= Vaabie” + 3 \Gagbrpre’ + (9.8)
—_——
Desiredsignal 2l Noise

Multiple Accesdnterference

wherepy;. is the cross-correlatiomf the ith users andthe kth users signaturesequenceas
givenby:

Ty
P / at)a(t)dt, (9.9)

and
Ty
m:/‘n@m@ﬁ. (9.10)
0

As seenin Equation(9.8),apartfrom theGaussiamoisen,;, thedesiredsignalis interfered
by signalstransmittedby the otherusers.This interferencedueto the otherusers’signalsis
alsoknown asMultiple Accessinterferencg MAL).

Assumingthat the recever has perfectknowledge of the ith users CIR coeficients
el the detectedit b, amrr Of thelth userbasedon the corventionalcoherensingle-user
detectowill begivenby the signof the matchedilter outputin Equation(9.8) as:

IA)leF = sgn[é)? (Zla[€7j¢l)] . (9.112)

Multiplication by a;e 7% is necessaryor coherentdetection,becausehe phaserotation
introducedby the channelhasto be removed. By approximatingthe MAI asa Gaussian
distributedrandomvariableby virtue of the centrallimit theorem[305-307], the Bit Error
Probability(BEP) of the desiredusercanbe shavn to be givenby [308] :

. &
" 2 <1 \/N0/2 + 2k §kpzk> ' (9.12)

Hencefrom Equation(9.12),we canseethatunlesghesignaturesequencesf theinterfering
usersareorthogonatlto that of the desireduser yielding pjx, = 0fork = 1,... , K,k # I,
the BEP performanceof the desireduserwill be inferior to that achieved in a single-user
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ervironmentin conjunctionwith a single-usematchedfilter. Furthermoresincethe BEP
performancewill deterioratén conjunctionwith anincreasinghumberof usersthe corven-
tional single-usedetectoiis highly vulnerableto nearfar effects[309].

9.3 Discrete-Time SynchronousCDMA Model

For our application,it is more corvenientto expressthe associatedignalsin discrete-time
format. Invoking Equation(9.6) describinghetransmittedsignalof eachuser the sumof the
transmittedsignalsof all userscanbe expressedn vectornotationas:

s(t) = > k()
k=1

= ab{b, (9.13)
where
a [ay(t),... ,ax(t)]
C = diag[alej¢1,...,aKej¢K]
¢ - diag[VEr.... Vx|
b = [b1,....bx]". (9.14)

Hencetherecevedsignalof Equation(9.7) canbewritten as:
r(t) = s(t) + n(t). (9.15)

Basedon Equations(9.13) and (9.15), the outputvector Z of the bank of matchedfilters
portrayedn Figure9.1 canbeformulatedas:

Z = [zl,...,zK]T
RCED +n, (9.16)
where
1 P12 --- P1K
P21 1 ... mK
R = . . . . (9.17)

PK1 P2 ... 1
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isthe K x K dimensionalisersignaturesequenceross-correlatiomatrix having elements
givenby Equation(9.9) and

is a zero-mearGaussiamoisevectorwith a covariancematrix R,, = 0.5NgR. Basedon
this discrete-timemodel, we will next derive the optimum multiuserdetectorbasedon the
maximumlik elihoodcriterionfor the synchronou€DMA systemconsidered310].

9.4 Optimum Multiuser Detector for SynchronousCDMA
Systems

In this sectionwe will derive the joint optimumdecisionrule for a K-userCDMA system
basedon the synchronousystemmodelhighlightedin Section9.2. Specifically we wantto
maximisethe probability of jointly correctdecisionsof the K userssupportedyy the system
baseddnthereceivedsignalr(¢) of Equation(9.15).

From Equation(9.14) we notethattherearem = 2% possiblecombinationsof b. We
shalldenotethe ith combinationasb; andthe combinedtransmitsignalof all usersin Equa-
tion (9.13)correspondingo the ith combinationasb; « s;(t).

Basedon theabove notationswe canexpressthejoint maximuma posterioriprobability
(MAP) criterionas[95] :

b= arg {H;)ax [P (sl(t)|r(t))]} , (9.18)

1

whereb denoteghe detectedit combination.UsingBayes'rule, thea posterioriprobability
expressiorof Equation(9.18)canbewritten as[95] :

p(r(®)]si(t) P(si(t))
() : (9.19)

wherep (r(¢)|s;(t)) is the conditionaljoint probability densityfunction (pdf) of thereceied
signalr(¢) in Equation(9.15),P(s;(t)) isthea priori probabilityof thesignalcontainingthe
ith bit combinationandp(r(t)) is the pdf of the receved signal. Sincethe transmitteddata
bits of the K usersareindependentthe a priori probability P(s;(t)) = 1/2% is equalfor
all m = 2% bit combinations.Furthermorethe received signal pdf p(r(t)) is independent
of which of the m = 2% bit combinationds transmitted. Consequentlythe decisionrule
basedon finding the signalthat maximisesP (s;(t)|r(t)) is equivalentto finding the signal
thatmaximises(r(t)|s;(¢)). This decisioncriterionbasedn the maximumof p(r(t)|s;(t))
is termedasthe Maximum Likelihood (ML) criterion and p(r(t)|s;(¢)) is referredto asa
likelihoodfunction[95].

Accordingto Equation(9.7), the received signalr(t) is a Gaussiardistributed random
variablehaving ameanequalto thatof s(¢) givenby Equation(9.13).Hence jt canbeshowvn

P (si(t)[r(t)) =
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thatthelikelihoodfunctionp(r(t)|s;(t)) is givenby [308] :

1" >
exp _F/o Ir(t) — s(t) dt
Lo S i
— k
= exp *@/@ *; Erapbrag(t)e

Taking the naturallogarithm of the likelihoodfunction of Equation(9.20), the resultingso-
calledLog-LikelihoodFunction(LLF) canbewritten as:

Inp(Zls) = —;7{/:”“ \dt+/

—2% [/Tb r Z \/_akbkak t)e Jd””df} } (9.22)
0

p(Z]s)

2
dt) . (9.20)

dt

Z fakbkak €]¢k

Theterm|r(t)|> is commonto all decisionmetrics,andhenceit canbe ignoredduring the
optimisation. Similarly, the constanterm 1/202 will notinfluencethe maximisation.Thus
we can expressthe log-likelihood function of Equation(9.21) in the form of a correlation
metricas[95] :

0] (b) 6J¢k

dt

/ Z\/_akbkak e J¢kdt‘|

K K
R Z\/Ekakbkejd)kzk] ZZ Varbbraare’®e 1% pyy., (9.22)
k=1

l=1k=1

wherez;, andpy;. aregiven by Equation(9.8) and Equation(9.9), respectiely. Employing
our discrete-timemodelhighlightedin Section9.3,the correlationmetric of Equation(9.22)
canbeexpressedn vectornotationas[308] :

Q(b) = 2R [stc*z} —bTECRC*¢b. (9.23)

Hencethe decisionrule for the optimum CDMA multiuserdetectionschemebasedon the
maximumlik elihoodcriterionis to choosethe specifichit combinationb, which maximises
thecorrelationmetric of Equation(9.23).Hence,

b=arg {mgx [Q (b)]} : (9.24)

The maximisationof Equation(9.23) is a combinatorialoptimisationproblem, which
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requiresan exhaustve searchfor eachof the m = 2% combinationof b, in orderto find
the onethat maximiseghe correlationmetric of Equation(9.23). Explicitly, sincethereare
m = 2K possiblecombinationof b, the optimummultiuserdetectionhasa complexity that
grows exponentiallywith the numberof usersk'.

We have mentionedn Chapter that GAs have beenknown to solve combinatorialopti-
misationproblemsefficiently in mary otherapplicationg9]. Hence,in this dissertationye
will investigatethefeasibility of invoking GAsin dealingwith the CDMA multiuserdetection
optimisationproblemasgovernedby Equation(9.23).

9.5 Experimental Results

As we have mentionedn Section8.1 of Chapter8, a GA's performanceés dependenon nu-
meroudfactors,suchasthe populationsize P, thechoiceof the selectiormethod the genetic
operationemployed, the specificparametesettingsaswell asthe particularterminationcri-
terionused. In this section,we will attemptto find anappropriateGA setupandparameter
configurationghatarebestsuitedfor our optimisationproblem.

Our objective function is definedby the correlationmetric of Equation(9.23). Here,
the legitimate solutionsare the m = 2% possiblecombinationsof the K-bit vector b.
Hence,eachindividual will take the form of a K-bit vectorcorrespondingdo the K users’
bits during a single bit intenval. We will denotethe pth individual here as Bp(y) =

[Epyl(y), ... ,Epyx(y)} , wherey denoteghe yth generation.Our goalis to find the specific

individual that correspondsgo the highestfitnessvalue. However, we note that the fitness
valuescorrespondindo certaincombinationsof b evaluatedfrom the correlationmetric of
Equation(9.23) will be negative. However, we have mentionedn Section8.4.2that some
selectionschemeganonly operatewith the aid of positive fithessvalues.Hence,in orderto
ensurghatthefitnessvaluesarepositive for all combination®f b, we modify thecorrelation
metricof Equation(9.23)accordingto [300] :

exp {Q(B)} = exp {23% [ngc*z} - stcRc*gb} : (9.25)

Our performancemetric is the averageBit Error Probability (BEP) evaluatedover the
courseof several generations.In the context of CDMA multiuserdetectionthe threemost
importantcriteriato be satisfiedby an efficient detectionschemeareits BEP performance,
its detectiontime aswell asits computationatompleity. The detectiontime of the GA is
governedby thenumberof generationd” required,in orderto obtainareliabledecision.We
alsomentionedn Section8.4.6thatthe computationatomplexity of the GA, in the context
of thetotal numberof objective functionevaluationsjs relatedto P x Y. Ontheotherhand,
it is well-known thatthe corvergenceaccurag of the GA is mainly determinedy the popu-
lation size P, asalludedto in Section8.1. Hence,in this sectionthe purposeof our studyis
to find GA configurationghatachieve a satishctory BEP performanceat the expenseof an
acceptableomputationatompleity within a reasonabléime. Sinceour GA-assistednul-
tiuserdetectoris basedn optimisingthe modifiedcorrelationmetric of Equation(9.25),the
computationabompleity is deemedo be acceptableif thereis a significantamountof re-
ductionin comparisorto the optimummultiuserdetectoywhich requiresm = 2% objective
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| Parameter | Value |
Spreadindactor NV, 31
Modulationmode BPSK
Numberof CDMA users K | 10(20for Figure9.4)
SNRperbit & /N 9dBfork=1,... K

Table 9.1: Simulationparameter$or the experimentsof Figures9.2-9.9.

| Setup/Parameter | Method/Value
Individualinitialisation Random
method
Selectionmethod Fitness-Proportionate
Crosswer operation Single-point
Mutationoperation Standardinary mutation
Elitism No
IncestPrevention No
Populatiorsize P Givenin Figure9.2
Mating pool sizeT’ Populatiorsize P
Probabilityof mutationp,,, | 0.01

Table 9.2: Configurationof the GA usedto obtaintheresultsof Figure9.2. Explicit descriptionof the
fithess-proportionatselectiorschemendthesingle-pointcrosseer operationcanbefound
in Section8.4.2andSection8.4.3,respectiely.

function evaluations,in orderto reacha decision,ashighlightedin Section9.4. In orderto
evaluatetheaverageBEP performancef the GA-assistednultiuserdetectorsfandomlygen-
eratedsignaturesequencewill be usedin our simulations.The simulationparametersised
for ourinvestigationsin this sectionarepresentedh Table9.1andthefollowing assumptions
arestipulated

o Wewill assumehatperfectpowercontrolis invokedby all userssuchthat,onaverage,
their signalsarrive atthe receiver with the samepower.

e Initially only the AWGN channelis invoked, suchthat o, = 1.0 and¢, = 0 for
k=1,...,K,ie.thereis nofading.

9.5.1 Effectsof the Population Size

Let uscommenceur experimentdy investigatingthe effectsof the populationsize P onthe
corvergencerateof the GA. Sinceatthis momentwe have no knowledgeof which configura-
tion of the GA is bestsuitedfor our optimisationproblem we shalladoptthe mostcommonly
usedGA configuratiorfoundin theliteraturefor ourinitial simulations.This configurations
takulatedin Table9.2, which follows the flowchartof Figure8.1. Basically the individuals,
which representhe candidatesolutionsof b, arerandomlycreatedduring the initialisation
phaseof the GA. Upon evaluatingtheir associateditnessvaluesbasedon the modified ob-
jective functionof Equation(9.25),pairsof individualsfoundin thematingpool areselected
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Figure 9.2: Thebit errorprobability performancavith respecto thenumberof generationsf the GA-
assistednultiuserdetectorfor variouspopulationsizesand ' = 10 users.The configura-
tion of the GA usedto obtaintheseresultsis takulatedin Table 9.2, while the simulation
parameterarelistedin Table9.1.

for cross@er andmutationoperationsjn orderto produceoffspring. The associateditness
valuesof theseoffspring are then evaluatedandtheseoffspring will form the new popula-
tion of the next generation.The processesf selection,crosseer, mutationand evaluation
arerepeatedor atotal of Y — 1 generations Basedon this configurationthe BEP perfor
manceof the GA-assistednultiuserdetectorwas evaluatedand the results,which shaved
the achiezable BEP at the endof eachgeneratioraredisplayedin Figure9.2. Notethatthe
BEP at eachgenerationwith the exceptionof the Oth generationjs derived by identifying
theoffspringassociateavith the highestfitnessvalueamongstll theoffspringcreatedatthat
generation.The BEP at the Oth generations derived by identifying the specificindividual
thatexhibits the highesffitnessvalueaftertherandominitialisation. It is seenfrom thefigure
that the BEP performanceof the GA-assistednultiuserdetectorimproved with increasing
thepopulationsize. However, the computationatostalsoincreasessa function of the pop-
ulationsize,ashighlightedin Section8.4.6. In orderto maintaina moderatecomputational
compleity, we shalladopta fixed populationsizeof P = 30 for all our simulationsin this
section.Uponcloserinspectiornof Figure9.2,wewill noticethatthe BEP performancef the
GA-assistednultiuserdetectotbasedn the configurationof Table9.2is far from promising.
Furthermorethe corvergencerateof the GA is very slow. Let usnow studywhetherthe per

1The0th generatioronly consistsof initialisationandevaluation.
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Figure 9.3: Thebit errorprobability performancavith respecto thenumberof generationsf the GA-
assistednultiuserdetectorfor variousprobability of mutationvaluesp,, andfor K = 10
users.The configurationof the GA is specifiedin Table9.3, while the simulationparame-
tersarelistedin Table9.1.

formancecanbeimprovedby varyingsomeof the GA parameterandthe GA configuration,
commencingvith the probability of mutation.

9.5.2 Effects of the Probability of Mutation

As we have mentionedn Section8.4.4,therateof mutationplaysanimportantrole in deter
mining the quality of corvergenceof a GA. A high probability of mutationp,,, may disrupt
schemataf potentiallyhighfitnessvaluesandhencemayleadto suboptimakolutionswhile
alow probability of mutationmay resultin prematurecorvergencedueto the lack of diver-
sity in the population.This assertionis supportedy Figure9.3,which shovs theachiezable
BEP performancef the GA-assistednultiuserdetectorover Y = 20 generationgor various
valuesof p,,. The configurationof the GA implementedor this simulationstudyis listed
in Table 9.3, which is similar to the one given in Table 9.2 of Section9.5.1. Consider
ing the resultsshawvn in Figure 9.3, we will immediatelynotice that the BEP performance
hasimproved significantly over the ratherpoor resultsobtainedin the previous sectionfor
pm > 0.01. Furthermoreaccordingto Figure9.3, p,, = 0.1 appeardo give the bestper
formance. All the othervaluesof p,,, have a slower corvergencerate, leadingto solutions
far from the optimal one. On the otherhand,thevalueof p,, is very muchdependentn the
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| Setup/Parameter | Method/Value
Individualinitialisation Random
method
Selectionmethod Fitness-Proportionate
Crosswer operation Single-point
Mutationoperation Standardinary mutation
Elitism No
IncestPrevention No
Populatiorsize P 30
Mating pool sizeT Populatiorsize P
Probabilityof mutationp,,, | Givenin Figure9.3andFigure9.4.

Table 9.3: Configuratiorof theGA usedo obtaintheresultsof Figures9.3and9.4. Explicit description
of thefitness-proportionatselectiorschemendthesingle-pointcrosseer operatiorcanbe
foundin Section8.4.2andSection8.4.3,respectiely.

lengthof theindividual,asexemplifiedin Figure9.4for K = 20 usersHere,eachindividual

will consistof 20-bitvariablesto be optimised.In this casep,, = 0.07 givesthebestperfor

mancé. Sinceour simulationsperformedin this dissertatiorarebasedon a CDMA system
supportingK’ = 10 — 20 userswe will adopta probability of mutationp,,, = 0.1 for all our
subsequergimulations sincethis valuewasshovn in Figures9.3and9.4to giveagoodBEP
performancdor this userpopulationrange. However, furtherinvestigationsconcerningthe
suitablevalueof p,, mustbe performedfor a highernumberof users.Let usnow consider
whetheme canfurtherimprove theachiezableBEP performancdy usingdifferentcrosseer
operations.

9.5.3 Effects of the Choiceof Crosswer Operation

In this section,we will investicate, whetherthe choiceof the crosseer operationwill have
an effect on the corvemgencerate of the GA. Threetypesof crosseer operationsare in-

vesticated, namelythe single-pointcrosseer, the double-pointcrosseer and the uniform

crosseer, which were highlightedin Section8.4.3. The configurationof the GA is charac-
terisedby Table 9.4 andthe associatedesultsare shavn in Figure9.5. Judgingfrom the
resultsdisplayedn Figure9.5,thereis no significantperformancelisparityamongsthe dif-

ferentcross@er operations.Nonethelessthe GA employing the uniform crosseer canbe
seerto exhibit aslightly fastercorvergencerate,thanthatusingthe single-pointanddouble-
point crosseer. This may be dueto thefactthatfor the uniform cross@er operationevery
bit of the individual hasan equalprobability of beingexchangedunlike in the single-point
crosseer or the double-pointcrosseer, wherethe leftmostand the rightmostbits have a
lower probability of being exchanged.Hence,we shall be adoptingthe uniform crosseer
operationfor all our subsequerdgimulations.

2ThepoorBEPshawn in Figure9.4is dueto theinadequatgopulationsizein handlinga sizeablesearctspace
for K = 20.
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Figure 9.4: Thebit errorprobability performancavith respecto thenumberof generationsf the GA-
assistednultiuserdetectorfor variousprobability of mutationvaluep,, andfor K = 20
users.The configurationof the GA is specifiedin Table9.3, while the simulationparame-
tersarelistedin Table9.1.

| Setup/Parameter | Method/Value
Individualinitialisation Random
method
Selectionmethod Fitness-Proportionate
Crosswer operation Givenin Figure9.5
Mutationoperation Standardinary mutation
Elitism No
IncestPrevention No
Populatiorsize P 30
Mating pool sizeT Populatiorsize P
Probabilityof mutationp,,, | 0.1

Table 9.4: Configurationof the GA usedto obtainthe resultsof Figure9.5. Explicit descriptionof the
fitness-proportionatselectionschemeandthe variouscross@er operationcanbefoundin
Section8.4.2andSection8.4.3,respectiely.
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Figure 9.5: Thebit errorprobability performancavith respecto thenumberof generationsf the GA-
assistednultiuserdetectoremplgying the single-pointcrosseer, double-pointcrosseer
andthe uniform crosseer for K = 10 users.The configurationof the GA is specifiedin
Table9.4,while the simulationparameterarelistedin Table9.1.

9.5.4 Effectsof Incest Prevention and Elitism

Let us now investigatethe effectsof invoking the incestpreventionandthe elitism strateyy,

asfeaturedin Section8.4. In the caseof the incestpreventionstratgyy, we will ensurethat
theindividualsin the matingpool arenotidentical. Hence the matingpool sizeT < P will

notbefixed,becausé depend®nthenumberof non-identicaindividualsin thepopulation.
As for the elitism strateyy, we will only replacethe offspring having the lowestfitnessvalue
in thenew populationwith theindividual correspondingdo the highesftfitnessvaluein theold

population. The configurationof the GA for this investicationis specifiedby Table9.5and
theassociatedesultsareshovn in Figure9.6. A welcomeimprovementthatcanbe gleaned
from Figure9.6is thatthe GA-assistednultiuserdetectorasfinally managedo achieve the
optimumperformancdor K = 10, basedon the configurationof Table9.5in conjunction
with theincestpreventionandelitism stratgies. Furthermorewe canseethatthe optimum
performancas attainedonly, if bothstratgiesareinvoked. This canbeexplainedasfollows.

Firstly, theincestpreventionstratgy will alwaysensurethata high diversity of individuals
is maintainedin the population,since only non-identicalindividuals are allowed to mate.
Hence the offspringthatare producedby the crosseer andmutationoperationswill have a
high probability thatthey arenot identicalto their parents.This will ensurethatnew areas
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| Setup/Parameter | Method/Value
Individualinitialisation | Random
method
Selectionmethod Fitness-Proportionate
Crosswer operation Uniform
Mutationoperation Standardinary mutation
Elitism Givenin Figure9.6
IncestPrevention Givenin Figure9.6
Populatiorsize P 30
Mating pool sizeT’ — Populatiorsize P if incestpreventionis notinvoked
— < P if incestpreventionis invoked
Probability of 0.1
mutationp,,

Table 9.5: Configurationof the GA usedto obtainthe resultsof Figure9.6. Explicit descriptionof
thefitness-proportionateelectionrschemendtheincestpreventionstratgly canbefoundin
Section8.4.2while the uniform cross@er operationandtheelitism stratgyy canbefoundin
Section8.4.3andSection8.4.5,respectiely.

in the searchspacewill beexplored,whichis alwaysa goodtrait from anoptimisationpoint
of view. On the otherhand,this will alsoobliteratethe parentsassociatedvith high fithess
values,sincethe offspringwill constitutethe new population.Thisis undesirableespecially
if the parentis actually the optimum solution. Hencethe elitism stratgyy can be invoked
in orderto counteracthis effect. Sincein our optimisationproblemwe are interestedn

finding only onespecificindividual thatgivesthe highestfithessvalueandnot a setof likely

individuals,the elitism stratey is requiredto keeptrack of theindividual having the highest
fithessvaluefoundduringthe courseof evolution. Henceby combiningthesetwo stratejies,
afastcorvergencerateanda goodperformanceanbeachiezed. Now thatwe know thatthe
GA-assistednultiuserdetectoris capableof attainingthe optimum performancewithin 20

generationsasshown in Figure 9.6, let us now consider whetherthe detectoris capableof

achieving thislevel of performancet afastercorvemgencerateby invoking variousselection
schemes.

9.5.5 Effects of the Choiceof SelectionSchemes

In this section,we will attemptto identify the specificselectionschemeor our GA-assisted
multiuserdetectorthatis capableof offering a fastcornvergencerate, while maintainingthe
samelevel of BEP performancehatwasattainedin Figure9.6. The selectionschemeghat
werereviewedin Section8.4.2,namelythefithess-proportionatselectionthe sigmascaling
selectionthelinearrankingselectionrandthetournamenselectionwill beinvesticated.The
configurationof the GA is listedin Table9.6. For thelinearrankingselectionschemeyve set
nt andn~ in Equation(8.11)to 1.9 and0.1, respectiely so asto placea higheremphasis
on theindividualsexhibiting higherfitnessvalues. As for the tournamenselectionscheme,
t = 5 individualsareselectedrom the populationrandomlywith equalprobability andthe
individual that correspondgo the highestfithessvalue within this group of ¢ individuals
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Figure 9.6: Thebit errorprobability performancavith respecto thenumberof generationsf the GA-
assistednultiuserdetectoremploying theincestpreventionstrateyy and/orelitism strateyy,
asfeaturedn Section8.4. The configurationof the GA is specifiedin Table9.5, while the
simulationparameterarelistedin Table9.1for K = 10 users.

| Setup/Parameter | Method/Value
Individualinitialisation Random
method
Selectionmethod Givenin Figure9.7
Crosswer operation Uniform crosseer
Mutationoperation Standardinary mutation
Elitism Yes
IncestPrevention Yes
Populatiorsize P 30
Mating pool sizeT’ T < P dependingpnthetotal number

of non-identicaindividuals

Probabilityof mutationp,,, | 0.1

Table 9.6: Configurationof the GA usedto obtaintheresultsof Figure9.7. Explicit descriptionof the
variousselectionrschemegndtheuniform crosseer operationrcanbefoundin Section8.4.2
andSection8.4.3,respectrely.
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Figure 9.7: Thebit errorprobability performancavith respecto thenumberof generationsf the GA-
assistednultiuserdetectoremploying variousselectionschemesThe configurationof the
GA is specifiedin Table 9.6, while the simulationparametersarelisted in Table 9.1 for
K =10 users.

will be chosenasthe parent. Finally, for sigmascalingselection,if the probababilityof

selectiorp; correspondingo theith individual is a negative valuewhencalculatedaccording
to Equation(8.10),thenwe will setthis p; valueto 0.0 anddiscardthe associatedhdividual

from the selectionprocessThe BEPresultsareshovn in Figure9.7.

As we cansee,GAs utilising the fithess-proportionateelectionschemegave the best
performanceOnthe otherhand,GAs usingeitherthe sigmascalingselectionschemeor the
linearrankingselectiorschemesxhibitedaslown corvergencerate. A plausibleexplanationis
dueto thefactthatthe matingpool sizeT" spannedver all non-identicaindividuals. Hence
thefitnessvaluevarianceof the matingpool washigh. As aresult,individualshaving high
fithessvaluesare not given sufficient priority to be selectedas a parentin the caseof the
sigmascalingselection. Similarly, becausef the linearity of Equation(8.11), the higher
rankindividualsarenot assignedvith a high probability of selection.

A feasibleway of overcomingtheseshortcomingss to reducethe sizeT' of the mating
pool,suchthatT < P. Thisimpliesthatonly theT < P numberof non-identicaindividu-
alsthatareassociateavith the highestfitnessvaluesin the currentpopulationwill beplaced
in thematingpool. If thenumberof non-identicaindividualsin the populationhappengo be
lessthanT’, thenthevalueof T is setto beequivalentto thenumberof availablenon-identical
individuals,in orderto preventincestmating. We set7 = 10 andwhenusingthe GA con-



320 CHAPTER 9. GA-ASSISTED MULTIUSER DETECTION FOR SYNCHRONOUS CDMA

| Setup/Parameter | Method/Value
Individualinitialisation Random
method
Selectionmethod Givenin Figure9.8
Crosswer operation Uniform crosseer
Mutationoperation Standardinary mutation
Elitism Yes
IncestPrevention Yes
Populatiorsize P 30
Mating pool sizeT' T < 10 dependingonthenumber

of non-identicaindividuals

Probabilityof mutationp,,, | 0.1

Table 9.7: Configurationof the GA usedto obtaintheresultsof Figure9.8. Explicit descriptionof the
variousselectionrschemegndtheuniform cross@er operationrcanbefoundin Section8.4.2
andSection8.4.3,respectiely.

figurationgivenby Table9.7, the correspondingimulationresultsareshavn in Figure9.8.
Now we canseethattheachiezableBEP performancef the GAs emplgying eitherthesigma
scalingselectiorschemeor thelinearrankingselectiorscheménasimprovedsignificantly In
particular the GA-assitedMIlUD emplgying thesigmascalingselectionrscheméiasanalmost
identical performanceo that usingthe fitness-proportionatselectionscheme.From these
resultswe concludethat the mating pool sizeT' playsa significantpartin determiningthe
corvergencerate of the GA usinga particulartype of selectionscheme.More specifically
for the sigmascalingselectionandthe linear ranking selectionthe value of 1" mustbe set
appropriately We also have to determinethe bestvalue of ¢ for the tournamentselection
scheme.On the otherhand,the resultsobtainedin Figure 9.8 for the fithess-proportionate
selectiorschemaresimilarto thoseshavn in Figure9.7,whereno specificmatingpool size
T constraintwasimposed,usingT’ equalto the numberof non-identicalindividualsin the
populationduring the particulargeneration Furthermorethe fithess-proportionatselection
schemeadoesnotinvolve ary externalparametersor it to work andjudging from Figure9.7
andFigure9.8, GAs utilising thefitness-proportionatselectionschemegave the bestperfor
mancefrom therangeof selectionrschemesonsideredHence in orderto reducethe number
of parameterdo be optimisedfor the GAs to performreliably, we will only considerthe
fitness-proportionatselectionschemehereafter In mostcasesthe matingpool sizeT" will
alsobe setaccordingto the numberof non-identicalindividualsin the population.However,
aswe will seein our furtherdiscoursetherearecertainsituations wherea specificvalue of
T mustbeset,in particular whenthe populationcontainsmary non-identicaindividuals.

9.5.6 Effectsof a BiasedGeneratedPopulation

In Section8.1,we mentionedhatinsteadof randomlycreatingtheinitial populationof indi-

vidualsatthecommencemerndf a GA-assistedearchwe caninvoke ary usefulinformation
thatis availableto aid usin creatingtheinitial populationof individuals,in orderto aid our
searchat the beginning. In our case we canusethe harddecisionsoffered by the matched
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Figure 9.8: Thebit errorprobability performancavith respecto thenumberof generationsf the GA-
assistednultiuserdetectoremploying variousselectionschemesThe configurationof the
GA is specifiedn Table9.7,while the simulationparametersrelistedin Table9.1.

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

BMF = [31,MF782,MF,--- 78K,MF (9.26)

where8k7Mp for k = 1,..., K is given by Equation(9.11). Two methodsof biasingare
proposedor ourinvestigations. Firstly, we will assignthe harddecisionsof Equation(9.26)
to only oneindividual. TheremainingP — 1 individualswill be randomlygeneratedThis
will ensurethata high diversity of individualsarepresenin the populationat the beginning.
We shall refer to this methodas M1. For our secondmethod,we will assigna different
randomly‘mutated’ versionof the harddecisionvectorb,; » of Equation(9.26)to eachof
the individualsin the initial population. We shall adoptthe sameprobability of mutation
asp,,. In thisway, the individualsin theinitial populationwill be almostidentical. Note
thatwe cannotassignthe sameharddecisionvectorBMF to all theindividuals,sinceincest
preventionis invoked, which will not allow identicalindividualsto mate. We shall referto
this methodasM2. Usingthe GA configurationlistedin Table 9.8, the simulationresults
areshaowvn in Figure9.9. As the figure suggestsmethodM2 givesa betterperformancen
termsof a fastercorvemgenceratedueto a goodinitial populationof individuals. This fact
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| Setup/Parameter | Method/Value
Individualinitialisation Givenin Figure9.9
method
Selectionmethod Fitness-proportionate
Crosseer operation Uniform crosseer
Mutationoperation Standardinary mutation
Elitism Yes
IncestPrevention Yes
Populatiorsize P 30
Mating pool sizeT T < P dependingpnthe number

of non-identicaindividuals

Probabilityof mutationp,,, | 0.1

Table 9.8: Configurationof the GA usedto obtaintheresultsof Figure9.9. Explicit descriptionof the
fithess-proportionateelectionschemeandthe uniform cross@er operationcanbe foundin
Section8.4.2andSection8.4.3,respectiely.

conformsto the resultsobtainedin [300]. Hencewe shalladoptmethodM2 of initialising
theinitial population.

Basedon the resultsgatheredfrom our simulations,the final GA configurationthat we
will be utilising for mostof our simulationsin this dissertationunlessspecifiedotherwise
in the associateglots, is givenin Table9.9. The associatedlowchartis depictedin Fig-
ure 9.10. Furtherusefulinformationcanbe gleanedby comparingour GA configurationto
thepreviously proposedsA-assistednultiuserdetectorg300-303]in theliterature asgiven
by Table8.3. Notice thata low probability of mutationp,,, aswell asno incestprevention
stratgyy wereinvokedin theseproposalgd300-303]. On the otherhand,accordingto our re-
sultssummarisedn Section9.5.2andSection9.5.4,the effectsof thevalueof p,,, andthose
of the incestprevention stratgly canhave a significantimpacton the corvergencerate and
hencealsoon the BEP performancef the GA-assistednultiuserdetector As shawvn in Fig-
ure 9.9, our proposedGA-assistednultiuserdetectoris capableof reachinga nearoptimal
BEP performancewithin Y = 10 generationsvith the aid of a populationsizeof P = 30
for K = 10 usersover an AWGN channelat an SNR of 9 dB. This constitutesa total of
P x Y = 300 numberof correlationmetricevaluationsaccordingo Equation(9.25). In fact,
aswe have mentionedin Section8.4.6,this numberwasderived basedon the fact that the
fithessvalueis calculatedor everyindividualin thepopulationat every generationHowever
in reality, certainindividualswill reappeaoverthecourseof theevolution. Hence thefitness
valuesof theseindividualsneednot berecalculatedif they arestoredin memory Basedon
our simulationsfor P = 30, Y = 10 and K = 10, we found that the averagenumberof
unigue K -bit combinationghatwereevaluatedoy the GA for a singlebit interval was=: 89.
Comparinghis numberto thatof theoptimummultiuserdetectoywhichrequire2'® = 1024
correlationmetric evaluationsfor every b combination,our proposedsA-assistednultiuser
detectoris capableof attaininga significantly reducedcomputationalcompleity and yet
deliveringa nearoptimumBEP performanceup to a specificSNR value. Hencethe imple-
mentationof our proposedGA-assistednultiuserdetectoris feasiblein practicaltermsand
offersanalternatve to theimplementatiorof the optimummultiuserdetector
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Figure 9.9: Thebit errorprobability performancavith respecto thenumberof generationsf the GA-
assistednultiuserdetectoremploying differentmethodsof initialising the individuals at
the beginning. The configurationof the GA is specifiedin Table9.8, while the simulation
parameterarelistedin Table9.1for K = 10 users.

| Setup/Parameter | Method/Value \
Individual initialisation Mutationof b, of Equation(9.26)
method
Selectiormethod Fitness-proportionate
Crosswer operation Uniform crosseer
Mutationoperation Standardinary mutation
Elitism Yes
IncestPrevention Yes
Populatiorsize P 30

Mating pool sizeT’

T < P dependingonthenumber
of non-identicaindividuals

Probabilityof mutationp,,

0.1

Terminationgeneratior”

10

Table 9.9: Configurationof the GA thatwill be usedin this disserationhereafter unlessotherwise

specified.
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Figure 9.10: A flowchartdepictingthe structureof the geneticalgorithmadoptedor our GA-assisted
multiuserdetectiontechniquewhichis a specificversionof Figure8.1.
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Finally, it shouldbe stressedhatwe have only exploreda fraction of the numerougos-
sible configurationsof GAs, a fact notedat the beginning of Chapter8. Furthermorethe
settingsof certainparametersvere not investicgatedextensiely, suchasthe probability of
mutationp,,, the ideal mutationpool sizeT" andthe populationsize P. Thesevalueswill
dependvery much on the numberof usersK andthe desiredquality of detection. There
arealsomary variantsof GAs thathave not beenstudiedor indeedeven highlightedin this
dissertation.Hencewe madeno claimsaboutthe optimality of the GAs usedin this disser
tation for the applicationin CDMA multiuserdetection. Henceit is possiblethat different
GA variants whichwerenot coveredin this dissertationpr a differentsetof parametersnay
give aneven betterperformance However, we will shaov with the aid of the following sim-
ulationresultsof this chapteraswell asin subsequenthapterghatthe GA configurationof
Table9.9togethemith the setof GA parametershatwe have adopteds capableof offering
asatistctorytrade-of betweercomputationatomplexity, detectiondelayandanacceptable
BEP performanceUsingthe GA configuratiorof Table9.9,let usnow considethe BEPper
formanceof the GA-assistedCDMA multiuserdetectoiin bothanAWGN channebkswell as
in anon-dispersie-Rayleighfadingchannel.

9.6 Simulation Results

9.6.1 AWGN Channel

All the resultsin this sectionwere basedon evaluating the BEP performanceof a bit-
synchronoud<-userCDMA systemover an AWGN channel.The signhaturesequencewere
randomlygenerate@®1-chipperbit sequenceandthetransmitbit enegy &, wasassumedo
beequalfor all users.

Figure9.11shows the averageBEP asa function of the SNR perbit for the GA-assisted
multiuser detectorfor various populationsizes P and different numberof generationst”
for K = 10. Thevaluesof P andY are assignedsuchthat the maximum numberof
times the objective function of Equation(9.25) was evaluatedupon detectingthe bit vec-
tor b during a bit interval is approximately300. The optimum performanceof the mul-
tiuser detectorutilising an exhaustve searchfor K = 10 is also shavn. In this case,
the optimum multiuserdetectorhasto computethe objective function of Equation(9.25)
210 = 1024 times, which correspondso every possiblecombinationof b. Uponobserving
Figure9.11,we noticethatthe GA-assistednultiuserdetectoiis capableof achieving anear
optimumperformancaup to an SNR of 8 dB at a lower computationatompleity thanthat
of theoptimummultiuserdetector Specifically the minimumreductionin thecomputational
compl«ity offered by the GA-assistedmultiuserdetectorover its optimum counterparts
[(1024 — 320)/1024] x 100 = 68.75%. As mentionedpreviously in Section9.5, this re-
ductionin thecomputationatompleity is expectedo be higherif therepeateditnessvalue
evaluationof thesamendividualis circumwented.FromFigure9.11,we canseethattheBEP
performancecurvesbeganto flattenatan SNR of 10 dB. Thisis dueto the inadequateop-
ulation size and/ornumberof generationsequiredfor the GA to corverge to the optimum
performance.Recallthatin Section8.1 we statedthat the GAs are not guaranteedo find
the optimal solution, unlessa suficiently large populationsize and an appropriatenumber
of generationgre guaranteed On the otherhand, it is not a prerequisitehat the optimum
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Figure 9.11: Thebit errorprobability performancef the GA-assistednultiuserdetectorasa function
of theSNRperbit with populationssizeof P = 20, 30, 40 usingbinaryrandomsignature
sequencesf length N, = 31 for K = 10 users. The GA configurationusedis listed
in Table9.9. The valuesin roundbracletsin the legenddenotethe maximumnumber
of timesthe objective function of Equation(9.25) was evaluatedupon detectingthe bit
vectorb duringabit intenval.

performancemustbe achieved for every SNR value. The integrity of detectionrequiredis
usuallydependenon thetype of servicethe detectionschemds intendedfor. For example,
aspeeclsignalmaytoleratea relatively high BEP of 10~2 but no lateng, while a datasig-
nal mayrequirea BEP performancévelonv 10~¢, but it cantoleratea higherdetectiondelay
Hencewe canimmediatelyseethatthe GA-assistednultiuserdetectoiis capableof offering
this trade-of by simply adjustingthevaluesof P andY'.

Let usnow considerwhat happensif the numberof usersK is increasedo 20. In the
contet of theoptimummultiuserdetectoranexhaustve searchwould requireda staggering
220 = 1,048, 576 numberof objective function evaluations,jn orderto obtainthe optimum
solution. TheBEPperformancef the GA-assistednultiuserdetectorfor variousvaluesof P
andY is shavnin Figure9.12. Again, we seethatby simply expandingthepopulationsize P
andby extendingthenumberof generation”, thenearoptimalBEPperformancef the GA-
assistednultiuserdetectorfoundfor K = 10 canbe maintainedwhenthe numberof users
isincreasedo K = 20. While thiswill increasehe associatedomputationatomplexity of
the GA-assistednultiuserdetectoy the maximumnumberof objective function evaluations
givenby P x Y is still significantlylower, thanthatrequiredby the optimumdetector



9.6. SIMULATION RESULTS 327

K=20

10 Equal energy for all users
= u
ar
D102
2
8 o =g
S0 F
E E ‘g\\x\\o ——
<] T
E10*| O —- P=40,Y=20(800) 80T
= A -—- P=80, Y=10 (800)
@ ¢$ —- P=160,Y=10 (1600)

10°| © —-- P=250,Y=10 (2500)

§ - - - P=240,Y=20 (4800)
. — Optimum, K=20 (1,048,576)
107, 1 2 3 4 6 7 8 9 10

5
SNR per bit

Figure 9.12: Thebit error probability performancef the GA-assistednultiuserdetectorasa function
of the SNR per bit with variouspopulationssizes P and numberof generationsy” for
K = 20 usingbinaryrandomsignaturesequencesf length N. = 31. The GA config-
urationusedis listedin Table9.9. The valuesin roundbracletsin the legenddenotethe
numberof timesthe objective function of Equation(9.25)wasevaluatedupondetecting
thebit vectorb duringa bit interval.

Figure9.13shavstheaverageBEP performancef the GA-assistednultiuserdetectoras
a function of the numberof usersK for an SNRvalueof 7 dB. As we cansee,for agiven
numberof generationy”, the populationsize P mustbe increasedin orderto maintainthe
samelevel of BEP performanceas K is increased.However, the requiredincreasen the
populationsize P is not exponentiallyproportionalto the numberof users. Furthermore,
thereis a gradualdegradationin the BEP performancefor a given populationsize P and
terminationgeneratiort”, asthe numberof usersK increased.

9.6.2 Single-pathRayleigh Fading Channel

In this section the BEP performancef the GA-assistednultiuserdetectoris evaluatedfor a
bit-synchronoud<-userCDMA systemover a non-dispersie Rayleighfadingchannel.The
signaturesequencewererandomlygeneratedV, = 31-chip perbit sequenceandtheusers’
CIR coeficients a,e??* wereassumedo be known at the recever. With the exceptionof
Figure9.17,thetransmitbit enegy &, wasassumedo be equalfor all users.
Figure9.14shavs the BEP performancef the GA-assistednultiuserdetectorfor differ-
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Figure 9.13: Thebit errorprobability performancef the GA-assistednultiuserdetectorasa function
of thenumberof K userswith populationssizeof P = 40, 80, 120, 160, 200 andY = 10
usingbinaryrandomsignaturesequencesf length N, = 31. The GA configurationused
is listedin Table9.9. The valuesin roundbracletsin the legenddenoteghe numberof
timesthe objective function of Equation(9.25) was evaluatedupondetectingthe K -bit
vectorb duringabit intenval.

entnumberof generationy” andfor differentpopulationsizesP. Theoptimumperformance
for K = 10 userswasalsoplottedfor comparison.As it canbe seenfrom the figure, the
combinationof P = 40 andY = 10 —which constitutesa maximumof 40 x 10 = 400 num-
berof objective functionevaluationsaccordingo Equation(9.23)—wascapableof achieving
a nearoptimal BEP performance.For SNR valuesbeyond 40 dB, the systemexhibited an
errorfloor dueto the performancdimitationsof the GA in conjunctionwith thegiven P and
Y valuesstudied.At lower valuesof Y and P, theerrorfloor occuredat alower SNRvalue.
For instanceatY = 10 and P = 20, which requiresa maximumof 200 numberof ob-
jective function evaluationsaccordingto Equation(9.23),the errorfloor occuredat an SNR
valueof about32dB, while for SNRvaluesupto 24 dB, thedetectorxhibitednearoptimum
BEP performance Hence,again it wasshovn herethatthe GA-assistednultiuserdetector
wascapableof offering atrade-of betweercomputationatompleity andtheoptimumBEP
performance.

In orderto shav thatthe computationatompleity of the GA is notexponentiallydepen-
dentonthenumberof usersk’, theBEP performancavasevaluatedn Figure9.15for various
numberof usersemploying P = 40, 80, 120, 160, 200 in conjunctionwith Y = 10. There-
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Figure 9.14: Thebit error probability performancef the GA-assistednultiuserdetectorasa function
of theSNRperbit for K = 10 userswith variouscombination®f P andY in conjunction
with perfectchannekestimatiorusingbinaryrandomsignaturesequencesf length N, =
31. The GA configurationusedis listedin Table9.9. Thevaluesin roundbracletsin the
legenddenotethe maximumnumberof timesthe objective function of Equation(9.25)
wasevaluatedupondetectingthebit vectord duringabit interval.

sultsareshavnin Figure9.15.At P = 40 andY” = 10, we canseethatthe BEP performance
graduallydegradesuponincreasingthe numberof users,dueto the limited populationsize
P, which wastoo smallfor adequatelyexploring a significantlylarger searchspace.As the
populationsize P is increasedthe BEPimproves. For a populationsizeof P = 160, we can
seethat the GA-assisteddetectoris capableof attaininga nearoptimal performancewhile
supportingK’ = 20 users.More importantly we notedthatthe numberof correlationmetric
evaluations seenwithin thebracletsin thelegendof Figure9.15increaseslowerthanexpo-
nentiallyasa functionof the numberof users.For example,whenK is increasedrom 10to
16, the populationsize P hasto beincreasedrom 40to 120, in orderto maintainthe same
level of performance.This constituteda factorof 1200/400 = 3 increaseccomputational
compleity, when K wasincreasedrom 10 to 16, while maintaininga nearoptimumBEP
performanceBy contrastthe computationatompleity of the optimummultiuserdetection
usingexhaustve searchwould be increasedy a factorof 21¢/219 = 64. Similarly, when
K isincreasedo 20, a populationsizeof P = 160 is sufficient for attainingthe samelevel
of BEP performance.This constitutedonly a factorof 1600/400 = 4 increaseccomputa-
tional compleity. Furthermorejn contrasto the reduced-compldty tree-searclypealgo-
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Figure 9.15: Thebit error probability performancef the GA-assistednultiuserdetectorasa function
of thenumberof K userswith populationssizeof P = 40, 80, 120, 160, 200 andY = 10
in conjunctionwith perfectchannelestimationusingbinary randomsignaturesequences
of lengthN. = 31. The GA configuratiorusedis listedin Table9.9. Thevaluesin round
bracletsin thelegenddenotehenumberof timestheobjective functionof Equation(9.25)
wasevaluatedupondetectingthe K -bit vectorb duringa bit interval.

rithms[311,312]—which canalsoachiere anearoptimumBEP performancetacompleity
lower thanthatof the optimumdetector the detectiontime requiredby our GA-basedmul-
tiuserdetectorto reacha decisionis independentf thenumberof users Additionally, for the
tree-searclalgorithmsa noisewhiteningfilter is required. Figure 9.16 portraysthe achies-
able compleity reductionfactorof the GA-assistednultiuserdetectoy which was defined

as IEX—KY Specifically the numeratorquantifiesthe numberof correlationmetric evaluations
requiredby the optimummultiuserdetectoy while the denominatoindicatesthe numberof

correlationmetric evaluationsrequiredby the GA-assistednultiuserdetectoyin orderto at-

tain the optimumperformancet an SNRvalueof 24 dB. This figure wasextractedfrom the

resultsobtainedn Figure9.15. As seenfrom thefigure,the compleity reductionofferedby

the GA-assistednultiuserdetectorover the optimumdetectorbecomesnore significant,as
thenumberof userss increased.

Figure9.17shawvs the nearfar resistencef the proposedsA-assistednultiuserdetector
in conjunctionwith perfectCIR estimation.Theaveragerecevedbit enepgy &; of thedesired
userremainedunchangedyhile the enegiesof all otheruserséy, for & = 2,... , K were
either6 dB or 10 dB higher thanthat of the desireduser We canseethatthe GA-assisted
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Figure9.16: The compl«ity reductionfactor betweenthe optimum multiuserdetectorand the GA-
assistednultiuserdetectoraccordingto IEX—KY wherethe numeratordenoteghe number
of correlationmetric evaluationsrequiredby the optimum multiuserdetector while the
denominatodenoteghatrequiredby the GA-assistednultiuserdetectorin orderto attain
theoptimumperformancet an SNRvalueof 24 dB, basedn theresultsof Figure9.15.

multiuserdetectoiwasnearfar resistent.

9.7 Chapter Summary and Conclusions

In this chapterour modelof a bit-synchronou£DMA systemcommunicatingpver asingle-
tapRayleighfadingchannelvaspresentedh Section9.2andits equivalentdiscreterepresen-
tation was consideredn Section9.3. Basedon this model,the optimum multiuserdetector
basedn the maximumlik elihoodcriterionwasderivedin Section9.4. It wasshowvn thatthe
correlationmetric of Equation(9.23)for the optimummultiuserdetectionschemses castin
theform of a combinatorialoptimisationfunctionandits computationatompleity is expo-
nentially proportionalto the numberof users.Thusits implementatiorbecomesmpractical,
whenthereis a highnumberof users A GA-assistednultiuserdetectorwasproposedn this
chapterin orderto circumwentthe abore-mentioneccompleity problem. Accordingto the
resultsobtainedrom othersimilar GA-assisteanultiuserdetectomproposal§300-303]found
in the literature,which weresummarisedn Section9.5.1,traditional GAs generallyhave a
slow cornvergencerate, renderingthem unsuitablefor real-timedatadetection. In orderto
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Figure 9.17: The bit error probability performanceof the GA-assistednultiuserdetectorfor K =
10 userswith &, /&1 at0 dB, 6 dB and10dB for £ = 2,..., K in conjunctionwith
perfectchannelestimationusing binary randomsignaturesequencesf length31. The
GA configurationusedis listedin Table9.9. Thevaluesin roundbracletsin thelegend
denotethe numberof timesthe objective function of Equation(9.25)wasevaluatedupon
detectingthe K -bit vectorb duringa bit interval.

mitigatethisimpedimentwe conducteda seriesof experimentgresentedn Section9.5, for
findingaparticularGA configurationfrom thefamily of techniquehighlightedin Chapte8,
which canoffer thebesttrade-of betweerthedetectiondelay computationatompleity and
BEP performance.Basedon the resultsobtainedfrom our experimentsthe GA configura-
tion thatwe have adoptedn our GA-assistednultiuserdetectomwasgivenin Table9.9. The
notabledifferencedbetweernour favouredGA configurationandthoseutilisedin [300-303],
asshown in Table8.3, arethe probability of mutationp,,, andthe emplogymentof theincest
preventionstrategy. As suggestedby in Figure9.3andin Figure9.6, thesetwo featurescan
have a significantimpacton the corvergencerateand henceon the achiezable BEP perfor
manceof the GA-assistednultiuserdetector For our adwocatedGA configurationtheincest
prevention stratgly and a relatively high value of p,,, wereinvoked, sincea fastercorver
genceandaanimproved BEP performancecanbe achieved, asillustratedin Figure9.3 and
in Figure9.6. Lastbut not least,the BEP performancef the GA-assistednultiuserdetector
wasassesseth Section9.6 for a bit-synchronousCDMA systemfor transmissiorover an
AWGN channelaswell asa single-pathRayleighfadingchannel. We have shavn thatwith
the aid of a sufficiently high populationsize P andfor a reasonabl@umberof generations
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Y, the BEP performanceof the GA-assistednultiuserdetectorapproacheshat of the opti-
mum multiuserdetectorat the costof a significantlylower computationatomplexity. Our
resultsfor a single-tapRayleighfading channelwere obtainedbasedon the perfectknowl-
edgeof eachusers CIR coeficientsat therecever. In reality, theseCIR coeficientshave to
be estimatedoy somemeans.In our next chapteywe will shaw thatit is possibleto extend
the GA-assistednultiuserdetectorintroducedin this chapter suchthatthe users’CIR coef-
ficientscanbe estimatecconcurrentlywith the datadetectionwithout the assistancef ary
pilot signals.
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Overview of Multicarrier CDMA

17.1 Intr oduction

Orthogonalfrequeng division multiplexing (OFDM) [80,422-424] is a paralleldatatrans-
missionschemeén which high dataratescanbe achieved by transmittingU orthogonalsub-
carriers. TheintersymbolinterferencgISI) andinter-channelinterferencgICl) in OFDM
systemsare reducedby the insertionof guardintervals and code synchronizatioris made
easietby the extendedsymbolperiodengenderedly the associatederial-to-paralletorver-
sion preceedinghe paralleltransmissiorof low-rate subchannelsRecently code-dvision
multiple-acces$CDMA) systemdbasedon the combinationof CDMA schemesndOFDM
signaling,which arereferredto asmulticarrier CDMA systemshave attractedattentionin
thefield of wirelesscommunication$20,69-71,78,79,424-462]. Thisis mainly dueto the
needto supporthigh datarateservicesn wirelesservironmentcharacterizedby highly hos-
tile radio channels.Thesesignalscan be efficiently modulatedanddemodulatedising Fast
Fourier Transform(FFT) deviceswithout substantiallyincreasinghe recever’s compleity.
Thesesystemsalso exhibit the attractve featureof high spectralefficiency, sincethey can
operateusinga low Nyquistroll-off factor[80]. Hence,OFDM systemscanapproactthe
2 Baud/Hzmaximumbandwidthefficiengy associatedvith Nyquist sampling. The combi-
nationof codedivision and OFDM cancombatthe effectsof fadingchannelsby spreading
signalsover severalcarriers,in orderto achieve frequeny diversity.

Dependingon whetherall the subcarrierareactivatedon eachtransmissionmulticarrier
CDMA arrangementsanbeclassifiedasthenon-frequeng hoppingmulticarrierCDMA and
the frequeng-hoppingassistednulticarrier CDMA schemesThe family of non-frequeng
hoppingmulticarrierCDMA schemeséncludesmulticarrierCDMA usingfrequeng-domain
spreadindg447,454,457 462], subchanndband-limitedmulticarrierdirect-sequenc€EDMA
(DS-CDMA) [448,453],orthogonaimulticarrierDS-CDMA [69,431 449 460] andmultitone
DS-CDMA [450,463]. Theclassof frequeng-hoppingassisteanulticarrierCDMA schemes
belongsto the extendedfamily of the abose multicarrier schemeswhich include multicar
rier DS-CDMA usingadaptve frequeng-hopping[461], aswell asmulticarrierDS-CDMA

541
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usingadaptve subchannedllocation[439] andthe subclas®f constant-weightodeassisted
multicarrierDS-CDMA usingslow frequeng-hopping[70,78,425].

Basedon their signal spreadingmodel, multicarrier schemescan also be cateyorized
mainly into two types. In the first classof schemesthe serial datastreamis first spread
by aspreadingodeandthencorvertedinto NV, parallelchip sequencewith eachchip mod-
ulating a differentsubcarrier The numberof subcarrierss N, which equalsthe number
of chips per datasymbol. The spreadingoperationin this type of multicarrier CDMA ar
rangement®ccursin the frequeng-domain. This type of systemscombinethe robustness
of orthogonalmodulationwith the flexibility of CDMA schemeg79,440]. In the second
type of multicarrier CDMA systemsthe original datastreamis first serial-to-parallecon-
vertedinto U substreamsThen,eachsubstreanis spreadusingagivenspreadingodein the
time-domainandfinally, modulates differentsubcarriewith eachof thedatastreamIn the
secondypeof multicarrierCDMA eachsubcarriers signalis similarto thatof aconventional
thenormalsinglecarrierDS-CDMA schemd69]. Thefirst classof multicarrierCDMA only
includesoneparticularschemenamelymulticarrierCDMA usingfrequeng-domainspread-
ing [447,454 457 A62],while otherknown multicarrierCDMA schemegelongto thesecond
family.

One of the main implementationdisadwantagest the transmitterside of OFDM based
multicarrier CDMA systemsds the high peak-to-aeragepower ratio [423,436] of thetrans-
mitted signal. Whenerer the peaktransmittedpower is limited by regulatoryor implementa-
tional constraints suchasthe minimum requiredtransmitpower or the power efficiency of
theamplifier- this hasthe effect of reducingthe averagepower of thetransmitterandlimiting
therangeof transmissionsMoreover, sincethe multicarriersignalexhibits a high amplitude
variation,it is subjectto nonlineardistortionsinflicted by the power amplifier. This distortion
inevitably resultsin out-of-bandemissionsandco-channeinterferencepotentiallycausinga
significantdegradationin the systems$ performance.

In this chapterthe performanceof differentmulticarrier CDMA systemss investigated
overfrequeng-selectve RayleighfadingchannelsSectionl7.2reviews family of the multi-
carrierCDMA schemesanalyzesheir characteristicanddiscussegheir advantagesswell
asdisadwantagesn termsof their transmitterandrecever structures.We will alsoconsider
their spectralefficiency andspreadinggain. In Sectionsl7.4to 17.8we analyzea rangeof
typical multicarrierCDMA schemedn depthandderive their correspondindpit errorproba-
bility. Let usnow commenceur overviev of multicarrierCDMA systems.

17.2 Overview of Multicarrier CDMA Systems

In this sectionwe review the classof multicarrier CDMA schemeswhich have beendis-
cussedn theliterature.Specifically we discusgheir designparametersspectracharacteris-
tics, advantagesanddisadwantagesn termsof the transmitterandrecever structuresaswell
astheir spectralefficiency. The bit errorrate (BER) performancenalysisof thesemulticar
rier CDMA schemess providedin thefollowing sections Beforeconsideringheseschemes
in moredetail, we first list sometheir commonparameters.

e W, (Hz): Overall spectrahull-to-null systembandwidth;

e Wys (Hz): Null-to-null transmissiorbandwidthof eachsubcarriersignal;
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Wy (Hz): null-to-null bandwidthof the binary basebandlatasignal;

T, Binary bit duration;

T,: Transmittedsymbols duration;

T,.: Chipdurationof the spreadingcodesin the multicarrierCDMA system;
T,,: Chipdurationof the spreadingcodesin the single-carrielCDMA system;
fo: RF carrierfrequeny;

N = W,/Wy; = T,/T.1: Spreadinggain of BPSK modulatedsingle-carrierDS-
CDMA signals;

N. = T,/T,: Spreadinggain of BPSK modulatedsubcarrierDS-CDMA signal, or
numberof chipspersymbol;

Ny = T, /T.: Numberof chipsperbit;

L1: Numberof resohable propagtion pathsexperiencedby the single-carrierDS-
CDMA signal;

A: Spacingbetweertwo adjacensubcarriers;

SG: Spectralain, whichis definedastheratio betweerthebandwidthrequiredby the
multicarrerschemewithout overlappingandtheactualbandwidthof thecorresponding
multicarrierscheme.

Having definedthe commonmulticarrier CDMA parameterslet us first highlight the
conceptassociateavith frequeng-domainspreading.

17.2.1 Frequency-Domain Spreading Assisted Multicarrier CDMA

Scheme

Fig.17.1shaws the transmitterdiagramof the multicarrier CDOMA (MC-CDMA) scheme
associatedvith frequeng-domainspreading447,454,457,462]. The MC-CDMA trans-
mitter spreadghe original datastreamover N,, subcarriersisinga given spreadingcodeof

{er[0], ck[1], ..., k[N, — 1]} in thefrequeny domain.Obserein Fig.17.1thatthisscheme
doesnot include serial-to-paralledataconversionandthereexists no spreadingnodulation
on eachsubcarrier Therefore the datarate on eachof the N,, subcarrierss the sameasthe
input datarate. However, by spreadingeachdatabit acrossall of the N, subcarriershefad-
ing effectsof multipathchannelss mitigated.With referenceo Fig.17.1the kth MC-CDMA

userstransmittedsignalcanbe expresseds:

Np—1

= ?V_P Z by (t)ck[n] cos(2m fiut), (17.1)
P n=0

sk (1)
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Figure 17.1: Thetransmitterdiagramof frequeng-domainspreadingassistedC-CDMA systems.

Figure 17.2: Spectrunof thefrequeng-domainspreadingssistedMC-CDMA signal.



17.2. OVERVIEW OF MULTICARRIER CDMA SYSTEMS 545

whereP representthetransmittecoowver of theMC-CDMA signal, N, is thenumberof sub-
carriersaswell asthe spreadinggain, {cx[0], cx[1], ... ,ck[Np — 1]} is the spreadingcode,
{fn, n=0,1,..., N, — 1} arethe subcarrieffrequenciesandfinally, b (t) representshe
binarydatasequence.

The spectrumof the transmittedMIC-CDMA signalis shavn in Fig.17.2,wherewe as-
sumethat the MC-CDMA systemhaseight subcarriersandthat all the chip valuesof the
spreadingodeof {c[0], ck[1], ... , ck[N, — 1]} are+1. In thisMC-CDMA systenthesub-
carrierfrequenciesrechoserto be orthogonalto eachother i.e. the subcarrieffrequencies
satisfythefollowing condition:

Ty
/ cos(2m fit + ¢;) - cos(2m fit + ¢;)dt = 0, for i # j, (17.2)
0

whereT, is thebit duration. Therefore the minimum spacingA betweentwo adjacensub-
carrierssatisfiesA = i , whichis awidely usedassumptiorj447,454,457 462] andis also
the caseemployedin F|g 17.2,wheref, = fo + & T forn=0,1,... , N, — L If A==
associatedvith 50% overlap is assumedthenthe bandwidthrequiredby the MC- CDMA
systemis (N, + 1) - b. However, the MC-CDMA systemhaving N, non-overlappingsub-
carriersrequiresa total bandwidthof V), - le Hence the spectralgain of this MC-CDMA
systemis givenby:

. N,e/m)
56 =N, + DT (17.3)

which approacheswo, asN,, increasesThus,this MC-CDMA systemexhibits anincreased
processinggain givenby N, ~ 2N, asexplainedby the 50% overlap of the mainlobesof
theadjacenMC-CDMA subcarrieispectra.

Yee[447] etal. have considereca MC-CDMA system,in which the subcarriers’fre-
queng separations higherthanthe coherencédandwidthof the channel,andthereforethe
individual subcarriersexperienceindependentading. As aresult,the frequeny diversityis
maximized. However, this systemrequiresa considerabldransmissiorbandwidth. Never-
thelessthe addition of an interleaver after the chip spreadingvould lessenthis bandwidth
requirement.

This schemecanbeappliedin conjunctionwith the samesetof subcarriersto a multiple
accessystemby allocatingeachusera differentspreadingcode. The separatiorof different
usersis provided by the spreadingcodes. In the recever the fadingimpairedsignalsof the
subcarriersarefirst equalizedandthenthe differentusers signalsare separatedby exploit-
ing their differentspreadingcodes. Due to the orthogonalityof the subcarriersignals,in a
downlink mobileradiocommunicatiorchannelwe canusethe Hadamard-Vilshcodesasan
optimumspreadingodeset[79], sincewe do nothave to payattentionto theauto-correlation
characteristiof the spreadingcodes.

The recever structureof the MC-CDMA schemeis shovn in Fig.17.3. In this MC-
CDMA recevertherecevedsignalis combinedjn asensein thefrequeny domain.There-
fore the receiver canalwaysmake useof all thereceived signalenepgy scatteredn the fre-
queny domain. This is the main advantageof the MC-CDMA schemeof Fig. 17.1and
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Figure 17.3: Thereceverblock diagramof frequeng-domainspreadingssistedMC-CDMA systems.

17.3 over othermulticarrier CDMA schemeg79]. However, in a frequeng selectve fad-
ing channeldifferentsubcarriersnay encountedifferentamplitudeattenuationsand phase
shifts,which canconsequentlyesultin destrying theorthogonalityof thesubcarriersThere
aremary combininganddetectiontechniqueghat canbe employed by the MC-CDMA re-
ceiver, in orderto efficiently exploit therecevedsignalenegy [79]. Oneof themostcommon
approachess Maximum Ratio Combining(MRC), wherethe subcarriersignals’weighting
factors,gi[i], i = 0,1,... ,N — 1 in Fig.17.3,are computedasthe complex conjugate of
therecevedsubcarriessignals ernvelope. This approacttanminimizethe BER, aslong asa
single-usesystemis considered.

Notethatthe numberof subcarriergloesnot have to be the same asthe processingain.
If theoriginal symbolrateis high,thesignalexperiencedrequeng selectve fading. Thenthe
inputdatahasto beserial-to-paralletorverted mappingthedatato anumberof reduced-rate
streamsbeforespreadingover the frequeny domain. This is becauset is crucial for MC-
CDMA signaltransmissiono have frequeng non-selectie fadingover eachsubcarrief79].
This arrangementiasbeenstudiedin [435,440].

17.2.2 Orthogonal Multicarrier DS-CDMA scheme-Typel

In [448,453] a multicarrier DS-CDMA systemhasbeenproposedwe referto this scheme
as multicarrier DS-CDMA-I system),in which a datasequencenultiplied by a spreading
sequencenodulated/ subcarriersThetransmitterdiagramof the multicarrierDS-CDMA-I

systemusedin [453] is similar to Fig.17.4,exceptthat band-limitedsubcarriersignalsare
employedin [453]. Similarly to Fig.17.1,this schemealoesnotincludeserial-to-paralletiata
corversioneither However, eachsubcarriersignalis direct sequencéDS) spreadusinga
commonspreadingequence(t), asshovn in Fig.17.4.Therefore the symboldurationof
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Figure 17.5: Spectrunof time-domainspreadingassistedMC-CDMA signals.
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themulticarrierDS-CDMA signalis the same asthatof theinput databit duration.With the
aid of Fig.17.4 thetransmittedsignalof userk in the multicarrier DS-CDMA-| systemcan
be expressedis[453]:

2P <
sk(t) =1\ 77 > be(t)en(t) cos(2m fut + bra), (17.4)
u=1

whereP is thetransmittedpower of themulticarrierDS-CDMA-I signal,U is thenumberof
subcarrierswhile by (t) andc(t) arethe basebandlatasequencendthe spreadingvave-
forms, respectrely. Finally, f, foru = 1,2,... ,U arethe subcarrieffrequenciesand ¢y,
foru =1,2,...,U aretheinitial phasesntroducedby the subcarriemodulation.

Thespectrunof themulticarrierDS-CDMA-I signalwithoutoverlaphaving eightsubcar
riersis shovn in Fig.17.5.In themulticarrierDS-CDMA-I systemthe subcarriefrequencies
areusuallychoseno be orthogonalto eachotherafter spreadingwhich canbe formulated
as:

Te
/ cos(2m fit + ¢;) - cos(2m fit + ¢;)dt = 0, for i # j, (17.5)
0

whereT, is the chip duration Therefore,the minimum spacingA betweentwo adjacent
subcarriersatisfiesA = =. Fig.17.5shavs the caseof A = T For the caseof A = T ,
thereexists no spectraloverlap betweerthe spectraimain- lobesof two adjacensubcarrlers
andhencethespectralgainis SG = 1. However, if thespacingoetweeradjacensubcarriers

is assumedo be A = Ti thespectralgainis thengivenby:

U
S¢= Ty (17.6)

thatapproacheswvo, whenthe numberof subcarrierss high.

Let us assumethat T,; is the chip durationof the spreadingcode correspondingo a
single-carrieDS-CDMA system.The processingyain of a correspondingingle-carrieDS-
CDMA system— which is definedas the ratio of the systems ‘null-to-null’ bandwidthto
the binary datas ‘null-to-null’ bandwidth— is assumedo be N = T, /T,,. Hence,for the
multicarrierDS-CDMA-I systemusingA = =, thebandwidthof eachsubcarrietis afactor
of U lower, thanthatof thecorrespondmg;mgle -carrieDS-CDMA systemhaving identical
datarateandidenticalsystembandwidth.Therefore the chip durationof the spreadingcode
correspondingo themulticarrierDS-CDMA-I systenof Fig.17.4is afactorof U higher than
that of the correspondingsingle-carrieDS-CDMA system. Consequentlythe processing
gain of eachsubcarriessignalis N, = T;,/UT,.; = N/U andthe systems processingain is
N, =U - N. = N, whichis thesameasthatof thecorrespondingingle-carrieDS-CDMA
system.Forthecaseof A = thechlp durationof thespreadingodecorrespondingo the
multicarrierDS-CDMA-I systems givenby T. = (U + 1)T.;1/2 andhence the processing
gain of eachsubcarriersignalis N, = T,,/T. = 2N/(U + 1). By contrastthe multicarrier
DS-CDMA-| systems processingiainis N, = U - N, = 2UN/(U + 1). Themulticarrier
DS-CDMA-I systemincreasedhe processinggain by abouta factortwo, if 50% overlapof
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Figure 17.6: The recever block diagram of the time-domainspreadingassistedmulticarrier DS-
CDMA-| systems.

themainlobesof theadjacensubcarrieispectran Fig.17.5is assumed.

Therecever block diagramof themulticarrierDS-CDMA-I systemis shavn in Fig.17.6.
In the multicarrier DS-CDMA-I systemfrequeng diversity is achiezed by combiningthe
U correlators outputsassociatedvith the U subcarriers.The recever providesa correlator
for eachof the U subcarriersandthe outputsof the U correlatorsare combinedto yield a
processinggain comparabléo that of a single-carrieDS system providedthatthe spacing
betweenwo adjacentsubcarrierds A = Tl This systemhasa rangeof advantageg453].
Firstly, the multicarrier DS-CDMA-I systemis robust to multipath fading due to the fre-
gueng diversity achieved over the subcarriersSecondlythe multicarrierDS-CDMA-I sys-
tem exhibits narravbandinterferencesuppressioreffect dueto the DS spreading.Thirdly,
alower chip rateis required- which hasthe advantageof reduced-compbdty parallelim-
plementation since,in a multicarrierDS-CDMA-I systemhaving U subcarrierghe entire
bandwidthof the systemis dividedinto U equi-widthfrequeng bands.Thuseachsubcarrier
frequeny is modulatedby a spreadingsequencéaving a chip duration,whichis U timesas
long asthatof the correspondingingle-carrieDS-CDMA system.In otherwords,a multi-
carriersystenrequiresalower speedparallel-typeof signalprocessingin contrastio afast,
serial-typeof signalprocessingn a singlecarrierRAKE [95] recever. This, in turn, might
be helpful for implementingalow power consumptiordevice. Finally, the multicarrierDSO-
CDMA-I systemdoesnotrequirea contiguoudrequeng band,henceavailablespectragaps
canbeefficiently exploited.

In [453] theperformancef themulticarrierDS-CDMA-I systemhasbeeninvesticatedby
assuminghateachsubcarriesignalencounterindependenton-frequeng selectve fading.
If theDS spreadingodes chiprateis high,thesignalis subjecto frequeng selectve fading.
Then,RAKE receversassociatedvith eachof the subcarriercanbeimplementedin order
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Figure 17.7: Thetransmitterdiagramof the orthogonaimulticarrierDS-CDMA-II system.

to combinethe enegy scatteredver differentpaths.However, if the subcarrier@resubject
to correlatedfading, then, interleaving over time can be employed, in orderto guarantee
theindependencef the subcarriersignals. For example[453], supposehefirst U symbols
emittedby thesourcemodulatethe U subcarriersn thefirst timeinterval. In thesecondime
interval, the samelU symbolsmodulatethe U subcarriersftera cyclic shift by onesymbol.
In the ith intenval, 1 < ¢ < U, the (i — 1)th shifted versionof the datamodulateshe U
subcarriers.

17.2.3 Orthogonal Multicarrier DS-CDMA Scheme-Typell

Orthogonalmulticarrier DS-CDMA systems- which we refer to hereas multicarrier DS-
CDMA-II systems- have beenstudiedin [69,431,449,460]. The orthogonalmulticarrier
DS-CDMA transmitterspreadshe serial-to-parallelcorverted data streamsusing a given
spreadingodein thetime domainsothattheresultingspectrunof eachsubcarriecansatisfy
the orthogonalityconditionwith the minimum frequeng separatiorj69,449]. This scheme
wasoriginally proposedor an uplink communicatiorsystem becausehis characteristids
effective for establishinga quasi-synchronoushannel. The transmitterdiagramshown in
Fig.17.7for themulticarrierDS-CDMA-II systemis thesameasthatusedin [69], whichcan
beinterpretedasthe extensionof the multicarrierDS-CDMA-I systemshavn in Fig.17.4.In
this schemethe initial datastreamis serial-to-parallecorvertedto a numberof lowerrate
streams Eachof theselower-ratestreamss spreadby the spreadingcodecy,(¢) of Fig.17.7,
feedinga numberof parallel streamshaving the samerate. Eachof the latter lower-rate
parallelstreamss bit-interleavedandthesestreamsnodulateheorthogonakubcarriersvith
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Figure 17.8: Spectrunof the orthogonaimulticarrierDS-CDMA signal.

asuccessiely overlappingbandwidth,asshavn for examplein Fig.17.8.

The spectrunof the multicarrierDS-CDMA-II signalis shovn in Fig.17.8.In the multi-
carrierDS-CDMA-II systensubcarriefrequenciesrechoserto beorthogonato eachother
with the minimum frequeng separation.The orthogonalityis ensuredy Eq.(17.5),but the
spacingoetweertwo adjacensubcarrierss chosertobe A = 1/7.,..

Let { fi1, f12,--- , fu=pe} bethe subcarrieffrequencieswhich arearrangedaccording
to Fig.17.8.Thesesubcarriefrequenciexanbewrittenin theform of amatrix as:

fuu fiz - fig
{fi} = ffl f?Q f?q 17.7)
fpl fp2 qu

Then,accordingto the transmitterdiagramof Fig.17.7,the bit streamhaving a bit duration
of Ty, isfirst serial-to-paralletorvertedinto ¢ parallelstreamsThenew bit durationon each
substreamwhich is referredto hereasthe symbolduration,is T, = ¢T,. Eachsubstream,
bri, Kk =1,2,... ,K; i =1,2,...,q feedsp parallelstreamsandmodulateg subcarriers
from the samecolumnof Eq.(17.7).1t canbe shavn from Fig.17.8thatthesesubcarrieifre-
guenciesnodulatediy thesamedatabit have maximumfrequenyg separationwhichensures
the independencef the fadingenduredby the subcarriersnodulatedby the samedatabit.
Thetransmittedsignalof userk is givenby:

q P

ROEDS %bm(t)ck(t) cos(2m fit), (17.8)

i=1j=1

whereP is thetransmittedoower of eachstream by;(t) representshe datasequencef the
ith streamwhile ¢ (¢) is thecommonspreadingodein Fig.17.7.



PSfragreplaceméfts CHAPTER 17. OVERVIEW OF MULTICARRIER CDMA

-qT,
? 0 | B 1
Receved gr[11] cos(2m f11t)
signal 1 ~ ~ T
als
jxj T 0 T2y s o e
[ ]
ck(t) | gx[21] cos(2m fa1t) R
[ ]
qT
(X) S —p T
B S
¢ 0| Data
9k[p1] cos(2m fp1t) by 2 2
— k25 2
® 3
2 ° g
[ ]
hd °
[ ]
. — b
q
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The spectralgain of themulticarrierDS-CDMA-II systemis givenby:

pq(2/T.) _ 2U
(pg+1)(1/T.) U+1

(17.9)

which approacheswo asU = pq increasesThe chip durationof the spreadingcodecy(¢)
employedby theorthogonaimulticarrierDS-CDMA systemis T, = (pq + 1)T.1/2 = (U +
1)T.1/2, whereT,; representthechip durationof acorrespondingingle-carrieDS-CDMA
schemdp = ¢ = 1). Thespreadingain of eachsubcarriessignalis givenby:

qTy 2qN

N, = qT}/T, = = .
/e = Gz~ U+1

(17.10)

By contrast,the multicarrier DS-CDMA-II systems$ spreadinggainis N, = p - N, =
2UN/(U +1). Thus,themulticarrierDS-CDMA-II systemexhibits anincreasegrocessing
gain, which amountsto approximatelya factorof two, asexplainedby the 50% overlap of
themainlobesof theadjacensubcarrieispectra.

Thereceverblock diagramof themulticarrierDS-CDMA-II systems shavnin Fig.17.9.
Therecever providesa correlatorfor eachsubcarrierandthe correlatoroutputsassociated
with the samedatabit arecombinedto form a decisionvariable. Finally, a parallel-to-serial
converteris employedto recover the serialdatastream.
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Figure 17.10: Thetransmitterdiagramof the multitoneDS-CDMA system.

In the multicarrierDS-CDMA-II system provided that eachsubcarriersignalis subject
to frequeng selectve fading,a further RAKE recever canbe employed, in orderto match
eachsubcarriesignalandcombinethe enegy scatteredy the multipathchannel.

The multicarrier DS-CDMA-II schemecan provide the following adwantages[69].
Firstly, the spreadingprocessinggain is increasedcomparedto the correspondingsingle-
carrierDS-CDMA scheme.Secondly the effect of multipathinterferences mitigatedbe-
causeof DS spreading.Thirdly, frequeng/time diversity canbe achieved. Finally, alonger
chip durationmayleadto morerelaxed synchronizatiorschemesHowever, a high comple-
ity recever hasto beimplementedandforwarderrorcontrol (FEC)techniquesnustbeused,
in orderto enhancets associategherformance.

17.2.4 Multitone DS-CDMA Scheme

Multitone DS-CDMA schemewas proposedby Vandendorpén [450,463]. The multitone
DS-CDMA transmitterspreadghe serial-to-parallelcornverted data streamsusing a given
spreadingcodein the time domain, so that the spectrumof eachsubcarrierprior to the
spreadingperationcansatisfythe orthogonalityconditionwith theminimumfrequeny sep-
aration[463]. Therefore thereexist strongspectraloverlapamongthe differentsubcarrier
signalsafter DS spreading.The transmitterdiagramandthe spectrumassociatedvith eight
subcarrierdor the multitone DS-CDMA signal are shavn in Fig.17.10and Fig.17.11,re-
spectvely. At thetransmittersideof Fig.17.10,the binary datastreamhaving a bit duration
of T, is serial-to-parallecornvertedto U parallelsubstreamsThe new bit durationon each
subcarrierwhich definesthe modulatedsymboldurationis T, = UT,. Theith substream
modulateshe subcarrieffrequeny f;, « = 1,2,... ,U. The multitonesignalis obtained
by the addition of the differentsubcarriers’signals. Then, spectrumspreadings imposed
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Figure 17.11: Spectrunof the multitoneDS-CDMA signal.

on the multitonesignalby multiplying it with a spreadingcode,asshavn in Fig.17.10.The
transmittedsignalof userk canbe expresseds:

U
sk(t) = Y V2Pbyu(t)ck(t) cos(2m fut + diu), (17.11)
u=1

where P representshe transmittedpower of eachsubcarrier by, (t) representshe datase-
guencemodulatingthe uth subcarriercy (t) is thespreadingodeof userk, while f,, andgy,,
aretheuth subcarriefrequengy andmodulationphase.

In the multitone DS-CDMA systemthe subcarrieffrequenciesare choserto be orthog-
onalto eachotherwith the minimum frequeny separatiorbeforespreadingwhich canbe
formulatedas:

Ts
/ cos(2m fit + ¢;) - cos(2m ft + ¢;)dt = 0, for i # j. (17.12)
0

It canbe shavn thatthe minimum spacingof the subcarrieifrequenciess 1/7; = 1/UT,,.
Let T, representhe chip durationof the correspondingingle-carrieDS-CDMA system.
Referringto Fig.17.11,it canbe shawvn thatthe chip durationof the spreadingcodefor the
multitoneDS-CDMA systemis givenby:

2UN

To= oo
2UN —U +1

Te1, (17.13)

whereN is thespreadingyain correspondingo a single-carrieDS-CDMA system.Obsere
thatT, approached.; asN increasesThe spreadingyain of the subcarriersignalis given
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Figure 17.12: Therecever block diagramof the multitoneDS-CDMA system.

by:

N, = T,T.

QUN
Ul ——" T,
v/ WN-U+1 ¢

which canbe approximatedby U N, when N is suficiently high. Sincedifferentdatabits
aretransmittedon differentsubcarriersthe overall systems processingjain is alsogiven by
Eq.(17.14).

Thespectralgain of the multitoneDS-CDMA systemis givenby:

U(2/Te)
2/T.+ (U —-1)/T,
2N.U

= WA TTT (17.15)

SG =

thatapproache#/, when NV, is suficiently high, which is the highestSG amongthe multi-
carrierschemegonsidered.

The recever block diagramof the multitone DS-CDMA systemis shavn in Fig.17.12.
Therecever is composedf U RAKE combinersgeachof which hasthe samestructureas
the single-carrieDS-CDMA RAKE recever. This is an optimumrecever for an AWGN
channel463]. UnfortunatelythemultitoneDS-CDMA schemesuffersfrom inter-subcarrier
interferenceandrequiresa high-complaity RAKE basedrecever. However, the capability
to uselongerspreadingodesresultsin thereductionof self-interferenceandmultiple access
interferenceascomparedo the spreadingcodesassignedo a correspondingingle-carrier
DS-CDMA scheme. The multitone DS-CDMA schemeuseslonger spreadingcodesthan
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CDMA system.

the correspondingingle-carrieDS-CDMA schemd79], wheretherelative code-lengtrex-
tensionis in proportionto the numberof subcarriers.Therefore the multitone DS-CDMA
systemcanaccommodatenoreusers.

We have reviewedthefamily of veriousmulticarriekbasedCDMA schemesuchasMC-
CDMA, multicarrierDS-CDMA-I, multicarrier DS-CDMA-II and multitone DS-CDMA in
the previous four subsections A commonpropertyof thesemulticarrierbasedschemess
thatall the subcarriersn the systemareactivatedfor eachtransmission By contrast,n the
following three subsectionsinulticarrierbasedCDMA schemesre reviewed, whereeach
transmissioronly exploits a fraction of the subcarriersprovided by the system. In these
scheme$requeng-hoppingtechniquesreemployed,in orderto efficiently utilize thesystem
bandwidthabailable Hence theseschemesrereferredto asfrequeng-hoppingmulticarrier
DS-CDMA (FH/MC DS-CDMA) schemes.

17.2.5 Adaptive Frequency-HoppingAssistedmulticarrier DS-CDMA
scheme

Multicarrier DS-CDMA systemausingadaptve frequeng-hopping(AFH/MC DS-CDMA)
wasproposediy Chen,et. al [461] for uplink (mobile-to-basejransmissionsThis scheme
bearsclose resemblancdo the orthogonalmulticarrier DS-CDMA-I or multicarrier DS-
CDMA-II schemeof figuresl7.4and17.7,respectiely. In the AFH/MC DS-CDMA scheme
the total systembandwidthis divided into U equi-width subchannelsand the serial data
streamof eachuseris serial-to-paralletorvertedto U parallelsubstreamsyhereeachsub-
streamis transmittedas a narrov-bandDS signal over one of the subchannelsin contrast
to thetransmissiorschemeén [69,453], whereeachsubcarriewasusedto carry partof the
transmittedinformation, in the AFH/MC DS-CDMA systemdatasubstreamsanbe trans-
mitted on ary of the subcarriersdependingon the severity of the fadingin a subchannel.



17.2. OVERVIEW OF MULTICARRIER CDMA SYSTEMS 557

However, in the above transmissiorschemat is possiblefor morethanonedatasubstreams
belongingto the sameuserto be modulatedon to the samesubcarrier Hence,U numberof
spreadingodeshave to beassignedo eachuser sothatevery datasubstreancanbeuniquely
identified. The numberof spreadingcodesrequiredfor a systemsupportingK’ userss given
by KU.

The transmitterdiagramof the AFH/MC DS-CDMA systemusing adaptve frequeny-
hoppingis shavn in Fig.17.13.The spectrunof the transmittedsignalin the AFH/MC DS-
CDMA systemis similar to that seenin Fig.17.5(A = 2/T.) or Fig.17.8(A = 1/T.).
Hence the spectralain, the spreadingyain of eachsubcarriesignalaswell asthespreading
gain of the overall systemarethe sameasthat of the orthogonalmulticarrier DS-CDMA-I
or multicarrierDS-CDMA-II scheme.At the transmittersidethe binary datastreamis first
convertedto U parallelsubstream®y, (t) = {bg1(t), bi2(t), .. , brr (t)}. Thesesubstreams
arethenspreadby the correspondingpreadingodesCy, () = {ck1(t), cka(t), ..., crr(t)}-
Let Fie = {fe1(t), fr2(t),. .., fro(t)} —where fy1(t) < fio(t) < ... < frw(t) —be
a setof subcarrierfrequencieswhich canbe activatedby the transmitters FH control unit
(TFHCU)in Fig.17.13basedon the subchanne$tatesVy, = {vg1,vg,2,- .. , vk} fedback
fromthebasestationrecever. Finally, aftermodulatingeachsubcarrieby aspreadsubstream
accordingto theactivatedfrequeng set,thetransmittedsignalcanbe expresseds:

U
Sk (t) = Z \/ﬁbku (t)cku<t) COS(Qﬂ'f]wt), (17.16)
u=1

whereP is thetransmittedoower persubstream.

Therecever’s block diagramfor the AFH/MC DS-CDMA systemis shavnin Fig.17.14.
The recever is constitutedby a corventional correlatordetector The recever’s ‘channel
quality estimator’of Fig.17.14estimateshe subchanneladingparametergeriodicallyand
passeghe estimatego the recever’'s FH control unit (RFHCU). Basedon the subchannel
parameterghe RFHCUgenerates K x U matrix F' givenby [461]:

11 V12 ... VLU
V2,1 V2,2 e V2,U

v=| T T T, (17.17)
Vk,1 VK2 ... VKU

wherevy, ,, € [0, U] denoteghe numberof substream$ioppingto the uth subcarrierof the
kth user Hence the sumof eachrow of thematrix V is U. The kth row of V is sentto the
TFHCU of userk througha feedbackcontrolchanne[461], in orderto controlthefollowing
activated subcarriers. At the sametime theseparametersre also usedfor recovering the
orderof thetransmittedsubstreamsn orderto completethe despreadingrocessasshovn
in Fig.17.14.

The succes®f the AFH/MC DS-CDMA schemeusingadaptve frequeng-hoppingde-
pendson the availability of a reliablechannelquality estimatoron providing reasonablhyac-
curateandtimely estimationof the channelon the availability of areliablefeedbackcontrol
channeland on the generationof optimal frequeng-hoppingpatterns. In [461] the water
filling algorithmhasbeenproposedor deriving theoptimalfrequeng hoppingpatternsThe
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Figure 17.14: Therecever block diagramof the FH/MC DS-CDMA systemusingadaptve frequeng-
hopping.

AFH/MC DS-CDMA schemeutperformghecorventionalcorrespondingingle-carrieDS-
CDMA systemausinga RAKE receverin termsof its averagebit errorrate(BER). However,

the AFH/MC DS-CDMA schemecan only operatein a channelexhibiting slow variations
versustime. Furthermorejt needsa channelquality estimatoranda complec algorithmfor

deriving the optimalfrequeng-hoppingpatterns.

17.2.6 Adaptive Subchannel Allocation Assisted Multicarrier DS-
CDMA

In contrastto the AFH/MC DS-CDMA schemeof referencg461], which wasproposedor
the uplink (mobile-to-base)the multicarrierDS-CDMA schemeusingadaptve subchannel
allocationwhichis referredto hereasadaptve AMC DS-CDMA, wassuggesteéor employ-
mentin the downlink (base-to-mobilejransmissiorf439]. The adaptvre AMC DS-CDMA
schemeis basedon the multicarrier DS-CDMA-I schemeof Fig.17.4 proposedin [453],
wherea datasequencespreadby a narravbandsignaturesequencenodulates/ subcarri-
ers. In theadaptve AMC DS-CDMA schemeof Fig.17.15,insteadof transmittingthe same
DSwaveformsover all subchannelaccordingo Fig.17.4,eachusers DS waveformis trans-
mittedoveraspecificfavorite subchannéior theuser Thisfavoratesubchannek determined
asfollows [439]. The mobile estimateghe fadingamplitudesof all subchannelby exploit-
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Figure 17.15: The down link transmitters schematicfor the multicarrier DS-CDMA systemusing
adaptve subchanneallocation.

ing its receved pilot signalandfeedsbacktheindex of the subchannedxhibiting the highest
amplitudeto the basestation. With the aid of this index information, the basestationallo-

cateseachusers DS waveformto thebestsubchannefor theuserconsideredThis allocation
schemas optimum,providedthatorthogonakpreading:odesareemployed.

Thedown link schematiof theadaptive AMC DS-CDMA systemsupportingK userss
shavn in Fig.17.15. The systemmodelproposedn [439] is basedon the multicarrier DS-
CDMA schemeproposedn [453], wherethetotal bandwidthof the systemwasdividedinto
U equi-widthsubchannelsAt thetransmitterof the basestation first thefavorite subchannel
is selectedfor eachuseraccordingto the channelstate,and a narravband DS waveform
is transmittedthroughthe favorite subchannel.As shawvn in Fig.17.15,at the basestation
the binary datawaveform b, (t) of the kth useris first spreadby the users spreadingcode
waveforme (t), yielding by (t)ck (t). Then,the‘bestsubchannetelection’unit of Fig.17.15
chooseghe bestsubchanneindex denotedas i, for the kthuser k = 1,2,... ,K. The
subcarrierof the bestsubchanneis then modulatedby by (t)ck(¢). Finally, the K number
of usersignalsaswell asthe down link pilot signal— which modulatesall subcarriers- are
multiplexed for transmissiorto the mobile recevvers. The basestations transmittedsignal
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canbewritten as:

U

K
se(t) = Y V2Pb(t)ep(t) > Ay(ix) cos(2mfut)

k=1 u=1

U
+ Y V2Pco(t) cos(2m fut), (17.18)
u=1

where P representshe transmittedpower of eachuser P, denotegsheidenticaltransmitted
power of the pilot signalon eachsubcarrierby (t) is the datawaveformof the kth user while

cx(t) is the spreadingcode waveform of the kth user Furthermorecq(¢t) representghe

spreadingodewaveformof thepilot signal.In Eq.(17.18),

|1, foru=iy
Au(Zk)—{ 0. forui (17.19)

indicatesthe subcarriemctivationfunction.

The spectrumof theadaptve AMC DS-CDMA signalusingrectangulachip waveforms
is the sameasthat of the orthogonalmulticarrierDS-CDMA-I, which is shavn in Fig.17.5.
Thespectrabain andthe spreadinggain correspondingo a subcarriearethe sameasthatof
the orthogonalmulticarrierDS-CDMA-I schemeusingthe minimum spacingof A = 2/T,,
i.e.,wehave SG = 1 andN, = N/U, respectrely. The overall systems spreadinggain is
alsoN.

The receiver schematicof the multicarrier DS-CDMA mobile recever using adaptve
subchannedllocationis shovn in Fig.17.16,whereboth the coherentdemodulatiorphases
with respectto the ith subcarrierand the despreading-ode are incoporatedin the term
goli], i = 1,2,...,U correspondindo the pilot detection.By contrast,gy[ix] corresponds
to the kth users detection.At the mobile’s recever, the index of the bestsubchanneis de-
terminedby estimatingthe received amplitudesof the subchanneldasedon the mobile’s
receved pilot signal. As shovn in Fig.17.16 therecevved signalis first coherentlydemodu-
latedusingeachsubcarrieandthencorrelatedwith the despreadingodeof the pilot signal,
in orderto obtainthe decisionvariablescharacterzinghe fadingamplitude. The bestsub-
channelestimationblock estimategshe fadingamplitudesof all the subchannelsising the
outputsof the pilot correlators.The index of the bestsubchannetorrespondingo the sub-
channelhaving highestamplitudeis determinedwhich is denotedasi, in Fig.17.16. This
favorite subchanneindex informationon the onehandis sentto the basestationby usinga
feedbackcontrol channelandalso presered in the mobile over the subchanneguality up-
dateperiod,in orderto provide the subchanneindex for the kth users datademodulation.
Accordingto the index iy, the ixth subchannebf userk is selectedandcorrelatedwith the
kth users despreadingodecy(t) —whichis includedin thetermof gy [ix] in Fig.17.16—in
orderto form thedecisionvariablefor thetransmittecdata.

In [439] the performancef theadaptve AMC DS-CDMA systenwasstudiedover slow
Rayleighfading channels. It was shavn that the adaptvre AMC DS-CDMA schemeout-
performsthe multicarrierDS-CDMA schemeproposedn [453], whenboth orthogonalPN
spreadingodesandrandomspreadingcodeswereconsidered Sincea commonpilot signal
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Figure 17.16: The mobile’s recever schematidor the multicarrierDS-CDMA systemusingadaptve
subchannedllocation.

is transmittedto all usersin the down link, the compleity associatedavith the pilot signals
transmissioris low. However, areliable,low-delayfeedbackcontrol channelhasto be as-
signedto eachuser in orderto sendtheindex of the bestsubchannegbrovided by the mobile
stations recever to the basestation,in orderto controlthe subcarriemactivation.

The adaptve AMC DS-CDMA schemecan also be extendedto allocatea numberof
subchannelisteadof onefor datatransmissionin orderto supportvariable-rateor multi-
rateservices.

17.2.7 Slow Frequency-HoppingMulticarrier DS-CDMA

The slow FH multicarrierDS-CDMA (SFH/MC DS-CDMA) schemausingconstant-weight
codesbasedFH patternshasbeenproposedn [70, 78,425]. This schemecan efficiently
amalg@matethe techniquesof slow FH, OFDM and DS-CDMA. In SFH/MC DS-CDMA
nonlinearconstant-weightodeshave beenintroduced,n orderto controltheassociatedrH
patternsaandhenceo activatea numberof subcarriersin orderto supportmulti-rateservices.
At the sametime, a setof constant-weightodessatisfyingthe requiredminimum distance
conditionsis employed,in orderto assistin the determinatiorandinitial synchronizatiorof
the FH patterneemployed.

The model of the transmitterand the multiple accesschannelusedin the analysisof
SFH/MCDS-CDMA is depictedn Fig. 17.17.Eachof the K usersin thesystemis assigned
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Figure 17.17: Transmitterand channelblock diagram of the frequeng-hopping multicarrier DS-
CDMA system.

arandomlygeneratedpreadingcode ,which producespreadsignals.In thefigure, C(U, Uy,)
represents constant-weightode(CWC) of userk with U, numberof ‘1’sand (U — Uy)
numberof ‘0’s assignedHence theweightof C(U, Uy,) is U. This codeis readfrom a so-
calledCWC book, which representshe frequeng-hoppingpatterns.Theoretically the size
of the CWC bookis (gk) = U!/U/(U—-Uy)!. TheCWCC(U, Uy,) playstwo differentroles.
Its first role is thatits weight- namelyU}, - determineghe numberof activatedsubcarriers
involved, while its secondfunction is that the positionsof the U, numberof binary ‘1's
determineghe selectionof a setof U, numberof actvatedsubcarrieffrequenciegrom the
U numberof outputsof thefrequeny synthesizer

At thetransmitterof the kth userin Fig. 17.17thebit streamhaving a bit durationof T}, is
first serial-to-paralle{S-P)corverted yielding U;, parallelstreamswhichis controlledby the
CWC C(U, Uy,). Thesymbolduration, T, of the SFH/MC DS-CDMA signalis T = U Ty.
Multi-rate transmissiortanbe supportedy controllingtheweightof thecodeC(U, Uy, ). As
seenin Fig. 17.17,after serial-to-parallecorversioneachstreamis DS spread,n orderto
form the spreadsignalandthis spreadsignalthenmodulateneof the selectedsubcarriers.
Finally, thetransmittedsignalof the kth usercanbe expresseds:

Up—1

sEp(t) = Z V2Pbj, (t)ex(t) cos (27rf1§k)t + goq(f)) , (17.20)
u=0

where P representshe transmittedpower per carrier while Uy, indicatesthe weight of the
CWC currentlyemployed by the kth user Furthermorepy, (t) representshe currentdata

streamswaveforms,cy (¢) denoteshe kth users DS spreadingvaveforms,while { f&k)} and

{wgf) } representhecurrentsubcarriefrequeng setandmodulationphaseset,respectiely.

The spectrumof the SFH/MC DS-CDMA signalis 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,dependingnthespacing A, betweertwo adjacensubcarrierswhichmayassume
A =2/T,or A =1/T., respectrely.
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Figure 17.18: Recever block diagramof the frequeng-hoppingmulticarrierDS-CDMA system.

The conventionalmatchedfilter basedRAKE recever using MRC can be invoked for
its detection,asshavn in Fig. 17.18,wherewe assumehat L numberof diversity pathsis
available.In contrasto thetransmitterside,whereonly U, outof U activatedsubcarrierare
transmittedby userk, attherecever all U subcarriersare alwaystentatvely demodulated.
The information bits transmittedover the differentsubcarriersare detectedn the decision
blockof Fig. 17.18.Specifically if thereceverhastheexplicit knovledgeof the FH patterns,
theinformationbits corveyed by differentsubcarriersanbe detectedasin coventionalFH
systemg425]. However, if noexplicit a-priori knowledgeof the FH patternds available,the
informationbits canbeblindly detectedvith theaid of the CWC codeq70]. Blind joint soft-
detectiorbasedn maximume-likelihoodsequenceletection(MLSD) hasbeenproposedand
studiedin [70] over multipathNakagmi-mn fadingchannelslt wasshavn thatthe proposed
blind joint soft-detectiontechniquesvere capableof detectingthe transmittedinformation
andsimultaneoushacquiringthe FH patternswithout explicit signalling.

In SFH/MC DS-CDMA systemghe entirebandwidthof future wirelesscommunication
systemscan be divided into a numberof sub-bandsand eachsub-bandcan be assigneda
subcarrier Accordingto the prevalentservicerequirementsthe setof legitimatesubcarriers
canbe allocatedin line with the instantaneouiformationrate requirements.A rangeof
FH techniqguescan be employed for eachuser in orderto occupy the whole systemband-
width andto efficiently utilize the systems frequeng resourcesSpecifically slow FH, fast
FH or adaptve FH techniquescanbe introduced,in orderto further improve the systems
performanceln SFH/MC DS-CDMA systemghe sub-bandsrenot requiredto be of equal
bandwidth.Henceexisting 2nd- and3rd-generatiofCDMA systemscanbe supportedising
oneor moresubcarriersconsequenthsimplifying the frequenyg resourcenanagemenand
efficiently utilizing the entire bandwidthavailable. This regime canalsoremore the spec-
trum seggmentatiorof existing ‘legacy’ systemof thepast,while ensuringcompatibilitywith
future BroadbandAccessNetworks (BRAN) andun-licensedsystems Furthermorea num-
ber of sub-channelsissociatedvith variableprocessingjainscanbe employed, in orderto
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supportvariousservicesequiringlow- to very high-ratetransmissionspr examplefor wire-
lessinternetaccessHowever, in SFH/MC DS-CDMA systemghe CWC basedrH patterns
mustbe producedn thetransmitterandacquiredn therecever. FurthermoreSFH/MCDS-
CDMA systemsbenefitfrom using RAKE receversin orderto achieve diversity Hence,
SFH/MCDS-CDMA systemshave arelatively complex transmitterandrecever.

17.2.8 Summary

In this sectionwe have briefly outlinedthe featuresof a numberof multicarrier CDMA sys-
tems,which have beenstudiedin the literature. The advantagesanddisadwantagef these
multicarrierCDMA schemefiave beensummarizedlt canbeshown thattherearetrade-ofs

associatedvith eachmulticarrier CDMA schemeconsidered.In the following sectionswe

will focusour attentionon the BER performanceanalysisof theseschemesver frequeny

selectve Rayleighfadingchannels.

17.3 Channel Model

The channelmodel consideredn this chapteris a frequeng selectve channel,wherethe
transmittedsignal is receved over L independenslowly-varying flat fading channels,as
shawvn in Fig.16.8. The comple lowpassequivalentrepresentationf the impulseresponse
experiencedy subcarrien: of userk is givenby:

L
hia(t) = > a6 (8 — 1) exp(iu ), (17.21)
=1

where! is theindex of the channelimpulserespons€CIR) taps,d(-) is the Dirac function,
L
{ (’“)}171, {wﬁ)},, and{m}l , aretherandomCIR tapamplitudesphasesnddelays,

ul
respectiely. However, we assumehatall subcarriersignalsof the sameuserencountetthe
samedelayl e., 1 isindependenof u. Notethat,if L. = 1, thesetermswill berepresented

by { } {w(’” } and {r, }, respectrely. We assumethat{afﬁ)}j:l, {wi’;)}il and

{m}l:l are mutually independentWithout loss of generality we alsoassuméhat 7,; <
T <+« < TkL-
If weletry,, = (I — 1)T, + 7, thenEq.(17.21)canbeexpresseds:

P (£ Z a! (I = )T, — 7¢) exp(jpl¥)), (17.22)

whichrepresentthewidely usedtap-delayline modeof thefrequeng-selectve channe[95].

L
For a multipathRayleighfadingchannelthe fading amplitudes{ afﬁ) } areassumed

to be statisticallyindependentandomvariableshaving a probability densityfunction (PDF)
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expresseas[95]:
fol)) = M@y, ),
2R R?

ul

2\ 2 L AN 2
whereQ = E [(afjf) } We assumehat {E {(a(k)) } } = 1, hencewe have ) =
=1

L
1/L. The phases{wfjf)}l of the differentpathsandof differentsubcarrierareassumed
=1

to beuniformly distributedrandomvariablesin [0, 27), while the pathdelaysof {rkl}le of
userk areuniformly distributedin [0, T%).

17.4 Performance of multicarrier CDMA SystemsuUsing
Frequency-DomainSpreading

In the subsectiorof 17.2.1the featuresof the MC-CDMA schemeusingfrequeng-domain
spreadingvassummarizedAs shavn in Fig.17.1,in thisMC-CDMA schemeéhetransmitter
spreadghe original signalusinga given spreadingcodein the frequeng domain. In other
words,a fraction of the symbolcorrespondingdo a chip of the spreading-odeis transmitted
througha different subcarrier For efficient multicarrier transmissiont is crucial to have
frequeng non-selectie fadingover eachsubcarrie{79]. Therefore,if the original symbol
rateis high, resultingin frequeng selectve fading,thenserial-to-paralleconversionof the
original datastreamto a humberof reduced-ratesubstreamsnay be needed,in orderto
increasehe chip durationandhenceto avoid frequeng selectve fading.

In this sectionwe derive the BER for the MC-CDMA systemseenin Fig.17.19employ-
ing serial-to-paralleconversion. Specifically we derive the BER expressiondor the asyn-
chronousMC-CDMA system[440] over frequeng selectve Rayleighfadingchannels.The
expressionglerivedin this sectionaresuitablefor the analysisof uplink transmissionsLet
usfirst considerthe systemmodel.

17.4.1 SystemDescription

17.4.1.1 The Transmitter

The transmitterschematicof the MC-CDMA systemusing frequeng-domain spreading,
whichis basedn Fig.17.1but additionalinvolvesserial-to-paralletiatacorversionis shavn
in Fig.17.19.The MC-CDMA systemtransmits/V,, chipsof a datasymbolin parallelon IV,
differentsubcarrierspnechip persubcarrierwhereN,, is thetotal numberof chipsperdata
bit or the processingyain. Hence the chip durationis the sameasthe symboldurationof the
transmittedVIC-CDMA signal,i.e., T, which is givenby Ty = ¢T,, sinceq bits aretrans-
mitted in a symbolduration. Throughoutour discussionsve assumehatrandomspreading
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Figure 17.19: Thetransmitterschematiof the MC-CDMA systemusingfrequeng-domainspreading
andserial-to-paralletlatacorversion.

codesareemplo/ed andthe frequeny separatiorbetweertwo adjacensubcarrierss 1/7.
Hence the subcarrier@areorthogonalbver chip durationTs. Let

Ju fiz ..o fin,
far f2 .. fon,

{fij} = _ (17.24)
fql fq2 e qup
bethe subcarriefrequeng set,which arearrangedaccordingo:
1. .
fig=fot 7 (- 1)+ (G~ 1) (17.25)

S

Hence,accordingto Eq.(17.25)eachcolumnrepresentg numberof adjacentsubcarriers,
while theminimumspacingoetweerntwo subcarrierdrom thesamerow is ¢/ 7. In Fig.17.19
afterthe serial-to-paralletonversionstage g databits of userk arespreadby the spreading
codeof userk in thefrequeny domain.Notethatthedatabits mappedo differentsubstreams
usethesamespreadingode.The spreadsignalthenmodulateghe subcarriersnappingeach
chip to a subcarrier The subcarrierfrequencieamodulatedby the samedatabit are from
the samerow of the matrix in Eq.(17.25),andthesesubcarrieraresuficiently separatedh
frequeng to avoid correlatedfading. Consequentlyreferringto Fig.17.19the transmitted
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signalcanbeexpresseds:

oo q Np
si(t) = HZOO ;; %bki [n]eklj — 1] Pr, (t — nTy) cos (27rfijt + ¢§j‘>) , (17.26)
whereby;[n] representtheith datasubstreanof userk andby;[n] is assumedo bearandom
variable,assumingaluesof +1 or -1 with equalprobability Furthermoreg,[5] is thejth chip
of thespreadingode{ci[1] cx[2] ... cx[N, — 1]} assignedo userk, whichis alsoassumed
to be arandomvariabletaking values+1 or -1 with equalprobability of 1/2. The variable
P_(t) representsherectangulamodulationwaveformdefinedas P, (t) = 1,if 0 <t < 7,
andzerootherwise. Furthermore f;; is the subcarriefrequeny associateavith the ith data

substreamandthe (j — 1)th chip of the spreadingcode. Finally, qbfjk) is the randomphase
introducedby thecarriermodulationwhichis assumedo beuniformly distributedin [0, 27).

We assumehatfrequeng non-selectie fadingis encounteredy eachsubcarriersignal.
Hence thefollowing conditionis satisfied:

1/T, << (AB)., (17.27)

where (AB). representshe coherencebandwidthof the channel[95]. The reciprocalof
(AB). is ameasuref the multipathdelay spreadof the channelwhich is denotedby T,,,,
T, =~ 1/(AB).. In orderto guaranteéendependentadingof the subcarriersignalscarrying
chipsassociateavith the samedatabit, we assumehatthe following conditionis satisfied:

(AB). << q/Ts. (17.28)

Theconditionsof Eq.(17.27)andEq.(17.28)j.e.,1/Ts << (AB). << q/Ts imply thatthe
modulatedsubcarrieraving transmissiorbandwidthof 1/ do not experiencesignificant
dispersion.

However, if the conditionsof 1/7s << (AB). << ¢q/Ts cannotbe satisfied the sys-
tem modelof Fig.17.19canbe modified,in orderto satisfythis conditions. Specifically if
1/Ts << (AB). cannotbe satisfied we candecreas¢heterm 1/7 by transmittingmore
bits persymbol,i.e, by increasingthe valueof ¢ in Fig.17.19. By contrast,f the condition
of (AB). << ¢/T, cannotbe satisfied theindependencéetweerthe adjacenisubcarriers
conveying the samedatabit canbe further guaranteedby incorporatingsufiicient interleas-
ing at the costof anincreasedielay For example,assuminghatthefirst IV, symbols,i.e.,
= N,q bits, emittedby the sourcemodulatethe IV,¢ subcarriersn the first time interval,
where eachsymbolis modulatedby the subcarrierfrequenciesrom the samecolumn of
Eq.(17.24).In thesecondime interval, the samelN,, symbolsmodulatethe N,,¢ subcarriers,
but cyclically shiftedby onesymbol. Similarly, in the ith interval, 1 < i < N, the N,
symbolsafterthe (: — 1)th cyclic shift modulatethe N,q subcarriersAt therecever, adein-
terleaver is employedto recover the original orderingof the symbols.However, interlearing
techniquesanonly beusedfor thetransmissiorof delay-insensitie data.

Here,we assumeahatthereare K asynchronou€DMA usersin the systemandthatall
of themusethesamey and NV, values.Theaveragepower recevedfrom eachuseratthebase
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Figure 17.20: Therecever block diagramof the MC-CDMA systemusingfrequeng-domainspread-
ing for thereferenceuser

stationis alsoassumedo bethe samej.e. perfectpower controlis assumedConsequently
therecevvedsignalatthe basestationcanbe expresseds:

qg Ny

K oo
W= Y 3y %agf)bm[n]ck[j APy, (t— 0T, — )
- cos (27rfijt + wﬁf)) +n(t),  (17.29)

wheregog?) = ¢§§’> +1/J8-€ ) — 27 fi; T andtherandormhaseﬁz(f) correspondso thesubcarrier
frequeny f;; of userk, which wasintroducedby the channel.The phasapz(.f) is arandom
variableuniformly distributedin [0, 27). In Eq.(17.29);7, is the misalignmenbf userk with
respecto thereferencaiser— we assumedhatk = 1 andr;, = 0 —attherecever, whichis
i.i.d for differentk valuesanduniformly distributedin [0, T%). Furthermoreagf) represents
the amplitudeattenuationdue to the fading channel,which is assumedo be a Rayleigh

2
distributedrandomvariableobeying the PDF givenby Eq.(17.23)and2 = E {(ai?) =

1. Finally, n(t) is the Additive White GaussiarNoise (AWGN) with zeromeananddouble-
sidedpower spectraldensityof Ny /2.

17.4.1.2 Recever

Therecever of thefirst user(k = 1) is shovn in Fig.17.20,wherethe superscriptienoting
the referenceuseris omitted. The MC-CDMA receier considereds basedon coherent
correlatordetector As shovn in Fig.17.20 the decisionvariableZ,, of the Oth databit in the



17.4. PERFORMANCE OF MC-CDMA SYSTEM 569

uth datasubstreanfior thereferencaisercanbe expresseds:

NP
Zy = Z Ly, (1730)
v=1
Ts
Ty = / r(t)c[v — 1]guw cos(27 fuvt + Puv)dE, (17.31)
0

whereg,,, is aparametedeterminingwhichtype of combiningmodelof the chipsbelonging
to the samedatabit is used. Dependingon the choiceof {gy,,v =1,2,... ,N,}, in our
analysistherearetwo waysof combiningthe chipsof the samedatabit, namelyMRC and
equalgain combining(EGC). which we have studiedin chapterXXXX. In this sectionthe
associatedBER usingthe MRC schemewill beinvesticated.

Uponsubstitutingeq.(17.29)into Eq.(17.30) thevariableZ,,,, canbe simplifiedto:

k=2 k=2 i=1j=1
——
jF#v for i=u
whereD,,, is thedesiredtermgivenby:
Dy = un Guvbu[0], (17.33)

andb, [0] is the Oth databit of the referenceusertransmittecby the uvth subcarrier Dueto
the orthogonalityof the subcarrieisignalsassociatedavith the sameuser no self-interference
is inflicted by thereferencesignalto the vth subcarrieof the uth datastream.The multi-user
interferenceémposedby userk canbe divided into two terms. Thefirst termis constituted
by the subcarriersignalhaving the samesubcarriefrequeng, f,., asthebranchconsiderd.

Thistermis Il(k) in Eq.(17.32)which canbeexpresseds:

k | P 2P
Il( ) = < 2]VPTS> 2 7(%“L bku Ck v — 1}

-Pr_(t — nTs — 1) cos (27rfmt + go )

-c[v — 1]gup co8(27 fupt + Quov)dt
agf,) Guw COS 01%)
T

el =Vexlo = 1efo — 17+ bea[Olcrfo — Lelo — (T, — 7)) (17.34)

whered) = goq(ﬁ) wuw- Thesecondermof themultiuserinterferencémposedoy userk is
contributedby theothersubcarriesignalsassociatesvith { f;;,i = 1,2,... ,¢;j =1,2,... ,
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Np;j #£vfori=u}. ThelnterferenceJ(") arisingfrom the subcarriersignalassociated
with thefrequeny f;; of userk canbeexpresseds:

[ P 2P
Iék) — ( WTS> 2 —Ozw bkz ij —1]

Pr,(t = nTs — 1) cos (271')",]75 + <p” )
-c[v — 1] guw coS(27 fuut + Qup)dt

(k)
Oy Guo (k) (k)
= =5 (R )+ B ()] (17.35)

WhereRgf)(Tk) andRZ(f)(rk) arechip-partialcross-correlatiofunctionsdefinedas:

RY (n0) = /0 bes=1]exli — 1)efv — 1]
ccos [2m(fi; = fun)t + 03] dt, (17.36)
Ts
RE] (T 791(; ) = / bi[Oler[j — 1)cfv — 1]

. cos [27r( Fii — )t + 9(’”)] dt, (17.37)
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andﬁg.“) = <,o§.§> — puw- UponusingEq.(17.25)Eq.(17.36)andEq.(17.37canbewritten as:

Tk
R (7.0P) = /0 bl = 1]eali — 1o — 1]

{’m [ —u)+( — )
T
stki[_l]ck[j — 1}6[’0 — 1]
2 [(i = u) + (j = v)q]
o [Pl )G =

to
+ 9§J’?)] dt

+ 95?] —sin 95?} (17.38)

T
0 k T
R (m89) = [ balojenli — 1)eto 1)
qu
2r (i —u) + (G =)t k)
.COS{ T +9ij dt

Tsbii[0]ck[j — 1)cfv — 1]
2m (i —u) + (j —v)q]

{ [ L0 £ G 0T, o)

i {zw [(i — ) J:;S(j —v)d e 91(;;)] } (17.39)

where(i — u) + (j — v)q # 0. Finally, 1, is thenoisetermengenderefly the AWGN n(t),
which canbeexpresseds:

P L
T = < 2NT5> / n(t)cfv — 1] gy cos(27 fuut + Quo)dt. (17.40)
P 0

17.4.2 PerformanceAnalysis

In orderto derive the systems bit errorprobability we have to derive the PDF of the decision
variableZ,, in Eq.(17.30).First, we examinethetermsin the Z,,,, expressiorof Eq.(17.31).

17.4.2.1 Noiseand Interfer enceAnalysis

A. NoiseAnalysis
Thenoisetermn,,,, is givenby Eq.(17.40)whichis a Gaussiamandomvariablewith zero
meanandvariancegivenby:

N,No
. 17.41
25, Ju ( )

Var[nuv] =
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whereFE, = PT; istheenegy perbit.

B. Analysisof the Multiuser InterferenceTerm Il(k)

The first multiuserinterferenceerm Il(k) expressedy Eq.(17.34)canbe modeledasa
Gaussiamandomvariablewith zeromean.Its varianceis givenby:

Varr{?) = B0 [(119)?] (17.42)

WhereETk’egz) []

o) e [0, 27). Uponsubstituting[{k) from Eq.(17.34)into Eq.(17.42)it canbe shovn that
thevarianceof 1 fk) canbeexpresseds:

representshe averageassociatedvith the randomvariablesr;, € [0, T5),

v
varili'] = 24, (17.43)

AN 2
wherewe usedF (a&'{?) = 1, sincefrequeng non-selectie fadingis assumedor each

subcarriessignal,i.e. for eachsubcarrieisignalthereexistsonly oneresohablepath.

B. Analysisof the Multiuser InterferenceTerm Iék)

ThesecondnuItiuseﬁnterferenceermIé"') expressedy Eq.(17.35)canalsobemodeled
asa Gaussiamandomvariablewith zeromean.lts variances derived asfollows. According

to Eq.(17.35)thevarianceof Iék) canbeexpresseds:
vaiii’] = E_ o (1))

- % {Ewi? [(R,Ef) (rk,ogf)))z] +E, g0 {(Rﬁ“) (Tk,og?))ﬂ }

(17.44)

) 2 . . 2 .
wherel_ RRZ‘”‘) <Tk,0§;‘)>> } andE_ g [(Rxﬂ (Tk,eg.”))) } arethevariancesf
thechip-partialcross-correlatiofunctionsdefinedn Eq.(17.38)andEq.(17.39)respectiely.
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Let usfirst derive thefirst term. Accordingto Eq.(17.38)jt canbeshowvn that:

(k) @\ _ T3
B (0 (00))] =

E_ g0 { sin? {QW [(i = w) + (j — v)q] 7% n 01(;@)}

T
+ sin? 91(;6)
2 ) — U | — A . 3
[ U] )
(17.45)
i ifi 2 [2rli—w+G—v)dn. | o] 1 _
It is not difficult to shovn that Erk,6§f){51n2[ )TSJ )@l +0 } } — 1/2,

By {sin? 0} = 1/2and B, {25in |22l p 00 4 g® singll) b = 0. By

k
5,00 s

substitutingthesetermsinto the above equationfinally, we obtainthat:

(k) ®\)?] 2
Frafp {(R”’ (r.057)) ] a2 (i —u) + (G —v)g]” (17:46)

Similarly, thesecondermof Eq.(17.44)xanbederivedandit canbe shavn thatit is the
sameasEq.(17.46)

A (k) OV _ T?
E,, ow {(sz G ] QT e~ (17.47)

Uponsubstitutingeq.(17.46)andEq.(17.47)nto Eq.(17.44) we obtainthatthevariance
of Iék) canbeexpresseds:

(k) _ 9o,
varI{¥] = PPN R S P (17.48)

17.4.2.2 DecisionStatisticsand Err or Probability

Now we derive the PDF of the decisionvariable Z,, of Eq.(17.30)associateavith the MRC
schemeWe approximatehe multiuserinterferenceby Gaussiamoise,sinceit is the sumof
mary independentandomvariables. Consequentlyit canbe shavn that 7, of Eq.(17.32)
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canbeapproximatedsa Gaussiamandomvariablewith normalized meangivenby:

E[Zu} = Z m - u Z Oy Guu (1749)

andits normalizedvariancecanbe expresseds:

N,N (K —1) — 2
2 piY¥o 2 : 2

wherel ,; representshe averageof Var[]é’“)] associateavith thevariablesof v andv aswell
asi andj. For thegivenvaluesof v andv, let I (u, v) be expresseds:

I(u,v) = [Var ]
qg Np 1
- Z [ 2] (17.51)
i=1 j=1 1 - U) + (j - U)q]
——
j#v for i=u
then,l; canbeexpresseds:
I( 17.52
M qN ;; U, U (17.52)
Consequentlyfor a givensetof channelattenuationsy,,, v = 1,2,... , N,, thecondi-
tional BER canbe expresseds[95]:
P =Q(v27). (17.53)
where(Q)( ) representshe GaussiarQ-function,whichis definedas[95]:
2= —— [T et 17.54
Q) = —= [ (17.54)

For the useof MRC, the channelgain associatedvith eachsubcarrietis continuouslyesti-
matedandmultiplied by thecorrelatoroutputs.If perfectchannelain estimations assumed,
then,g., = a..,. Consequentlythe variable~ in Eq.(17.53)usingMRC canbe expressed

1Thenormalizationis obtainedfrom Z,, dividedby (\/ﬁ) .
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as.
NP
Y= e Qs (17.55)
v=1
2(K — 1) - B\
¥, = [T +2(K — 1)g(N, — 1)Ipr + (NONp) ‘| . (17.56)

The unconditionalBER P, can be derived by weighting P, () of Eq.(17.53)with its
probability of occurancexpressedn termsof its PDFandthenaveraging,.e., integratingit
overthevalid rangeof ~, which canbe expresseds:

n= [ (vE) i (1757)

wheref(v) isthePDFof ~. Sincec,,, is a Rayleighdistributedrandomvariablehaving PDF
givenby Eq.(17.23)and2 = 1 for theMC-CDMA schemerL"1 a2, obegysthecentralchi-
squaredistribution with 2.V, degreesof freedom[95]. Finally, v givenby Eq.(17.55)is also
arandomvariableobeying the centralchi-squaradistribution with 2.V, degreesof freedom,
which canbeexpresseds[95]:

1 -~ A
fly) = m’YNP ! exp (—_—/) , v > 0. (17.58)
Ye p— |

Uponsubstitutingeq.(17.58)into Eq.(17.57)anduponsimplifying theintegral, it canbe
shavn thatthe BER of the MC-CDMA systemusingMRC canbeexpresseas:

P [(1—,1)}%”"2‘:1 <Np—1+n> {(Hm]”’ (17.50)

2 n 2

n=0

Ve
= . 17.60
% T4, ( )

Whenthe averageSNR of 7, satisfiesthe condition7, >> 1, we have % ~ 1 and

02 7 [95]. Furthermorewe have:

where by definition:

Np—1

N,—1+4n 2N, — 1
Z(f’ . )—( g{p ) (17.61)

n=0
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Figure 17.21: BER versusSNR per bit performancefor the MC-CDMA systemusing frequeng-
domainspreadingover Rayleighfading channelswith parametergy = 4 numberof
bits persymbol,processingyain of N, = 32 andnumberof usersk = 1, 5, 10, 20. The
resultswerecomputedrom Eq.(17.59).

Thereforewhen?,. is sufficiently high, the BER of Eq.(17.59)canbe expresseds:

N,
1 P 2N, —1
Py~ P . 17.62

According to Eq.(17.62)the probability of error for the MC-CDMA systemshowvn in
Fig.17.19variesas 1/7, raisedto the N,th powver. Thus, when using frequeng-domain
spreadingn the MC-CDMA systememploying a spreadingcodeof length NV, the bit error
ratedecreasesverselyproportionatelywith the V,th power of the SNR.

Fig.17.21shavs the BER performancef the MC-CDMA systemdespictedn Fig.17.19
using frequeng-domainspreading. The BER resultswere computedas a function of the
SNRperbit, namelyE;, /Ny, usingparametersf ¢ = 4, N, = 32 andthe numberof users
of K = 1,5,10,20. Fromthe resultswe obsene thatthe BER performancedegrades,as
thenumberof usersincreasesFurthermoreasexpectedthe BER decreaseasthe SNRper
bit increases.However, whenthe numberof userssupporteds suficiently high, the BER
decreaseslowly, asshowvn by the curve associateavith K = 20 marked by the ‘triangles’.
Thiscanbealsoseerin Eq.(17.59)andEq.(17.60).Accordingto Eq.(17.60)jf thenumberof
interferingusersandthe SNR perbit aresuficiently high,in Eq.(17.59)we have i ~ 1/+/2.
Hence for agiven Vp,, the BER remainsapproximatelyconstan&ccordingto Eq.(17.59)or

p1/v2.
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17.5 Performance of Overlapping Multicarrier DS-CDMA
Systems

17.5.1 Preliminaries

In Subsectiond7.2.3and17.2.4we havereviewedthebasiccharacteristicsf two orthogonal
multicarrier DS-CDMA systems,namelythoseof the multicarrier DS-CDMA-II, and the
multitone DS-CDMA systemsseenin figures17.7and17.10. In the multitone DS-CDMA
systenof Fig.17.10thesubcarriefrequenciesrechoserto beorthogonato eachotherwith
minimumfrequeng separatiobeforetheassociatedS spreadingwhichis formulatedas:

Ts
/ cos(2m fit + ¢;) - cos(2m fit + ¢;)dt = 0, for i # j. (17.63)
0

Hence,the spacingA betweertwo adjacensubcarriefrequenciess A = 1/T, whereT

is the multitone DS-CDMA signal’s symbolduration. The subcarriefrequenciestherefore,
take thevaluesof f, + i/ fori =0,1,... ,U — 1, wheref, is themaincarrierfrequeng.

In contrastto the multitone DS-CDMA systemof Fig.17.10,in the orthogonalmulticarrier
DS-CDMA-II systemof Fig.17.7,the subcarriefrequenciesare choseno be orthogonalto

eachotherwith the minimum frequeny separatiorafter the DS spreadingwhich canbe
expresseds:

Te
/ cos(2m fit + ¢;) - cos(2m fit + ¢;)dt = 0, for i # j, (17.64)
0

implying that the spacingA betweentwo adjacentsubcarriefrequenciess A = 1/T,, as
shovnin Fig.17.8 whereT. is thechip durationof the DS spreadingodesandthesubcarrier
frequenciesssumehevalueof f, +i/T,. fori =0,1,... ,U — 1.

Let N, = T,/T. bethespreadingyain of the DS spreadsubcarriesignalsandwe assume
that eachsubcarriersignal hasthe same‘null-to-null’ bandwidthof 2/7,.. Then,it canbe
shown that the condition of Eq.(17.63),which was stipulatedfor the multitone DS-CDMA
systemof Fig.17.10,in fact,includesthe orthogonalityconditionof Eq.(17.64)statedin the
contet of themulticarrierDS-CDMA-II systemf Fig.17.7.Thisobsenationcanbeproven
by settingf; = f; + Ne/Ts in Eq.(17.63)yielding:

Ts 2
/ cos(%t Fp)dt = 0, (17.65)
0

c

afterafew stepswherey; = ¢; — ¢;. Notethat,in Eq.(17.65we usedN, /T, = 1/T.. To
proceedurther, Eq.(17.65)anbeextendedo:

Ne—1 (+1)T, Ut
/ cos(=t + 1;)dt = 0. (17.66)
l Tc

1=0 JITe



578 CHAPTER 17. OVERVIEW OF MULTICARRIER CDMA

Accordingto Eq.(17.66)t canbeshowvn thateachtermof thesumis zeroandhencewe have:

T,

e 2

/ cos(—ﬂ-t + 9;)dt = 0, (17.67)
0 T

which reflectsthe orthogonalitybetweensubcarriefrequenciehaving minimum frequeng
separatiorafter DS spreading.In otherwords, Eq.(17.63)constituteshe orthogonalitycon-
dition of the subcarriefrequenciesn themulticarrierDS-CDMA-II systemof Fig.17.8.

Furthermoreit canbereadilyshaovn thattheorthogonalityconditionof (17.63)is obeyed,
wheneer the spacingA takestheformof A = \/T,, A = 1,2,..., where\ is referredto
asthe normalizedspacingbetweentwo adjacentsubcarriers. The multicarrier DS-CDMA
schemebelongsto the family of multitone DS-CDMA arrangementéiaving spectrumof
Fig.17.11,if A = 1, while to the classof orthogonalmulticarrierDS-CDMA systemswith
spectrumshowvn in Fig.17.8,if A = N,. Furthermorethereexists no overlap betweenthe
main-lobesof the modulatedsubcarriersignalsafter DS spreadingwhen A = 2N,, which
is the bandwidthrequiremenbf Fig.17.11for the multicarrierDS-CDMA systemproposed
in [453].

Basedon the abore obsenationsboth the multitone DS-CDMA systemandthe orthog-
onalmulticarrierDS-CDMA systemcanbe viewed asa memberof the classof generalized
multicarrier DS-CDMA systemshaving arbitrary subcarrierspacingof A € {1,2,...,}.
Hence,the abore generalizednulticarrier DS-CDMA systemmodelincludesa numberof
specificmulticarrierDS-CDMA schemesFurthermorebasedn theanalysisof this general
model,theresultsgenerated¢anbe extendedo differentmulticarrierDS-CDMA systemsy
simply varying single parameternamely A. Finally, the subcarrierspacing\ canbe opti-
mizedaccordingo specificdesignrequirementsailoredto thecommunicatiorervironments
encounteredn orderto achiere the optimumperformancen termof A. For example,for a
giventotal systembandwidth \ canbeoptimized,in orderto minimizethemultiuserinterfer
ence since\ hasaninfluenceon boththe overlapof the modulatedsignalsof the subcarriers
andon the processinggain. In this contet a cleartrade-of exists betweenthe overlapand
the processinggain. On the one hand,if A is low - for exampleA = 1 - in the context of
multitoneDS-CDMA, then,a subcarriesignalwill overlapwith ahighnumberof subcarrier
signalsof boththesameuserandwith thoseof theinterferingusers.Ontheotherhand,given
atotal bandwidthandalow valueof ), ahigh spreadingyain canbe maintainedwhich leads
to thereductionof the multiuserinterferenceBy contrastjf A is high- for example) = 2N,
- which meanghatthereexists no spectraloverlapbetweerthe main-lobesof the subcarrier
signals,then, the modulatedsubcarriersignalsbenefitfrom a low interferencenflicted by
the othersubcarriersignalsof both the referenceandthe interferingusers.However, in this
casethe spreadinggain of eachsubcarriersignalis low, which leadsto the increaseof the
multiuserinterference Theinfluenceof the subcarrierspacing) on boththe spreadinggain
andon the spectraloverlap of the subcarriersignalshighlightsthatthereexists an optimum
spacingh.p:, thatmayminimizethe multiuserinterferencenflicted uponeachof the subcar
rier signals.Anotherexamplein the context of optimizing X is thatthe subcarrierspacingh
canbesetappropriatelyin orderto matchtherecever requirementskFor example,assuming
that the recever emplgys a three-fingelRAKE recever. Thena specificspacing\ canbe
selectedsuchthat the numberof resohable pathsassociatedvith eachsubcarriebecomes
threein the propagtion ervironmenttypically encounteredsincein this case,in addition
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to achieving the diversity gain, the recever cancombineall the enegy scatterecbver the
multipathcomponents.

Hencejn theremaindenf sectionweinvesticatetheperformancef thegeneralizeadver
lappingmulticarrierDS-CDMA systemhaving anarbitraryspacingof A, whentransmitting
over frequeny selectve Rayleighfading channels.We commenceby first consideringthe
systemmodelandthe parameterinvolvedin our analysis.

17.5.2 SystemDescription

17.5.2.1 Transmitted Signal

The transmitterschematicof the overlappingmulticarrier DS-CDMA systemconsidereds
thesameasthatseenin Fig.17.10.Hence thetransmittedsignalcanbe expresseds:

U
Sk (t) = Z \/ﬁbku(t)ck (t) COS(Zﬂ-fut + ¢ku)7 (17.68)
u=1

where P is the transmittedpower of eachsubcarriersignal, by, (t) representshe uth data
substreanof userk aftertheserial-to-paralle€onversion by, (t) = >0~ bgj) Pr (t—iTs)
consistsof a sequencef mutually independentectangulasignalling pulsesof duration’
andof amplitude+1 or -1 with equalprobability Furthermoreg,(t) = Z;’i_oo cj(-k)PTc(t -
jT.) denoteghe randomspreadingcodewaveform of the kth user where P.(t) = 1 for
0 < t < 7 andequalszero otherwise,wherec(.’“) takes valuesof +1 and-1 with equal
probability Thevariablegy, representshe modulationphasamposedon the uth subcarrier

of userk. Finally, {f,,u =1,2,... ,U} arethe subcarriefrequencieswhich arearranged
accordingo:
AMu—1
fu=f0+(“T), u=1,2,....U, (17.69)
S

wherel =1,2,... 2N, correspondingo A = 1/7%,2/Ts, ... ,2N. /T, if weassumehat
the maximumspacingbetweentwo adjacentsubcarrierds 2N,. The spectrumof the over-
lappingmulticarrierDS-CDMA signalis shavn in Fig.17.22 whereW is the bandwidthof
the systemconsidered; is the chip-durationcorrespondingo a single-carrieDS-CDMA
systemwhile W representshe null-to-null bandwidthof the subcarriersignals.

Accordingto Fig.17.22the systems total transmissiorbandwidth the subcarriesspacing
A andthebandwidthof the subcarriessignalobey thefollowing relationship:

Wy = (U —=1)A 4+ Wys. (17.70)
Thisin turn meanghat:
2 A 2
=U—-1)— 4+ —. 17.71
T, (U )Ts + T ( )
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Figure 17.22: Spectrunof the overlappingmulticarrierDS-CDMA signals.

SinceT, = UT, = UNT.; andT, = N_.T., after substitutingtheserelationshipinto
Eq.(17.71)the spreadingyain associateavith eachsubcarrieisignalcanbe expresseds:

(U — 1)\

N, =UN —
2

(17.72)

Accordingto Eq.(17.72)jt canbeshavn thatthe spreadingyain of themulticarriersignal
correspondingo the normalizedspacingof A = 1, i.e. that of the multitone DS-CDMA
system[463],is N, = (UN — Y1), asshavn in Eq.(17.14). The spreadinggain of the
systemassociateavith A = ., i.e. thatof theorthogonamulticarrierDS-CDMA systemof
Fig.17.7[69], is N. = 2UN/(U + 1), asshavnin Eq.(17.10).

Let L; be the numberof resohable pathsof a correspondingingle-carrietDS-CDMA
system. Then,the numberof resohable pathsassociatedvith the subcarriersignalsin the
overlappingmulticarrierDS-CDMA systemhaving spectrunmshowvn in Fig.17.22canbe ap-
proximatedby:

2N.L;

2N, + (U — l)AJ' (17.73)

L~|

Let us assumehat we supportK asynchronou€DMA usersin the systemandall of
themusethe sameparameterd/ and N.. The averagepower receved from eachuserat
the basestationis alsoassumedo be the same correspondingdo the perfectpower control
assumptionConsequentlywhen K signalsdescribedy Eq.(17.68)aretransmittecover the
frequeng selectve fading channelscharacterizedy Eq.(17.21),the receved signal at the
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Figure 17.23: Therecever block diagramof the overlappingmulticarrierDS-CDMA system.

basestationcanbe expresseds:

K U L
T(t) = Z Z Z \/2_ (k )bku(t — Tk[)ck(t — TM) COS (27Tfut + (,9( )> + n(t), (1774)

k=1lu=11[=1

wherewfﬁ) = Opu + wi’f) — 27 fuThi andwfﬁ) is contritutedby thechannel.

17.5.2.2 Recever Model

Let usassumehatwe wantto receve thesignaltransmittedoy thefirst user whichis treated
asthereferenceuseror referencesignalin our analysis,andthatthe recever is capableof
acquiringperfecttime-domainsynchronizatiorwith eachsubcarriersignal of the reference
user The recever considereds a corventionalcorrelatorbasedRAKE recever, asshavn
in Fig.17.12.The mth branchof Fig.17.12correspondindo the mth subcarrielis shovn in
Fig.17.23.Referringto Fig.17.23,the decisionvariable Z,,, associatedavith the Oth databit
correspondingo themth substreanof thereferencaisercanbe expresseds:

L
T = Y Zpy,m=12,....T, (17.75)

Lme = / 7(t) - gmoc(t — Ty) o8 (27 fint + ©mw) dt, (17.76)

whereg,,.,, is aparametecontrollingwhichtypeof combiningschemes used suchasMRC,
EGCor SC,respectrely. However, in this sectiononly the performancef the systemusing
MRC is investicated,hence g, = am, IS @assumedMoreover, in Eq.(17.75)he subscripts
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andsuperscriptaissociateavith thereferencaiserareomittedfor notationalsimplicity. Fur
thermore without lossary generalitywe let 7, = 0 in the following analysis.Upon substi-
tuting Eq.(17.74)into Eq.(17.76)jt canbeshawn that Z,,,,, canbewritten as:

=1 u=1 [=1
1#v uFm l#£v
K L L
+3 531V +Z Z Z . (17.77)
k=2 1=1 k= 23#711 =1

In EQ.(17.77)5)m. is contributedby thenoisetermn.(t) seenin Eq.(17.74)whichis a Gaus-
sianrandomvariablewith zeromeanandvarianceg?,, No/2Es, whereE, = PT, represents
the enepgy perbit. ThevariableD,,,, in Eq.(17.77)representshe desiredoutputgiven by
combiningEq.(17.74),Eq.(17.76)andEq.(17.77)uponsettingk = 1,1 = v andu = m,
whichyields:

Dy = by [O}vagmv- (17.78)

The outputof the correlatormatchedto subcarrierm, correspondindo the vth path of

thereferencaisercontainsfour typesof interferencan Eq.(17.77).Theinterferenceof 1 {s)
is contributedby thepathil, [ = 1,2,... , L, [ # v, onthesamesubcarriem recevedfrom
thereferencauser which canbe expresseds:

S m mv 0)71 TS
1) = % / by (t — 71)c(t — 70)c(t)dt, (17.79)
s 0

whereb,,.,; = ©mi — ©mv, Whichis arandomvariableuniformly distributedin [0, 27). With
theaid of the partialauto-correlatiodfunctionsgivenbelow, Eq.(17.79)canbeexpresseds:

I(S) _ @mlgmo COS Ot
=

T [bm[—l]Rl(n) + by [0] Ry (n)} : (17.80)

whereR; () ande(n) arethe partialauto-correlatiorfunctionsdefinedas:
Tl
Ri(m) = / c(t — m)e(t)dt, (17.81)
0

Ts
Ru(r) = / ot — m)e(t)dt. (17.82)

1

Theinterferencaerm of 12(3) in Eq.(17.77)s contritutedby thepathl, | = 1,2,... L, | #



17.5. PERFORMANCE OF OVERLAPPING MULTICARRIER DS-CDMA SYSTEMS 583

v, on the subcarrieru, v = 1,2,... ,U, u # m by the referenceusef, which canbe
expresseds:
(8% ) ~
1) = “ljﬁ’m [bu[q}Rl(n,am) + bu[oml(n,aul)} , (17.83)

wheref,; = . — ¢me- Dueto thedifferenceof thefrequenciesissociatedvith the subcar
riersu andm, the correspondingpartial auto-correlatiorfunctionsarenow definedas:

Ry(r,0m) = /Onc(t—Tz)C(t)COS(QW(fu—fm)t+9uz)dta (17.84)

Ts
Ry (11,60u) = / c(t — m)e(t) cos(2m(fy — fm)t + Our)dt. (17.85)

1

With theaid of Eq.(17.69)Eq.(17.84)andEq.(17.85)anthenbewritten as:

Tl _
Ry(m,0u) = / c(t — 7)e(t) cos (w + eul) dt,  (17.86)
JO S

T B
Ry (m,0u) = / e(t — m)e(t) cos <M + 9ul> dt.  (17.87)
T s

The multiuserinterferenceerm IY“) in Eq.(17.77)is dueto pathl, I = 1,2,... ;L on

thesamesubcarriermn inflicted by theinterferingusersfor whichwe have k # 1. Then,[fk)
in Eq.(17.77anbeexpresseds:

(k) (k)
a1 Gmo €OS O -
I£k) — Qi Jmo €05 T [bkm[—l]ﬁk(Tkl) + bkm[O]Rk(Tkl)] ) (17.88)

whereg®) = gog;l) — ¢©my is arandomvariableuniformly distributedin [0, 27), Ry (7x;) and

ml —

Ry () arethepartial cross-correlatiofunctionsdefinedas:

Ri(ti) = /OTM e (t — i) c(t)dt, (17.89)

Ts
Ry(m) = / cr(t — i )c(t)dt. (17.90)

kl

Finally, themuItiuserinterferenc&ermIz(’“) in Eq.(17.77)sduetopathl, [ =1,2,... ,Lon
thesubcarrieru, v = 1,2,... ,U; u # m inposedby theinterferingusersassociateavith

2Due to the orthogonality betweenthe subcarriersignals from the same path and the same user i.e.,
fOTS cos(27f; + i) cos(2mf; + @j)dt = 0, the interferenceof 12(5) dueto the path v on the subcarrier
u, u = 1,2,...,U, u # m from the referenceuseris zero. Hence,the associatedermsare excludedby let-
ting!l # v in EqQ.(17.77).
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k # 1. Hence,Iék) in Eq.(17.77)canbeexpresseds:

(k)

. « mo ’ N .
1 = S (21 Ry, 05) + bra 017,05 | (17.91)
S

whered®) = o*) _ o, is arandomvariableuniformly distributedin [0, 27). Theassoci-

atedpartial cross-correlatiofunctionsaredefinedas:

Tkl _
Run0f) = [ et = e cos (w + 95,’?) dt, (17.92)
0 s
Ts _
Ri(r, 0% = / cx (t — Tt )e(t) cos (w n 95’?) dt. (17.93)
Tkl S

Having analyzedhe recever modelandthe decisionvariable,in the next subsectiorthe
multipathinterferencamposedby the referencauserandthe multiuserinterferencanflicted
by theinterferinguserswill beanalyzed.

17.5.3 Interfer enceAnalysis

In this subsectiorthe multipathinterferenceengenderedy the referenceuseritself andthe
multiuserinterferencewill be evaluatedby assuminghatall theseinterferencesourcesare
Gaussiartistributedandhencecanbetreatedasindependenadditionalnoise.Accordingto
Eq.(17.80),Eq.(17.83),Eq.(17.88)andEq.(l7.91),theinterferencdermslfs), Iés) and]fk)
constitutethe specialcasesf theterm Iék) in EQ.(17.91).Specifically if we setu = m in
Eq.(17.91),we obtainEq.(17.88). If welet k = 1 in Eq.(17.91) thenwe get Eq.(17.83).
Finally, if welet £ = 1 andu = m, thenwe obtainEq.(17.80).Hence ,we cananalyzethe
multipathinterferenceengenderedly thereferencauseraswell asthe multiuserinterference
by first analyzingthe multiuserinterferenceermof Eq.(17.91) Basedon the standardsaus-
sianapproximatior{108,464], theinterferenceaerm 12(’") of Eq.(17.91)canbemodelledasa
Gaussiamandomvariablewith zeromeananda varianceexpresseds:

. Qg2 X N .
1] = o (g 1 ()], [ )] . a7

ul

AN 2
whereQ) = E [(a(k)> ] Em o0 [ ] representsaking the expectedvalue with respecto
vbr¥ul

therandomvariablesry; andefﬁ). In our following discoursewe analyzethe partial cross-
correlationfunctionsof Eq.(17.92andEq.(17.93).Specifically we will evaluatetheirexpec-
tationsby assuminghatthe phaseanglesandtime delaysaremodeledas mutuallyindepen-
dentrandomvariables,eachof which is uniformly distributed over the appropriatanterval.
Below we only analyzethe expectationof R (Tkl, 95’}’)) , the expectationof 22 (rkl, 92’;7)
canbeobtainedfollowing the sameapproach.
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Eq.(17.92)canbewritten as[464]:

h jTetT—hT, _
Ri(r,0) = Zai(j)ak(Ne—h—l—i—j)/ Cos (M—l—@) dt
=0 iTe °

h-1 (J+1)T. 27 Mu — t
+ E ai(j)ak(Ne—h—l—j)/ cos (M—i—@) dt,
=0 JTe+7—hT, Ts

(17.95)

wherehT,. < 7, < (I + 1)T. and N, representshe numberof chipspersymbolperiodor
the spreadingactorof the subcarriersignal. Furthermorein Eq.(17.95)we setr,; = T and

91(5) = 0 for simplicity. Uponevaluatingtheintegralsin Eq.(17.95)we find that:

Ri(7,0) = (Tth)sincr(”m)A(Tth)}

T

h
> ai(f)ar(Ne = h — 14 ) cos Bra (4, 7)

+[(h + 1)T.. — ]sinc {ﬂ“ —m)M(h+ DTe — 7)}

T

> ai(i)ar(Ne — h+ §) cos By (4, 7), (17.96)

=0
wheresingz) = sin(z)/x, and

fratir) = " P im 4y nt) 4o,
s

m(u—m)A

ﬁkb(ja T) T

((2j + DTy + 7 — WT.) + 0.
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Theexpressiorof R%(r, ) is computedrom Eq.(17.96)as:

w(u — m)N(T — hT,)
T

Ri(r,0) = (7 — hT.)*sind {

a?(j)ai(N6 —h—=14}) cos? Bra(d, )

M= L=

J

h
> ai(r)ax(Ne — b — 1+ r)ai(s)ax(Ne — h — 1+ 5)

s=0
SFET

+

Il
=]

r

- 008 Brq (1, T) €08 Bra (s, 7)1

m(u —m)NT — hTp)
T9

+(7 — hT,)[(h 4+ 1)T¢ — T]sinc{

r(u - m))\((Ths—i- VT, — 7)]

h h—
. [Z Z a;(r)ag(N. — h — 1+ r)a;(s)ap(Ne — h + 5)
r=0 s=0

- €08 Brq (1, T) cos Brp (s, T)
h—1 h

+3 ) ai(r)ag(Ne — h+r)ai(s)ap(Ne — h =1+ s)

r=0 s=0

- €08 Bp (1, T) €08 Pra(s, T)

m(u —m)A((h+ )T, — 7)

+[(h + )T, — 7]*sin¢ {

T
h—1
. Z aZ(r)ai(Ne — h + 1) cos? Bp(r, T)
r=0
h—1h—1
+ Z Z a;(r)ar(Ne — h + r)a;(s)a(N. — h + )
=
- €08 By (1, T) cos Prp (s, T)‘| . (17.97)

Sincewe assumedhat randomspreadingcodesare employed in our system,a;(r) is
statisticallyindependenof ay(s) wheni # k or r # s, andtakesvaluesof +1 or -1 with
equalprobability Hence,upon taking the expectationof R7(r,6) with respectto a,(r),
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ax(s), 6 andr we arive at:

1 Ne—1
2
ET7‘9 [Rk (Tv 9)} 2Ts
h=0
(h+1)T. _ _
./hT {(T — h1.)?sinc r(u m);‘(T hTC)} (h+1)
+[(h + )T, — 7]*sinc’ V(“ — m))‘((;f + T - T)} . h}dT.
(17.98)
Uponevaluatingtheresultingintegral we find that:
9 B N.T? e (27 (u = m)A
Ero [Ri(7,0)] = yr p— 1 —sinc —~ )| (17.99)

The correspondingxpressiorfor E- g [R,%(T, 9)} canbe obtainedby evaluatingthe ex-

pectationof 122 (r,0) in the sameway, asfor R?(7,6). We foundthatthe resultis the same
askEq.(17.99)j.e.:

E-o [B3(r.0)] = % {1 - sinc(wn . (17.100)

SubstitutingEq.(17.99)and Eq.(17.100)into Eq.(17.94) we finally found that the vari-
anceof the multiuserinterferencerz(k) canbeexpresseds:

2 _
var 1] - Qg Ne 7 Sinc<2”(“m)’\ﬂ , (17.101)

272 (u — m)2A\2 {1

Let u — m = a andcomputethe limit hm Var [I( } Thenwe find thatthe variance

of themterference[2 equalsto Q%\",w Th|s is themterference/anancewhenasubcarrler
signalof thereferencauseris totally overlappeday thesubcarriesignalof the kth interfering
useri.e. thevarianceof [1( Y in Eq.(17.88)which canbeexpresseds:

2
)] _ Wme
Var [11 } = (17.102)

By usingasimilarapproactdeterminingheterm Iék), we canderive thevarianceof Iés),
which wasfoundto bethe sameasEq.(17.101).This resultin factis predictable sincewe
have assumedhat randomspreadingcodesare used,whenthe signalassociatedvith each
chipis assumedo be ani.i.d randomvariable. Moreover, it canbe seenthatEq.(17.101)s
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independendf theuserindex k. Hence thevarianceof IQ(S) canbeexpresseds:

2
] Qg Ne i [ 2m(u —m)A
Var [12 } = —%z(u )z {1 smc(iNe . (17.103)

Finally, the varianceof Il(s) canbe obtainedfrom Eq.(17.103)by computingthe limit
expresseds lim (Var [12(5)} ) , Whichresultsin:

u—m=x—0

2
] _ Yme
Var{[1 }_ 3N, (17.104)

Beforeconcludingthis subsectionwe notethatthevarianceof themultiuserinterference
in the multitone DS-CDMA systemof Fig.17.10[463] canbe obtainedby setting\ = 1,
while thatin the orthogonamulticarrierDS-CDMA systemof Fig.17.7[69] canbeobtained
by setting\ = .. It canbe shawvn thatfor the caseof A = V., the varianceof Ié"') canbe
expresseds:

. 0g2,,
var|[1P| = 2 mv 17.105
ar[ 2 } 272 (u —m)2N,’ ( )

if u —m # 0. Otherwisejf u — m = 0, it canbeshawvn that:

ISRV
Var [Lg")] - 3ng (17.106)

IN summary|n this subsectiorwe have analyzedhe multipathinterferenceengendered
by the referenceuseraswell asthe multiuserinterferencenflicted by the interferingusers.
With the aid of the analysisin this subsectionthe bit errorrate performanceof the overlap-
ping multicarrierDS-CDMA systemcannow bederived.

17.5.4 PerformanceAnalysis

In orderto derive the BER expressionsof the generalizedmulticarrier DS-CDMA system

using overlappingsubcarrierswe first have to derive the PDF of the associatedlecision

variables. We have assumedhat all the interferencetermsin Eq.(17.77)are independent
additive Gaussiarvariables,hence,the variable Z,,,,, of Eq.(17.77)is a Gaussiarvariable

with normalizedmeangivenby Eq.(17.78) andnormalizedvariancegivenby:

, [KL-1 ~ .
7 7|73, +(U_1)(L_1)Is+(K—1)(U—1)L]M+(

QQEb) -t g
muv’

No

(17.107)
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wherel, andT,; arethe averageassociateavith the valueof u« andm, respectiely, which
canbeexpresseds:

Ts = 7M
U U
— 1 Ne : 27 (u — m)A
T UU-1) mz::l 2;1 272 (0 — m)°\ {1 - SInC(T)] (17.108)
u#m

Uponsubstitutingeq.(17.108)nto Eq.(17.107)we obtainthat:

Qg2 (17.109)

KL-1 - 20E,\ '
o? = A +(U—1)(KL—1)IM+(Nb>

Since 7, of EQ.(17.75)is the sumof L independenGaussiarnvariables,Z,, is alsoa
Gaussianvariable. Let g,,, = ame, i.€. We assumehat the correlatoroutputsof the same
databit arecombinedaccordingo the MRC schemeThen,thenormalizedneanof Z,,, can
beexpresseds:

L
E[Zp) = bp[0] > 02, (17.110)

v=1
andthe normalizedvarianceof Z,,, canbeexpresseds:

L
QY a2, (17.111)

v=1

2 |KL—1

7 3N,

(U )KL - )Ty + (Q?VE)

Consequentlythe BER conditionedon encounteringhe subcarrierfading attenuation
{aume } canbeexpresseds:

Py) =Q ( /—27> : (17.112)
where
1 L
_= 2
7= Q UZZI Ao (17113)
and
_ [axr-v - (29BN
Te= | T aN +2(U —1)(KL — 1)Ip + <N0> (17.114)

As we have shawvn in Sectionl7.4,theaverageBER, P,, canbederived by theweighted
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Figure 17.24: Varianceof the multipathplus multiuserinterferenceversusnormalizedsubcarriesspac-
ing A performancdor the overlappingmulticarrier DS-CDMA systemover the disper
sive Rayleighfadingchannelswith parametersV = 128, L; = 16 and K = 2, where
N andL; arethespreadingyain andthe numberof resohablepathsof a corresponding
single-carrieDS-CDMA systemhaving the samedatarateaswell asthe samesystem
bandwidth.Theresultsweregeneratedbe evaluatingEq.(17.111).

averagingP,(v) of Eq.(17.113)pver thevalid rangeof ~, which canbe expressediccording
to Eq.(17.57).ThePDFof v canbederivedfrom Eq.(17.58)with IV, replacedy L. With the
aid of theseequationsfinally, the averageBER of the overlappingmulticarrierDS-CDMA
systemusingthe MRC schemecanbe expresseds:

P [(l_ﬂ)}LLz:l(L—l—i—n) [(1+u)r7 (17.115)

n 2

n=0

where,u is givenby:

Ve
= , 17.116
7 47 ( )

and7, is givenby Eq.(17.114).

In Fig.17.24the varianceof the multipath interferenceplus the multiuserinterference
wasestimatedasa function of the normalizedspacingbetweentwo adjacentsubcarrieffre-
guencies.The parameteremplojedwere N = 128, L; = 16, K = 2 andU = 4,8, 16,
where N and L; werethe spreadinggain andthe numberof resohablepathscorresponding
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Figure 17.25: BER versusnormalizedsubcarrierspacing) performancédor the overlappingmulticar
rier DS-CDMA systemover the dispersve Rayleighfading channelswith parameters
N =128, L; = 16, Ey/No = 10dB and K = 10, whereN and L, arethespreading
gain andthe numberof resohable pathsof a correspondingingle-carrieDS-CDMA
systemhaving the samedatarate aswell asthe samesystembandwidth.. The results
werecomputedrom Eq.(17.115)y assuminghatthe recever cancombineall there-
solhvablepaths.

to thesingle-carrieDS-CDMA systemhaving the samedatarateaswell asthe samesystem
bandwidth.For acorrespondingverlappingmulticarrierDS-CDMA systemhaving thesame
systembandwidthasthesingle-carrieDS-CDMA systemthespreadingyain V.., associated
with eachsubcarriersignal and the numberof resohable paths, L of eachsubcarriersig-
nal weregivenby Eq.(17.72)andEq.(17.73) respectiely. Notethat,the systemassociated
with A = 1 correspondso the multitone DS-CDMA schemeof Fig.17.10[463], while the
systemusing A = N, correspondso the orthogonalmulticarrier DS-CDMA-II schemeof
Fig.17.7[69]. Fromtheresultsseenin Fig.17.24we find thatthe interferencepowver engen-
deredby the multipath signalsandthe multiusersignalsdecreasesasthe spacingbetween
two adjacensubcarriefrequenciebecomesvider. This alsoimpliesthatthe multipathplus
multiuserinterferenceencounteredby a given subcarriersignalin the multitone DS-CDMA
schemeés higherthanthatexperiencedy a given subcarriersignalin the orthogonalmulti-
carrierDS-CDMA-II scheme Furthermorepbsene in Fig.17.24for a givenvalueof ), the
varianceof the multipathinterferenceplusthe multiuserinterferencelecreasessthe num-
berof subcarriersncreasesNotethat,thevariancecurvesin Fig.17.24appeain theshapeof
steps.This is becausehe spreadinggain andthe numberof resohablepathsassociatedavith
eachsubcarriessignalonly assumaeliscretevaluesaccordingto Eq.(17.72)andEq.(17.73).

Accordingto Eq.(17.72)andEq.(17.73poththespreadinggainandthenumberof resolv-
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Figure 17.26: BER versusnormalizedsubcarrierspacingh performancdor the overlappingmulticar
rier DS-CDMA systemover the dispersve Rayleighfading channelswith parameters
N =128, L; = 16, E,/No = 10dB and K = 10, whereN and L, arethe spreading
gain andthe numberof resohable pathsof a correspondingingle-carrielDS-CDMA
systemhaving the samedatarate aswell asthe samesystembandwidth. The results
were computedfrom Eq.(17.115)by assumingthat the recever can only combineat
mostfive paths.

ablepathsdecreasesasthe spacingbetweentwo adjacentsubcarriefrequenciesncreases.
Furthermore accordingto Eq.(17.115)for a given value of 7, the BER will increaseas
the numberof diversity branches[ thatcanberesohedfor eachsubcarriedecreasesThis
in turn implies thatthe BER will increaseasthe spacingbetweentwo adjacentsubcarrier
frequenciesncreasesHowever, accordingto Fig.17.24theinterferenceengenderetdy both
multipathandmultiusersignalshecomesesssevere, whenincreasinghenormalizedsubcar
rier spacing \. TheresultingBER performances determinedy thesetwo tendencies.

In Fig.17.25the BER performanceof the overlappingmulticarrier DS-CDMA system
wasevaluatedaccordingto Eq.(17.115)asa function of the normalizedsubcarriespacing\
overthedispersie Rayleighfadingchannelof Sectionl7.3. Theassociategparametersvere
N =128, L1 =16, K =10, E;/Ny = 10dB andU = 4, 8, 16. Thesubcarriespreading
gainandthenumberof resohablepathsof eachsubcarriesignalwerecomputedvith theaid
of Eq.(17.72)and Eq.(17.73). With the aid of Eq.(17.73),it canbe shovn thatthe number
of resohable pathsof eachsubcarriedecreasesqasthe normalizedspacing,\ increasesWe
assumedhat the recever hasthe capabilityto combineall the resohable pathsasociated
with eachsubcarrier From the resultsof Fig.17.25we obsenre that, for ary given number
of subcarrierd/, the BER increasesasthe normalizedspacing,), increasesHowever, the
BER increassds lesssevere,when\ < 200. Therefore over dispersve multipath Rayleigh



17.6. PERFORMANCE OF MULTICARRIER DS-CDMA-I SYSTEMS 593

fadingchanneldiversity receptionappearsnoreimportant,thanthe reductionof multipath
andmultiuserinterference Accordingto theresultsof Fig.17.25,f therecever cancombine
all theresohablepathsthe multitoneDS-CDMA schemeof Fig.17.10(A = 1) outperforms
the orthogonalmulticarrier DS-CDMA schemeof Fig.17.7(A = N.). Moreover, for ary

givenvalue of )\, the overlappingmulticarrier DS-CDMA schemeusing a low numberof

subcarrierperformsbetterthanthatusinga high numberof subcarriers.

If the compleity of the recever is consideredn termsof the diversity fingersof the
RAKE recever, it canbe shavn thatthe associatedompleity of therecever decreasess
the normalizedsubcarrierspacing,)\, increases.This is becauseaccordingto Eq.(17.73),
thenumberof resohablepathsdecreasessthe normalizedsubcarrieispacing ), increases.
However, dueto thecompleity limitation of therecever, usuallytherecevercannottcombine
an arbitrary numberof resohable paths. Hence,in Fig.17.26the BER of the overlapping
multicarrierDS-CDMA systemwasestimatedy assuminghatthe recever cancombineat
mostfive resohable pathsfor eachsubcarrier If thereweremorethanfive resohablepaths,
we assumedhatthe receiver wascapableof combiningfive paths.However, again, if there
were lessthanfive resohable pathsfor eachsubcarrier we assumedhat the recever was
capableof combiningall the resolhable paths. The othersystemparametersverethe same
asthoseusedin Fig.17.25andwerelisted in the captionof Fig.17.26. The corresponding
resultsof Fig.17.26were computedfrom Eq.(17.115)with L replacedby the numberof
pathsthat the recever was capableof combining. From the resultsof Fig.17.26we find
that, for the overlappingmulticarrier DS-CDMA systemhaving a suficiently high number
of subcarrierspoth the multitone and orthogonalmulticarrier DS-CDMA schemearethe
suboptimumschemes.From Fig.17.26we foundthatfor U = 8 andU = 16, thereexists
an optimum normalizedsubcarrierspacingregion in the rangeof 1 < A < N,, whereN,
is about195for U = 8 and185for U = 16. In this rangeof Fig.17.26the overlapping
multicarrier DS-CDMA schemecan achieze the minimum BER value. However, for the
schemeusingU = 4 the orthogonalmulticarrier DS-CDMA systemassociatedvith A =
N, = 204 hasthebestBER performancesincethe numberof resohablepathsat A = N, =
204 is still L = 6 accordingto Eq.(17.73),which is higherthan the diversity combining
capabilityof therecever.

17.6 Performanceof Multicarrier DS-CDMA-I Systems

17.6.1 DecisionVariable Statistics

In this sectionwe analyzethe performancef themulticarrierDS-CDMA systenof Fig.17.4
describedn Subsectiori 7.2.2 whichwe referredto asthemulticarrierDS-CDMA-I system.
In thissystemadatasequencés multiplied by aspreadingodeandthenmodulated/ subcar
riers. Obsenrein Fig.17.4thatthis schemaloesnotincludeserial-to-paralletlataconversion.
Eachsubcarriersignalis directsequencé€DS) spreadusinga commonspreadingsequence,
asshawn in Fig.17.4. Therefore the symboldurationof the multicarrierDS-CDMA signal
is the sameasthat of theinput databits. Thetransmittedsignalof userk in the multicarrier
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DS-CDMA-I systemcanbe expresseds:

U
sn(t) = ,/% S b (t)er(t) cos(2m fut + dra), (17.117)
u=1

whereP is thetransmittedpower of themulticarrierDS-CDMA-I signal,U is the numberof
subcarriersyhile b, (¢t) andey(t) arethe basebandlatasequencandthe spreadingvave-
forms, respectiely, aswe discussedoreviously in Section17.5. Finally, f,, and ¢y, for
u=1,2,...,U arethesubcarriefrequencieandmodulationphases.

The userstransmitover a slowly varying frequeny selectie Rayleighfading channel
having adelayspreadf T,,, andcoherencdandwidth(AB)., whicharerelatedby (AB), ~
1/T,,. Assumingthatthe spacingbetweentwo adjacensubcarriefrequenciess A = Tl
whereT, is the chip durationof the spreadingcodes,no overlap exists betweenthe main-
lobesof the subcarriesignals.In this kind of multicarrierDS-CDMA systemghe numberof

subcarrierd/ is chosersoasto meetthefollowing conditions[453]:

e The subcarrier signals of the multicarrier DS-CDMA-I system experience no
frequeng-selectvity or nosignificantdispersionHenceT,,, /T, < 1.

e All subcarriersignalsare subjectto independenfading, which impliesthat2/7, >
(AB)..

Theseconditionscanbe expresseds:

Ty

<
=T

<1. (17.118)

N

Let T,.; bethechip durationof a correspondingingle-carrieDS-CDMA systemhaving the
samedatarate and the samebandwidthas the multicarrier DS-CDMA systemconsidered.
Then, the chip durationof the multicarrierDS-CDMA-I systemconsidereds T, = UT,;.
Upon substitutingthis into the above equation,we can seethat the numberof subcarriers
shouldsatisfythe conditionof:

N

1~ T Ta

(17.119)

53

SinceL; = |T)n/Tw1] + 1 representshe numberof resohable pathsin the corresponding
single-carrieDS-CDMA systemhencewe choosel/ = L.

Sincein the multicarrier DS-CDMA-I systemof Fig.17.4 satisfying the condition of
Eq.(17.118kachsubcarriersignalis subjectto independenfrequeng non-selectie fading,
therecevvedsignalassociateavith K numberof asynchronousiserscanbeexpresse@s:

K U
r =33 \/%akubk(t — r)er(t— ) cos(27 fut + opa) 4 n(8),  (17.120)

k=1u=1

wherepy, = Gy +Wry — 27 fu, 71 is arandonmvariableuniformly distributedin [0, 27), while



PSfragreplacements

17.6. PERFORMANCE OF MULTICARRIER DS-CDMA-I SYSTEMS 595
=\ D n D |1
cos(2m f1t + ¢1) g1c(t)
Receved Z
T 2 A
signal ? ? fo ’ 2 D
cos(2m fat + @2) 2c(t) o o e
) el
0

cos(2m fut + o) gue(t

Figure 17.27: The recever block diagrammatchedto the referenceuserk = 1 in the multicarrier
DS-CDMA-I system.

aky, Tk andyy,, arethe channelamplitude,delayandphaserespectiely, correspondingo
the subcarrieru of userk. Finally, n(t) representthe AWGN with double-sidedpower
spectradensityof Ny /2.

Therecever block diagramfor thereferenceuseris shavn in Fig.17.27 wheretheindex
of k = 1 is omittedandm, = 0 is assumedor notationalcorvenience.In the multicarrier
DS-CDMA-I system frequeng diversity is achieved by combiningthe correlators outputs
associateavith thesubcarriersTherecever providesa correlatorfor eachsubcarrieandthe
outputsof thecorrelatorsarecombinedn orderto yield a processingjain comparabléo that
of asingle-carrieDS system providedthatthe spacingbetweenwo adjacensubcarrierss
A= Tl Referringto Fig.17.27 the decisionvariablecorrespondingdo the Oth databit can
beexpresseds:

z = Y 2, (17.121)

Ty
Z, = / F()guc(t) cos(2m fut + p0)dt, (17.122)
0

whereg, = «,, is assumedassociatedvith perfectchannelestimationanda MRC diversity
combiningscheme.Accordingto Eq.(17.101),in the multicarrier DS-CDMA-I systemof
Fig.17.4,the normalizedvarianceof the multiuserinterferenceengenderedby an adjacent

subcarriersignalis g 2N , Which is derived from Eq.(17.101)by settingu — m = 1, A =

2Ne, Gmv = g» and = 1. It canbe shawn that Sw%%\, is significantlylower thang?2 /3 .
Therefore,in our following analysiswe ignore the interferencemposedby the subcarrier
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signalsotherthanthe subcarrieiconsideredConsequentlyZ, canbeexpresseds:

Zy = \/E D, +ka + 1, (17.123)
whereD, is thedesiredoutput,whichis givenby:
D,, = b0]a?. (17.124)
Furthermore];, k = 2,3, ..., K representshe normalizedmultiuserinterferencenflicted
by userk, which canbe expresseds:
T = 2B 0 [y 1] Ry () + b0} e (17.125)

whereby, = @i, — .. ThevariablesRy () ande(Tk) arethe partial cross-correlation
functionsdefinedby Eqgs.(17.89)xand (17.90),while I;, canbe approximatedasa Gaussian
randomvariablewith zeromeanand varianceof 2 /3N,. Finally, n, in Eq.(17.123)is a
Gaussiamandomvariablewith zeromeanandvarianceof U2 Ny /2 E,, whereE), = PT, is
theenepy perbit.

Therefore,Z,, canbe approximatedasa Gaussiammandomvariablehaving a normalized
meangivenby D,, andanormalizedvarianceof [1/3N, + U Ny /2FE,) g2. SinceZ is thesum
of U independenGaussiammandomvariables,Z is alsoapproximatelyGaussiardistributed
with ameangivenby:

U
=0[0] ) o, (17.126)
v=1
andvarianceof:
K1 2E, )
Variz] = | = SN (UN0> ] Zav. (17.127)

Having obtainedthe statisticsof the decisionvariable let usnow derive the BER expres-
sionfor themulticarrierDS-CDMA-I systemin thefollowing subsection.

17.6.2 PerformanceAnalysis

Sincethe decisionvariable Z canbe modelledasa Gaussiarvariablehaving a normalized
meangivenby Eq.(17.126)andanormalizedvariancegivenby Eq.(17.127)the BER condi-
tionedon a setof channefadingamplitudes{«,,, v = 1,2,... ,U} canbeexpresseds:

P(y) =Q (\/2—7) , (17.128)
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where
U
V=AY ors (17.129)
v=1
and
2(K — 1) B\
_ - b
N = ) 17.130
Te [ 3N, +(UN0> ] ( )

TheunconditionaBER canbederivedby averagingeq.(17.128} afterweightingit with
the PDF of ~ - over the valid rangeof ~ usinga similar approachto thatin Section17.5.
Finally, theunconditionaBER canbe expresseds:

Pb:[(l_ﬂ)}UUZ1<U—1+n> {(Hu)]"’ (17.131)

2 n 2

n=0

where,u is givenby:
=T (17.132)

and7, is givenby Eq.(17.130).

17.7 Performance of Multicarrier DS-CDMA SystemsUs-
ing Adaptive SubchannelAllocation

The multicarrierDS-CDMA schemausingadaptve subchanneallocation— which waspor
trayedin Fig.17.15andreferredto asthe adaptve AMC DS-CDMA scheme- hasbeenpro-
posedandstudiedin [439]. Theadaptie AMC DS-CDMA schemeaepresentshe extension
of the multicarrier DS-CDMA schemd453] of Fig.17.4for the forward links. In contrast
to themulticarrierDS-CDMA schemeof [453], whereidenticalDS waveformsaretransmit-
ted over eachof the subchannelsn adaptve AMC DS-CDMA eachusers DS waveformis
transmittedover the users favorite subchanneéxhibiting the highestamplitude[439]. The
channel fadingamplitudesareestimatecht the mobile for all subchannelandtheindex of
the bestsubchanneiks fed backto the basestation.

In thissectionwe investicatetheperformancef theadaptve AMC DS-CDMA systenpf
Fig.17.15discussedn Subsectiorl7.2.6.Again, this schemeanbeviewedasthe extension
of themulticarrierDS-CDMA schemanvesticatedin Sectionl17.6. In our investigationswe
assumehat randomspreadingcodesare employed and the channelis frequeng-selectie
Rayleighfading,but eachsubchanne$ fadingamplitudeis ani.i.d randomvariableobeying
the Rayleighdistribution. We assumefor simplicity thatthe channel fadingamplitudesare
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perfectly estimatedand fed back from the mobile stationto the basestationwithout delay
andfeedbacktransmissiorerrors. This assumptiorhasoften beenusedin the literaturein
orderto derive the best-cas@erformancestimateof systemawith theaid of perfectchannel
quality side-informatior]75]. Furthermorewe assumehatthe multiuserinterferencecanbe
approximatedy anadditve Gaussiamandomvariablehaving zeromean,aswe assumedn
theprevioussections.

In theadaptve AMC DS-CDMA systemof Fig.17.15the signaltransmittecon the down
link by thebasestationcanbe expressedsin Eq.(17.18)which canberewritten as:

U

sp(t) = Z V2P (t)cx (t) Z Ay (i) cos(2m fut + Pru)
k=1

u=1

U
+ Z V/2Pyco(t) cos(2m ful + b)), (17.133)
u=1

where P representshe power transmittedtransmittedby the basestationto eachuser Py
representshe transmittedpower of the pilot signalthatis transmittedoy the basestationon
eachsubcarrierin orderto facilitatethe selectionof the bestsubchannefor thetransmission
of the usefuldatato the mobiles,b (¢) andcy (t) representhe datawaveformandspreading
codewaveform of the kth user while ¢q(t) representshe spreadingcodewaveform of the
pilot signal. Finally,

.y |1, foru =iy
Au(zk)_{ 0. foru iy, (17.134)

indecatingthatonly onesubcarrieiis activatedby eachuser

Assumingthatfrequeng non-selectie fadingis experiencedy the U subcarriessignals
andthatthe K numberof down link usersignalsplusthe associategilot signalusedfor es-
timatingthedown link subchannedjuality aretransmittedsynchronouslythe signalreceved
by themobile canbe expresseds:

K
r(t) = Z V2Pay, by, (t)ex (t) cos(27 fi, t + Qri,)
k=1

U
+ Z 2Py co(t) cos(2m fut + ©u,)

u=1

+ o), (17.135)

wherep:, = Griy, + Vkiys Pu = Pu + Yu, n(t) isthe AWGN.

The mobile’s recever block diagramfor the AMC DS-CDMA schemewas shavn in
Fig.17.16,wherethe coherentdemodulatiorphasesassociatedvith the ith subchannehnd
thedespreadingodeareincorporatedn thetermof go[i], i = 1,2,... ,U correspondingo
the detectionof the pilot signalusedfor the estimationof the subchanneguality. Similarly,
thetermof g [ix] correspondso the kth users datadetection.Explicitly, atthe mobile,the
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index of the bestsubchanneis determinedoy estimatingthe fadingamplitudesof the sub-

channelsvith theaid of theknown pilot signal. We assumehatthefirst useris thereference
userandignorethe userindex relatedto the referencauserassociateavith £ = 1. Leti; be

the bestsubchannelwhich is beingusedfor the Oth databit’s transmissionWe assumethat

thereare K, outof K — 1 active interferinguserswho sharethe i;th subchanneWwith the

referenceuser Therefore assumingperfectestimationof the sub-channelsamplitudesand

phasesthedecisionvariable,Z seenatthe outputof the mobile’s recever schematiccanbe

expressedn theform of:

Z

Ty
/ r(t)aicr(t) cos (2m fiy t + @14, ) dt
0

Ky
| P
—T
2 b

Diy+ > I, +Io+m | (17.136)
whereD;; representthetermassociateavith the desireduser which canbe expresseds:

kr=1

Dy, = b[0]o? (17.137)

1 119

andIy, is themultiuserinterferencamposedby from the kth user which canbe expressed
as:

oy 0. Ty
B = et [T a0
Ne—1
Ay Oy Cos(eik)bkh [0] i

N B el (17.138)

n

n=0

Themultiuserinterferenceéerm1;, canbeapproximatedy a Gaussiamandomvariablewith

meanzeroandvarianceof:

Q]u Ozgl
2N,

var(ly,] = : (17.139)

whereQ,; = E [a3,], while o, representshe fadingamplitudecorrespondingo the best
subchannebf userk. Since{ay;, i =1,2,...,U} areRayleighdistributed randomvari-
ablesobeying a PDF givenby Eq.(17.23), {3, i = 1,2,... ,U} obey exponentialdistri-
butionshaving a PDF givenby:

faz (R) = L exp <—E> , R>0. (17.140)
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ThePDFof a3, = max {a},,04,,... ,ai; } canbederivedusingthefollowing formula:

d T U
foz, (r) = = { /O faii(R)dR} : (17.141)
Uponsubstitutingeq.(17.140)nto Eq.(17.141)we obtain:
U r r\1U—-1
fug, ) = gexo (=) [1=ew (=5)] vz (17.142)
With theaid of Eq.(17.142)2,, is givenby:
QM = F [a?u]
= / - fa2, (r)dr
0
< U r r\jU-1
/0 rge(g) 1-ew(-g)] @

U1\ (e
UQ; ( . >(n+1)2. (17.143)

In EQ.(17.136)I, representshe interferenceengenderedy the pilot signal. Assuming
thattheinterferencedueto the subcarrierdtherthansubcarrieri; of interestcanbeignored,
Iy canbeexpresseds:

P, \ ™
IO = ETb 2P0(1;180 (t) COS(QTK’filt + 901'1)
0

[07F &1 (t) COS(Qﬂ'fil t+ P1iq )dt

o oy, cos B, et
_ WT 3 0D, (17.144)
€ n=0
wherep = P,/ P representshe ratio betweenthe power of the pilot signaltransmittedby
the basestationon eachsubcarrieandthat of the referencesignal. The fadingamplitudeof
the pilot signalon subcarrieri; is denotedby «;, . For agivenvalueof «;,, Iy canalsobe
approximated Gaussiamandomvariablewith zeromeanandvarianceof:

Qpra?
Var(l] =~ 2%%. (17.145)
e

Finally, n);, is aGaussiamandomvariablewith meanzeroandvariancegivenby Ny /2 E},.

Consequentlyfor agivenfadingamplitudeof «;, , thedecisionvariableZ attheoutputof
themobile'sreceiver schematiseenin Fig.17.16canbeapproximatedy a Gaussiamandom
variablehaving a normalizedmeangiven by Eq.(17.137),anda normalizedvariancegiven



17.7. PERFORMANCE OF AMC DS-CDMA SYSTEMS 601

by:

VarZ] = Qo . (17.146)

2N, Ny

Ky +p <QQME5>_

Thebit errorprobabilityfor a givenfadingamplitudeof «;, andfor K; numberof users
activatingthei, th subcarrieccanbe expresseas:

202

Py(af, Kp) = Q( Ve QM) ; (17.147)

where

(17.148)

c =

Kh+p_|_ OB\
Ne NO

Sincethe i;th subchanneWas assumedo be the bestsubchanneturing the 0Oth bit's
transmissioni.e., a? = max{a3,a3.... 0} }, o hasthesamePDFaSaM which was
givenby Eq.(17. 142)Thereforethecondltlonlngof Pb( . K},) ona? canberemovedby
theweightedaveragingof Eq.(17.147)accordingto its PDFfQi1 (r) of Eq (17.142)pverthe

valid rangeof 0%21 , Wwhich canbe expresseds:

P(Ky) = / Pr Kn) fo (1)
o (=3 PR
S [ S50

(17.149)

n=0

Interchanginghe orderof intefrationassociateavith ¢ andr, Eq.(17.149kanbewritten as:

DE O oSl )

n=0

(17.150)
Uponevaluatingoutthe above integrals,Eq.(17.150anbe simplifiedto:
U= n —
U 1 ~Q
1- . 17.151
2 n:O ( ) [ \/759 + (’I’L + ]_)ij ( )
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Since
(-0 (U1
Uy (n+1)( . ) =1, (17.152)
n=0
Eq.(17.151anberewritten as:
U— —
P = Ly U0 (U— 1) 7.0
2 24 (n+1) n T2+ (n+1)Q

U
11 S (1) U\ | 7.0

If we assumehatthechannehttenuatiorior agivenmobileis independentf thechannel
quality for any other mobile and that the probability of choosingary specificsubchannel
asthe bestsubchannefrom the setof U subchannelss equiprobablethe probability that
thereare K, outof K — 1 numberof interferingusersactivatingthei;th subchannetanbe

expresseds:
K—1\ (1\" 1\ R
P(Kp) = < K, ) (ﬁ) (1— 5) : (17.154)

TheunconditionaBER, consequentlycanbe expresseds[439]:

K-1
P, = P(Kp)Py(Kp)
K,=0

K-1 Ky K—-1-Kp
K-1 1 1
= — 1—-— Py(K 17.155
K 0< Kh ) (U> ( U) b( h), ( )
h=

whereP,(K},) is givenby Eq.(17.153).

In Fig.17.28andFig.17.29we comparedhe down link BER performanceof the multi-
carrierDS-CDMA-I systemof Fig.17.4,whichwasanalyzedn Section17.6,andthatof the
adaptve AMC DS-CDMA systemof Fig.17.15andFig.17.16investicatedin this section.In
Fig.17.28heBERwasevaluatedasafunctionof theSNRperbit E, /N, by assuminghatthe
spreadinggain of a correspondingingle-carrieDS-CDMA systemwas N = N .U = 256
andthe numberof active userswas K = 20. By contrast,in Fig.17.29the BER waseval-
uatedas a function of the numberof active usersK by assumingthat the spreadinggain
of the correspondingingle-carrieDS-CDMA systemwasalsoN = N.U = 256 andthe
SNRperbit wasE, /N, = 8dB. Therefore the spreadinggain of eachsubcarriesignalwas
N, =64 forU = 4andN, = 32 for U = 8. Theresultsfor theadaptve AMC DS-CDMA
schemewere computedaccordingto Eq.(17.155)with 7, given by Eq.(17.148)while the
resultsfor the multicarrier DS-CDMA-I schemewere computedfrom Eq.(17.131)with 7,
given by Eq.(17.130).However, sincesynchronougransmissionsare usuallyemployedin
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Figure 17.28:Down link BER versusSNR per bit, E,/No, performancecomparisorfor the multi-
carrier DS-CDMA-| systemof Fig.17.4and the adaptve AMC DS-CDMA systemof
Fig.17.150ver dispersie Rayleighfadingchannelsvith parameteref N = 256, K =
20 andU = 4, 8, whereN is the spreadinggain of a correspondingsingle-carrier
DS-CDMA system. The resultswere computedfrom Eq.(17.131)for the multicarrier
DS-CDMA-I schemewhile from Eq.(17.155for the AMC DS-CDMA scheme.

the down link, the term 3N, in Eqg.(17.130)shouldbe replacedby 2N, accordingto the

derivation of Eq.(17.148)in this section. Fromthe resultsof Fig.17.28we obsenre that for

low to moderateSNR per bit value,the adaptve AMC DS-CDMA schemeoutperformsthe

multicarrierDS-CDMA-I schemeaslong asthereceiver canmaintainnearperfectchannel
estimationwith the aid of the pilot signalsand provided that thereare no feedbackerrors
concerningthe choice of the bestsubchannel.However, if the SNR per bit in excessof

Ey/Ny > 14dB for U = 4 and E,/Ny > 12dB for U = 8, the abore-mentionedrend

is reversed,in otherwords, the adaptve AMC DS-CDMA schemeis outperformedby the

multicarrierDS-CDMA-I scheme.In Fig.17.29the adaptve AMC DS-CDMA schemeout-

performsthe multicarrierDS-CDMA-I schemeover the entirerangeof the numberof active

usersnvestigated,namelyfrom K = 1 to K = 50, whenSNR perbit of £,/ N, = 8dB was

assumed.Furthermore since multicarrier systemsausing a high numberof subcarrierccan

achieve a high diversity order we infer from the resultsof both Fig.17.28andFig.17.2%that

for ary givenvalueof E, /N, or ary givennumberof active users,K, the BER performance
of the systemusinga high numberof subcarrierssuchasU = 8, is betterthanthat of the

systememploying alow numberof subcarrierssuchastU = 4.
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Figure 17.29: Down link BER versushnumberof users /&, performanceomparisorfor themulticarrier
DS-CDMA-I of Fig.17.4systemandtheadaptve AMC DS-CDMA systenof Fig.17.15
over dispersve Rayleighfadingchannelswith parametersf N = 256, Ey,/No = 8dB
andU = 4, 8, whereN is the spreadinggain of a correspondingsingle-carrieDS-
CDMA system. The resultswere computedirom Eq.(17.131)or the multicarrierDS-
CDMA-I schemeyhile from Eq.(17.155Yor the AMC DS-CDMA scheme.

17.8 Performance of Slow Frequency-Hopping Multicar -
rier DS-CDMA Systems

In this sectionwe investicate the performanceof the SFH/MC DS-CDMA systemseenin

Fig.17.17 whenusingBPSK datamodulation. Its performances evaluatedover a rangeof

multipath Rayleighfadingchannels.Two detectionschemesgreinvestigatedin conjunction
with the recever having perfectknowledgeor no knowledgeof the FH patternsemployed.
Whentherecever invokesthe explicit knowledgeof the FH patternaused thencorventional
hard-detection which is often appliedin direct-sequenceslow frequeng-hoppingCDMA

(DS/SFHCDAM) [408,465] systems is employed for the sale of simplifying the recever.

By contrastwhentherecever doesnot have ary knowledgeconcerninghe FH patternused,
thenthejoint soft-detectiortechniquesreused,in orderto simultaneoushaccomplishboth
demodulatiorandFH patternacquisition.
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17.8.1 SystemDescription

17.8.1.1 The Transmitted Signal

The SFH/MC DS-CDMA systemhasbeenreviewed in Subsectiorl7.2.7,wherethe model
of the transmitterandthe multiple accesshannelwasdepictedin Fig. 17.17. Referringto
Fig. 17.17 thetransmittedsignalof userk canbeexpresseads:

Up—1
= 3" V2Pbpu, (er(t) cos (27r f&’;>t+¢;”;}), (17.156)
u,k:O

whereP representthetransmittecbower persubcarrierwhile Uy, indicatesheweightof the
constant-weightodecurrentlyemployedby the kth user andcy (t) representshe spreading

waveform. Furthermore{ by, (t)}, {fﬁf)} and{gpgfc)} representhe currentdatastreams
waveforms,thesubcarriefrequeng setandthe phaseanglesintroducedn thecarriermodu-

lation process The datastreams$ waveform by, (t) Z b(z) PT t — iT,) consistof a

sequencef mutuallyindependentectangulaipulsesof durationT; andof amplitude+1 or

-1 with equalprobability The spreadingsequencey(t) = Z c,(j)PTC (t — jT.) denotes
J——0C

thesighaturesequencevaveform of the kth user Wherec,(j ) assumesaluesof +1 or -1 with
equalprobability, while Pr_(t) is the commonchip waveform for all signals. In our anal-
ysis for the sale of simplicity we assumehat thereexists no spectraloverlap betweenthe
spectramain-lobesof two adjacensubcarriersandalsoassumehatthereexistsno interfer
encebetweersubcarriersMore explicitly, interferences inflicted only, whenaninterfering
useractivatesthe samesubcarrier asthe referenceuser Let N, = T,/T, be the number
of chipsperbit, whereT; is the bit durationbeforethe serial-to-paralletornversionstageof
Fig.17.17.Let the processingyain of eachsubcarriersignalbe N, which canbe expressed
asN, = T, /T,.. Furthermorewe assumehatthe frequeny hoppingdurationis 7},, andthat
thenumberof databits V;, = T}, /T transmittecperhopis a positive integer, whichis strictly
largerthanl, i.e. we assumausingslow frequeng hopping.

17.8.1.2 Channel Description

The channelmodelconsideredn this sectionis thefinite-lengthtappeddelayline modelof
afrequeng-selectve multipathchannel[95], whosecomplex low-passmpulseresponsédor
subcarrien, of userk is givenby:

L,—1
0 Z ozu];l L ot — 1,T5). (17.157)
lp,=0

In Eq.(17.157), T is therelative delayof the [,-th pathof userk with respecto the main
path, the phases{gbfli)’lp} arei.i.d randomvariablesuniformly distributedin the interval
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[0,27), whilst the L, tap weights {O‘Eli),zp } are independenRayleighdistributed random
variableswith aPDFgivenby Eq.(17.23).Consequentlyfor anasynchronou€ DMA system
supportingK userstherecevedsignaltakestheform of:

K Ug—1Lp—1

+ V2P YN S ol b 1T — )
k=1ur=0 1,=0

it — 1,Ts — 7) cos (27r £t 4 ) , (17.158)

uk,lp

wheren(t) representshe AWGN with zeromeanand double-sidedower spectraldensity
of Ng/2, d}g;i),lp = [gag’j;) + o) —on i (r 4 lpTc)] (mod 27), which is assumedo

uk,lp

be ani.i.d randomvariablehaving a uniform distribution in [0, 27), and 7, representshe
propagtiondelayof userk.

17.8.1.3 Recever Model

Let the first userbe the userof-interestand considerthe corventionalmatchedfilter based
RAKE recever usingMRC, asshavn in Fig. 17.18,wherethe superscripand subscriptof

the referenceusers signalhasbeenomitted for notationalcorvenience.In Fig. 17.18 L -

the numberof diversity branchesusedby therecever- 1 < L < L, is avariable,allow-

ing usto studythe effect of differentdiversity orders. In contrastto the transmitterside of

Fig.17.17 whereonly U, outof U subcarrieraretransmittecby theuserk, attherecever of

Fig. 17.18all U subcarriersarealwaystentatvely demodulated Furthermorethe informa-

tion bitstransmittecbverthedifferentsubcarriersnightbedetectedisinghard-detectiosep-
arately or usingblind soft-detectiorjointly for all subcarriers.The choiceof soft-detection
depend®nwhetherthereceveris capableof acquiringthe FH patternslindly, i.e., without

their explicit signalling. Thisimportantissuewill be discussedn the forthcomingSections.
Consequentlyfrom the point of view of the recever, eachsubcarriercanbe viewed asan

On-Of type signallingscheme Whena subcarrietis actively usedfor signallingandhence
it is in the On-statethe MRC outputsamplegyive +1 or -1 information. Otherwise while

passive andhencen the Off-state ,the MRC stageoutputsnoise.

TheU numberof matchediltersin Fig. 17.18arematchedo thereferencausers spread-
ing code,andareassumedo have achiezedtime synchronizationLet usassumehatperfect
estimate®f the channektap weightsandphasesreavailable. Then- afterappropriatelyde-
laying the individual matchedilter outputs,in orderto coherentlycombinethe L numberof
pathsignalsusedoy theRAKE combiner- theqth MRC outputsampledatt = T+ (L—1)T,
in orderto detectthefirst symbolcanbe expresseds:

Zy = D,[0] + 1, (17.159)
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whereD,[0] representthe desireddirectcomponentwhich canbe expresseds:

L—1
D,[0] = @stq 0> a2, (17.160)

=0

In Eq.(17.160),[0] is thefirst bit transmittedbn subcarrie; by thereferenceuserandb, [0] €

{+1,-1,0} with ‘0’ representinghe Off-state. Sincewe have assumedhatthereexists no
interferenceamongsthe subcarriersinterferenceds inflicted only, whenaninterferinguser
activatesthe samesubcarrierasthe referenceuser Hence the interferenceplus noiseterm
I, in Eq.(17.159anbeexpresseds:

Iy = I4[S] + I4[M] + Ng, (17.161)

wherel, [S] representshe multipathinterferencémposedby the g-th subcarrieiof the user
of-interestwhich canbe expresseds:

P L fel L cosb,,
L[S] = <\/§Ts> Zaq,l Z e %o T s
1=0

17l
Ts+(L—1)T,
/ byt — (L+1, —1—1)T]
(L-1)T.
[t = (L+ 1, — 1= 1)T)eft — (L — 1)T,]dt, (17.162)

whereI,[M] representshe multiuserinterferencenflicted the ¢-th subcarriersf theinter-
fering users.Let usassumehatthereexists K, (0 < K;, < K — 1) numberof interfering
signals,all of which activatethe ¢-th subcarrieduringthefirst symbols transmissiorof the
referencesignal. The event,whenaninterfereractivatesthe samesubcarrielasthereference
user is oftenreferredto in theliteratureasa so-calledhit - aneventthatwill bediscussedn
detailin thenext SubsectionThen,I,[M] canbeexpresseds:

L1 K Ll () ()
P g €St
LM = “ T, _Wlp " 7 lp
= (7n) S35
Ts+(L—1)T,
/ B[t~ (L4 1y — 1 — 1)T. — ]
(L—1)T.

et — (L+1, — 1= )T, — e[t — (L — D)T.)dt.  (17.163)

In Eq.(17.162pnd(17.163)thecos(-) termsarecontritutedby thephasedifferencedetween
theincomingsubcarriersandthelocally generatedubcarriemsedin the demodulation.Fi-
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nally, thenoisetermof Eq.(17.161canbeexpresseds:

Ts+(L—1)T.

L—1
Ny=3 ag / n(t)elt — (L — 1T cos(2mf,t + bgi)dt,  (17.164)
=0 (Lil)TC

whichis aGaussiamandomvariablewith zeromearandvarianceof %a%= 5~ ' a2, where
{a,1} representshe pathattenuations.

We have obtainedthe decisionvariablesof the MRC outputsamplesLet usnow analyze
the BER performancenf the SFH/MC DS-CDMA systemusinghard-detectiorby invoking
the often-usedsaussiarapproximation.

17.8.2 Performance of the SFH/MC DS-CDMA Recever with Explicit
Knowledgeof the FH Patterns: Hard-Detection

17.8.2.1 Probability of Err or

In the analysisof this section,we employ the Gaussiarapproximatiorandhencemodelthe

multiuserinterferenceandthe self-interferencaermsof Eq.(17.161)asan AWGN process
having zeromeananda varianceequalto the corresponding/ariances.Consequentlyfor a

setof givenchannelamplitudes{«, ; } — accordingto the analysisof the previous sections-

theg-th MRC outputsamplecanbeapproximatecisan AWGN variablehaving ameanvalue

givenby Eq.(17.160xnda varianceof:

L-1

QY al, (17.165)
1=0

,_ PT?
2

g

Knlp+ Ly —1 (208, -1
3N, No

whereFE, = PT; istheenegy perbitand2 = £ [(aqvl)ﬂ.

Sincethe recever hasthe explicit knowledgeof the FH patternemployed by the trans-
mitter, theinformationtransmittecon the U, numberof activatedsubcarriers€anbedetected
without taking into accountthe Off-statecarriers. Hence,the averagebit error probability
canbeexpresseds[408,465]:

K-1

K-1 R _

by = Z < K, )Pff(h(lph)K ! K’LPb(Kha'Yc)a (17166)
Kn=0

where0 < K;, < K — 1 and P, is the probability of a hit - asdefinedabore - imposed
by an interferingsignal. In an asynchronousystem,if we assumehatthe FH patternis
determinatedandomlyby a constant-weightodechosenfrom the setof (UUk ) codes then
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the probability of a hit engenderedly theinterferinguserk canbe approximatedy:

(64 U
Py (k) = el _ Tk (17.167)

The averageprobability of a hit, P,, canbe computedby averagingEq.(17.167)takinginto
accountthe weightsof the constant-weightodesusedandthe numberof users,K’, which
yields:

P, = (17.168)

ol

whereU representtheaverageweightof the constant-weightodesused.The probability of
Py (Kp,7,) in Eq.(17.166enotesheconditionalbit errorprobabilityof thehard-detections,
giventhat K, hits wereinflicted by theother X' — 1 interferingusersj.e., K outof K — 1
usersin the systemactivatedthe samesubcarrierasthereferencaiser

Beforeproceedingo the evaluationof the averageprobability of P,(K},7,.) for agiven
K, we first have to determinethe error probability conditionedon the multipath compo-
nentattenuationg e, ; }. Following from our previous discussionsfor the recever having
an explicit knowledgeof the FH pattern,only the case,whenb,[0] € {+1,—1} hasto be
consideredn deriving the error probability The associatedonditionalbit error probability
of the BPSKmodulatedits maybewritten as:

Py(Kn,v) = Q(v/2), (17.169)

where

L—1
1
v o= 70-52(13’1 (17.170)
=0
—1

, (17.171)

Yo =

2KpLy+ L, — 1) QB !
3N, Ny

where7y,. representtheaverageSNR perpath.

Theaveragebit errorprobabilityfor K; humberof hitsis calculatedrom theconditional
error probability uponweighting P, (K, ~) by the PDFof v, f(v), andthenaveragingor
integratingtheweightedproductoverits legitimaterange asshavn in Eq.(17.57) According
to ouranalysisin Sectionl7.4,the averageBER for a given numberof interferinguserscan
be expressedvith theaid of Eq.(17.57) Eq.(17.59)as:

Py(Kp,7,) = {(12“)}“2_1 (LiJrn) [(H“)r, (17.172)

n=0
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where,by definition:

=T (17.173)

with 7, givenby Eq.(17.171).
Consequentlythe averageBER of therecever usinghard-detectiortanbe computedoy
substitutingeq.(17.168andEq.(17.172)nto Eq.(17.166).

17.8.2.2 Numerical Results

C(32,16), L,=6, K=50, N,=128

10°

10—6|||||||||||||||||||||||||||

5 15 25 30
Ey/No (dB)

o

Figure 17.30: BER versusSNR per bit performancefor constant-weightode basedSFH/MC DS-
CDMA systemsusing hard-detectiorover multipath Rayleigh fading channelsupon
varying the diversity order L, using the constant-weightode C(32,16)for FH pat-
terns,L, = 6 resohablepaths, K = 50 usersanda bit-durationto chip-durationratio
Ny = 128. For therecever usingmaximumratio combining(MRC), the optimumdi-
versity order L is its maximumpossiblevalueof L = L,, correspondingo combining
all theresohablemultipathcomponents.

In orderto quantify the systems$ performancémprovementsdueto diversity, Fig.17.30
depictsthe BER asa function of the SNR per bit, namely E,/Ny. The individual curves
in eachfigure are parameterizedby the diversityorder L = 1,2,... ,6. We assumedhat
the FH patternswveredesignedrom the constant-weightodeC(32,16),therewere L, = 6
resohable paths,the numberof active userswas K = 50 andthe spreadinggain of each
subcarriersignalwas N, = 128U, i.e., the bit-durationto chip-durationratio was N =
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Figure 17.31:BER versusSNR per bit performancefor constant-weightode basedSFH/MC DS-
CDMA systemsusinghard-detectiomnd L, = L = 3 uponvaryingthevalueof NV and
Q. For aconstanbandwidthassociatesvith N, Q = 22, thecombinatiorof N, = 256
and@ = 16 providesthe bestperformancevhile alsoimposingthe highestcompleity,
requiringa high bit/chip durationratio V.

128. Fromtheresultsit is seenthatthe systems BER performances dramaticallyimproved
by increasingthe diversity order L. For MRC, the value of L hasto be maximized. The
correspondinghoiceof L = L,, impliescombiningall theresohablemultipathcomponents,
irrespectve of therecever’'s associatedompleity.

In Fig.17.31SFH/MC DS-CDMA systemshaving a constantsystembandwidthassoci-
atedwith theproductN,@Q = 212, but usingvariouscombinationf the numberof subcarri-
ers() andbit-durationto chip-duratiorratio of NV, wereconsideredin thissystemjncreasing
the numberof subcarriersmpliesdecreasinghe‘hit’ probability inflicted by theinterfering
usersandsimultaneouslydecreasindhe direct-sequencspreadbandwidthof eachsubcar
rier. The parametersisedareshovn in the figure. For a constansystembandwidthandfor
L, = L = 3, weobsere thatalthough and N, changeover awide range the BER perfor
manceremainsindistinguishabldor relatively low SNR perbit values,namelybelov 15dB.
However, for higherSNR perbit values,in excessof 21dB,the BER performancémproves
uponincreasingN,.

Sinceincreasingthe value of NV, implies increasingthe DS spreadbandwidthand re-
sultsin decreasinghe chip-durationconsequentlyfor agivenmultipathfadingervironment
having an averagedelay spreadof T,,,, the numberof resohable pathsL, = T,,,/T, in-
creasesipondecreasingl,. Hence,the assumptiorof L, = L = 3 in Fig.17.31is im-
practical. Therefore,in Fig.17.32the performanceof a SFH/MC DS-CDMA systemusing
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Figure 17.32: BER versusSNR per bit performancefor constant-weightode basedSFH/MC DS-
CDMA systemsusing hard-detectiorand L, = L = 1,2,4, 8,16 uponvarying the
valueof N, andQ. BestBER performancés achieedfor ahighdiversityorderof L, =
L = 16, combiningall associatednultipathcomponentsregardlessof the associated
recever compleity.

hard-detectiorover a given multipath fading ervironmenthaving an averagedelay spread
of T,,, wasconsideredasa functionof L, = L = 1,2,4,8 and16. More explicitly, here
we assumedhattherewasoneresohablepathat therecever for the systemassociatedvith
N, = 16. Consequentlythe numberof resohablepathswas L, = 2, 4, 8, 16 for thesystems
using N, = 32,64, 128, 256, respectrely. Furthermorewe assumedhatthe recever was
capableof combiningall theresohablepathsregardlessof the associatedompleity. Other
parameterselatedto the computationsverethe same,asin Fig.17.31,which areshavn in
the figure. The resultsindicatethat the BER performancés significantlyimproved, when
increasingV,. Hence,for signalsundegoing severefading,a high numberof independent
subchannelarerequired,n orderto enhancehe systems performance.

Forthesystemsonsideredn Fig.17.32to achiee thebestBER performanceherecever
hasto have a high diversityorder For example,for the systemwith v, = 256 to achieve the
bestBER performancethe recever hasto combineall the 16 multipathsignals. However,
atthetime of writing the implementatiorof sucha comple recever is impractical. Hence,
in Fig.17.33we considered recever with a maximumdiversity orderof L = 3, although
a highernumberof resohable paths,L,,, wasavailableat the recever. Fromthe resultswe
infer thatthe curve associateavith () = 64, N, = 64, or L, = 4, L = 3 achievesthe best
BER performance.

Fromtheresultsof Fig.17.31to Fig.17.33we concludethat, for a SFH/MC DS-CDMA
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Figure 17.33:BER versusSNR per bit performancefor constant-weightode basedSFH/MC DS-
CDMA systemausing hard-detectioruponvarying the value of N, and@ for a maxi-
mumdiversityorderof L = 3 andL, = 1,2, 4, 8, 16. Giventhe compleity constraint
of L = 3, thesystemassociateavith N, = 64, Q = 64, L, = 4, L = 3 achievedthe
bestperformance.

systemhaving a constantsystembandwidthand using hard-detectionfrom a systemopti-

mization point of view, the DS spreadbandwidthof eachsubchannehasto be adjusted,
so that the resulting numberof resohable paths, L,, is ascloseto L as possible. Then
therecever canefficiently utilize the enegy dispersedver the multipathcomponentsThe

requirednumberof subchannelg;onsequentlycanbe obtainedby dividing the systenband-
width by therequiredDS spreacdbandwidth.

17.8.3 Detectionof SFH/MC DS-CDMA Signalswithout Knowledgeof
the FH Patterns: Blind Joint Soft-Detection

In the previous subsectionwe studiedthe detectionof the SFH/MC DS-CDMA signals,
whenthereceveremployedthe explicit knowledgeof the FH patternof thetransmitterused,
whilst theperfectestimatiorof thechanneimpulserespons€CIR) wasalsoassumedOften,
however, the recever is not suppliedwith the explicit knowledgeof the FH patterns. This
happendor exampleat the commencementf communicationdeforethe recever detected
this information, or in caseof soft hand-wersto otherbasestations. However, the loss of
information underthesecircumstancess unacceptablend hencemore poverful detection
algorithmsarerequired thanthe hard-detectiottechnique®f thelastsubsection.

If we assumethat the transmittedsignals are equally probable, symbol-by-symbol
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Maximum-LilelihoodSequenc®etection(MLSD)is consideredo bethe optimumrecever
schemd83,95,466]. In this subsectiorwe investigatethe MLSD of SFH/MC DS-CDMA
signalsunderthe assumptiorthatall symbols(vectors)aretransmittedwith equalprobabil-
ity. We assumdurthermorethatthe MRC outputsamplesaremutuallyindependentandom
variableshaving meanvalue given by Eq.(17.160)and, for simplicity, a commonvariance
givenby Eq.(17.165).Hencethe PDF of the ¢-th sampledsubchannebutputof Fig. 17.18
canbeexpresseads:

e e, (17.174)

2mo

where D,[0] is given by Eq.(17.160)with b,[0] € {+1,—1,0}, and o2 is given by
Eq.(17.165).

17.8.3.1 Maximum Lik elihood Detection

Sincethe recever is only aware of the weight of the transmittedconstant-weightode,but

notthepositionsof thebinary‘1’s, therecever now hasto detectnotonly thepositionsof the
‘1’s,whichindicatethesubcarriersised but alsotheantipodabinarymodulatednformation
corveyed by the activatedsubcarriers.Let us expressthe input dataof the schemeseenin

Fig.17.18in the vectorialform of D; = {d;0,d;1,... ,d;v—1}, Wwhere0 < ¢ < M —

1 representshe constant-weightodesetof weight U; and M is the numberof constant-
weightcodesincludedin this set. Thena setof U MRC samplesZ = {Z1, Za,... , Zy_1}

in Fig. 17.18 - which we refer to here as a receved symbol or vector - are input to the
"decisionunit’ invoking ajoint ML detectiorrule, whichis basednthedeterminatiorof the
probabilitiesdefinedas:

U-1 iz L—1 2
2
1 > (5 /gmaei)

—0
202

Q

i=0,1,...,M—1. (17.175)

Thedecisioncriterionis basedon selectingthe signalcorrespondingo the maximumof the
setof probabilities{p(Z|D;)}.

Upontakingthelogarithm of bothsidesof the above equationwe arrive at:

In(p(Z|D;) = f% In(2m0?) — T;D(Z,Di), (17.176)
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where
U—1

L—1
[P
D(Z,Di) = > |Z, — 5 Tudig > afl? (17.177)
=1

_

representthe Euclideardistancebetweerthe decisionvariablevectorof Z andthetransmit-
teddatavectorof D;. Findingthe maximumof In(p(Z|D;) over thewhole setof legitimate
transmitteddatavectorsD; is equivalentto finding the vector D; that minimizesthe Eu-
clideandistanceof D(Z,D;), i = 0,1,... , M — 1. Furthermorepy extendingEq.(17.177)
we arrive at:

U-1 P L-1 U—-1
D(Z.D;y) = Y Z2- ( 51 Za,?> > Zydig
q=0 =0 q=0
5 Ll 2u-1
+ <\/;T > a%) > d7,, (17.178)
=0 q=0

wherethefirst termon theright-handsideis a constanfor all ¢ values,i.e., for all transmit-
ted datavectors. Furthermore sincewe assumedhat the constant-weightodeis from the
codeset{D;}, thethird termis alsoconstantfor i = 0,1,... , M — 1. Consequentlythe
minimizationof D(Z, D;) is equivalentto the maximisationof the correlationmetricsof:

U-—1
C(Z.D;) =Y Zydiq, i=0,1,... . M—1, (17.179)
q=0

which defineghe correspondinglecisionrule basedn selectinghe signalcorrespondingo
the maximumof the setof correlationmetricsC(Z, D;) over the setof M legitimate data
vectorsmaybeinputto thetransmitterschematiof Fig.17.17.

Thedetectioncompleity of arecevedsymbolor vectoris determinedy boththelength
andtheweightof the constant-weightode.For a constant-weightodeC(U, Uy,), the detec-

tion compleity is proportionako O ((UUk)QUk> - whereO indicateghe’order’ of compleity

- sinceeachactivatedsubcarrieassociatedbinary‘l’ in theconstant-weightodeC(U, Uy,)
maycorvey a+1 or -1 databit. However, if U numberof different-ratearansmissiorschemes
aresupportedandeachrateis invoked with an equala-priori probability, thenthe average
detectioncomplity canbe expressedas O (SU / U). This detectioncompleity becomes
excessve, whenevaluatingeq.(17.179Yor all possiblecodewords,if thevalueof U is high.
In the next two sectionsve imposesomelimitationson the transmissiorschemeby limiting
the minimumdistanceof the constant-weightodesrepresentinghe FH patternsjn orderto
simplify the detectionprocess.
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17.8.3.2 Approachl

To this effect, let usassumeahatthe synthesizeof the referencauserin Fig 17.17generates
atotal of U = 2™ subcarriersThis designchoicecorvenientlycoincideswith the practical
implementationatonstraintsof invoking the FastFourier Transform(FFT) for modulation.
AssumefurthermorethatU; = 2™, n = 0, 1,... ,m, numberof subcarrierareactivated.
ThentheU numberof subcarrierganbedividedinto U; numberof groups,eachgrouphav-
ing W = U/U; = 2™ ™ subcarriers.A U;-bit symbolor vectornow canbe transmitted
by U; numberof subcarriersandomlyselectedrom the U; groups,whereeachgroupcon-
tributesoneactivatedsubcarrier Underthe above constraintseachof the U; groupsof W
subcarrierscan be independentlydetected.This reduceghe numberof combinationgo be
consideredy the detectorandhencethe correlationmetricsof Eq.(17.179)kanbereformu-
latedas:

Ww-1 2W—1 U, W—-1
C(Z,D3) = > Zydig+ Y Zodig+...+ > Zydig, (17.180)
q= q=W q=U1—-1)W
whereC; = {d; jw,dijws1,... dijryw-1} for j = 0,1,... U1 — 1 represents

constant-weightodeC(W, 1) having aweightof one. Sincethe MRC outputsin Fig. 17.18
aremutuallyindependentandomvariablesthe U; termsin Eq.(17.180canbe computedn
aparallelfashionwhichimpliesthateachof theU; bits canbedetectedseparatelypy simply
consideringhe W numberof MRC outputsamplesConsequentlythe detectioncompleity
of theU; -bit symbolis now proportionato O(2U; W) = O(2U), whichis linearly dependent
onthetotal numberof subcarriersbut independensf theinformationrate.

Although the compleity of the above detectionapproachis low, it resultsin a reduced
detectionperformanceln orderto enhancehe detectionperformanceandat the sametime
simplify the computationsthe FH patternscanbe designedby selectinga subsetof codes
having aminimumdistanceof d from theconstant-weightodesC(U, U, ), whichis discussed
in thenext subsection.

17.8.3.3 Approachll

Let C(U, d, U,) represent constant-weightodesethaving a codelengthof U andweight
of U,, asdiscussegreviously. Furthermorelet the minimum distancebetweenary pair of
codesfrom C(U,d, U;) be d. Then,this codeconstitutesa specificsubsetf the constant-
weight code C(U, U;), wherethe numberof codevordswas M = (gl) By contrast,let
A(U,d,U,) representhe numberof codevords of the constant-weightode C(U, d, Uy).
Then, if the frequeng hopping patternsare determinednow by all the A(U, d, U;) code-
words, the detectioncomplexity will be reducedrom O [(UUI)QUI] to O [A(U,d, Uy)2Y"].
In fact,from our numericalresultsin Subsectiori7.8.4.3we will seethat,if thevalueof the
minimumdistanced is sufficiently high andthe SNRis alsosuficiently high, thenthe BER
performancevill bevery closeto thatof therecever having anexplicit knowledgeof the FH
pattern.This allows therecever to blindly acquirea restrictedsetof FH patternsexhibiting
aminimumdistanceof d, duringthe call-initiation processThis limited setof FH codescan
beusedby thetransmitteito signalthe actualFH codeusedfor thetransmissiorof ‘payload’
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informationto therecever. Accordingto theabore philosoply asetof constant-weightode-
wordshaving a minimumdistanceof d is usedto convey the side-informatiorconstitutedoy
the index of the FH codein the fixed weight codebookto be usedby the receiver. During
the consecutie informationtransmissiorphasehenthethewhole setof (gl) numberof FH
codesor patternscanbe usedwithoutimposingary minimumdistancdimitations.

The nonlinearconstant-weightodeC(U, d, U, ), whered = 2v with v beinga positive
integer, hassomewell-known properties.Specifically The constant-weightodesconstitute
aclassof efficientcodessuitablefor errorcorrectionor errordetectiorover bothbinarysym-
metricalandasymmetricathanneld467-469]. For completenesssomeof them,which are
relatedto theforthcominganalysisarecharacterisetdelow.

Proposition 1 Johnsorbound[468]:

Uv

AU, 20,U) < .
U200 < o= =ty

(17.181)

providedthatUv > Uy (U — Uy).

Proposition2 [469][pp.528]: Giventhatgq is theinteger powerof a primenumberwehave:

Al® +1,29—2,g+1) = q(¢*> + 1),
AP +1,2¢,g+1) = (¢ —q+1). (17.182)

Proposition3 [469][pp.528]: Assuminghata 4r x 4r Hadamad matrix exists,we have:

A(dr —2,2r,2r — 1) = 2r,
A(dr —1,2r,2r — 1) = 4r — 1,
A(4r,2r,2r) = 8r — 2. (17.183)
Basedontheabove limitationsin the contect of Approachl andll, we canexploit arange

of furtherpropertiesof thecodeC(U, 2v, U, ). Let usnow derive the expression®f theerror
probabilityfor the SFH/MC DS-CDMA systemusingblind joint soft-detection.

17.8.4 Performanceofthe SFH/MC DS-CDMA recever without Knowl-
edgeof the FH Patterns: Blind Joint Soft-Detection

Fig. 17.34 portraysan example of the previously discussedconstant-weightodes. The
SFH/MCDS-CDMA systemof Fig.17.17usesa constant-weightodeC(U, 2v, U, ) for acti-
vatingthe subcarriersin this sectionwe employ recever relying on no knowledgeof the FH
patternitself. However, thereceveris awareof the numberof the active subcarriersThere-
ceiver'staskis thento evaluatethe previously derivedcorrelationmetricsseerin Eq.(17.179).
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Thesemetricsmustbe evaluatedfor two differentscenariosn orderto demodulatea parallel
U, -bit symbolor vector

Specifically we have to considerthosecodes,which have identical‘l’ positionsin the
FH code,correspondingo identicalactivatedsubcarriersbhut potentiallycorveying different
datasymbolson theseactive subcarriers\We referto theseasintra-setcodesor intra-codes,
for short, which are exemplifiedin Fig.17.34 Explicitly, the above intra-codesare derived
from the sameconstant-weightodeandactivatethe samesubcarriers By contrast, the so-
calledinter-codesof Fig.17.34are derivedfromdifferentconstant-weightodeswhich have
thesamenumberof ‘1’ FH codepositions but activatedifferentsubcarries.

1 2 34 5 67 8 910 Subcarriers

+1+100+100+10 +1
-14+100-100+10 +1 /.
intra—
......... Codles
1 -100+100-10+1"
+104+41000+1T+1+10
+10-1000-1+1 —-10/. .
intra— inter—
--------- codes codes
+10-1000+1-1+10"°
"04+14+1000+1+10 +1.
0O-1-10004+1T4+10 +1 /.
intra—
ooooooooo Codes

Figure 17.34:Example of intra-codesand intercodesof a constant-weightcode C(10, 4,5) for
SFH/MCDS-CDMA systemusing10 subcarriers.

Consequentlyin our proposedlind joint soft-detectionrschemetwo differenttypesof
errorsexist, the intra-codeerrorsandthe inter-codeerrors. The probability of theseerrors
is denotedby Pj,trq(-) @and Piter (), respectiely. The intra-codeerrorsdo not resultin
optingfor a codeotherthanthetransmitters codeandhencedo notinflict a constant-weight
FH codedecisionerror, they simply resultin somebits beingdemodulateerroneously By
contrastthe inter-codeerrorsmay leadnot only to erroneousit decisionsput alsoto opt-
ing for anotherconstant-weightodeandhenceto potentiallymoreseverebit decisionerror
events.Thedervation of the exactexpressiorfor the probability of correctvectoror symbol
decodings arduoussincethe error probabilitiesdependon all the A(U, 2v, U1 )2V number
of correlationmetricsevaluatedaccordingto Eq.(17.179).Hencebelov we derive the union
upperboundof the errorprobability,
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Let us divide the entire setof A(U, 2v, U;)2Y" numberof informationvectorsor sym-
bolsinto A(U, 2v, U;) numberof sets wherethevectorsfrom the samesetactivatethe same
subcarriersHencethevectorsof thedifferentsetsconstitutéinter-codes’ whichwereexem-
plified in Fig.17.34.Henceeachsethas2V! vectors sincetheinformationtransmittedoy an
active subcarriemightbe+1 or -1 andthereareU; active subcarriersLet thefirst vectorin
thefirst set,whichis denotedy X;; betransmitted Thenthe unionupperboundprobability
of anintra-codeerrorcanbeexpresseds[95,466]:

2U
Pintra Up Z (\/ 7|X11 _;Xl]| ) , (17184)

Jj=2

where X4, is the jth vectorof thefirst set, | X1, — X1j|2 representshe distancebetween
X1; and X;;, ando? is the commonvarianceof the MRC outputsampleswhich is given
by Eq.(17.165) By contrastthe unionupperboundprobability of aninter-codeerrorcanbe

written as:
AU, 2v,U. U1
P, — &3 |X11 ZJ|
imter(UD) =Y ZQ el I (17.185)
1=2

whereagin, | X1 — Xij|2 representghe distancebetweenX; andX;;.
Consequentlythe union upperboundprobability of erroris the sumof Eq.(17.184)and
Eq.(17.185)yielding:

(Up) zntra(Up) + Pznter(Up) (17186)

Furthermorethejoint probabilityof acorrectdetectiorplusthatof anintra-codedecision
error representshe probability of the event that the recever selectedhe correctconstant-
weightcodematchedo thetransmittedbne. This eventcorrespond$o thecorrectFH pattern
detectionprobability, which can be interpretedas the correct acquisition- or acquisition
success probability expresseds:

A=1= Py (Up). (17.187)

With theaid of Egs.(17.184)0 (17.187) we cannow approximatgheunionupperbound
bit error probability performanceof the SFH/MC DS-CDMA scheme. For the previously
introducedApproachll of subsectiorl7.8.3.3we will alsoconsidera moreaccurateerror
probability expression.

17.8.4.1 Approachl

Recallfrom our previousdiscussionshataccordingto our Approachl in subsectiorl7.8.3.2
eachgroupof W = U/U, subcarrierf the U; groupscanbe separatelydetected since
eachhostsone active subcarrier The codesutilized by the W subcarriersof a group are
equivalentto aclassof C (W, 2, 1) codewith A(W,2,1) = W. This classof constant-weight
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codesincludesW numberof orthogonalinter-codes,eachactivating a single carrierin one
of the W possiblepositions.In otherwords, this scenariccanbe viewed asconsideringhe
independentletectionof U; numberof length W codes,which have a weightof 1 anda
minimum distanceof 2. Reduceddetectioncompleity is attaineddueto decomposinghe
original detectionprobleminto U; numberof low-compleity detectionsteps.

Sincethecross-correlatiobetweeriwo intra-codess -1, hencetheintra-codeerrorprob-
ability conditionedon the CIR tap attenuationganbe expressedisingEq.(17.184gs:

Pontra(Up,7) = Q (V27), (17.188)

where~ is given by Eq.(17.171).By contrast,the union upperboundof aninter-codeFH
sequencerrorconditionedon the CIR tapattenuationganbe written as:

Pinter(Up,v) =2(W - 1)Q (1/7) - (17.189)

Hencethe unionupperboundprobability of intra- or inter-codeFH patternerrorscondi-
tionedontheCIR tapattenuationss thesumof Eq.(17.188ndEq.(17.189)aswe have seen
in Eq.(17.186).The averageunion upperbounderror probability per bit for a given number
of hits, K, is calculatedrom the conditionalunionupperboundprobability by weightingit
with theaid of its probability of occurancexpressedn termsof the PDFof v, f (), which
is givenby Eq.(17.58)with N, replacedby L and¥, beinggivenby Eq.(17.171).It canbe
shown that:

PI(K},,7,) = P(Kp,7,) +2(W = 1)P (Kh, %) , (17.190)

whereP (K}, x) is givenby Eq.(17.172).

The averageunion upperboundbit error probability for the recever using the previ-
ously introducedblind soft-detectionApproach! of Subsectionl7.8.3.2canbe computed
by substitutingEq.(17.168)and Eq.(17.190)into Eq.(17.166with P(Kj},7,) replacedby
P! (Kh, 70)

The acquisitionsuccesgprobability for the caseof potentialhits inflicted by the K — 1
interferinguserds expresseds:

AMKp) =1—2(W — 1) Py(Kn,7,)- (17.191)
Then the average acquisition probability for the proposedblind joint soft-detectionAp-

proachl of Subsectionl?7.8.3.2canbe computedby averagingEq.(17.191)over the dis-
tribution of the numberof hits, yielding:

K—-1
K-1 K, K—-1-K,
A= E P (1— P "AKp). 17.192
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17.8.4.2 Approachll

Forthepreviouslyintroducedlind joint soft-decisiomApproachil of Subsectiori7.8.3.3the
knowledgeof the distancebetweenary pairsof constant-weightodevordsis required.Ex-
plicitly, this distancdénformationis necessarjor the computatiorof theunionupperbounds
for the probability of intra-codeand inter-code FH patterndetectionerrorsin Eq.(17.184)
andEq.(17.185)aswell asfor thedeterminatiorof the unionupperboundof the FH pattern
detectionerrorprobabilityin Eq.(17.186) For specificsetsof constant-weightodesexhibit-
ing an equaldistancein the contet of arbitrary pairs, the exact union upperboundcanbe
determinedrom the abose mentionedequations.

Note that for intra-codesandfor sufficiently high SNRs,the probability of a single bit
error in a U;-bit symbolis significantly higher thanthat of two bit errors,assumingthat
the MRC outputsarei.i.d randomvariables.Hencethe union upperboundprobability of an
intra-codeerrorin Eq.(17.184)anbeapproximatedy:

Uy
[1X11 — X152
Pintra(Up) ~ Pintra(II) = ZQ < %) 5 (17193)
j=2

wherewe replacedUp by 1, in orderto indicatethatthis probabilityis now not the union-
upperboundof anintra-codeerroraccordingto Approachll. Furthermore X;; andX,; are
two intra-codesactivatingthe samesubcarrierbut having a distanceof 'one’ betweerthem,
representing one-biterror Hence,the cross-correlatioof X; and X is (1 — U%), and
consequentlyhe error probability of Eq.(17.193canbewritten as[95]:

Pora(I1,7) = (U1 = 1)Q (v/27) (17.194)

By contrastfor aninter-codeerrorundersufficiently high SNRs,accordingo Fig.17.34,
themetricscomputedrom Eq.(17.179Yor the specificdatavectorsD; otherthanthetrans-
mitted vectoraremaximized,if the bits of D; in the positionscorrespondingo the activated
subcarrier®f thetransmittemwereidenticalto thetransmittedvits. Thesecasesonstitutethe
mostprobableeventsof inter-codeerrorsandhenceEq.(17.185anbe approximatedy:

| X1 — X5/?

Pinter(Up) ~ Pinter(ll) - 21) [A(U* 21}5 Ul) - 1} Q ( 40.2

) ., (17.195)

whereagain, Up wasreplaceddy 11, in orderto avoid confusionwith theunionupperbound
of the inter-codeerror probability Furthermore,X;; and.X;; aretwo inter-codeshaving a
minimum distanceof d = 2v. The conditionalprobability of errorin Eq.(17.195)canbe
hencesimplifiedto:

P’L’nter(ljvﬁ/) =2" [A(Ua 21), Ul) - 1] Q (\/ﬁ) . (17196)

Notethatin deriving Eq.(17.196)accordingto Fig.17.34 the cross-correlatiobetweenX
andX;; is1— -, sincethe’0’ elementqOff-state)of theconstant-weightodeareincluded
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in the correlationcomputations.
The total bit error probability conditionedon the CIR tap attenuationsgs constitutedoy
bothintra- andinter-codeerrors,which canbe approximateds:

1 1
P(II,"‘/) = apintra(ll:'\/) + §P'mter(lla 7) (17197)

accordingto theabove analysis.The averagebit errorprobability for a givennumberof hits,
K, is calculatedfrom the conditionalbit error probability of Eq.(17.197)by averagingit
with respecto the PDFof v, f(v), whichis givenby Eq.(17.58with N, replacedby L and
7. beinggivenby Eq.(17.171) Following this averagingor integrationwe have:

U -1
P (KR 7o) = =g P 7o) +

20 [A(U, 20, Uy) — 1]
2

P (Kh, %) . (17.198)

whereP (K}, z) is givenby Eq.(17.172).

Theaveragebit errorprobabilityof therecever usingtheblind soft-detectiorApproachll
of Subsectionl7.8.3.3can be computedby substitutingEq.(17.168)and Eq.(17.198)into
Eq.(17.166Wwith P(K},,7,) replacedby P! (Ky,7,.).

The acquisitionsuccesgprobability for the given numberof hits inflicted by the K — 1
interferinguserscanbe expresseds:

V7,

AMKp)=1-2"[A(U,20,Uy) — 1] P(K}, 5

). (17.199)

Finally, the averageacquisitionsuccessprobability of the blind joint soft-detectionAp-
proachll canbe computedby averagingEq.(17.199)over the distribution of the number
of hits, which wasgivenin Eq.(17.192)with \(K},) replacedby Eq.(17.199).Let us now
characterizethe performancef theblind soft detectionApproachl andApproachll.

17.8.4.3 Numerical Results

In Fig.17.35we estimatedhe upperboundBER of Approachl uponcombiningl. = 1, 3,5
pathsin therecever. The BER of hard-detectiomasedn theapproactof Subsectiorl7.8.2
wasalsoplottedasa benchmarkr, assuminghatthe recever exploited the explicit knowl-
edgeof the FH patterns.The parameterselatedto the computationsvereshavn in thefig-
ures. The resultsdemonstratehat the systemprovides dramaticBER improvements when
thenumberof combineddiversity paths,L, increasesHowever, the resultsalsodemonstrate
thatopting for the blind joint soft-detectiomApproachl of Subsectiorl7.8.3.2increasedhe
BER with respecto hard-detection.

In Fig.17.36we evaluatedheintra-codéWord Error Rate(WER) andtheinter-codeword
error rate, as well astheir sum for the SFH/MC DS-CDMA systemusing the blind joint
soft-detectionApproachll of Subsectionl7.8.3.3. We employed the FH descriptioncode
of C(16,12,8),having a minimum distanceof d = 12 betweenthe constant-weightodes,
which correspondedo v = 6. Sincetheintra-codeword error probability is the codevord
errorprobability of the soft-detectiortechniqueproposedwhentherecever hasthe a-priori
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Figure 17.35: Comparisorof the BER versusbit-SNR performanceéetweenthe hard-detectioriech-
nique of Subsectionl7.8.2andblind soft-detectionusing Approachl! evaluatedfrom
Eqgs.(17.190)(17.166)and (17.168)for the constant-weightodeC(16,8),L, = 5 re-
solvablepaths diversitycombiningordersZ = 1, 3, 5, K = 50 usersandabit-duration
to chip-durationratio of N, = 128. Theremainingparametersire explicitly statedat
thetop of theillustration. The BER performancef hard-detectioris superiorto thatof
theblind joint soft-detectiorusingApproachl.

knowledgeof the FH patternsthe resultsshavn in this figure explicitly illustratethe com-
parisonof the word error rate performancebetweenthe SFH/MC DS-CDMA systemusing
blind joint soft-detectionand that using soft-detectionwith a-priori knowledgeof the FH
patterns.Fromthe resultswe concludedthat undervariousSNR conditionsthe total WER
wasdominateddy oneof its contrikuting factors.Namely for very low SNR perbit valuesor
very low numberof diversityfingers,suchasL = L, = 1, the performancavasdominated
by theword errorrateof theinter-codedecisions By contrastfor moderatedo high SNRsper
bit andfor highdiversityordersL = L, = 5, theword errorrateof theintra-codeerrorswas
moredominant.However, for thecaseof L = L,, = 3 andfor suficiently high SNRsperbit,
the resultantword error rate was dependenbn both the intra-codeandthe inter-codeerror
events. Basedon the factthatthe word error rate of blind joint soft-detectioris the sumof
theintra-codeandinter-codeWER, theblind joint soft-detectiorapproachs outperformedy
the soft-detectiortechniqueusingthe a-priori knowledgeof the FH patterns.This becomes
explicit for L = 1, L = 3 andfor L. = 5 atrelatively low SNRperbit valuesin Figure17.36.
However, for . = 5 at sufficiently high SNR per bit valuesthereis effectively very little
differencebetweenthe word error rate performancecurves of the blind joint soft-detection
schemdIntra+Intercodecurve) andthesoft-detectiorarrangementsingthea-priori knowl-
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Figure 17.36: Word error rate (WER) versusSNR per bit performanceof the constant-weightode
basedSFH/MC DS-CDMA systemusingthe blind soft-detectiompproachll. Forv >
2, sufiiciently high SNR perbit valuesandsuficiently high diversityorders theaverage
error probability of blind joint soft-detectionusing Approachll is dominatedby the
intra-codeerrors.

edgeof the FH patterngIntra-codecurve). Sincetheinter-codeword errorrateis a function
of v, weinfer from Eq.(17.194ndEq.(17.196}hatif v > 2, thetotalword errorratewill be
dominatedby Eq.(17.194)providedthatthe SNR perbit is sufficiently high andthe channel
fadingis sufficiently benignor thediversity orderis sufficiently high. This propertysuggests
thatfor v > 2 intra-codeerrorcontroltechniquesanbeintroduced,in orderto correctthe
intra-codeerrorsby increasinghe minimumdistancebetweertheintra-codesandhencede-
creasingthe intra-codeword errorrate of Eq.(17.194).This would decreasehe total word
errorrateof theblind soft-detectiorusingApproachll.

Finally, in Fig.17.37we characterisethe probability of the successfuFH codeacquisi-
tion for the blind soft-detectiomApproachl andthatof the blind soft-detectiomApproachill
for the multi-rate transmissiorscenariodiscussedreviously, underthe assumptiorthat all
theinterferingusersemployed the sameconstant-weightodesnamelyC(32,16). Fromthe
resultswe obsene thatfor Approachl the probability of successfuFH codeacquisitionbe-
comeshigher whenthe constant-weightodesassociatedvith higherinformationratesare
used.By contrastfor Approachll andfor the specificsetof constant-weightodeswe used,
C(32,8,4)achieredthebestperformanceNeverthelessif the SNRperbit is sufficiently high,
thecurvescorrespondingo theconstant-weightodesof C(32,4,2),C(32,8,4)andC(32,14,8)
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Figure 17.37: Acquisitionsuccesprobability of the constant-weightodebasedSFH/MCDS-CDMA
systenusingtheblind soft-detectiorApproachl andll, undertheassumptiorf constant
spreadingyain for multi-ratebasedsystemslIf the SNRperbit is sufiiciently high, blind
joint soft-detectionganacquirethe FH patternsusedwith a high probability, while also
detectinghe transmittednformationbits.

will tendto a successfuhcquisitionprobability of unity.

This allows the recever to blindly acquirea restrictedsetof FH patternsexhibiting a
minimumdistanceof d. Thisrestrictedsetof FH patternscanthenbe usedby thetransmitter
to signaltheindex of theactualFH codesusedfor thetransmissiorof ‘payload’ information
to the recever. During the informationtransmissiorphasethena randomlyselectedset of
FH patterndrom the (g) numberof FH codescanbe usedwithout imposingary minimum
distancdimitations. In otherwords,following the blind detectionof the ’'side-information’
constitutedby the FH codesusedby thetransmittey successie communicationsanbebased

ontheexplicit knowvledgeof the FH patterns.

17.9 Chapter Summary and Conclusions

Following abrief classificatiorof themostpopularMC-CDMA systemsn thischaptemein-
troducedslow frequeng hoppingfor improving thesystems performancendflexibility. The
proposedSFH/MC DS-CDMA systemis capableof efficiently amalgamatingthe techniques
of slow FH, OFDM andDS-CDMA. Nonlinearconstant-weightodeshave beenintroduced,
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in orderto controlthe associatedrH patternsandhenceto activatea numberof subcarriers,
in orderto supportmulti-rateservices Hard-detectioror blind joint soft-detectiorhave been
proposedor signaldetection.Thehard-detectiomxploitstheexplicit knonvledgeof of theFH
patteremployed, while the soft-detectiorassumeso apriori knowledgeof the FH patterns
used.The propertiesof the constant-weighEH codeshave beeninvesticgatedin conjunction
with specificsystemparametersandthe performancef the proposedsFH/MC DS-CDMA
systemausing either hard-detectioror blind joint soft-detectiorhasbeenevaluated,under
the conditionsof supportingconstant-rater multi-rate services. From the resultswe con-
cludedthattheblind joint soft-detectiortechniquesare capableof detectingthe transmitted
informationandsimultaneoushacquiringthe FH patterns.
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Glossary

ACL
adaptive-rate

AQAM

ARIB
AWGN
BCH

BER

blind detection

BPS
BPSK
BS
CATT
CCL
CDMA

CIR
CRAD

DBPSK

decorrelator

Auto-correlationof asequence
atermappliedto techniqueshatadaptthe bit rateaccordingto certaincriteria

Adaptive QuadratureAmplitude Modulation,a transmissiorschemewherethe
modulationmodeis adaptedaccordingto certaincriteria

Associationof RadiolndustriesandBusinesses Japan
Additive White GaussiarNoise

Bose-Chaudhuri-Hocquenghem, class of forward error correcting codes
(FEC)

Bit errorrate,the numberof the bits recevedincorrectly

A dataor parameterestimationtechniquethat doesnot requirereferencese-
quencedo betransmittedor parameteestimationto be carriedout separately

Bits PerSymbol,indicateshethroughputperformance
Binary PhaseShift Keying, atype of datamodulationscheme
A commonabbreiation for BaseStation
ChineseAcademyof Telecommunicatiofechnology
Cross-correlationysuallyof two differentsequences

CodeDivision Multiple Accessa multiple accesschemenheremultiple users
transmitsimultaneouslywithin the samebandwidthand are separatedhrough
theuseof auniquespreadingodefor eachuser

ChannelmpulseResponse

CoherenRecever AntennaDiversity, wheretherecevedsignalsfrom morethan
oneantennarecoherentlycombinedo obtainsignalgain.

DifferentialBinary PhaseShift Keying, atype of datamodulationscheme

A detectothatremovesthecorrelationof all theinterferersignalswith thesignal
of thedesireduser

891



892

Glossary

diversity

DS-CDMA

ETSI

FDMA

FFH
FH-CDMA

IMT -2000

interleaving

1S-95

1SI

JD

JD-CDMA

LMS

MAI

MAP

matchedfilter

A techniqueemployedto obtainperformanceain wheredifferentrecevedver-
sionsof the samesourcesignal are combinedin orderto improve the system
performance

Direct Sequencé&odeDivision Multiple Access,a sub-clasof CDMA where
eachtransmittedbit is directly multiplied with a spreadingsequencén orderto
spreadts bandwidth.

EuropearnTelecommunicationStandardsnstitute

Frequeng Division Multiple Accessa multiple accesschemevheredifferent
usergtransmitin differentbandwidthdn ordernotto interferewith eachother

FastFrequeng Hopping

Frequeng Hopping Code Division Multiple Access,a sub-classof CDMA
wherethecarrierfrequeny of the CDMA useris switchedaccordingo apattern
determinedy its uniquecode

InterferenceCancellation,a type of multiuserrecever for CDMA wherethe
receved signalis regeneratedrom previous dataestimatesandcancelledrom
the compositereceved signal,in orderto provide morereliableestimatesfter
thecancellatiorstages

InternationaMobile Telecommunication2000

A techniqueemployedto randomizebursterrorscausedy fadingin the mobile
channel. The transmittedbits are arrangedaccordingto a known orderbefore
transmissiorand at the recever the receved symbolsare re-arrangednto the
pre-transmissiororder so that the bursty errorscan be separated.This helps
improve the performancef thechanneddecoder

Interim Standar®5, the definition of the cellular (800 MHz) CDMA Common
Air Interface

Inter-symbol Interference,interferencecausedby the time dispersionof the
widebandchannelwherethetransmittedsymbolsinterferewith eachother

JointDetectionor JointDetector atype of multiuserreceverthatusesequaliza-
tion techniquedo detectjointly detectthe symbolsof multiple users

Joint DetectionCDMA system,a CDMA systemthat emplagys joint detection
recevers

LeastMean Squarealgorithm, a linear adaptve filtering algorithmthat recur
sively optimizesthe filter tap weightsin orderto obtain the minimum mean
squareerroratthe outputof thefilter

Multiple Accesslinterferencethe interferencecausedby multiple userstrans-
mitting simultaneouslywithin the samebandwidthand is usually usedin the
context of CDMA systems

Maximum A Posteriori,the maximuma posterioriprobability criterion maxi-
mizesthe probability of makinga correctdecision

A filter that hasan impulseresponsehat is matchedto the waveform of the
desiredsignalandmaximizesthe SNR at the outputof thefilter



Glossary

893

MC-CDMA

MLSE

MMSE

MMSE-BDFE

MMSE-BLE

MRC

MS

multipath diversity

multiuser recever

near-far effect

PDF
PIC

PN sequence

power control

PSD
PSP

QAM

Multi-Carrier CodeDivision Multiple Access,a sub-classof CDMA wherea
datasymbolis spreadwvith aspreadingequencénto say @ chipsandeachchip
of the spreaddatasymbol is transmittedover a narravbandsubcarrierin the
frequengy domain.

Maximum Lik elihood SequenceEstimation,a sequencestimationtechnique
that producesthe most likely transmittedsequencébasedon a metric that is
optimizedfor a certaincriterion

Minimum MeanSquareError

Minimum Mean SquareError Block Decision FeedbackEqualizer a type of
joint detectionrecever that minimizesthe meansquareerror and feedsback
alreadydetectedsymbolsto improve thereliability of the outputestimates

Minimum MeanSquareError Block Linear Equalizer a type of joint detection
receverthatlinearly minimizesthemeansquareerror

Maximal Ratio Combining,a diversity combiningtechniquewvheremultiple re-
ceivedsignalsarecoherentlycombined

A commonabbreiation for Mobile Station

Multiple versionsof thetransmittedsignalareobtainedatthereceverdueto the
differentmultipathsin a channelndthe signalsof thesepathscanbe combined
in orderto provide performanceyain

A recever thatemploys available knowledgeon the propertiesof all the trans-
mitting usersin orderto detectthe datasymbolsof all theusers

The phenomenothatoccurswhenthe signalsfrom differentusersarrive at the
basestationwith differentsignalstrengthsThe strongersignalsswampout the
wealer signals thusseverely degradingthe performancef the wealer signals.

ProbabilityDensity Function

Parallel InterferenceCancellation,an interferencecancellationrecever where
thereceved signalsof all the interferersare cancelledfrom the receved com-
positesignalateachcancellatiorstagen orderto generat@morereliablesignal
for the dataestimationof thedesireduser

Pseudo-noiseequenceor pseudo-randormsequencewhich is a generatedse-
quencehatexhibits noise-like properties

A techniqueusedto combatthe nearfar effect wherethe power control algo-
rithm attemptsto regulatethe transmittedpowersof all the userssuchthatthe
signalsof all the usersarrive with similar strengthsattherecever.

Power SpectraDensity

Per Survivor Processinga trellis-decodingalgorithm, wherethe requiredpa-

rametersfor exampleCIR estimatesareunknovn. The parameteestimationis

carriedoutin a”per-survivor” fashionwhich meanghata parameteestimator
is assignedo eachsurviving datasequencef thetrellis.

QuadraturéAmplitude Modulation
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Glossary

RAKE

RLS

SFH
sic

SINR

SNR

SOVA

SSMA

TDD

TDD-CDMA

TDMA

TH-CDMA

TIA
UMTS
UTRA

Viterbi algorithm

VSF

W-CDMA

A multipathdiversity combiner thatinheritedits namefrom theway it “rakes”
in all theincomingpulsesto form anequalizedsignal. The signalenegy from
differentmultipathsare combinedaccordingto the choserdiversity combining
technique.

Recursie Least Squares,an adaptve filtering techniquewhere a recursve
methodis usedto adaptthe filter tap weightssuchthat the squareof the error
betweerthefilter outputandthe desiredresponsés minimized

Slow Frequeng Hopping

Successie Interference Cancellation, an interference cancellation recever
whereonly the receved signalsof all theinterferersthataremorereliablethan
the desiredsignalare cancelledfrom the receved compositesignalin orderto
generate morereliablesignalfor the dataestimationof the desireduser

Signalto InterferenceplusNoiseratio, sameassignalto noiseratio (SNR)when
thereis nointerference.

Signalto NoiseRatio, noiseenegy comparedo the signalenegy

Soft OutputViterbi Algorithm, atrellis algorithmthatgenerateshe mostlikely
sequencén soft decisionsaccordingto the constraintf thetrellis andthere-
ceivedsignal

SpreadSpectrumMultiple Access

Time Division Duplex, a transmissiorprotocolwherethe uplink anddownlink
transmissionarecarriedoutin the samefrequeng but separatech time

Time Division Duplex CodeDivision Multiple Accessamultipleaccesscheme
thatcombinesTDD andCDMA

Time Division Multiple Access,a multiple accesstechniquewhere multiple
userstransmitin the samebandwidthbut are separatedn time throughuser
designatedimeslots

Time Hopping Code Division Multiple Access,a sub-classof CDMA where
eachusertransmitsin thetimeslotsdeterminedy its spreadingsequence

TelecommunicationmdustryAssociationin USA
UniversalMobile TelecommunicationSystems
UMTS TerrestrialRadioAccess

A trellis algorithmthatgeneratethe mostlikely sequenceaccordingo the con-
straintsof thetrellis andtherecevedsignal

Variable SpreadingFactotr an adaptve rate transmissiorschemefor CDMA,
wherethe bit rateis adaptedby varying the spreadingfactor but keepingthe
chiprateconstant

WidebandCodeDivision Multiple Accessa high chip-rateandbit-rate CDMA

air interface,wherethe mobile channelbandwidthis very wide andthe fading
within the channelis frequeng-selectve. In general the minimum bandwidth
of widebandCDMA is 5 MHz.
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WMF WhiteningMatchedFilter, afilter thatwhitenstherecevednoiseandmaximizes
the SNR atthe outputof thefilter

ZF-BDFE Zero Forcing Block DecisionFeedbackEqualizer a type of joint detectionre-
ceiver that eliminatesall the interferenceat the expenseof noiseenhancement
andfeedsbackalreadydetectedsymbolsto improve thereliability of the output
estimates

ZF-BLE Zero Forcing Block Linear Equalizer a type of linear joint detectionrecever
thateliminatesall theinterferenceat the expenseof noiseenhancement
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