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GREETINGS FROM THE
GLOBECOM 2000 GENERAL CHAIRMAN

You are invited to attend this annual international communi-
cations conference which will feature technical presenta-
tions, papers, customized symposiums, tutorials and work-
shops by more than 300 of the brightest and the best engi-
neers and scientists in the world. We expect attendees from
over 40 countries.

To provide attendees both depth and breadth of coverage in
high interest areas we have scheduled 6 major symposiums
and one special workshop:

¢ Broadband Wireless

¢ Global Internet

® High Speed Networks

*® Photonic Networks

e Satellite Communications

e Communication Theory
* [Pv6 Workshop

Dr. David Nagel (Chief Technology Officer for AT&T) will

be our Keynote Speaker and Dr. Vint Cerf (Senior Vice
President for MCI Worldcom) will be the Keynote Speaker for
our IPv6 workshop which is co-sponsored by the Internet
Society and IEEE. The Communications Society will also have
several executive business sessions that include executives
from telecom service providers, equipment providers and
investors.

Terry E. F. Kero
Senior Vice President, Business Development

Telesys

San Francisco is one of the most beautiful, exciting, enchanting, sophisticated and pleasurable cities in the
world. Please join us at Globecom 2000 for an

Interesting, Educational, Enlightening and Enjoyable experiencel!

Gexnkeral‘f‘Chazifrman's Reception Terry E. F. Kero
. . s - General Chairman, Globecom 2000
Monday, 27 November
- 6:00 pm - 9:00 pm
~ Fairmont Hotel — Gold Room
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Volume 2

HEORY SYMPOSIUM
floe Win, AT&T Labs - Research, USA; Andrea Goldsmith, Stanford University, USA

ymmittee Sponsors: Communication Theory; Radio Communications; Signal Processing for Storage;
d Communication Electronics

Stanford Court Hotel, Ballroom Room (West)
Tuesday, 9:00 AM- 2:00 PM

Session CT-1 OFDM |

Organizers: Andreas F. Molisch, Technical University of Wien; Bruce McNair, AT&T Labs—-Research, USA
Chair: Leonard J. Cimini, AT&T Labs—Research, USA

CT1-1 Design of BFDM/OQAM Systems Based on Biorthogonal Modulated Filter Banks............cccccovvuviiciiiniieniiinenns
Cyrille Siclet, Pierre Siohan, France Télécom Group, France

CT1-2 Interchannel Interference of OFDM in Mobile Radio Channels .........cccccviuiiiiieiieceiiiiiiieeee e e e essvassee s
Ye Li, Leonard J. Cimini Jr., AT&T Labs—Research, USA

CT1-3 Optimum Nyquist Windowing for Improved OFDM RECEIVETS .........cccccviiiiiiiiiiniiiiinis s sesssissenee s e
Stefan H. Mller-Weinfurtner, Johannes B. Huber, Universitdt Erlangen—Nurnberg, Germany

CT1-4 Convergence Analysis of an Adaptive Channel Estimation Algorithm Using Cyclic Prefix
inMulticarrier Modulation SYSIOmMS: i taasi et e ot oie sty - sibsmr o eEss s uisaasart i i ssavse dinpusinisgsasebsisasss
Xiaowen Wang, K. J. Ray Liu, University of Maryland—College Park, USA

CT1-5 Predictive Equalization of Time-Varying Channels for Coded OFDM/BFDM Systems..........cccccovvrvuriiiniineninens
Dieter Schafhuber, Gerald Matz, Franz Hlawatsch, Vienna University of Technology, Austria

CT1-6 Near Optimal Joint Channel Estimation and Data Detection for COFDM Systems...........ccccoeevvviiiiiniiiniennnnns
Lang Lin, Rutgers University, USA;
Justin C.-I. Chuang, Ye Li, AT&T Labs—Research, USA

CT1-7 On Clipping for Peak-Power Reduction of OFDM Signals.........ccccceieiiiinmiiiiiiiniicsiesis s sssssssssaes
Hideki Ochiai, Hideki Imai, University of Tokyo, Japan

Stanford Court Hotel, Ballroom Room (West)
Tuesday, 2:00-5:30 PM

Session CT-3 OFDM I

Organizers: Dennis L. Goeckel, University of Massachusetts—Amherst, USA; Kenneth Toudouze, Street Advisor, USA
Chair: George Chrisikos, USA

CT3-1 A Compensation Scheme for Nonlinear Distortion in OFDM SyStEMS .....cc..coviieiiiiiiiieeiiicciicescesiee e
Sekchin Chang, Edward J. Powers, Jaehak Chung, The University of Texas at Austin, USA

CT3-2 Two-Dimensional Iterative APP Channel Estimation and Decoding for OFDM Systems ...........ccccoceiiieiiinnnnns
Stephan ten Brink, Freider Sanzi, Joachim Speidel, University of Stuttgart, Germany

CT3-3 Peak-to-Average Power Ratio Reduction of an OFDM Signal Using Partial Transmit Sequences
with Embedded. Sidoy Dl ommalion e s et f e ihsiins b s o shesis sert s messs o siass s msahts Fsvei e ssmansanssmas s rasss s s
Leonard J. Cimini Jr., Nelson R. Sollenberger, AT&T Labs—Research, USA

CT3-4 Analysis of Two-Dimensional Differential Demodulation for OFDM...........cccoiiiiiiiiiiiiiiiecr e
Erik Haas, Stefan Kaiser, Institute for Communication and Navigation, Germany

CT3-5 On the SER Analysis of A-Law Companded OFDM System B S A i, eimmies. Atasl e i
Xianbin Wang, Tjeng Thiang Tjhung, Centre for Wireless Communications, Singapore;
Chun Sum Ng, Ashraf Ali Kassim, National University of Singapore

CT3-6 An Importance Sampling Analysis of a Sub-carrier Synchronized OFDM/QAM ...........cccoieiiiiiiiiiicneeiiecineenes
Mohamed L. Ammari, Paul Fortier, Tue H. Huynh, Laval University, Canada

CT3-7 Adaptive Loading for OFDM/SDMA-based Wireless Local NEtWOrKS...........ccocveeriiiiiiieciieiiiecciiesciesiinessieeenns
Steven Thoen, Liesbet Van der Perre, Bert Gyselinckx, Marc Engels,
Interuniversity Micro Electronics Center, Belgium
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Stanford Court Hotel, Ballroom Room (East)
Tuesday, 9:00 AM-12:00 PM
Session CT-2 Turbo Codes and Iterative Decoding

Organizers: Krishna Narayan, Texas A&M University, USA; Achilleas Anasta-sopoulos, University of Michigan, USA
Chair: Dariush Divsalar, Jet Propulsion Laboratory, USA

CT2-1 On Adaptive Reduced-Complexity Iterative DECOAING ..........cc.coouiiiiriiiiiiiiiieeece e 772
Philippa A. Martin, Desmond P. Taylor, University of Canterbury, New Zealand
CT2-2 Serial Concatenated Trellis Coded Modulation with Rate-1 Inner Code ...........ccccooviiiiiiiiieieieeeiiieeeeeee LI,

D. Divsalar, S. Dolinar, F. Pollara, Jet Propulsion Laboratory, USA

CT2-3 A Comparison of Several Strategies for lteratively Decoding Serially, Concatenated
Convolutional Codes in Multipath Rayleigh Fading Environment ..............oooiiiiiiiiiiiieecece e 783
A. O. Berthet, R. Visoz, P. Tortelier, France Telecom R&D, France;
B. Unal, Orta Dogu Teknik Universitesi, Turkey

CT2-4 Power and Bandwidth Efficient Serially Concatenated CPM with Iterative Decoding ...........c.cccoceiiiiiiiiiennenn. 790
P. Mogvist, T. Aulin, Chalmers University of Technology, Sweden

CT2-5 Convolutional Double Accumulate Codes (or Double Turbo DPSK) .........coooiiiiiiiiiieeieeeeeeee e 795
Rajeev Ramamurthy, William E. Ryan, University of Arizona, USA

CT2-6 Design of Fixed-Point Iterative Decoders for Concatenated Codes with Interleavers..............cccccoeiviiiiininnn. 801
G. Montorsi, S. Benedetto, Politecnico di Torino, Italy

CT2-7 An lterative Decoding Scheme for Pilot-Assisted Modulation in Fading Channels ...........c.cccoveeeiiiiiieciicennn. 807

Qinghua Li, Costas N. Georghiades, Xiaodong Wang, Texas A&M University, USA

Stanford Court Hotel, Ballroom Room (East)
Tuesday, 2:00-5:30 PM

Session CT-4 Coding

Organizers: Xiang-Gen Xia, University of Delaware, USA; Chan-Kyung Park, Conexant Systems, Inc., USA
Chair: Desmond P. Taylor, University of Canterbury, UK

CT4-1 On the Two-Dimensional Binary (d, k) Constrained Array............ccccccoiiiiiiiiiiiiiiiiccee e 812
Xiao Ma, Xinmei Wang, Haitao Yue, Xidian University, China

CT4-2 Exact Analysis of Bit Error Rate of Maximum-Distance-Separable Codes.............c.cccooieiiiiiiiiiiiiiiiiiiiciene. 816
Lijun Zhang, Zhigang Cao, Tsinghua University, P. R. China; Chunyan Gao, Shandong University, P. R. China

CT4-3 Real BCH Codes as Joint Source Channel Codes for Satellite Images Coding .........cccccocvviiiiiiniiiiiciicnnene. 820
Abraham Gabay, Pierre Duhamel, Olivier Rioul, Ecole Nationale Supérieure des Télécommunications, France

CT4-4 Low Density Parity Check Codes: Construction Based on Finite Geometries ............cccccccvviiiiiiiiciiiiicnene 825

Yu Kou, Shu Lin, University of California—Davis, USA;
Marc P. C. Fossorier, University of Hawaii at Manoa, USA

CT4-5 A Class of Multirate Convolutional Codes by Dummy Bit INSErtion ............ccoiiiiiiiiiiiiiiiiie e 830
Wen Xu, Jac Romme, Siemens AG, Germany
CT4-6 Maximum Weight Basis Decoding of Convolutional Codes............ceiviiiinieiiiiieniiieniineesineesseeeseice e ssiae s 835

Suman Das, Joseph R. Cavallaro, Behnaam Aazhang, Rice University, USA;
Elza Erkip, Polytechnic University, USA

CT4-7 lterative Decoding of Systematic Binary Algebraic BIoCk COdes............cooiiuiiiiiiiiiiiiiiiiiiiiiieciiiceeieeeee e 842
James S. K. Tee, Desmond P. Taylor, University of Canterbury, New Zealand

xxxiii Samsung Exhibit 1007, Page 5 of 15
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC




Stanford Court Hotel, Ballroom Room (West)
Wednesday, 8:30-11:30 AM

Session CT-5 CDMA |

Organizers: Ravi Subramanian, MorphICs Technology, Inc. USA; George Chrisikos, USA
Chair: Abhijit Shanbhag, MorphiCs Technology, Inc., USA

CT5-1 An Orthogonal Successive Interference Canceller for the Downlink Communications
i L o T SR Sy el W e R e 847
Hiroshi Suzuki, Quee Seng Quek, Kazuhiko Fukawa, Tokyo Institute of Technology, Japan

CT5-2 On the Performance of a Novel Synchronous Trellis-Coded CDMA System for Wireless Communications ....852
S. Choe, C. N. Georghiades, Texas A&M University, USA

CT5-3 Comparison of Amplitude Distributions for Hadamard Spreading and Fourier Spreading

in Multi-Carrier Code Division Lt SIS S ot Sl g el bl 857
Andreas Bury, Jiirgen Lindner, University of Ulm, Germany

CT5-4 Subchip-spaced Multipath Diversity in CDMA Communication S TR e R T 861
Tao Luo, Elvino S. Sousa, Subbarayan Pasupathy, University of Toronto, Canada

CT5-5 Optimal Spread Spectrum Sequences—Constructed from T O L AR 867

Chi-Chung Chen, Kung Yao, University of California~Los Angeles, USA: Ezio Biglieri, Politecnico di Torino, Italy

CT5-6 Combined Power/Code Rate Adaptation in Reed-Solomon Coded Frequency-Hopped
Spread-Spectrum Multiple Access COMMUNICALIONS ........oooc..coovoveoeoeeeoocccoeso 872

CT5-7 Optimum Noncoherent Multiuser Detection for DPSK Modulation in Generalized Diversity
Rayleigh Fading Channels: An Asymptotic Minimum Error PrODabHity ANBIVSIS ...........ccc.coco et 877
Matthias Brehler, Mahesh K. Varanasi, University of Colorado, USA

Stanford Court Hotel, Ballroom Room (West)
Wednesday, 1:30-5:00 PM

Session CT-7 CDMA Il
Organizers: Abhijit Shanbhag, MorphiCs Technology, Inc., USA; Zoran A. Kostic, AT&T Labs-Research, USA
Chair: TBA

CT7-1 Slot Timing Maximum Likelihood Estimation with Bursty Pilot Signals for DS-CDMA

wriiuiipath Fading Olannis.. IS QI Cinii e o son@inCwumhasi 1o miefl e il Yo plovisnd tiaxd §- 882
Giuseppe Caire, Pierre A. Humblet, Giuseppe Montalbano, Alessandro Nordio, Institut Eurécom, France
CT7-2 Performance of Downlink Multicarrier CDMA with Spce Diversity. 2/~ 391005 Mgl en 2abol 108 laar] 6. 887

Y. Li, C. N. Georghiades, G. Huang, Texas A&M University, USA
CT7-3 Parallel Code-Acquisition for Multicarrier DS-CDMA Systems Communicating over Multipath

Nakagami Feling CheanelS .. « i ensmis i bt At BN 0 BERIes o LR g wY 890
Lie-Liang Yang, Lajos Hanzo, University of Southampton, UK

CT7-4 Power Control for Multirate CDMA Systems with Interference Cancellation ... 895
Siu Man Shum, Roger S. Cheng, The Hong Kong University of Science and Technology, Hong Kong

CT7-5 Blind Space-Time Detection in Asynchronous Multipath CDMA Channels...............................__ 901
Jitendra K. Tugnait, Auburn University, USA ;

CT7-6 An Excess Signaling Concept with Walsh-Hadamard Spectral Spreading and Joint Detection................. 906

Frederik Vanhaverbeke, Marc Moeneclaey, Ghent University, Belgium;
Hikmet Sari, Pacific Broadband Communications, France

CT7-7 A High Capacity CDMA Array-Receiver Requiring Reduced Pilot Power ..o 910
Sofiene Affes, Abdelrhani Louzi, Nahi Kandil, Paul Mermelstein, Université du Québec, Canada

Stanford Court Hotel, Ballroom Room (East)

Wednesday, 8:30-11:30 AM

Session CT-6 Fading and Diversity |
Organizer: Moe Z. Win, AT&T Labs-Research, USA
Chair: Norman C. Beaulieu, Queens University, UK

CT6-1 Asymptotic Performance of Orthogonal Signaling with Coding and Diversity in Rayleigh Fading .................... 917
John D. Choi, Do-Sik Yoo, Wayne E. Stark, University of Michigan, USA
CT6-2 Higher Order Statistics of the Output SNR of Hybrid Selection/Maximal-Ratio Combining..........cccoovvevvie 922

Moe Z. Win, Jack H. Winters, AT&T Labs—Research, USA;
Ranjan K. Mallik, Indian Institute of Technology-Delhi, India; George Chrisikos, USC, USA

XXXiV Samsung Exhibit 1007, Page 6 of 15
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC



B 000 S R

Session CT-6 continued

CT6-3 The Generalized Polynomial Predictor based Receiver for the Nonselective Fading Channel..........c...c..c...... 927
Wing Seng Leon, Desmond P. Taylor, University of Canterbury, New Zealand

CT6-4 Performance of Predetection Dual Diversity in Correlated Rayleigh Fading: EGC and e e e 932
Ranjan K. Mallik, Indian Institute of Technology—Delhi, India; Moe Z. Win, Jack H. Winters, AT&T Labs—Research, USA

CT6-5 A Semi-Analytical Approach for Performance Evaluation of TCP-IP Based Mobile Radio fhinles il e Satns 937
Marco Chiani, Enrico Milani, Roberto Verdone, University of Bologna, Italy

CT6-6 A New Look at Maximal Ratio COMDINING ........cuvueuiirieuiiiitiesieie e 943
Bohdan R. Tomiuk, Norman C. Beaulieu, Queen’s University, Canada

CT6-7 Performance Analysis of Matched and Partially Matched One-Shot Detectors
over Doubly-Selective Rayleigh Fading Channels ..............ooiiiiiiiniii 949
Eugenio Chiavaccini, Giorgio M. Vitetta, University of Modena, Italy

Stanford Court Hotel, Ballroom Room (East)
Wednesday, 1:30-5:00 PM

Session CT-8 Fading and Diversity Il
Organizers: Marco Chiani, University of Bologna, Italy; Jack H. Winters, AT&T Labs—-Research, USA
Chair: Ranjan K. Mallik, Indian Institute of Technology, India

CT8-1 Maximum Likelihood Slow Frequency-Selective Fading Channel Estimation

Using Frequency Domain APPrOACK .........c.eeieurteseseessttss s 955
Yimin Jiang, Feng-Wen Sun, John S. Baras, Hughes Network Systems, USA
CT8-2 Selective Rake Diversity in Multipath Fading with Arbitrary Power Delay Profile................cccooiinn 960

Moe Z. Win, Nelson R. Sollenberger, AT&T Labs—Research, USA; George Chrisikos, USC, USA;
Andreas F. Molisch, Technische Universitét Wein, Austria

CT8-3 Decision-Feedback Differential Demodulation of Bit-Interleaved Coded MDPSK

for Flat Rayleigh Fading Channels...........ceeiueimeiee 965
Lutz H.-J. Lampe, Robert Schober, Universitét Erlangen-Ndrnberg, Germany

CT8-4 Guard Sequence Optimization for Block Transmission over Linear Dispersive Channels................cc........... 970
Naofal Al-Dhahir, Suhas N. Diggavi, AT&T Labs—Research, USA

CT8-5 Performance Analysis of OFDM Signalling over Doubly-Selective Fading Channels ..., 975
Eugenio Chiavaccini, Giorgio M. Vitetta, University of Modena, Italy

CT8-6 Precise Bit Error Rate Calculation for Asynchronous DS-CDMA in Nakagami Fading ...........ccccoceovniiinn 980
Julian Cheng, Norman C. Beaulieu, Queen’s University, Canada

CT8-7 Multiple Symbol Differential Detection with Diversity RECEption .............ccoiiiiii 985

Marvin K. Simon, Jet Propulsion Laboratory, USA; Mohamed-Slim Alouini, University of Minnesota, USA

Stanford Court Hotel, Ballroom Room (West)

Thursday, 8:30-11:30 AM

Session CT-9 Space Time Codes

Organizers: Vahid Tarokh, AT&T Labs-Research, USA; Bertrand Hochwald, Bell Labs, Lucent Technologies, USA
Chair: G. Jerry Foschini, Bell Labs, Lucent Technologies, USA

CT9-1 Low Complexity Turbo Space-Time Code for System with Large Number of Antennas..............oooovenns 990
Leung Hang Ching Jason, Roger S. Cheng, The Hong Kong University of Science and Technology, Hong Kong

CT9-2 Utilizing Quantized Feedback Information in Orthogonal Space-Time Block Coding............c.coviiiniiicnns 995
George Jongren, Mikael Skoglund, Royal Institute of Technology, Sweden

CT9-3 Space-Time Code Design in OFDM SyYSIEMS .........ccouiiiiiiiiiiiiit e 1000
Ben Lu, Xiaodong Wang, Texas A&M University, USA

CT9-4 Complex Space-Time Block Codes for Four TX ANtENNAS ...........cciimiimin e 1005
Olav Tirkkonen, Ari Hottinen, Nokia Research Center, Finland

CT9-5 Recursive Space-Time Trellis Codes for Turbo Coded ModUIAtON ..o 1010
Djordje Tujkovic, University of Oulu, Finland

CT9-6 Space-Time Turbo Codes: Decorrelation Propertiesand Performance Analysis for Fading Channels .......... 1016
Sriram Vishwanath, Wei Yu, Rohit Negi, Andrea Goldsmith, Stanford University, USA

CT9-7 Block Turbo Codes for Space-Time SYSTEMS........cuiiiiiiiiiiierii e 1021

K. Cavalec-Amis, R. Pyndiah, ENST Bretagne, France

il Samsung Exhibit 1007, Page 7 of 15
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Stanford Court Hotel, Ballroom Room (East)
Thursday, 8:30-11:30 AM
Session CT-11 Equalization and Estimation

Organizers: Xiaodong Wang, Texas A&M University, USA; Predrag Spasojevic, Rutgers University, USA
Chair: Costas Georghiades, Texas A&M University, USA

CT11-1 Noncoherent LMS Algorithm for Noncoherent SOQUONCE ESUMALON....vsrusssuiie serssarcsammesnss it s s 1026
Robert Schober, Wolfgang H. Gerstacker, Universitat Erlangen—Ndirnberg, Germany

CT11-2 Efficient POCS Algorithms for Deterministic Blind Equalization of Time-Varying Channels ... 1031
Harold Artés, Franz Hlawatsch, Gerald Matz, Vienna University of Technology, Austria

CT11-3 Cramér-Rao Bounds for Blind Multichannel ESHMAtion..........................ooooooooosioeeeooooooo 1036

Elisabeth de Carvalho, John Cioffi, Stanford University, USA; Dirk Slock, Institut Eurecom, France

LA A U MO SO oo R 1041
Wonzoo Chung, C. Richard Johnson Jr., Cornell University, USA;
William A. Sethares, University of Wisconsin-Madison, USA

CT11-5 Pipelined Reduced-State A RO 0 0 T B, M e S e 6 1046
Erich F. Haratsch, Munich University of Technology, Germany;
Kamran Azadet, Bell Laboratories, Lucent Technologies, USA

CT11-6 Semi-blind Block Channel Estimation and Signal Detection Using Hidden Markov Models
Pei Chen, Hisashi Kobayashi, Princeton University, USA

CT11-7 Training Sequence vs. Cyclic Prefix: A New Look on Single Carrier Communication......................___ 1056
Luc Deneire, Bert Gyselinckx, Marc Engels, IMEC, Belgium

Stanford Court Hotel, Ballroom Room (West)
Thursday, 1:30-5:00 PM

Session CT-10 Multiple Antennas

Organizer: Angel Lozano, Bell Labs, Lucent Technologies, USA; George Chrisikos, USA
Chair: Moe Z. Win, AT&T Labs-Research, USA

CT10-1 Effects of Iterative Detection and Decoding on the Performance of BLAST ... 1061
Xiadong Li, Howard Huang, G. J. Foschini, Reinaldo A. Valenzuela, Lucent Technologies, USA

CT10-2 Improving BLAST Performance using Space-Time Block Codes and Turbo Decoding: todue . ainliin 1067
Stephan Béro, Gerhard Bauch, Aneta Pavlic, Andreas Semmler, Munich University of Technology, Germany

CT10-3 Reduced-Complexity Detection Algorithms for Systems Using Multi-Element Arrays ... 1072
Xiaodong Li, Howard C. Huang, Angel Lozano, Gerard J. Foschini, Lucent Technologies, USA

CT10-4 Equalization of Transmit Diversity and Space-Time Coded T o e 0 T 1077
Ayman Naguib, AT&T Labs—-Research, USA

CT10-5 MIMO Wireless Channels: Capacity and Performance Prediction
D. Gesbert, Gigabit Wireless Inc., USA; H. Bélcskei, D. Gore, A. Pauiraj, Stanford University, USA

CT10-6 A Transmit Diversity Scheme for Frequency Selective Fading Channels....................ccoorvmmrero 1089
Sriram Mudulodu, Arogyaswami Paulraj, Stanford University, USA

CT10-7 Simulation Results for an Interference-Limited Multiple-Input Multiple-Output Cellular System ................... 1094
S. Catreux, P. F. Driessen, L. J. Greenstein, AT&T Labs-Research, USA

XXXVi
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FELLITE COMMUNICATIONS SYMPOSIUM
[ n Chair: Sastri Kota, Lockheed Martin, USA
echnical Committee Sponsors: Satellite Communications

Stanford Court Hotel, India Room (Blue & Gold)
Wednesday, 8:30-11:30 AM
Session S-2  Satellite Network Protocols and IP QoS

Organizer: Sastri Kota, Lockheed Martin, USA
Chair: C. K. Toh, Georgia Institute of Technology, USA

S2-1 A Transmission Coordination Protocol for a Mobile Satellite Messaging System ...............cccocoeveveereeeennnn. 1097
Kevin Z. Zhang, Lockheed Martin Global Telcommunications, USA
S2-2 TCP Behavior in Networks with Dynamic Propagation DEIAY ..............ceoveeeeeeeeeeeeeeeeeeeeeseeeeeeoeeooee 1103

Mark Allman, Jim Griner, Alan Richard, NASA Glenn/BBN, USA

§2-3 A Quality of Service Guarantee in IP Satellite Environment: Experimental Experience in
the CNIT-ASI Project “Integration of Multimedia Services on Heterogeneous Satellite Networks”................ 1109
Davide Adami, University of Pisa, Italy; Mario Marchese, University of Genoa, Italy;
Luca Simone Ronga, University of Firenze, Italy

S2-4 An Approach to QoS-based Routing for Low Earth Orbit Satellite NetWOrks ...........c.ooveveeveeooeeooeoeoeo, 1114
Hoang Nam Nguyen, Admela Jukan,Vienna University of Technology, Austria
$2-5 On Distributed, Geographic-Based Packet Routing for LEO Satellite NetWOrKS.............o.ooveveveeeeeeeeeeeeeeren 1119

Thomas Henderson, Geocast Network Systems, USA;
Randy H. Katz, University of California—Berkeley, USA

$2-6 Response Initiated Multiple Access (RIMA)—

A Medium Access Control Protocol for Satellite Channels................c.oeeeeeeeeeeeeeeeeeeeeeeeeee e 1124
Dennis P. Connors, Gregory J. Pottie, University of California-Los Angeles, USA
$2-7 A Bandwidth Allocation Strategy for Multimedia Traffic in a Satellite NEtWOrK............o..ooveoveveeeeeeoeooeo 1130

Raffaele Bolla, Franco Davoli, University of Genoa, Italy; Mario Marchese, CNIT, Italy

Stanford Court Hotel, India Room (Blue & Gold)
Wednesday, 1:30-5:00 PM
Session S-3 LEO Network Architectures and Analysis

Organizer: Walter Ciesluk, The MITRE, USA
Chair: Satchandi Verma, Motorola, USA

88-1 Using Commercial Satellites to Provide Communication Support for Future Space Missions.......................... 1135
M. H. Hadjitheodosiou, A. T. Nguyen, University of Maryland, USA

$8-2 Downlink Performance of Multi-beam Multi-satellite CDMA-based LEO Satellite System
ST IR e el e M e o i e s domte it Sl fig G e i e 1140
Umrani A. Waheed, Dubey Vimal K., Nanyang Technological University, Singapore

$3-3 Performance Analysis of Dynamic and Fixed Channel Allocation Techniques in
a LEO Constellation with a LEO Constellation with an “Earth-Fixed Cell” SyStem.............coocoveeerereesrersenens 1145
Lila Boukhatem, A. L. Beylot, Université de Versailles, France;
D. Gaiti, G. Pujolle, Université de Paris, France

S3-4 Call Admission Control Policy for Capacity-Varying Networks with Stochastic Capacity Change Times ......... 1150
J. Siwko, Trilogy Software, Inc., USA; I. Rubin, University of California~Los Angeles, USA
$3-5 A New Spotbeam Handover Management Technique for LEO Satellite Networks...........c.ccoeveverveeeueveeeeennns 1156

Sungrae Cho, lan F. Akyildiz, Georgia Institute of Technology, USA;
Michael D. Bender, Department of Defense, USA; Hiseyin Uzunalioglu, Bell Labs—Lucent Technology, USA

S$3-6 An Elastic Handover Scheme for LEO Satellite Mobile Communication BYSIEMS 1 oot i 1161
Yi Xu, QuanLong Ding, ChiChung Ko, National University of Singapore, Singapore
S3-7 Improvement of the Capacity of the LEO Mobile Satellite Systems Using Channel Reshuffling ...................... 1166

Viadimir Obradovic, Aachen University of Technology, Germany;
Manepalli Lakshmi Kanth, IIT Kanpur, India
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IC NETWORK TECHNOLOGIES ARCHITECTURES & PROTOCOL SYMPOSIUM
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Comparison of Amplitude Distributions for Hadamard Spreading and
Fourier Spreading in Multi-Carrier Code Division Multiplexing
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Abstract— In this paper we investigate amplitude distribu-
tions of transmit signals for multi-carrier spread spectrum (MC-
SS) transmission methods based on orthogonal frequency divi-
sion multiplexing (OFDM), also called multi-carrier code divi-
sion multiplexing (MC-CDM). In particular we compare Fourier
spreading with the commonly used Walsh-Hadamard spreading.
As a basis for the comparison we describe a general model. Both
up- and downlink of multiple access transmission schemes em-
ploying either multi-carrier code division multiple access (MC-
CDMA) or multi-carrier frequency division multiple access (MC-
FDMA) are compared.

I. INTRODUCTION

Multi-carrier code division multiplexing (MC-CDM) [1]
is an interesting candidate for the physical layer in wireless
high data rate local area networks. When compared to or-
thogonal frequency division multiplexing (OFDM), the ad-
ditional spreading of MC-CDM produces a signal space di-
versity which improves power efficiency especially for high
code rates [2]. A Hadamard transform is used for spreading
in most MC-CDM system descriptions, e.g. [1]. However,
further choices for orthogonal spreading are possible. With
Fourier spreading [3], which can be implemented by a discrete
Fourier transform (DFT) operation, it is clear that it can can-
cel the inverse discrete Fourier transform (IDFT) of an OFDM
transmitter when spreading is done over all subcarriers, such
that the result is a simple serial block transmission with cyc-
lic extension [4]. This serial transmission can be regarded as
a spread spectrum transmission, since the entire transmission
bandwidth is covered by each transmitted symbol. The peak-
to-average power ratio (PAPR) of a serial transmission is much
lower than that of an OFDM transmission. The question that
arises is: how is the situation when spreading is done not over
all OFDM subcarriers but only over groups of carriers?

The aspect of comparison treated here is the amplitude
distribution of the transmit signal when employing different
spreading methods. This is an important topic when RF power
amplifiers suffer from nonlinearity, which is in practice always
the case to some extent. The nonlinear characteristic produces
harmonics which result in out-of-band radiation. The best op-
tion to avoid out-of-band radiation is to guarantee a suitable
amplitude distribution of the transmit signal, with a low PAPR.

In [5] Golay complementary sequences have been used in-
stead of Hadamard sequences for reducing the PAPR in MC-

CDMA transmission, and a scrambling scheme was employed
to further improve the amplitude distribution of the transmit
signal. In this paper we suggest to employ a DFT for spread-
ing, which can be implemented efficiently as a fast Fourier
transform (FFT). Furthermore we extend our considerations to
MC-FDMA, as introduced in [6] (named MC-SS-MA there).

Subsequently we describe a model of a MC-CDM transmit-
ter. In a multiple access context, this model is valid for both,
MC-CDMA and MC-FDMA. We describe the methods used
for computation of the amplitude distribution and the PAPR of
the transmit signal. It is shown that, given the transmit sym-
bol alphabet and the corresponding symbol probabilities, both
amplitude distribution and PAPR are uniquely determined by
a single matrix which describes the transmitters linear map-
ping from transmitted symbols to the transmit signal. Based
on simulation results, we discuss the suitability of Hadamard
and Fourier spreading for MC-CDM transmission methods.

We use the following notation: random variables are written
in bold type, vectors have a single underline, matrices have a
double underline.

II. MODEL OF A MC-CDM TRANSMITTER

The model in Fig. 1 depicts a transmitter for MC-CDM
based on OFDM. An OFDM transmitter is extended by an ad-
ditional spreading, described by the transform matrices T, and
by an interleaver. The OFDM transmitter consists of an IDFT,
a cyclic prefix insertion CP, a parallel-to-serial conversion, and
the conversion to continuous-time using an ideal Dirac sampler
and a basic waveform e(t), which is a Nyquist impulse. The
delivered baseband transmit signal is s(¢). The number of
OFDM subcarriers is N, the cyclic prefix has length L, trans-
mit signal samples are indexed by ¢, and the Dirac sampler
generates an impulse every T, seconds.

OFDM breaks down the transmission bandwidth into narrow
subcarriers which can be regarded as flat fading channels; they
are modeled as Rayleigh fading channels. The fading beha-
vior of neighbored OFDM subcarriers is correlated, according
to the power delay profile of the transmission channel. When
looking at two different subcarriers within the OFDM trans-
mission bandwidth, the fading behavior becomes less correl-
ated when the two channels are separated further in frequency.
By spreading over several fading channels which are not fully
correlated, a diversity gain is achieved.

Spreading is done by transforming a vector of M symbols

0-7803-6451-1/00/$10.00 © 2000 IEEE
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Fig. 1. Model of transmitter for OFDM-based MC-CDM.

through a matrix 7'. This square matrix is orthogonal, such that
the condition
=1 M

is fulfilled. Furthermore, to assure equal energy distribution,
we consider only spreading matrices with the property that the
absolute value of all matrix elements is constant

1 :
[ti,x] i Vi k. 2)
In literature usually a Hadamard transform is selected for T';
however, further choices are possible, e.g. a DFT. e

The total number of N transmit symbols is partitioned into
K spreading groups of size M = N/K. The interleaver as-
sures that symbols are spread equidistantly over the entire fre-
quency band in order to obtain a maximum diversity gain.
Small spreading groups (small values of M) mean that there
is little diversity gain, large groups (large values of M) offer a
better diversity gain but may result in a higher receiver com-
plexity.

In a multi-user context, the model in Fig. 1 covers two differ-
ent systems which are described in literature. To be specific, it
describes the downlink transmitter for the following transmis-
sion methods:

a) Multi-carrier code division multiple access (MC-
CDMA).
Here each user out of a total of M users occupies a certain
symbol m in all K spreading groups. User m transmits
the symbols x4 (2) V k, 1. Each user is assigned one par-
ticular element in each spreading block; if more users are
desired, larger spreading blocks are required.

b) Multi-carrier frequency division multiple access (MC-
FDMA).
Here each user out of a total of K users occupies all M
symbols of a certain spreading group k. User k trans-
mits the symbols xg,'f)(i) V m, 1. Each user is assigned its

OFDM transmitter

own spreading block; if more users are desired, more (and
smaller) spreading blocks are required.

Fig. 1 depicts the downlink transmitter for the described
transmission schemes. The corresponding uplink transmitter
of a specific user is obtained from this figure by setting the
transmit symbols of all remaining users to zero, thereby omit-
ting the corresponding signal paths.

III. AMPLITUDE DISTRIBUTION OF THE TRANSMIT
SIGNAL

For a certain time instant £ the complex baseband transmit
signal s(to) is a random variable which is in general a linear
combination of all random transmit symbols

oo . K

M
sto) = Y DY amito)x (). (©)

i=—00 k=1 m=1

The coefficients am, ki (to) are derived from T, e(t), N, L, K,
and M, as described subsequently. When the duration of the
basic waveform e(t) is finite, the infinite sum over ¢ in this
equation can be replaced by a finite sum. Then the probab-
ility density function (PDF) of the transmit signal at time 2,
fs(to) (2), is obtained from the PDFs of all contributing trans-
mit symbols.

We assume that all transmit symbols x%) (7) are mutually
statistically independent. Then the PDF fgy,) () is obtained
by convolving the densities of all contributing random vari-

(k) (-
ables am ki (to)Xm’ (2).

The envelope of the transmitted RF signal is the amplitude
of the complex baseband signal, i.e., its absolute value. Given
the PDF of the baseband transmit signal, the PDF of its abso-
lute value is determined by the integral

27
fisitto) (1) = /fs(zo) (r-exp(jp)) -T-dp. (4)
0
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With the assumption of statistical independence of all trans-
mit symbols, and assuming identical probability densities of
all transmitted symbols, the transmit signal s(t) is cyclo-
stationary with period T's = T.(N + L). The average PDF of
the transmit signal amplitude is obtained through

t+Ts

fn) = fls- / fisi(r) (r) - dr (5)

t

for some arbitrary value of !t.

Discrete-time computation

At discrete time we consider the signal s(c) instead of s(t).
To obtain a simple description we join the spreading, interleav-
ing, IDFT and cyclic extension of the transmitter in Fig. 1 into
a single matrix U, see Fig. 2.

ol §
s(c) ¢ o)

(1) s() p s(t)

v s

Fig. 2. Equivalent transmitter model.

The discrete-time transmit signal of a single OFDM block
(1 = 0) then represents the cyclo-stationary statistics of the
transmit signal. We omit the block index ¢ and write

s=U-x, (6)

with vector elements X(m+M(k—-1)) = x{) (0) and s, = s(c).
In equivalence to equation (3) we write

N
S¢ = Z Ue,nXn - @)
n=1

Hence, the PDF at a particular time instant ¢ is related with a
certain row in U.

To obtain the PDF of the amplitude we apply equation (4),
and the average PDF of the amplitude is obtained as

N+L

f(r) = N;+L ; Fisi(e) (r) - (®)

From above equations we see that, given the transmit sym-
bol alphabet and corresponding occurrence probabilities, the
PDF of the discrete-time transmit signal, fs(e) (), is determ-
ined by the transform matrix U.

For the case of Fourier spreading, the matrix U contains in
most cases more zero elements than for Hadamard spreading.
This already indicates a better amplitude distribution for Four-
ier spreading, because fewer random variables are summed.

859

“Continuous-time' computation

Equation (5) states that the PDF would have to be averaged
over an infinite number of times. Because the computational
effort for this is also infinite, we consider a discrete-time ver-
sion of the continuous-time transmit signal s(t). The filter
e(t) is implemented as a digital FIR filter at a certain over-
sampling rate. Because of the duration of this filter impulse re-
sponse, transmitted symbols of more than only a single OFDM
block must be taken into account when evaluating the PDF of
the transmitted signal. In matrix notation, convolution with
the basic waveform is a multiplication with a Toeplitz matrix.
Matrix representations of all blocks in an equivalent discrete-
time model are joined to, again, find a single transform matrix
which determines the PDF of the transmit signal.

IV. PAPR COMPARISON

The PAPR of the transmit signal indicates the maximum
amplitude range of the transmit signal for a certain power level.
Given the transform matrix of the transmitter, the PAPR can
be computed by systematically constructing the worst case in-
stantaneous power, and normalization to the average power.
We compute the PAPR at “continuous' time using three times
oversampling. The basic waveform e(t) is a root raised-cosine
impulse with & = 0.2 . For the downlink, full system load is
assumed. For the uplink, an average amplitude distribution for
all users is computed. Simulation results are given in Fig. 3.

—+ down, Had.
35 -6~ down, Four. 1
=%~ CDMA up, Had.
-8~ CDMA up, Four.
—%~ FDMA up, Had.
9\ -4~ FDMA up, Four.

PAPR (dB)

A—A A A

1 2 .4 8 1‘6 32 64 1é8 256
Spreading block size, M
Fig. 3. PAPR as a function of the spreading block size.
4PSK, N = 256, L = 32, 'continuous’ time.

Downlink

In the downlink, the PAPR is the same for both MC-CDMA
and MC-FDMA. This is obvious because both systems are
identical except for the assignment of transmitted symbols to
users. For the trivial case of spreading over a single carrier and
for the case of spreading over two carriers, both Hadamard and
Fourier spreading deliver the same PAPR. In the latter case this
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happens because Hadamard and Fourier matrices are identical
for spreading over two symbols. In the case of Hadamard
spreading, when spreading is done over an increasing number
of subcarriers, the PAPR remains nearly constant (with a slight
decrease); for Fourier spreading, however, it decreases rapidly
and reaches the PAPR of a single carrier transmission when
spreading is done over all subcarriers. This means that for
the downlink Fourier spreading clearly outperforms Hadam-
ard spreading. The larger the spreading factor, the better the
PAPR. Furthermore, assuming that a large number of users is
desired, we consider the following: Since MC-FDMA requires
(at least) one spreading block per user, the spreading blocks
must be small in case of many users, resulting in a relatively
large PAPR. For MC-CDMA, however, the larger the spread-
ing block, the larger the possible number of users. Here the
best choice with respect to PAPR is to use Fourier spreading
over all carriers while assigning groups of input symbols for
each user, resulting in the lowest possible PAPR.

Uplink

In the uplink we distinguish between MC-CDMA and
MC-FDMA. For MC-CDMA the PAPR of both Fourier and
Hadamard spreading shows a strong increase for increasing
spreading factors, reaching a maximum when the spread-
ing factor equals the square root of the number of subcarri-
ers. When the spreading factor is increased further, Hadam-
ard spreading shows a slight decrease in PAPR while Four-
ier spreading shows a rapid decrease, reaching the PAPR of
a serial transmission when spreading is done over all carri-
ers. In contrast to MC-CDMA, MC-FDMA shows a much bet-
ter behavior, with the PAPR being lower for the entire range
of spreading factors, for the respective spreading methods.
For Hadamard spreading, the PAPR increases for increasing
spreading factors. For Fourier spreading, however, the PAPR
remains nearly constant at a low level for all spreading factors.
This shows that also in the uplink Fourier spreading outper-
forms Hadamard spreading in most cases. For the case of Four-
ier spreading in a MC-FDMA uplink, the spreading factor may
be selected arbitrarily, nearly without affecting the PAPR.

V. AMPLITUDE DISTRIBUTION EXAMPLES

Since the PAPR only describes the worst case amplitude
of the transmit signal, the amplitude distribution gives better
insight into the occurrence probability of a certain amplitude
range. We plot the amplitude distribution in the following way:
a normalized threshold power Pipresh / Pavg is defined, and for
this threshold value the probability is computed that the in-
stantaneous power exceeds the threshold power; the plot is in
logarithmic scale over a range of threshold values. Fig. 4 de-
picts results for a block size of 16.

The graph shows that, in case of the downlink, Fourier
spreading offers a more sharply limited amplitude distribu-
tion while Hadamard spreading produces continuously grow-

10
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Sl == CDMA up, Four.
10" —— CDMA up, Had.
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PoovesnPavg (9B)
Fig. 4. Example for amplitude distribution.

4PSK, N = 256, L = 32, M = 16, 'continuous' time.

ing amplitudes at decreasing probabilities. Not only from the
PAPR point of view, but also from the PDF of the amplitude it
is clear that Fourier spreading is a better choice than Hadamard
spreading.

VI. CONCLUSIONS

Amplitude distributions of Hadamard spreading and Four-
ier spreading have been compared for OFDM based MC-CDM
transmission methods, using a general matrix model. Compar-
ison has been done for both up- and downlink in MC-CDMA
and MC-FDMA multiple access scenarios, and for various
spreading factors. For both up- and downlink Fourier spread-
ing delivers a lower or equal PAPR. This superiority increases
significantly for larger spreading factors. In the uplink, MC-
FDMA delivers lower PAPRs than MC-CDMA. From the amp-
litude distribution point of view, the best choice is to employ
Fourier spreading with MC-CDMA in the downlink and with
MC-FDMA in the uplink.
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