
Single-and Multi-Carrier CDMA
Multi-UserDetection,Space-Time Spreading,

SynchronisationandStandards

by

L. Hanzo,L-L. Yang,E-L. Kuan and K. Yen

Wededicatethismonographto thenumerouscontributors of this field,many
of whomare listedin theAuthor Index



About the Authors
Lajos Hanzo received his degreein electronicsin 1976 and his doc-
torate in 1983. During his careerin telecommunicationshe hasheld
variousresearchandacademicpostsin Hungary, Germany andtheUK.
Since1986he hasbeenwith the Departmentof ElectronicsandCom-
puterScience,Universityof Southampton,UK, whereheholdsthechair
in telecommunications.He hasco-authored10 bookson mobile radio
communications,publishedabout400 researchpapers,organisedand
chairedconferencesessions,presentedoverview lecturesandhasbeen
awardeda numberof distinctions. Currentlyhe headsan academicre-

searchteam,workingonarangeof researchprojectsin thefield of wirelessmultimediacom-
municationssponsoredby industry, theEngineeringandPhysicalSciencesResearchCouncil
(EPSRC)UK, the EuropeanIST Programmeandthe Mobile Virtual Centreof Excellence
(VCE), UK. He is an enthusiasticsupporterof industrial andacademicliaison andhe of-
fers a rangeof industrialcourses.He is alsoan IEEE DistinguishedLecturer. For further
informationon researchin progressandassociatedpublicationspleaserefer to http://www-
mobile.ecs.soton.ac.uk

Lie-Liang Yang

vii



Other Wiley and IEEE Press
Bookson RelatedTopics1

� R. Steele,L. Hanzo(Ed): Mobile RadioCommunications:SecondandThird Gener-
ationCellularandWATM Systems,JohnWiley-IEEE Press,2ndedition,1999,ISBN
07273-1406-8,p 1064

� L. Hanzo,W. Webb,andT. Keller, Single-and Multi-Carrier Quadrature Amplitude
Modulation: PrinciplesandApplicationsfor PersonalCommunications,WLANsand
Broadcasting. IEEEPress,2000.

� L. Hanzo,F.C.A. Somerville,J.P. Woodard:VoiceCompressionandCommunications:
PrinciplesandApplicationsfor FixedandWirelessChannels;IEEE Press-JohnWiley,
2001,p 642

� L. Hanzo,P. Cherriman,J. Streit: WirelessVideoCommunications:Secondto Third
GenerationandBeyond,IEEEPress,2001,p 1093

� L. Hanzo,T.H. Liew, B.L. Yeap:TurboCoding,TurboEqualisationandSpace-Time
Coding,JohnWiley - IEEEPress,2002,p 751

� J.S.Blogh,L. Hanzo:Third-GenerationSystemsandIntelligentWirelessNetworking:
SmartAntennasandAdaptive Modulation,JohnWiley - IEEEPress,2002,p408

� L. Hanzo,C.H.Wong,M.S.Yee:Adaptivewirelesstransceivers:Turbo-Coded,Turbo-
EqualisedandSpace-Time CodedTDMA, CDMA andOFDM systems,JohnWiley -
IEEEPress,2002,p 737

� L. Hanzo,M. Münster, T. Keller, B-J.Choi: OFDM andMC-CDMA for for Broadband
Multi-user Communications,WLANs and Broadcasting,JohnWiley - IEEE Press,
2003

1For detailedcontentspleasereferto http://www-mobile.ecs.soton.ac.uk)

ix



Contents

About the Authors v

Other Wiley and IEEE PressBookson RelatedTopics viii

Acknowledgments 1

1 Prologue- Intelligent BroadbandWir elessTransceivers 3
1.1 Motivationof theBook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 OrganisationandNovel Contributionsof theBook . . . . . . . . . . . . . . 4
1.3 Introductionto Flexible Transceivers . . . . . . . . . . . . . . . . . . . . . . 13
1.4 FH/MC DS-CDMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.5 Characteristicsof theFH/MC DS-CDMA Systems . . . . . . . . . . . . . . 16
1.6 Adaptive RateTransmission . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.6.1 Why Adaptive RateTransmission?. . . . . . . . . . . . . . . . . . . 20
1.6.2 WhatIs Adaptive RateTransmission?. . . . . . . . . . . . . . . . . 21
1.6.3 Adaptive RateTransmissionin FH/MC DS-CDMA System . . . . . 24

1.7 SoftwareDefinedRadioAssistedFH/MC DS-CDMA . . . . . . . . . . . . . 24
1.8 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 28

I Multi-User Detectionfor AdaptiveSingle-Carrier CDMA 29

2 CDMA Overview 35
2.1 Introductionto CodeDivisionMultiple Access . . . . . . . . . . . . . . . . 35
2.2 DS-CDMA transmissionmodel. . . . . . . . . . . . . . . . . . . . . . . . . 39
2.3 DS-CDMA transmitter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4 DS-CDMA receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.4.1 Recovery of theinformationsignal. . . . . . . . . . . . . . . . . . . 40
2.4.2 Recovery of theinformationsignalin multipleaccessinterference. . 42

2.5 Frequency-domainrepresentation . . . . . . . . . . . . . . . . . . . . . . . 44
2.6 Spreadingsequences. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.6.1 Correlationof sequences. . . . . . . . . . . . . . . . . . . . . . . . 46

xi



xii CONTENTS

2.6.2 m-sequences. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.6.3 Goldsequences. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.6.4 Kasamisequences. . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.7 DS-CDMA systemperformance . . . . . . . . . . . . . . . . . . . . . . . . 52
2.7.1 TheoreticalBER performanceof asynchronousBPSK/DS-CDMA

over Gaussianchannels. . . . . . . . . . . . . . . . . . . . . . . . . 54
2.7.2 TheoreticalBERperformanceof bit-synchronousBPSK/DS-CDMA

systemsoverGaussianchannels . . . . . . . . . . . . . . . . . . . . 58
2.8 Simulationresultsanddiscussion. . . . . . . . . . . . . . . . . . . . . . . . 61

2.8.1 Estimationof
���������

. . . . . . . . . . . . . . . . . . . . . . . . . . 63
2.8.2 SimulatedDS-CDMA BERperformanceoverGaussianchannelsfor

synchronoususers . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.8.3 SimulatedDS-CDMA BER performanceversusthenumberof users

over Gaussianchannels. . . . . . . . . . . . . . . . . . . . . . . . . 66
2.8.4 Simulated DS-CDMA BER performanceversus spreadingcode

lengthover Gaussianchannels. . . . . . . . . . . . . . . . . . . . . 66
2.8.5 SimulatedDS-CDMA BERperformancefor spreadingcodesetshav-

ing differentcross-correlationvaluesoverGaussianchannels. . . . . 67
2.9 Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.10 Multiuserdetection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

2.10.1 Survey of multiuserreceivers. . . . . . . . . . . . . . . . . . . . . . 72
2.11 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 79

List of Symbolsin Part I 34

3 Joint Detectionof CDMA Signals 81
3.1 Basicequalizertheory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.1.1 Zero-forcingequalizer . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.1.2 Minimum meansquareerrorequalizer. . . . . . . . . . . . . . . . . 85
3.1.3 Decisionfeedbackequalizers. . . . . . . . . . . . . . . . . . . . . . 87
3.1.4 Equalizermodificationsfor joint detection. . . . . . . . . . . . . . . 88

3.2 Systemmodel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.3 Jointdetectiontechniques. . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.3.1 Whiteningfilter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
3.3.2 Matchedfilter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
3.3.3 Whiteningmatchedfilter . . . . . . . . . . . . . . . . . . . . . . . . 100
3.3.4 ZeroForcingBlock LinearEqualizer . . . . . . . . . . . . . . . . . 102
3.3.5 Minimum MeanSquareErrorBlock LinearEqualizer. . . . . . . . . 104
3.3.6 ZeroForcingBlock DecisionFeedbackEqualizer. . . . . . . . . . . 108
3.3.7 Minimum MeanSquareErrorBlock DecisionFeedbackEqualizer . . 111

3.4 Complexity calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
3.4.1 Whiteningmatchedfilter . . . . . . . . . . . . . . . . . . . . . . . . 114
3.4.2 ZeroForcingBlock LinearEqualizer . . . . . . . . . . . . . . . . . 115
3.4.3 Minimum MeanSquareErrorBlock LinearEqualizer. . . . . . . . . 118
3.4.4 ZeroForcingBlock DecisionFeedbackEqualizer. . . . . . . . . . . 119
3.4.5 Minimum MeanSquareErrorBlock DecisionFeedbackEqualizer . . 120



CONTENTS xiii

3.5 Advantagesanddisadvantagesof joint detectionreceivers. . . . . . . . . . . 123
3.6 Experimentalwork on joint detectionreceivers . . . . . . . . . . . . . . . . 123

3.6.1 Experimentalconditions . . . . . . . . . . . . . . . . . . . . . . . . 123
3.6.2 Comparisonof joint detectionreceiversin differentchannels. . . . . 125
3.6.3 Effectof multipathdiversity . . . . . . . . . . . . . . . . . . . . . . 128
3.6.4 Effectof increasingthenumberof users,	 . . . . . . . . . . . . . . 129
3.6.5 Jointdetectionandchannelcoding . . . . . . . . . . . . . . . . . . . 130
3.6.6 Effectof channelestimationerrors . . . . . . . . . . . . . . . . . . . 131

3.7 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 135

4 Adaptive-RateJoint DetectionAided CDMA 137
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.2 Adaptive QuadratureAmplitudeModulation . . . . . . . . . . . . . . . . . . 140
4.3 JointdetectionassistedAQAM basedCDMA . . . . . . . . . . . . . . . . . 144

4.3.1 Systemmodel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
4.3.2 OutputSINR for thejoint detectionreceiver . . . . . . . . . . . . . . 147
4.3.3 OutputSINRof theMMSE-BDFE . . . . . . . . . . . . . . . . . . . 151
4.3.4 Numericalanalysisof theJD-CDMA systemperformance . . . . . . 155
4.3.5 Simulationparameters. . . . . . . . . . . . . . . . . . . . . . . . . 156
4.3.6 Performanceof a two-user, twin-modeAQAM/JD-CDMA system . . 157
4.3.7 Performancecomparisonsof atwin-modeAQAM/JD-CDMA system

for variousnumberof users . . . . . . . . . . . . . . . . . . . . . . 161
4.3.8 Performanceof a two-user, triple-modeAQAM/JD-CDMA system . 162
4.3.9 Performancecomparisonsof a triple-modeAQAM/JD-CDMA sys-

temfor variousnumberof users . . . . . . . . . . . . . . . . . . . . 164
4.3.10 Performanceof afive-modeAQAM/JD-CDMA system. . . . . . . . 166
4.3.11 Effectof imperfectSINRestimationonAQAM performance. . . . . 170
4.3.12 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

4.4 VariableSpreadingFactorbasedadaptive-rateCDMA . . . . . . . . . . . . . 178
4.4.1 Systemmodel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.4.2 Simulationresults . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

4.5 Comparisonof AQAM/JD-CDMA andVSF/JD-CDMA. . . . . . . . . . . . 184
4.6 CombiningAQAM andVSFwith JD-CDMA . . . . . . . . . . . . . . . . . 187
4.7 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 189

5 Adaptive-RateInterfer enceCancellationAssistedCDMA 191
5.1 Successive interferencecancellation . . . . . . . . . . . . . . . . . . . . . . 191

5.1.1 Complexity calculations . . . . . . . . . . . . . . . . . . . . . . . . 193
5.1.2 BER performanceof SIC-CDMA . . . . . . . . . . . . . . . . . . . 194
5.1.3 Adaptive-rateSIC-CDMA . . . . . . . . . . . . . . . . . . . . . . . 198
5.1.4 AQAM/SIC-CDMA . . . . . . . . . . . . . . . . . . . . . . . . . . 200
5.1.5 VSF/SIC-CDMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

5.2 Parallel interferencecancellation. . . . . . . . . . . . . . . . . . . . . . . . 208
5.2.1 Complexity calculations . . . . . . . . . . . . . . . . . . . . . . . . 209
5.2.2 BER performanceof PIC-CDMA . . . . . . . . . . . . . . . . . . . 211
5.2.3 Adaptive-ratePIC-CDMA . . . . . . . . . . . . . . . . . . . . . . . 212



xiv CONTENTS

5.2.4 AQAM/PIC-CDMA . . . . . . . . . . . . . . . . . . . . . . . . . . 214
5.3 Comparisonof JD,SICandPICCDMA receiversfor AQAM transmission. . 216
5.4 Comparisonof JD,SICandPICCDMA receiversfor VSF transmission . . . 221
5.5 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 223

6 Blind Per-Survivor ProcessingAided CDMA 225
6.1 Blind PSPfor bit-synchronousCDMA datadetectionandmultipathCIR es-

timation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
6.2 Tree-searchalgorithmfor datasequencedetection. . . . . . . . . . . . . . . 228
6.3 Metric calculation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
6.4 Adaptive Recursive LeastSquaresmultipathCIR estimator . . . . . . . . . . 231
6.5 Blind PSPreceiver performance . . . . . . . . . . . . . . . . . . . . . . . . 236
6.6 PSPwith turbocoding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240
6.7 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 243

7 Space-Time SpreadingAided Single-Carrier WidebandCDMA 247
7.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247
7.2 SystemModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

7.2.1 TransmittedSignal . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
7.2.2 ChannelModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
7.2.3 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

7.3 Detectionof Space-Time SpreadingW-CDMA Signals . . . . . . . . . . . . 254
7.4 BER Performance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

7.4.1 BER Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
7.4.2 NumericalResultsandDiscussions . . . . . . . . . . . . . . . . . . 259

7.5 Adaptive Space-timeSpreading. . . . . . . . . . . . . . . . . . . . . . . . . 262
7.6 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 268

II GeneticAlgorithm AssistedMultiuser Detection 271

8 Overview of GeneticAlgorithms Invoked for Multiuser Detection 277
8.1 An Introductionto GeneticAlgorithms . . . . . . . . . . . . . . . . . . . . . 278
8.2 GeneticAlgorithmsatWork . . . . . . . . . . . . . . . . . . . . . . . . . . 282
8.3 Why doGA work? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

8.3.1 Optimisationfrom aHuman’s Perspective . . . . . . . . . . . . . . . 286
8.3.2 Optimisationfrom aGA’sPerspective . . . . . . . . . . . . . . . . . 287

8.3.2.1 Effectsof Selectionon theSchemata. . . . . . . . . . . . 288
8.3.2.2 Effectsof Crossoveron theSchemata. . . . . . . . . . . . 289
8.3.2.3 Effectsof Mutationon theSchemata . . . . . . . . . . . . 290

8.4 Elementsof GeneticAlgorithms . . . . . . . . . . . . . . . . . . . . . . . . 291
8.4.1 Representation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

8.4.1.1 BinaryEncoding. . . . . . . . . . . . . . . . . . . . . . . 291
8.4.1.2 GrayEncoding. . . . . . . . . . . . . . . . . . . . . . . . 291

8.4.2 Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292
8.4.2.1 Fitness-proportionateSelection . . . . . . . . . . . . . . . 293
8.4.2.2 SigmaScaling . . . . . . . . . . . . . . . . . . . . . . . . 293



CONTENTS xv

8.4.2.3 LinearRankingSelection . . . . . . . . . . . . . . . . . . 294
8.4.2.4 TournamentSelection . . . . . . . . . . . . . . . . . . . . 294
8.4.2.5 IncestPrevention . . . . . . . . . . . . . . . . . . . . . . 294

8.4.3 Crossover . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
8.4.3.1 Single-pointCrossover . . . . . . . . . . . . . . . . . . . 295
8.4.3.2 Double-pointCrossover . . . . . . . . . . . . . . . . . . . 295
8.4.3.3 Uniform Crossover . . . . . . . . . . . . . . . . . . . . . 296

8.4.4 Mutation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
8.4.4.1 Mutationof binarydecisionvariables. . . . . . . . . . . . 297
8.4.4.2 Mutationof real-valueddecisionvariables . . . . . . . . . 297

8.4.5 Elitism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
8.4.6 TerminationCriterion. . . . . . . . . . . . . . . . . . . . . . . . . . 298

8.5 Survey of GeneticAlgorithm-AssistedCDMA MultiuserDetection. . . . . . 298
8.6 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 301

List of Symbolsin Part II 302

9 GA-AssistedMultiuser Detectionfor SynchronousCDMA 303
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303
9.2 SynchronousCDMA SystemModel . . . . . . . . . . . . . . . . . . . . . . 304
9.3 Discrete-TimeSynchronousCDMA Model . . . . . . . . . . . . . . . . . . 307
9.4 OptimumMultiuserDetectorfor SynchronousCDMA Systems. . . . . . . . 308
9.5 ExperimentalResults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

9.5.1 Effectsof thePopulationSize . . . . . . . . . . . . . . . . . . . . . 311
9.5.2 Effectsof theProbabilityof Mutation . . . . . . . . . . . . . . . . . 313
9.5.3 Effectsof theChoiceof CrossoverOperation . . . . . . . . . . . . . 314
9.5.4 Effectsof IncestPreventionandElitism . . . . . . . . . . . . . . . . 316
9.5.5 Effectsof theChoiceof SelectionSchemes. . . . . . . . . . . . . . 317
9.5.6 Effectsof aBiasedGeneratedPopulation . . . . . . . . . . . . . . . 320

9.6 SimulationResults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
9.6.1 AWGN Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
9.6.2 Single-pathRayleighFadingChannel . . . . . . . . . . . . . . . . . 327

9.7 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 331

10 Joint GA-AssistedChannelEstimation and SymbolDetection 335
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
10.2 SystemModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336
10.3 JointGA-assistedMultiuserChannelEstimationandSymbolDetection . . . 339

10.3.1 Initialisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 340
10.3.2 Effectsof theMatingPoolSize . . . . . . . . . . . . . . . . . . . . 341
10.3.3 Effectsof theMutationSize . . . . . . . . . . . . . . . . . . . . . . 344

10.4 SimulationResults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
10.5 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 351



xvi CONTENTS

11 GA-Assisted,Antenna Diversity Aided Multiuser Detection 357
11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
11.2 SystemModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358
11.3 GA-AssistedDiversity-AidedMultiuserDetection. . . . . . . . . . . . . . . 360

11.3.1 DirectApproach . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362
11.3.2 ParetoOptimalityApproach . . . . . . . . . . . . . . . . . . . . . . 362

11.4 SimulationResults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
11.5 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 367

12 GA-AssistedMultiuser Detectionfor AsynchronousCDMA 371
12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 371
12.2 AsynchronousCDMA SystemModel . . . . . . . . . . . . . . . . . . . . . 373
12.3 GA-AssistedMultiuserDetectionin AsynchronousCDMA Systems. . . . . 378

12.3.1 MatchedFilter-AssistedEEBEstimation . . . . . . . . . . . . . . . 380
12.3.2 GA-AssistedEEBEstimation . . . . . . . . . . . . . . . . . . . . . 381
12.3.3 Complexity Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . 382

12.4 SimulationResults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 382
12.4.1 Effectsof theMatingPoolSize . . . . . . . . . . . . . . . . . . . . 383

12.5 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 388

III M-ary Single-Carrier CDMA 393

13 Non-Coherent 
 -ary Orthogonal Modulation in CDMA 395
13.1 Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395
13.2 Introductionto 
 -aryOrthogonalModulation. . . . . . . . . . . . . . . . . 396
13.3 Fundamentalsof 
 -aryCDMA . . . . . . . . . . . . . . . . . . . . . . . . 400
13.4 SystemModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 400

13.4.1 TheTransmitterModel . . . . . . . . . . . . . . . . . . . . . . . . . 400
13.4.2 ChannelModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 402
13.4.3 TheReceiver Model . . . . . . . . . . . . . . . . . . . . . . . . . . 402

13.5 PerformanceAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 407
13.5.1 Noiseanalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408
13.5.2 Self-interferenceanalysis. . . . . . . . . . . . . . . . . . . . . . . . 408
13.5.3 MAI analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409
13.5.4 DecisionStatisticandErrorProbability . . . . . . . . . . . . . . . . 409

13.6 BandwidthEfficiency in 
 -arymodulatedCDMA . . . . . . . . . . . . . . 413
13.7 NumericalSimulationResults . . . . . . . . . . . . . . . . . . . . . . . . . 413

13.7.1 Summaryof PerformanceResults . . . . . . . . . . . . . . . . . . . 419
13.8 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 420

14 RSCodedNon-coherent 
 -ary Orthogonal Modulation in CDMA 421
14.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 421
14.2 SystemDescriptionandChannelModel . . . . . . . . . . . . . . . . . . . . 423

14.2.1 TheTransmittedSignals . . . . . . . . . . . . . . . . . . . . . . . . 423
14.2.2 TheChannelModel . . . . . . . . . . . . . . . . . . . . . . . . . . . 424

14.3 TheDetectionModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425



CONTENTS xvii

14.3.1 EqualGainCombining . . . . . . . . . . . . . . . . . . . . . . . . . 427
14.3.2 SelectionCombining . . . . . . . . . . . . . . . . . . . . . . . . . . 429

14.4 AverageErrorProbabilitywithoutFEC . . . . . . . . . . . . . . . . . . . . 430
14.4.1 EqualGainCombining . . . . . . . . . . . . . . . . . . . . . . . . . 431
14.4.2 SelectionCombining . . . . . . . . . . . . . . . . . . . . . . . . . . 431

14.5 PerformanceusingRSforwarderror-correctioncodes. . . . . . . . . . . . . 431
14.5.1 Error-Correction-OnlyDecoding. . . . . . . . . . . . . . . . . . . . 432
14.5.2 Errors-and-ErasuresDecoding . . . . . . . . . . . . . . . . . . . . . 432

14.6 NumericalResults. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437
14.7 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 441

15 ResidueNumber SystemArithmetic Invoked for M-ary CDMA 447
15.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447
15.2 ResidueNumberSystemTransformandIts Inverse . . . . . . . . . . . . . . 448
15.3 RedundantResidueNumberSystem . . . . . . . . . . . . . . . . . . . . . . 453
15.4 Error-DetectionandError-Correctionin RRNS . . . . . . . . . . . . . . . . 455
15.5 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 464

16 RedundantResidueNumber SystemCodedM-ary DS-CDMA 467
16.1 Stateof theArt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467
16.2 Performancein AWGN channels. . . . . . . . . . . . . . . . . . . . . . . . 469

16.2.1 CommunicationModel . . . . . . . . . . . . . . . . . . . . . . . . . 469
16.2.2 Performanceof CoherentReceiver . . . . . . . . . . . . . . . . . . . 472

16.2.2.1 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . 472
16.2.2.2 CoherentRNS-CDMA System’s Probabilityof Error . . . 472
16.2.2.3 NumericalResultsandAnalysis. . . . . . . . . . . . . . . 477

16.2.3 Performanceof NoncoherentReceiver . . . . . . . . . . . . . . . . . 479
16.2.3.1 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . 479
16.2.3.2 TheNoncoherentReceiver’s Probabilityof Error . . . . . . 479
16.2.3.3 NumericalResults. . . . . . . . . . . . . . . . . . . . . . 483

16.3 Performancein MultipathFadingchannels. . . . . . . . . . . . . . . . . . . 485
16.3.1 MultipathSlow-FadingChannelModel . . . . . . . . . . . . . . . . 486
16.3.2 Performanceof the CoherentRNS-BasedCDMA Receiver Using

MaximumRatioCombining . . . . . . . . . . . . . . . . . . . . . . 487
16.3.2.1 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . 487
16.3.2.2 DecisionStatistics. . . . . . . . . . . . . . . . . . . . . . 490
16.3.2.3 Upper-Boundof theAverageProbabilityof Error . . . . . 492
16.3.2.4 NumericalResults. . . . . . . . . . . . . . . . . . . . . . 493

16.3.3 Performanceof NoncoherentRNS-BasedDS-CDMA Receiver Us-
ing EqualGainCombiningandSelectionCombining . . . . . . . . . 495
16.3.3.1 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . 497
16.3.3.2 DecisionStatistics. . . . . . . . . . . . . . . . . . . . . . 500
16.3.3.3 AverageProbabilityof Error . . . . . . . . . . . . . . . . 504
16.3.3.4 NumericalResults. . . . . . . . . . . . . . . . . . . . . . 506

16.4 Performanceof RRNSCodedSystems. . . . . . . . . . . . . . . . . . . . . 508
16.4.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508



xviii CONTENTS

16.4.2 RatioStatisticTest . . . . . . . . . . . . . . . . . . . . . . . . . . . 509
16.4.2.1 ProbabilityDensityFunctionof theRatioUsingEGC . . . 511
16.4.2.2 ProbabilityDensityFunctionof theRatioUsingSC . . . . 514

16.4.3 DecodingErrorProbability. . . . . . . . . . . . . . . . . . . . . . . 519
16.4.3.1 ‘Error-Correction-Only’Decoding . . . . . . . . . . . . . 520
16.4.3.2 ‘Error-Dropping-Only’Decoding . . . . . . . . . . . . . . 521
16.4.3.3 ‘Error-Dropping-and-Correction’Decoding . . . . . . . . 523

16.4.4 NumericalResults . . . . . . . . . . . . . . . . . . . . . . . . . . . 525
16.5 Performanceof ConcatenatedRS-RRNSCodedSystems . . . . . . . . . . . 528

16.5.1 ConcatenatedRS-RRNScodes. . . . . . . . . . . . . . . . . . . . . 528
16.5.2 DecodingErrorProbabilityof RS-RRNScodes . . . . . . . . . . . . 531
16.5.3 NumericalResults . . . . . . . . . . . . . . . . . . . . . . . . . . . 533

16.6 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 536

IV Multi-Carrier CDMA 539

17 Overview of Multicarrier CDMA 541
17.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 541
17.2 Overview of MulticarrierCDMA Systems. . . . . . . . . . . . . . . . . . . 542

17.2.1 Frequency-DomainSpreadingAssistedMulticarrierCDMA Scheme. 543
17.2.2 OrthogonalMulticarrierDS-CDMA scheme– TypeI . . . . . . . . . 546
17.2.3 OrthogonalMulticarrierDS-CDMA Scheme– TypeII . . . . . . . . 550
17.2.4 MultitoneDS-CDMA Scheme. . . . . . . . . . . . . . . . . . . . . 553
17.2.5 AdaptiveFrequency-HoppingAssistedmulticarrierDS-CDMA scheme556
17.2.6 Adaptive SubchannelAllocationAssistedMulticarrierDS-CDMA . . 558
17.2.7 Slow Frequency-HoppingMulticarrierDS-CDMA . . . . . . . . . . 561
17.2.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 564

17.3 ChannelModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 564
17.4 Performanceof MC-CDMA System . . . . . . . . . . . . . . . . . . . . . . 565

17.4.1 SystemDescription. . . . . . . . . . . . . . . . . . . . . . . . . . . 565
17.4.1.1 TheTransmitter . . . . . . . . . . . . . . . . . . . . . . . 565
17.4.1.2 Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . 568

17.4.2 PerformanceAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . 571
17.4.2.1 NoiseandInterferenceAnalysis. . . . . . . . . . . . . . . 571
17.4.2.2 DecisionStatisticsandErrorProbability . . . . . . . . . . 573

17.5 Performanceof OverlappingMulticarrierDS-CDMA Systems . . . . . . . . 577
17.5.1 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 577
17.5.2 SystemDescription. . . . . . . . . . . . . . . . . . . . . . . . . . . 579

17.5.2.1 TransmittedSignal. . . . . . . . . . . . . . . . . . . . . . 579
17.5.2.2 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . 581

17.5.3 InterferenceAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . . 584
17.5.4 PerformanceAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . 588

17.6 Performanceof MulticarrierDS-CDMA-I Systems . . . . . . . . . . . . . . 593
17.6.1 DecisionVariableStatistics. . . . . . . . . . . . . . . . . . . . . . . 593
17.6.2 PerformanceAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . 596



CONTENTS xix

17.7 Performanceof AMC DS-CDMA Systems. . . . . . . . . . . . . . . . . . . 597
17.8 Performanceof SFH/MCDS-CDMA Systems. . . . . . . . . . . . . . . . . 604

17.8.1 SystemDescription. . . . . . . . . . . . . . . . . . . . . . . . . . . 605
17.8.1.1 TheTransmittedSignal . . . . . . . . . . . . . . . . . . . 605
17.8.1.2 ChannelDescription. . . . . . . . . . . . . . . . . . . . . 605
17.8.1.3 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . 606

17.8.2 Performanceof SFH/MCDS-CDMA UsingHard-Detection . . . . . 608
17.8.2.1 Probabilityof Error . . . . . . . . . . . . . . . . . . . . . 608
17.8.2.2 NumericalResults. . . . . . . . . . . . . . . . . . . . . . 610

17.8.3 Blind JointDetectionof theSFH/MCDS-CDMA Signals . . . . . . 613
17.8.3.1 MaximumLikelihoodDetection . . . . . . . . . . . . . . 614
17.8.3.2 ApproachI . . . . . . . . . . . . . . . . . . . . . . . . . . 616
17.8.3.3 ApproachII . . . . . . . . . . . . . . . . . . . . . . . . . 616

17.8.4 Performanceof SFH/MCDS-CDMA UsingSoft-Detection. . . . . . 617
17.8.4.1 Approach I . . . . . . . . . . . . . . . . . . . . . . . . . 619
17.8.4.2 ApproachII . . . . . . . . . . . . . . . . . . . . . . . . . 621
17.8.4.3 NumericalResults. . . . . . . . . . . . . . . . . . . . . . 622

17.9 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 625

18 Space-Time SpreadingAssistedBroadbandMulticarrier DS-CDMA 627
18.1 MotivationandOutline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 627
18.2 Comparisonof CDMA, MC-CDMA andMC DS-CDMA . . . . . . . . . . . 629

18.2.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 629
18.2.2 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 629
18.2.3 Overview of CDMA SchemesUsingNo Frequency-Hopping. . . . . 630

18.2.3.1 SCDS-CDMA . . . . . . . . . . . . . . . . . . . . . . . . 630
18.2.3.2 MC-CDMA . . . . . . . . . . . . . . . . . . . . . . . . . 631
18.2.3.3 MC DS-CDMA . . . . . . . . . . . . . . . . . . . . . . . 632
18.2.3.4 Flexibility Comparison . . . . . . . . . . . . . . . . . . . 633

18.2.4 BroadbandWirelessCommunicationsBasedonCDMA . . . . . . . 634
18.2.4.1 Deficienciesof BroadbandSCDS-CDMA andBroadband

MC-CDMA . . . . . . . . . . . . . . . . . . . . . . . . . 634
18.2.4.2 UsingBroadbandMC DS-CDMA for SupportingUbiqui-

tousWirelessCommunications. . . . . . . . . . . . . . . 637
18.2.5 TransmitDiversityAssistedMC DS-CDMA BasedonSTS. . . . . . 639
18.2.6 CapacityImprovementBasedonTF-domainSpreading. . . . . . . . 642
18.2.7 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 645

18.3 Space-Time SpreadingAssistedMulticarrierDS-CDMA . . . . . . . . . . . 647
18.3.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 647
18.3.2 SystemDescription. . . . . . . . . . . . . . . . . . . . . . . . . . . 649

18.3.2.1 TransmitterModel . . . . . . . . . . . . . . . . . . . . . . 649
18.3.2.2 ChannelModelandSystemParameterDesign . . . . . . . 654
18.3.2.3 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . 656

18.3.3 Bit ErrorRateAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . 657
18.3.4 CapacityExtensionUsingTime-Frequency-DomainSpreading. . . . 660

18.3.4.1 SystemDescription . . . . . . . . . . . . . . . . . . . . . 661



xx CONTENTS

18.3.4.2 SignalDetection . . . . . . . . . . . . . . . . . . . . . . . 663
18.3.4.3 BER Performance. . . . . . . . . . . . . . . . . . . . . . 666

18.3.5 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 668
18.4 Performanceof GeneralizedMC-CDMA over Nakagami-� Channels . . . . 669

18.4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 669
18.4.2 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 670
18.4.3 GeneralizedMulticarrierDS-CDMA Systems. . . . . . . . . . . . . 672

18.4.3.1 TransmittedSignal. . . . . . . . . . . . . . . . . . . . . . 672
18.4.3.2 ChannelModel . . . . . . . . . . . . . . . . . . . . . . . 674
18.4.3.3 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . 676

18.4.4 DecisionVariableStatistics. . . . . . . . . . . . . . . . . . . . . . . 677
18.4.5 PerformanceAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . 682
18.4.6 NumericalResults . . . . . . . . . . . . . . . . . . . . . . . . . . . 685
18.4.7 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 690

18.5 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 692

19 Initial Synchronization of DS-CDMA and MC-CDMA Systems 695
19.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 695
19.2 SystemModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 697

19.2.1 TheTransmittedSignal . . . . . . . . . . . . . . . . . . . . . . . . . 697
19.2.2 TheChannelmodelandTheReceivedSignal . . . . . . . . . . . . . 697

19.3 AcquisitionProcedureDescription . . . . . . . . . . . . . . . . . . . . . . . 699
19.3.1 SerialSearchAcquisitionScheme. . . . . . . . . . . . . . . . . . . 702
19.3.2 ParallelAcquisitionScheme. . . . . . . . . . . . . . . . . . . . . . 703

19.4 AsymptoticMeanAcquisitionTime . . . . . . . . . . . . . . . . . . . . . . 704
19.4.1 MeanAcquisitionTime of SerialAcquisition . . . . . . . . . . . . . 704
19.4.2 ParallelAcquisitionScheme. . . . . . . . . . . . . . . . . . . . . . 707

19.5 DetectionPerformanceoverAWGN Channels. . . . . . . . . . . . . . . . . 709
19.5.1 Statisticsof theDecisionVariables. . . . . . . . . . . . . . . . . . . 710
19.5.2 Probabilitiesof False-Alarm and Overall Missing for the Serial

SearchAcquisitionScheme . . . . . . . . . . . . . . . . . . . . . . 714
19.5.3 OverallDetection,MissingandFalse-AlarmProbabilitiesof ThePar-

allel AcquisitionScheme. . . . . . . . . . . . . . . . . . . . . . . . 717
19.6 DetectionPerformanceoverMultipathFadingChannels. . . . . . . . . . . . 722

19.6.1 Statisticsof DecisionVariables. . . . . . . . . . . . . . . . . . . . . 722
19.6.2 Probabilitiesof Overall MissingandFalse-Alarmfor theSerialAc-

quisitionScheme. . . . . . . . . . . . . . . . . . . . . . . . . . . . 727
19.6.3 Probabilitiesof Overall SuccessfulDetection,Overall Missing and

Overall False-Alarmfor theParallelSearchBasedAcquisitionScheme731
19.7 SerialSearchUsingMulticell JointDetection . . . . . . . . . . . . . . . . . 735

19.7.1 JointTwo-Cell DetectionModel . . . . . . . . . . . . . . . . . . . . 736
19.7.2 DetectionPerformanceover AWGN Channels. . . . . . . . . . . . . 739
19.7.3 DetectionPerformanceover Dispersive Multipath RayleighFading

Channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 747
19.7.3.1 ConditionalProbabilityDensityFunctions . . . . . . . . . 747



CONTENTS xxi

19.7.3.2 Probabilitiesof OverallMissingandFalse-Alarmfor Joint
Two-Cell Detection . . . . . . . . . . . . . . . . . . . . . 749

19.8 Code-Acquisitionin Multi-CarrierDS-CDMA System . . . . . . . . . . . . 757
19.8.1 SystemModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 758

19.8.1.1 Thetransmitter. . . . . . . . . . . . . . . . . . . . . . . . 758
19.8.1.2 Code-AcquisitionDescription. . . . . . . . . . . . . . . . 760

19.8.2 DecisionVariableStatistics. . . . . . . . . . . . . . . . . . . . . . . 762
19.8.2.1 EqualGainCombining . . . . . . . . . . . . . . . . . . . 764
19.8.2.2 SelectionCombining . . . . . . . . . . . . . . . . . . . . 764

19.8.3 Probabilityof Detection,MissingandFalse-Alarm . . . . . . . . . . 765
19.8.3.1 EqualGainCombining . . . . . . . . . . . . . . . . . . . 765
19.8.3.2 SelectionCombining . . . . . . . . . . . . . . . . . . . . 766

V Standardsand Networking 773

20 Third-Generation CDMA Systems 775
20.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 775
20.2 Third-GenerationSystems . . . . . . . . . . . . . . . . . . . . . . . . . . . 776

20.2.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 776
20.2.2 UMTS TerrestrialRadioAccess(UTRA) . . . . . . . . . . . . . . . 777

20.2.2.1 Characteristicsof UTRA . . . . . . . . . . . . . . . . . . 778
20.2.2.2 TransportChannels . . . . . . . . . . . . . . . . . . . . . 781
20.2.2.3 PhysicalChannels. . . . . . . . . . . . . . . . . . . . . . 782

20.2.2.3.1 DedicatedPhysicalChannels. . . . . . . . . . . 783
20.2.2.3.2 CommonPhysicalChannels . . . . . . . . . . . 784

20.2.2.3.2.1 CommonPhysical Channelsof the FDD
Mode . . . . . . . . . . . . . . . . . . . 784

20.2.2.3.2.2 CommonPhysicalChannelsof theTDD
Mode . . . . . . . . . . . . . . . . . . . 788

20.2.2.4 ServiceMultiplexing andChannelCodingin UTRA . . . . 790
20.2.2.4.1 CRCAttachment . . . . . . . . . . . . . . . . . 791
20.2.2.4.2 TransportBlock Concatenation. . . . . . . . . . 791
20.2.2.4.3 Channel-Coding. . . . . . . . . . . . . . . . . . 794
20.2.2.4.4 RadioFramePadding . . . . . . . . . . . . . . . 794
20.2.2.4.5 First Interleaving . . . . . . . . . . . . . . . . . 794
20.2.2.4.6 RadioFrameSegmentation . . . . . . . . . . . . 794
20.2.2.4.7 RateMatching. . . . . . . . . . . . . . . . . . . 794
20.2.2.4.8 DiscontinuousTransmissionIndication. . . . . . 795
20.2.2.4.9 TransportChannelMultiplexing . . . . . . . . . 795
20.2.2.4.10PhysicalChannelSegmentation. . . . . . . . . . 795
20.2.2.4.11SecondInterleaving . . . . . . . . . . . . . . . . 795
20.2.2.4.12PhysicalChannelMapping . . . . . . . . . . . . 795
20.2.2.4.13Mapping Several Multirate Servicesto the UL

DedicatedPhysicalChannelsin FDD Mode . . . 796



xxii CONTENTS

20.2.2.4.14Mappingof a 4.1 KbpsDataServiceto theDL
DPDCHin FDD Mode . . . . . . . . . . . . . . 797

20.2.2.4.15Mapping Several Multirate Servicesto the UL
DedicatedPhysicalChannelsin TDD Mode . . . 798

20.2.2.5 Variable-RateandMulticodeTransmissionin UTRA . . . 798
20.2.2.6 SpreadingandModulation . . . . . . . . . . . . . . . . . 801

20.2.2.6.1 OrthogonalVariableSpreadingFactorCodes. . . 802
20.2.2.6.2 Uplink ScramblingCodes. . . . . . . . . . . . . 805
20.2.2.6.3 Downlink ScramblingCodes . . . . . . . . . . . 805
20.2.2.6.4 Uplink SpreadingandModulation . . . . . . . . 805
20.2.2.6.5 Downlink SpreadingandModulation . . . . . . . 807

20.2.2.7 RandomAccess . . . . . . . . . . . . . . . . . . . . . . . 808
20.2.2.7.1 Mobile-InitiatedPhysicalRandomAccess

Procedures. . . . . . . . . . . . . . . . . . . . . 808
20.2.2.7.2 CommonPacket ChannelAccessProcedures. . . 809

20.2.2.8 PowerControl . . . . . . . . . . . . . . . . . . . . . . . . 809
20.2.2.8.1 Closed-LoopPower Controlin UTRA . . . . . . 809
20.2.2.8.2 Open-LoopPowerControlin TDD Mode . . . . 810

20.2.2.9 Cell Identification . . . . . . . . . . . . . . . . . . . . . . 810
20.2.2.9.1 Cell Identificationin theFDD Mode . . . . . . . 810
20.2.2.9.2 Cell Identificationin theTDD Mode . . . . . . . 813

20.2.2.10Handover . . . . . . . . . . . . . . . . . . . . . . . . . . 814
20.2.2.10.1Intra-Frequency Handover or SoftHandover . . . 814
20.2.2.10.2Inter-Frequency Handover or HardHandover . . 815

20.2.2.11IntercellTime Synchronisationin theUTRA TDD Mode . 816
20.2.3 Thecdma2000TerrestrialRadioAccess. . . . . . . . . . . . . . . . 816

20.2.3.1 Characteristicsof cdma2000 . . . . . . . . . . . . . . . . 818
20.2.3.2 PhysicalChannelsin cdma2000. . . . . . . . . . . . . . . 819
20.2.3.3 ServiceMultiplexing andChannelCoding . . . . . . . . . 821
20.2.3.4 SpreadingandModulation . . . . . . . . . . . . . . . . . 822

20.2.3.4.1 Downlink SpreadingandModulation . . . . . . . 822
20.2.3.4.2 Uplink SpreadingandModulation . . . . . . . . 823

20.2.3.5 RandomAccess . . . . . . . . . . . . . . . . . . . . . . . 823
20.2.3.6 Handover . . . . . . . . . . . . . . . . . . . . . . . . . . 827

20.2.4 Performance-EnhancementFeatures. . . . . . . . . . . . . . . . . . 828
20.2.4.1 Downlink TransmitDiversityTechniques. . . . . . . . . . 828

20.2.4.1.1 SpaceTime Block Coding-BasedTransmitDi-
versity . . . . . . . . . . . . . . . . . . . . . . . 828

20.2.4.1.2 Time-SwitchedTransmitDiversity . . . . . . . . 828
20.2.4.1.3 Closed-LoopTransmitDiversity . . . . . . . . . 829

20.2.4.2 Adaptive Antennas . . . . . . . . . . . . . . . . . . . . . 829
20.2.4.3 Multi-UserDetection/InterferenceCancellation . . . . . . 829

20.3 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 830



CONTENTS xxiii

21 AdaptiveRateDS-CDMA Networks UsingVSFs 839
21.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 839
21.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 840
21.3 SystemOverview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 841
21.4 Adaptive TransmissionScheme. . . . . . . . . . . . . . . . . . . . . . . . . 845
21.5 ThroughputandBERAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . 847
21.6 NumericalResultsandDiscussions. . . . . . . . . . . . . . . . . . . . . . . 852
21.7 ChapterSummaryandConclusions. . . . . . . . . . . . . . . . . . . . . . . 856

22 Book Summary and Conclusions 859
22.1 Part I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 859
22.2 Part II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 869
22.3 Part III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 871
22.4 Part IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 873
22.5 Part V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 874

A Appendix of Chapter 13 875
A.1 Derivationof Equations13.26and 13.27 . . . . . . . . . . . . . . . . . . . 875

A.1.1 In-phasechannel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 875
A.1.2 Quadraturechannel. . . . . . . . . . . . . . . . . . . . . . . . . . . 877

A.2 Derivationof Equation 13.42. . . . . . . . . . . . . . . . . . . . . . . . . . 877

B Appendix of Chapter 14 881

C Appendix of Chapter 19 883

D Appendix of Chapter 16 885
D.1 ProbabilityDensityFunctionof the � -th Maximum . . . . . . . . . . . . . . 885
D.2 DecisionPDFsunderthehypothesesof 
�� and 
�� . . . . . . . . . . . . . . 886

D.2.1 PDFsunderthehypothesis
�� . . . . . . . . . . . . . . . . . . . . . 887
D.2.2 PDFsunderthehypothesis
 � . . . . . . . . . . . . . . . . . . . . . 888

Glossary 891

Bibliography 896



Acknowledgments
Weareindebtedto ourmany colleagueswhohaveenhancedourunderstandingof thesubject,
in particularto Prof. EmeritusRaymondSteele.Thesecolleaguesandvaluedfriends,toonu-
merousto be mentioned,have influencedour views concerningvariousaspectsof wireless
multimediacommunications.We thankthemfor theenlightenmentgainedfrom our collab-
orationson variousprojects,papersandbooks. We aregrateful to Steve Braithwaite, Jan
Brecht,JonBlogh, MarcoBreiling, Marcodel Buono,ShengChen,PeterCherriman,Stan-
ley Chia, Byoung Jo Choi, JosephCheung,Sheyam Lal Dhomeja,Dirk Didascalou,Lim
Dongmin,StephanErnst,PeterFortune,EddieGreen,David Greenwood,HeeThongHow,
ThomasKeller, Ee Lin Kuan, W. H. Lam, C. C. Lee, Xiao Lin, CheeSiong Lee, Tong-
Hooi Liew, MatthiasMünster, VincentRoger-Marchart,JasonNg, MichaelNg, M. A. Nofal,
Jeff Reeve, Redwan Salami,ClareSomerville,Rob Stedman,David Stewart, JürgenStreit,
Jeff Torrance,SpyrosVlahoyiannatos,William Webb,StephanWeiss,JohnWilliams, Jason
Woodard,ChoongHin Wong,HenryWong,JamesWong,Lie-LiangYang,Bee-LeongYeap,
Mong-SuanYee,Kai Yen,Andy Yuen,andmany otherswith whomwe enjoyedanassocia-
tion.

We also acknowledgeour valuableassociationswith the Virtual Centreof Excellence
(VCE) in Mobile Communications,in particularwith its chiefexecutive,Dr WalterTuttlebee,
andotherleadingmembersof theVCE, namelyDr Keith Baughan,Prof. HamidAghvami,
Prof. Ed Candy, Prof. JohnDunlop,Prof. Barry Evans,Prof. PeterGrant,Dr Mike Barnard,
Prof. JosephMcGeehan,Prof. Steve McLaughlin andmany othervaluedcolleagues.Our
sincerethanksarealsodueto theEPSRC,UK for supportingour research.We would also
like to thankDr JoaoDa Silva,Dr JorgePereira,Dr BartholomeArroyo, Dr BernardBarani,
Dr DemosthenesIkonomou,Dr FabrizioSestiniandothervaluedcolleaguesfrom theCom-
missionof theEuropeanCommunities,Brussels,Belgium.

Wefeelparticularlyindebtedto DeniseHarvey for herskilful assistancein correctingthe
final manuscriptin LaTeX. Without thekind supportof Mark Hammond,SarahHinton,Zöe
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Glossary

ACL Auto-correlationof asequence

adaptive-rate a termappliedto techniquesthatadaptthebit rateaccordingto certaincriteria

AQAM Adaptive QuadratureAmplitudeModulation,a transmissionschemewherethe

modulationmodeis adaptedaccordingto certaincriteria

ARIB Associationof RadioIndustriesandBusinessesin Japan

AWGN AdditiveWhiteGaussianNoise

BCH Bose-Chaudhuri-Hocquenghem,A class of forward error correcting codes

(FEC)

BER Bit errorrate,thenumberof thebits receivedincorrectly

blind detection A dataor parameterestimationtechniquethat doesnot requirereferencese-

quencesto betransmittedor parameterestimationto becarriedout separately

BPS Bits PerSymbol,indicatesthethroughputperformance

BPSK BinaryPhaseShift Keying, a typeof datamodulationscheme

BS A commonabbreviation for BaseStation

CATT ChineseAcademyof TelecommunicationTechnology

CCL Cross-correlation,usuallyof two differentsequences

CDMA CodeDivision Multiple Access,a multiple accessschemewheremultiple users

transmitsimultaneouslywithin the samebandwidthandareseparatedthrough

theuseof auniquespreadingcodefor eachuser

CIR ChannelImpulseResponse

CRAD CoherentReceiverAntennaDiversity, wherethereceivedsignalsfrommorethan

oneantennaarecoherentlycombinedto obtainsignalgain.

DBPSK DifferentialBinaryPhaseShift Keying, a typeof datamodulationscheme

decorrelator A detectorthatremovesthecorrelationof all theinterferersignalswith thesignal

of thedesireduser
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diversity A techniqueemployedto obtainperformancegainwheredifferentreceivedver-

sionsof the samesourcesignalarecombinedin order to improve the system

performance

DS-CDMA Direct SequenceCodeDivision Multiple Access,a sub-classof CDMA where

eachtransmittedbit is directly multiplied with a spreadingsequencein orderto

spreadits bandwidth.

ETSI EuropeanTelecommunicationsStandardsInstitute

FDMA Frequency Division Multiple Access,a multiple accessschemewheredifferent

userstransmitin differentbandwidthsin ordernot to interferewith eachother

FFH FastFrequency Hopping

FH-CDMA Frequency Hopping Code Division Multiple Access,a sub-classof CDMA

wherethecarrierfrequency of theCDMA useris switchedaccordingto apattern

determinedby its uniquecode

IC InterferenceCancellation,a type of multiuserreceiver for CDMA wherethe

receivedsignalis regeneratedfrom previousdataestimatesandcancelledfrom

thecompositereceivedsignal,in orderto provide morereliableestimatesafter

thecancellationstages

IMT -2000 InternationalMobile Telecommunications2000

interleaving A techniqueemployedto randomizebursterrorscausedby fadingin themobile

channel.The transmittedbits arearrangedaccordingto a known orderbefore

transmissionandat the receiver the received symbolsarere-arrangedinto the

pre-transmissionorder so that the bursty errorscan be separated.This helps

improve theperformanceof thechanneldecoder.

IS-95 Interim Standard95, thedefinitionof thecellular(800MHz) CDMA Common

Air Interface

ISI Inter-symbol Interference,interferencecausedby the time dispersionof the

widebandchannelwherethetransmittedsymbolsinterferewith eachother

JD JointDetectionor JointDetector, a typeof multiuserreceiver thatusesequaliza-

tion techniquesto detectjointly detectthesymbolsof multipleusers

JD-CDMA Joint DetectionCDMA system,a CDMA systemthat employs joint detection

receivers

LMS LeastMeanSquarealgorithm,a linear adaptive filtering algorithmthat recur-

sively optimizesthe filter tap weights in order to obtain the minimum mean

squareerrorat theoutputof thefilter

MAI Multiple AccessInterference,the interferencecausedby multiple userstrans-

mitting simultaneouslywithin the samebandwidthand is usually usedin the

context of CDMA systems

MAP Maximum A Posteriori,the maximuma posterioriprobability criterion maxi-

mizestheprobabilityof makingacorrectdecision

matchedfilter A filter that hasan impulseresponsethat is matchedto the waveform of the

desiredsignalandmaximizestheSNRat theoutputof thefilter
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MC-CDMA Multi-Carrier CodeDivision Multiple Access,a sub-classof CDMA wherea

datasymbolis spreadwith aspreadingsequenceinto say, à chipsandeachchip

of the spreaddatasymbol is transmittedover a narrowbandsubcarrierin the

frequency domain.

MLSE Maximum Likelihood SequenceEstimation,a sequenceestimationtechnique

that producesthe most likely transmittedsequencebasedon a metric that is

optimizedfor acertaincriterion

MMSE Minimum MeanSquareError

MMSE-BDFE Minimum Mean SquareError Block DecisionFeedbackEqualizer, a type of

joint detectionreceiver that minimizesthe meansquareerror and feedsback

alreadydetectedsymbolsto improve thereliability of theoutputestimates

MMSE-BLE Minimum MeanSquareError Block LinearEqualizer, a typeof joint detection

receiver thatlinearlyminimizesthemeansquareerror

MRC Maximal RatioCombining,a diversitycombiningtechniquewheremultiple re-

ceivedsignalsarecoherentlycombined

MS A commonabbreviation for Mobile Station

multipath diversity Multiple versionsof thetransmittedsignalareobtainedat thereceiverdueto the

differentmultipathsin achannelandthesignalsof thesepathscanbecombined

in orderto provideperformancegain

multiuser receiver A receiver thatemploys availableknowledgeon thepropertiesof all the trans-

mitting usersin orderto detectthedatasymbolsof all theusers

near-far effect Thephenomenonthatoccurswhenthesignalsfrom differentusersarrive at the

basestationwith differentsignalstrengths.Thestrongersignalsswampout the

weakersignals,thusseverelydegradingtheperformanceof theweakersignals.

PDF ProbabilityDensityFunction

PIC Parallel InterferenceCancellation,an interferencecancellationreceiver where

the received signalsof all the interferersarecancelledfrom the received com-

positesignalateachcancellationstagein orderto generateamorereliablesignal

for thedataestimationof thedesireduser

PN sequence Pseudo-noisesequence,or pseudo-randomsequence,which is a generatedse-

quencethatexhibitsnoise-likeproperties

power control A techniqueusedto combatthe near-far effect wherethe power control algo-

rithm attemptsto regulatethe transmittedpowersof all the userssuchthat the

signalsof all theusersarrivewith similar strengthsat thereceiver.

PSD PowerSpectralDensity

PSP Per Survivor Processing,a trellis-decodingalgorithm, wherethe requiredpa-

rameters,for exampleCIR estimates,areunknown. Theparameterestimationis

carriedout in a ”per-survivor” fashion,which meansthata parameterestimator

is assignedto eachsurviving datasequenceof thetrellis.

QAM QuadratureAmplitudeModulation
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RAKE A multipathdiversitycombiner, that inheritedits namefrom theway it “rakes”

in all the incomingpulsesto form anequalizedsignal. Thesignalenergy from

differentmultipathsarecombinedaccordingto thechosendiversitycombining

technique.

RLS Recursive Least Squares,an adaptive filtering techniquewhere a recursive

methodis usedto adaptthe filter tap weightssuchthat the squareof the error

betweenthefilter outputandthedesiredresponseis minimized

SFH Slow Frequency Hopping

SIC Successive InterferenceCancellation, an interferencecancellation receiver

whereonly thereceivedsignalsof all the interferersthataremorereliablethan

thedesiredsignalarecancelledfrom the receivedcompositesignalin orderto

generateamorereliablesignalfor thedataestimationof thedesireduser

SINR Signalto InterferenceplusNoiseratio,sameassignalto noiseratio(SNR)when

thereis no interference.

SNR Signalto NoiseRatio,noiseenergy comparedto thesignalenergy

SOVA Soft OutputViterbi Algorithm, a trellis algorithmthatgeneratesthemostlikely

sequencein soft decisionsaccordingto theconstraintsof the trellis andthere-

ceivedsignal

SSMA SpreadSpectrumMultiple Access

TDD Time Division Duplex, a transmissionprotocolwheretheuplink anddownlink

transmissionsarecarriedout in thesamefrequency but separatedin time

TDD-CDMA TimeDivisionDuplex CodeDivisionMultiple Access,amultipleaccessscheme

thatcombinesTDD andCDMA

TDMA Time Division Multiple Access,a multiple accesstechniquewhere multiple

userstransmitin the samebandwidthbut are separatedin time throughuser-

designatedtimeslots

TH-CDMA Time Hopping CodeDivision Multiple Access,a sub-classof CDMA where

eachusertransmitsin thetimeslotsdeterminedby its spreadingsequence

TIA TelecommunicationsIndustryAssociationin USA

UMTS UniversalMobile TelecommunicationsSystems

UTRA UMTS TerrestrialRadioAccess

Viterbi algorithm A trellis algorithmthatgeneratesthemostlikely sequenceaccordingto thecon-

straintsof thetrellis andthereceivedsignal

VSF VariableSpreadingFactor, an adaptive rate transmissionschemefor CDMA,

wherethe bit rate is adaptedby varying the spreadingfactor but keepingthe

chip rateconstant

W-CDMA WidebandCodeDivision Multiple Access,a high chip-rateandbit-rateCDMA

air interface,wherethe mobile channelbandwidthis very wide andthe fading

within thechannelis frequency-selective. In general,theminimum bandwidth

of widebandCDMA is 5 MHz.
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WMF WhiteningMatchedFilter, afilter thatwhitensthereceivednoiseandmaximizes

theSNRat theoutputof thefilter

ZF-BDFE Zero Forcing Block DecisionFeedbackEqualizer, a type of joint detectionre-

ceiver that eliminatesall the interferenceat the expenseof noiseenhancement

andfeedsbackalreadydetectedsymbolsto improve thereliability of theoutput

estimates

ZF-BLE Zero Forcing Block Linear Equalizer, a type of linear joint detectionreceiver

thateliminatesall theinterferenceat theexpenseof noiseenhancement
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[198] W. M. Jang,B. R. Vojčić, andR. L. Pickholtz,“Joint transmitter-receiver optimizationin synchronousmul-

tiusercommunicationsover multipathchannels,” IEEE Transactionson Communications, vol. 46, pp. 269–

278,Feb. 1998.
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