An OFDM and MC-CDMA Primer

by
L. Hanzo and T. Keller

We dedicate this monograph to the numerous contributors of this field, many
of whom are listed in the Author Index



Contents

About the Authors XV
Other Wiley and IEEE Press Books on Related Topics Xvi
Acknowledgments Xix
1 Introduction 1
1.1 Motivationofthe Book . . . . . ... ... ... L 1

1.2 Orthogonal Frequency Division Multiplexing History . . . . . .. ... ... 5
1.2.1 Early Classic Contributions and OFDM Standards . . . . . . . . .. 5

1.2.2 Peak-to-mean PowerRatio . . . . . ... ... ... ... ..... 6

1.2.3  Synchronisation . . . . .. ... ... 8

1.24 OFDM/CDMA . . . . . . . e 8

1.2.5 Decision-Directed Channel Estimation. . . . . .. .. ... ... .. 8

1.2.6  Uplink Detection Techniques for Multi-User SDMA-OFDM . . . . . 13

1.2.7 OFDM Applications . . . . . . . . . .. i 16

1.3 Outlineofthe Book . . . . ... ... ... ... .. 16

1.4 Chapter Summary and Conclusion . . . . . .. ... ... ... ....... 18

I OFDM System Design 19
2 Introduction to OFDM 21
2.1 Introduction . . . . . . . . . L 21
2.2 Principles of QAM-OFDM . . . . . . . . .. ... 23
2.3 Modulationby DFT . . . . . . . .. . . 25
2.4 Transmission via Bandlimited Channels . . . . .. ... ... ........ 29
2.5 Basic OFDM Modem Implementations . . . . . . . . .. ... ... ..... 32
2.6 Cyclic OFDM Symbol Extension . . . . . . . . ... ... ... ....... 35
2.7 Decision-Directed Adaptive Channel Equalisation . . . . . . . ... ... .. 36

2.8 OFDM Bandwidth Efficiency . . . . . . ... ... ... ... ........ 38
2.9 Chapter Summary and Conclusion . . . . . . ... .. ... ... ...... 39

vii



viii CONTENTS
3 OFDM Transmission over Gaussian Channels 41
3.1 Orthogonal Frequency Division Multiplexing . . . . .. ... ... ... .. 42
3.2 Choice of the OFDM Modulation . . . . . . .. ... ... ... .. ..... 42
3.3 OFDM System Performance over AWGN Channels . . . . . ... ... ... 42
3.4 Clipping Amplification . . . . . . ... ... ... 43
34.1 OFDM Signal Amplitude Statistics . . . . ... ... ... ..... 43

3.4.2 Clipping Amplifier Simulations . . . . . . ... ... ... ..... 44
34.2.1 Introduction to Peak-Power Reduction Techniques . . . . . 45

3.4.2.2 BER Performance Using Clipping Amplifiers . . . . . .. 46

3.4.2.3 Signal Spectrum with Clipping Amplifier . . . . . .. . .. 47

3.4.3 Clipping Amplification — Summary . . . ... ... ... ... ... 50

3.5 Analogue-to-Digital Conversion . . . . . ... ... ... ... ....... 50
3.6 PhaseNoise . . . . . . ... .. e 53
3.6.1 EffectsofPhaseNoise . . ... ... ................. 53

3.6.2 Phase Noise Simulations . . . . . . ... ... ... ... ..., 54
3.6.2.1 White Phase Noise Model . . . . ... ... ........ 54

3.6.2.1.1 SerialModem . . . ... ............. 55

3.6.2.1.2 OFDMModem . ................. 55

3.6.2.2 Coloured Phase Noise Model . . . ... ... ... .. ... 57

3.6.3 Phase Noise—Summary . . . ... ... ... ... ......... 60

3.7 Chapter Summary and Conclusion . . . . . . . ... ... ... ....... 60
4 OFDM Transmission over Wideband Channels 61
4.1 TheChannel Model . . . . . ... ... ... ... ... ... ... .. ... 61
4.1.1 The Wireless Asynchronous Transfer Mode System . . . . . . . . .. 62
4.1.1.1 The WATM Channel . . . . ... ... ........... 62

4.1.1.2  The Shortened WATM Channel . . . . . ... ... .... 64

4.1.2 The Wireless Local Area Network . . . . .. .. ... ... ..... 64
4.12.1 The WLAN Channel . . . . ... .. ... ......... 65

413 UMTSSystem . . . ... ... e 65
4.13.1 The UMTS Type Channel . . . . . .. ... ... ..... 65

4.2 Effects of Time-Dispersive Channelson OFDM . . . . . ... ... .. ... 66
4.2.1 Effects of the Stationary Time-Dispersive Channel . . . . ... . .. 67

4.2.2 Non-Stationary Channel . . . .. ... ... ... ...... ... 68
4.2.2.1 Summary of Time-variant Channels . . . . . . . ... ... 70

4.2.3 Signalling over Time-Dispersive OFDM Channels . . . . ... . .. 70

4.3 Channel Transfer Function Estimation . . . . . ... .. ... ... ..... 70
4.3.1 Frequency Domain Channel Transfer Function Estimation . . . . . . 70
4.3.1.1 Pilot Symbol-Assisted Schemes . . . . .. ... ...... 71

4.3.1.1.1 Linear Interpolation for PSAM . . . . . ... .. 71

4.3.1.1.2  Ideal Lowpass Interpolation for PSAM . . . . . . 73

43.1.1.3 Summary . ... ... ... 75

4.3.2 Time Domain Channel Estimation . . . . . . .. ... ... ..... 78

4.4 System Performance . . . ... ... .. ... ... 78
4.4.1 Static Time-Dispersive Channel . . . . .. ... ... .. ...... 78

4.4.1.1 Perfect Channel Estimation . . . . ... ... ....... 78



CONTENTS

ix

4.4.1.2 Differentially Coded Modulation . . . .. ... ...... 81
44.1.3 PSAM Aided Channel Transfer Function Estimation . . . . 83
4.4.2 Slowly Varying Time-Dispersive Channel . . . . . . ... ... ... 88
44.2.1 Perfect Channel Estimation . . . ... ... ........ 89
4.4.2.2 Pilot Symbol-Assisted Modulation Summary . . . . . . . . 90
4.5 Intersubcarrier Interference Cancellation . . . . . . . . ... ... ... ... 90
4.5.1 Motivation . . . .. ... 90
45.2 TheSignalModel . . . . . . ... ... Lo 94
4.5.3 Channel Estimation . . . . . . .. ... ... ... .. 96
4.5.4 Cancellation Schemes . . . ... ... ... ... .......... 97
4.5.5 ICI Cancellation Performance . . . . ... ... ... ........ 99
4.5.6 Conclusions on ICI Cancellation . . . . . . ... ... ... ..... 100
4.6 Chapter Summary and Conclusion . . . . . ... .. ... ... ....... 101
5 OFDM Time and Frequency Domain Synchronisation 103
5.1 System Performance with Frequency and Timing Errors . . . . . . . . .. .. 103
5.1.1  Frequency Shift . . . . . ... ... . 103
5.1.1.1  The Spectrum of the OFDM Signal . . . . ... ... ... 104
5.1.1.2  Effects of Frequency Mismatch on Different Modulation
Schemes . . . . ... ... L 108
5.1.1.2.1  Coherent Modulation . . . . ... ........ 108
5.1.1.2.2  Pilot Symbol Assisted Modulation . . . ... .. 108
5.1.1.2.3  Differential Modulation . . . . . . ... ... .. 109
5.1.1.2.4  Frequency Error - Summary . .. ... ... .. 109
5.1.2  Time Domain Synchronisation Errors . . . . . . ... ... ... .. 110
5.1.2.1 Coherent Demodulation . . . . . ... ... ........ 110
5.1.2.2  Pilot Symbol-Assisted Modulation . . . ... .. ..... 111
5.1.2.3  Differential Modulation . . . . . ... ... ... ..... 112
5.1.2.3.1  Time Domain Synchronisation Errors - Summary 114
5.2 Synchronisation Algorithms . . . . . . ... ... 0oL 114
5.2.1 Coarse Frame and OFDM Symbol Synchronisation Review . . . . . 115
5.2.2 Fine Symbol Tracking Review . . . . . ... ... ... ....... 116
5.2.3 Frequency AcquisitionReview . . . . .. ... ... .. ... ..., 116
524 Frequency TrackingReview . . . . . . ... ... ... ....... 116
5.2.5 Synchronisation based on Auto-correlation . . . ... ... ... .. 117
5.2.6 Multiple Access Frame Structure . . . . . . . .. ... ... ... .. 117
5.2.6.1 The Reference Symbol . . . ... ... ... ... .... 117
5.2.6.2 The Correlation Functions . . . . . .. ... ... ..... 119
5.2.7 Frequency Tracking and OFDM Symbol Synchronisation . . . . . . . 120
5.277.1 OFDM Symbol Synchronisation . . ... ... ...... 120
5.2.77.2  Frequency Tracking Studies . . . . . ... ... ... ... 120
5.2.8 Frequency Acquisition and Frame Synchronisation Studies . . . . . . 122
5.2.8.1 Frame Synchronisation Studies . . . . ... .. ... ... 122
5.2.8.2 Frequency Acquisition Studies . . ... ... ... . ... 122
5.2.8.3 Block Diagram of the Synchronisation Algorithms . . . . . 122
5.2.9 Frequency Acquisition Using Pilots . . . . . ... .. ... ... .. 123



X CONTENTS
5.29.1 The Reference Symbol . . . . ... ... ......... 124
5.2.9.2 Frequency Acquisition. . . . . . . ... ... ... ... 124

5.2.9.3 Performance of the Pilot-Based Frequency Acquisition in
AWGN Channels . . .. ... ... ............ 126

5.2.9.4  Alternative Frequency Error Estimation for Frequency Do-
main Pilot Tones . . . . ... ... ... .. ........ 131
5.3 Comparison of the Frequency Acquisition Algorithms . . . . . . . .. .. .. 133
5.4 BER Performance with Frequency Synchronisation . . . . .. ... ... .. 137
5.5 Chapter Summary and Conclusion . . . . . . ... ... ... .. ...... 138
5.6 Appendix: OFDM Synchronisation Performance . . . . ... ... ... .. 139
5.6.1 Frequency Synchronisation in an AWGN Channel . . ... ... .. 139
5.6.1.1  One Phasor in AWGN Environment . . . . . ... ... .. 139
5.6.1.1.1  Cartesian Coordinates . . . . . .. ... ..... 139
5.6.1.1.2  Polar Coordinates . . . . ... .......... 139
5.6.1.2  Product of Two Noisy Phasors . . . . ... ... ..... 140
5.6.1.2.1  Joint Probability Density . . . .. ... ... .. 140
5.6.1.2.2  Phase Distribution . . . . . .. ... ... .... 141
5.6.1.2.3  Numerical Integration . . . . . .. ... ..... 141
6 Adaptive Single- and Multi-user OFDM Techniques 145
6.1 Introduction . . . . . . . . . L 145
6.1.1 Motivation . . . . . ... 145
6.1.2 Adaptive Techniques . . . . . . . ... ... ... ... ... ..., 146
6.1.2.1  Channel Quality Estimation . . . . . ... ... .. .... 147
6.1.2.2  Parameter Adaptation . . . . .. ... ... ... ..... 148
6.1.2.3  Signalling the AOFDM Parameters . . . . . ... ... .. 148
6.1.3  System ASPECtS . . . . . . e e e e e 150
6.2 Adaptive Modulation for OFDM . . . . . ... ... ... ... ....... 150
6.2.1 SystemModel . ... ... ... ... ... 150
6.2.2 ChannelModel . . . . . ... ... ... 151
6.2.3 Channel Transfer Function Variations . . . . . ... ... ... ... 151
6.2.4 Choice of the Modulation Modes . . . . ... ... ... ...... 152
6.2.4.1 Fixed Threshold Adaptation Algorithm . . . . . . ... .. 152
6.2.4.2  Sub-band BER Estimator Adaptation Algorithm . . . . . . 155
6.2.5 Constant Throughput Adaptive OFDM . . . . . ... ... ... .. 156
6.2.6 AOFDM Mode Signalling and Blind Detection . . . . ... ... .. 158
6.2.6.1 Signalling . . ... ... ... ... L. 158
6.2.6.2  Blind Detection by SNR Estimation. . . . . ... ... .. 159
6.2.6.3  Blind Detection by Multi-Mode Trellis Decoder . . . . . . 161
6.2.7  Sub-band Adaptive OFDM and Turbo Channel Coding . . . . . . . . 164
6.2.8  Effects of the Doppler Frequency . . . . .. ... ... ... .... 164
6.2.9 Channel Transfer Function Estimation . . . . . . ... ... ... .. 167
6.3 Adaptive OFDM Speech System . . . . . .. ... ... ... ........ 168
6.3.1 Introduction. . . . . . . .. .. ... 168
6.3.2 SystemOverview . . . . . . . ... 169

6.3.2.1 System Parameters. . . . . ... ... ... ... ..... 169



CONTENTS xi

6.4

6.5
6.6

6.7

6.8

6.3.3 Constant Throughput Adaptive Modulation . . . . . . ... ... .. 170
6.3.3.1 Constant-Rate BER Performance . . . ... ... ... .. 171
6.3.4 Multimode Adaptation . . . . . . ... ..o 173
6.3.4.1 Mode Switching . . . . ... ... 0oL 173
6.3.5 SimulationResults . . . . ... ... ... oL 174
6.3.5.1 FrameErrorResults . . . . ... ... ... ... ..... 174
6.3.5.2 AudioSegmental SNR . . ... ... ... . ... ..., 176
Pre-equalisation . . . . . . . . ... ... 176
6.4.1 Motivation . . . ... ... 176
6.4.2 Pre-equalisation with Sub-band Blocking . . . ... ... ... ... 179
6.4.3 Adaptive Modulation with Spectral Predistortion . . . . . ... . .. 181
Comparison of the Adaptive Techniques . . . . . . .. ... ... ... ... 184
Near-optimum Power- and Bit AllocationinOFDM . . . . . . ... ... .. 186
6.6.1 Stateofthe Art . . . . . . . ... . 186
6.6.2 Problem Description . . . . . ... ... ... ... 186
6.6.3 Power and Bit Allocation Algorithm . . . . . . . ... .. ... ... 187
Multi-User AOFDM ' . . . . . . . . ... . . . 191
6.7.1 Introduction. . . . . . . . ... . ... 191
6.7.2  Adaptive Transceiver Architecture . . . . . . . . .. ... ... ... 192
6.72.1 AnOverview. . . . . ... ... . ... 192
6.7.2.2 The SignalModel . . . ... ... ... ... . ..... 193
6.7.2.3 The SMI Algorithm . . . . ... ... ... ........ 193
6.7.2.4 The Adaptive Bit-Assignment Algorithm . . . . . ... .. 194
6.7.2.5 TheChannelModels. . . . . ... ... .. ........ 194
6.7.3  Simulation Results - Perfect Channel Knowledge . . . . .. ... .. 195
6.7.3.1 General Remarks . . . ... ... ...... .. ..... 195
6.7.3.2  Two-Branch Maximum-Ratio Combining . . . . . . . . .. 195
6.7.3.3  SMI Co-Channel Interference Suppression . . . . . . . . . 195
6.7.4 Pilot-based Channel Parameter Estimation . . . . . . . ... ... .. 198
6.7.4.1 System Description . . . . ... ... ... ... .. 198
6.7.4.2 SimulationResults . . . . . ... .. ... ... ... ... 200
Chapter Summary and Conclusion . . . . . .. ... ... ... ... .... 201

II OFDM versus MC-CDMA Systems

by

B.J. Choi and L. Hanzo 203

7 OFDM versus MC-CDMA 205
7.1 Amalgamating DS-CDMA andOFDM . . . . . ... ... ... ....... 205
7.1.1 The DS-CDMA Component . . . . . . . ... ... ... ...... 205

7.1.2  The OFDM Component . . . . . . ... .. ... ... 208

7.2 Multi-Carrier CDMA . . . . . .. ... 211

I'This section is based on M. Miinster, T. Keller and L. Hanzo, “Co-Channel Interference Suppression Assisted
Adaptive OFDM in Interference Limited Environments”, ©IEEE, VTC’99, Amsterdam, NL, 17-19 Sept. 1999.



xii

CONTENTS

721 MC-CDMA . . . . . 211
722 MC-DS-CDMA . . . . .. 214
723 MT-CDMA . . . . e 215
7.3 Further Research Topics in MC-CDMA . . . ... .. ... .. ....... 216
7.4  Chapter Summary and Conclusion . . . . . . ... ... ... ........ 217
8 Basic Spreading Sequences 219
8.1 PN Sequences . . . .. ... . . . e 219
8.1.1 Maximal Length Sequences . . . . ... ... ... ......... 219
812 GoldCodes . . . . ... .. . 221
8.1.3 Kasami Sequences . . . . . . .. ... 222
8.2 Orthogonal Codes . . . . . . . . . . . ... 223
821 WalshCodes . ... ... ... ... ... ... ... ... ... 223
8.2.2 Orthogonal Gold Codes . . . . ... ... ... ... ........ 224
8.2.3 Multi-rate Orthogonal GoldCodes . . . . . . ... ... ... .... 226
8.3 Chapter Summary and Conclusion . . . . . . ... ... ... .. ...... 228
9 MC-CDMA Performance in Synchronous Environments 231
9.1 The Frequency Selective Channel Model . . . . . . . ... .. ........ 232
9.2 TheSystem Model . ... ... ... ... . ... ... 233
9.3 Single User Detection . . . . . . ... ... ... ... ... ... 235
9.3.1 Maximal Ratio Combining . . . . . ... ... ... ... ...... 236
9.3.2 Equal Gain Combining . . . . . . . ... ... ... 239
9.3.3 Orthogonality Restoring Combining . . . . . . . ... ... .. ... 241
9.4 Multi-User Detection . . . . . . ... ... . 242
9.4.1 Background . . . . . . ... ... 242
9.4.2 Maximum Likelihood Detection . . . . . . ... ... ... ..... 243

9.4.3 Concatenated Space-Time Block Coded and Turbo Coded Symbol-
by-Symbol Adaptive OFDM and Multi-Carrier CDMA . . . . . . .. 244
9.5 Chapter Summary and Conclusion . . . . . . . ... ... ... ....... 250
IIT Advanced Topics: Multi-User OFDM Systems 251
10 ML Enhanced Sphere Decoding of MIMO-OFDM 253
10.1 Classification of Smart Antennas . . . . . . . .. . ... ... ........ 253
10.2 Introduction to Space-Time Processing . . . . . . . ... ... ... ... .. 255
10.3 SDM-OFDM System Model . . . .. ... ... ... ............ 259
10.3.1 MIMO ChannelModel . . . . .. ... ... ............. 259
10.3.2 SDM-OFDM Transceiver Structure . . . . . . . . . . ... . . ... 260
10.4 Optimised Hierarchy Reduced Search Algorithm-aided SDM Detection . . . 262
10.4.1 OHRSA-aided ML SDM Detection . . . . .. ... ... ...... 263
10.4.2 Search Strategy . . . . . . . . . . ... 267
10.4.2.1 Generalisation of the OHRSA-ML SDM Detector . . . . . 271
10.4.3 Bitwise OHRSA ML SDM Detection . . . . . . ... ... ..... 273
10.4.3.1 Generalisation of the BW-OHRSA-ML SDM Detector . . . 279
10.4.4 OHRSA-aided Log-MAP SDM Detection . . . . . .. ... ..... 282



CONTENTS

xiii

10.4.5 Soft-Output OHRSA-aided Approximate Log-MAP Detection . . . .
10.4.5.1 Complexity Analysis. . . . ... ... ... ........
10.4.5.2 Performance Analysis . . . . . ... ... ... .. ....

10.5 Chapter Summary and Conclusion . . . . . . . . ... ... ... ......

11 Joint Channel Estimation and MUD for SDMA OFDM

11.1 Introduction . . . . . . . . . .
11.2 SDMA MIMO Channel Model . . . . .. ... ... ... ..........
11.3 System OVerview . . . . . . . . . v v i it e e e e e e
11.4 GA-Aided Iterative Joint Channel Estimation and Multi-User Detection
11.4.1 Pilot-aided Initial Channel Estimation . . . . . .. .. ... ... ..
11.4.2 Generating Initial Symbol Estimates . . . . . . . ... ... ... ..

11.4.3 GA-aided Joint FD-CHTF and Data Optimisation Providing Soft
Outputs . . . . . .. e
11.4.3.1 Extended GA Individual Structure for MIMO Systems . . .
11.43.2 Initialisation . . . . . . . ... ... .. .. ... ...
11.4.3.3 Joint Genetic Optimisation . . . . . . . .. ... .....
11.43.3.1 Cross-Over Operator . . . . ... ........
11.4.3.3.2 Mutation Operator . . . . . . . ... .. .....
11.4.3.3.3 Comments on the Joint Optimisation Process
11.4.3.4 Generating the GA’s Soft Outputs . . . . . ... ... ...
11.5 SimulationResults . . . . .. ... ... L o
11.5.1 Effects of the Maximum Mutation Step Size . . . . . . ... ... ..
11.5.2 Effects of the Doppler Frequency . . . . . ... ... ... .....
11.5.3 Effects of the Number of GA-JCEMUD Iterations . . ... ... ..
11.5.4 Effects of the Pilot Overhead . . . . . . ... ... ... .......
11.5.5 Joint Optimisation Versus Separate Optimisation . . . . . ... ...
11.5.6 Comparison of GA-JCEMUDs Having Soft and Hard Outputs . . . .
11.5.7 MIMO Robustness . . . . . . ... ... ... ...
11.6 Chapter Summary and Conclusion . . . . . . ... ... ... ........

12 Multi-User OFDM Employing GA-Aided MBER MUD

12.1 Introduction . . . . . . . . . . . ...
12.1.1 Minimum Bit Error Ratio Detection of OFDM . . . . . . .. .. ..

12.2 System Model . . . . . . . ...
12.2.1 Space Division Multiple Access . . . . . . . . .. .. ... ... ..
12.2.2 Error Probability of a BPSK System . . . . . .. ... ... .....
12.2.3 Exact MBER Multi-User Detection . . . . . ... ... .......

12.3 Genetic Algorithm . . . . . . . ...
12.3.1 Overview of GAS . . . . . . . . . . . .
12.3.2 Employing GAs in the MBER MUD Aided SDMA OFDM System

12.4 Simulation Results . . . . . . . . . . .. ...
12.4.1 Performance of a Four-User and Four-Receiver Antenna Scenario

291
296
298
303

305
305
307
308

. 309

312
313

315
315
316
317
317
318

. 319

319
321
322
325
326
327
327
329
329
331

12.4.2 Performance of the Four-Antenna Scenario versus the Number of Users346

12.5 Complexity Comparison . . . . . . . . . . . oo
12.6 Chapter Summary and Conclusion . . . . . . ... ... .. ... ......



Xiv

CONTENTS

13 Conclusion and Further Research Problems

13.1 Summary and Conclusions of PartT . . . . ... ... ... ...
13.1.1 SummaryofPartl .. ... ... .. ... ........
13.1.2 Conclusionsof PartI . . . . ... ... ... ... ....

13.2 Summary and Conclusions of Part IT . . . . . . . ... ... ...
13.2.1 SummaryofPartIl . . . . ... ... ... ... ...
13.2.2 Conclusionsof PartII . . . . ... ... ... ......

13.3 Summary and Conclusions of Part IIT . . . . . . ... ... ...

13.3.1 Near-ML Enhanced Sphere Detection of MIMO-OFDM

13.3.2 GA-Aided Joint MUD and Channel Estimation . . . . . .
13.3.3 GA-Aided MBERMUD ... ... ... .........
13.4 ClosingRemarks . . . .. ... ... ... ... .........

Glossary

Bibliography



About the Authors

Lajos Hanzo, Fellow of the Royal Academy of Engineering, received
his first-class degree in electronics in 1976 and his doctorate in 1983. In
2004 he was awarded the Doctor of Sciences (DSc) degree by the Uni-
versity of Southampton, UK. During his career in telecommunications
he has held various research and academic posts in Hungary, Germany
and the UK. Since 1986 he has been with the Department of Electronics
and Computer Science, University of Southampton, UK, where he holds
the chair in telecommunications. He has co-authored 12 books, totalling
9000 pages on mobile radio communications, published in excess of 600
research papers, has acted as TPC Chair of numerous major IEE and IEEE conferences, pre-
sented various keynote lectures and has been awarded a number of distinctions. Currently
he heads an academic research team, working on a range of research projects in the field
of wireless multimedia communications sponsored by industry, the Engineering and Physi-
cal Sciences Research Council (EPSRC) UK, the European IST Programme and the Mobile
Virtual Centre of Excellence (VCE), UK. He is an enthusiastic supporter of industrial and
academic liaison and he offers a range of industrial courses. Lajos is also an IEEE Distin-
guished Lecturer of both the Communications as well as the Vehicular Technology Society,
a Fellow of both the IEEE and the IEE. He is an editorial board member of the Proceedings
of the IEEE and a Governer of the IEEE VT Society. For further information on research in
progress and associated publications, please refer to http://www-mobile.ecs.soton.ac.uk

Thomas Keller studied Electrical Engineering at the University of
Karlsruhe, Ecole Superieure d’Ingenieurs en Electronique et Elec-
trotechnique, Paris, and the University of Southampton. He graduated
with a Dipl.-Ing. degree in 1995. Between 1995 and 1999 he was with
the Wireless Multimedia Communications Group at the University of
Southampton, where he completed his PhD in mobile communications.
His areas of interest include adaptive OFDM transmission, wideband
| / channel estimation, CDMA and error correction coding. Following the
“*% completion of hos PhD he joined Ubinetics, Cambridge, UK, where he
was involved in the research and development of third-generation wireless systems. Follow-
ing a reorganization, he was part of a team that was transferred to Analog Devices, Cam-
bridge, UK. Dr. Keller has co-authored three monographs and about 30 various research
papers.

XV



Other Wiley and IEEE Press
Books on Related Topics 2

R. Steele, L. Hanzo (Ed): Mobile Radio Communications: Second and Third Gener-
ation Cellular and WATM Systems, John Wiley and IEEE Press, 2nd edition, 1999,
ISBN 07 273-1406-8, 1064 pages

L. Hanzo, F.C.A. Somerville, J.P. Woodard: Voice Compression and Communications:
Principles and Applications for Fixed and Wireless Channels; IEEE Press and John
Wiley, 2001, 642 pages

L. Hanzo, P. Cherriman, J. Streit: Wireless Video Communications: Second to Third
Generation and Beyond, IEEE Press and John Wiley, 2001, 1093 pages

L. Hanzo, T.H. Liew, B.L. Yeap: Turbo Coding, Turbo Equalisation and Space-Time
Coding, John Wiley and IEEE Press, 2002, 751 pages

J.S. Blogh, L. Hanzo: Third-Generation Systems and Intelligent Wireless Networking:
Smart Antennas and Adaptive Modulation, John Wiley and IEEE Press, 2002, 408

pages
L. Hanzo, C.H. Wong, M.S. Yee: Adaptive Wireless Transceivers: Turbo-Coded,

Turbo-Equalised and Space-Time Coded TDMA, CDMA and OFDM Systems, John
Wiley and IEEE Press, 2002, 737 pages

L. Hanzo, L-L. Yang, E-L. Kuan, K. Yen: Single- and Multi-Carrier CDMA: Multi-
User Detection, Space-Time Spreading, Synchronisation, Networking and Standards,
John Wiley and IEEE Press, June 2003, 1060 pages

L. Hanzo, M. Miinster, T. Keller, B-J. Choi, OFDM and MC-CDMA for Broadband
Multi-User Communications, WLANs and Broadcasting, John-Wiley and IEEE Press,
2003, 978 pages

L. Hanzo, S-X. Ng, T. Keller and W.T. Webb, Quadrature Amplitude Modulation:
From Basics to Adaptive Trellis-Coded, Turbo-Equalised and Space-Time Coded
OFDM, CDMA and MC-CDMA Systems, John Wiley and IEEE Press, 2004, 1105

pages

2For detailed contents and sample chapters please refer to http://www-mobile.ecs.soton.ac.uk

Xvii



Acknowledgements

We are indebted to our many colleagues who have enhanced our understanding of the subject,
in particular to Prof. Emeritus Raymond Steele. These colleagues and valued friends, too nu-
merous to be mentioned, have influenced our views concerning various aspects of wireless
multimedia communications. We thank them for the enlightenment gained from our collab-
orations on various projects, papers and books. We are grateful to Steve Braithwaite, Jan
Brecht, Jon Blogh, Marco Breiling, Marco del Buono, Sheng Chen, Peter Cherriman, Stan-
ley Chia, Joseph Cheung, Sheyam Lal Dhomeja, Dirk Didascalou, Lim Dongmin, Stephan
Ernst, Peter Fortune, Eddie Green, David Greenwood, Hee Thong How, Ee Lin Kuan, W. H.
Lam, C. C. Lee, Xiao Lin, Chee Siong Lee, Tong-Hooi Liew, Vincent Roger-Marchart, Jason
Ng, Michael Ng, M. A. Nofal, Jeff Reeve, Redwan Salami, Clare Somerville, Rob Stedman,
David Stewart, Jiirgen Streit, Jeff Torrance, Spyros Vlahoyiannatos, William Webb, Stephan
Weiss, John Williams, Jason Woodard, Choong Hin Wong, Henry Wong, James Wong, Lie-
Liang Yang, Bee-Leong Yeap, Mong-Suan Yee, Kai Yen, Andy Yuen, and many others with
whom we enjoyed an association.

We also acknowledge our valuable associations with the Virtual Centre of Excellence
(VCE) in Mobile Communications, in particular with its chief executive, Dr Walter Tuttlebee,
and other leading members of the VCE, namely Dr Keith Baughan, Prof. Hamid Aghvami,
Prof. Ed Candy, Prof. John Dunlop, Prof. Barry Evans, Prof. Peter Grant, Prof. Mike
Walker, Prof. Joseph McGeehan, Prof. Steve McLaughlin and many other valued colleagues.
Our sincere thanks are also due to the EPSRC, UK for supporting our research. We would
also like to thank Dr Joao Da Silva, Dr Jorge Pereira, Dr Bartholome Arroyo, Dr Bernard
Barani, Dr Demosthenes Ikonomou, Dr Fabrizio Sestini and other valued colleagues from the
Commission of the European Communities, Brussels, Belgium.

Without the kind support of Mark Hammond, Sarah Hinton, Jinnifer Beal and their col-
leagues at the Wiley editorial office in Chichester, UK this monograph would never have
reached the readers. Finally, our sincere gratitude is due to the numerous authors listed in
the Author Index — as well as to those whose work was not cited owing to space limitations
— for their contributions to the state of the art, without whom this book would not have
materialised.

Lajos Hanzo and Thomas Keller
School of Electronics and Computer Science
University of Southampton, UK

Xix



Glossary

ACF Auto-correlation Function

ACTS Advanced Communications Technologies and Services - a Eu-
ropean research programme

ADSL Asynchronous Digital Subscriber Loop
AOFDM Adaptive Orthogonal Frequency Division Multiplexing
APR A Priori

APT A Posteriori

AWGN Additive White Gaussian Noise

BER Bit-Error Ratio

BLAST Bell Labs Space-Time architecture
BPOS Bit Per OFDM Symbol

BPSK Binary Phase-Shift Keying

BS Base Station

CDF Cumulative Distribution Function
CDMA Code-Division Multiple Access

CE Channel Estimation

CIR Channel Impulse Response

DAB Digital Audio Broadcasting

DDCE Decision-Directed Channel Estimation
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DDCP Decision-Directed Channel Prediction
DFT Discrete Fourier Transform

DMUX Demultiplexer

DTTB Digital Terrestrial Television Broadcast
D-BLAST Diagonal BLAST

EM Expectation Maximisation

EVD EigenValue Decomposition

FDM Frequency Division Multiplexing
FDMA Frequency Division Multiple Access
FEC Forward Error Correction

FFT Fast Fourier Transform

FIR Finite Impulse Response

HF High-Frequency

ICI Inter-subCarrier Interference

IDFT Inverse Discrete Fourier Transform
IFFT Inverse Fast Fourier Transform

IIR Infinite Impulse Response

ISI Inter-Symbol Interference

IWHT Inverse Walsh Hadamard Transform
KLT Karhunen-Loeve Transform

LLR Log-Likelihood Ratio

LS Least-Squares

LSE Least-Squares Error

MA Multiple Access

MC Multi-Carrier

MIMO Multiple-Input Multiple-Output

ML Maximum Likelihood
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MLSE
MMSE
MSE
MU
MUD
MUI
MUX
MV
MVDR
OFDM
PAPR
PDF

PIC
PSAM
PSD
PSK
QAM
QPSK
RLS
RNS
SB
SDM
SDMA
SDI
SER
SIC
SINR

Maximum Likelihood Sequence Estimation
Minimum Mean-Square Error
Mean-Square Error

Multi-User

Multi-User Detection

Multi-User Interference

Multiplexer

Minimum Variance

Minimum Variance Distortionless Response
Orthogonal Frequency Division Multiplexing
Peak-to-Average Power Ratio

Probability Density Function

Parallel Interference Cancellation

Pilot Symbol Aided Modulation

Power Spectral Density

Phase-Shift Keying

Quadrature Amplitude Modulation
Quadrature Phase-Shift Keying

Recursive Least-Squares

Residue Number System

Subband

Space Division Multiplexing

Space Division Multiple Access

Selective Decision Insertion

Symbol Error Ratio

Successive Interference Cancellation

Signal-to-Interference-plus-Noise Ratio
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SIR Signal-to-Interference Ratio

SMI Sample Matrix Inversion

SNR Signal-to-Noise Ratio

STC Space-Time Coding

SVD Singular-Value Decomposition

TCM Trellis-Coded Modulation

TDD Time-Division Duplexing

TDMA Time-Division Multiple Access
TTCM Turbo-Trellis Coded Modulation
V-BLAST Vertical BLAST

WATM Wireless Asynchronous Transfer Mode
WHT Walsh-Hadamard Transform

WHTS Walsh-Hadamard Transform Spreading
ZF Zero-Forcing

1D One-Dimensional

2D

Two-Dimensional
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