
January 1991 Doc: IEEE P802.11/91-15 

Wire Iss Information Network Group 

at the 

Worcester Polytechnic Institute 

Activity Report 

Contact Address: 

Kaveh Pahlavan 
Electrical Engineering Department 
Worcester Polytechmc Institute 
Worcester, MA 01609 
Tel: (508) 831-5634 
FAX: (508) 831-5491 
Email: kaveh@Wpi.edu 

Wtreless Workshop, SymPOStum & Worcester Poly Page 1 Kaveh Pahlavan 



~ 
~ 

- 2-

PREFACE 

The Electrical Engineering Department at the Worcester Poly tech has a 
long tradition in radio communicabons_ Perhaps our most prominent al umni 
in the -radio communication industry is Atwater Kent, one of the pioneers in 
the radio communication industry. The Electrical Engineering Department 
building is named after him: the Atwater Kent Laboratory. This building, ori
ginally build in 1906, is the first building in the U.S. which was used to host 
an Electrical Engineering Department. 

Currently, a group of our faculty and graduate students have shown 
considerable interest in various aspects of Wireless Information Networks. 
The uniqueness of our group lies in the ability to investigate all issues related 
to wireless indoor communications. Unmatched by any other research group, 
in the past few years we have c(mtributed in basic research in channel model
ing and simulation, spread spectrum communications, adaptive equalization, 
multiple access methods, network archi tectures and wireless optical commun
ications. Our group has performed numerous measurements at the Worcester 
Poly tech campus and in particular the Atwater Kent Laboratories . As a 
resu.lt, it is an ideal place for performance evaluation of the new systems. 
Currently. we intend to expand our group to study mU'lti-media wireless nc t
works. The research work of our group was initially supported by GTE 
Laboratories and. recently, the main part was supported by the Na tional Sci
ence r:oundation with some contributions from the Raytheon Company, HP 
and Tl. We are intending to increase our industry sponsored research activi
ties. 
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PRO]ECfS 

o Frequency domain meaurement and modeling indoor radio propagations 

o Time domain measurement and modeling of the indoor radio propaga-

tions 

o Simulation of the indoor radio propagations 

o Spread spectrum for wireless offices 

o Adaptive equalization of the indoor radio channel 

o Multiple access techniques for local wireless networks 

o Performance evaluation of wireless office information networks 

o Speech and image coding for wireless local communciations 

o Optic<ll wireless indoor networks 
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FACILITIES 

The lab. is equipped with time and frequency domain measurement sys
tems. The main component of the frequency domain measurement system is 
a network analyzer (HP 8753B) which outputs a swept frequency signal and 
analyzes the received signaL The network analyzer is capable to measure 
upto 3GHz and it can be updated to perform measurements upto 6GHz. The 
signal generated by the network analyzer i.s used as the input to a 45 dB 
transmi1ter RF amplifier. The output of the RF power amplifier is propagated 
by a dipole antenna. The signal fro m the receiver dipole a'ntenna is passed 
through an attenuator and a series of amplifiers with a gain of 60 cl13 . The 
output of the amplifiers is returned to the network analyzer to determine th e 
frequency response of the channel. The measured data is then re<ld and 
stored by the PC controller lor further analysis. The network analyzer is 
equipped with the Fourier transfonn board which provides the time domain 
response of the channel. 

The time domain measuremen ts a.re based on a fast digitaJ scope (Tek
tronix 11402) with 600 MHz bandwidth. A carrier frequency of around I GI-lz 
is modulated by a train of narrow pu lses providing Sn sec resolution for the 
received signal (the HPS082A pulse generator can generate pulses upto 2nsec 
width). Tne pulses are repeated every 500 ns. The modulated carrier is input 
to the 45 dB amplifier arid the output is transmitted with a quarter-wave 
dipole antenna . The stationary receiver also uses a similar antenna to Cilpture 
the radio signal. This is followed by a step atten uatar and a low-noise high 
gain (~60dB) amplifier chain. The signal is then demodulated using an 
envelope detector whose ou tP.ut is d isp~yed on a digital stor<lge oscilloscope 
coupled fa a AT&T 6300 PC WIth a CPIB LUstrumen! bus. 

In addition, analog and digital sp ectrum analyzers covering the fre 
quency range of 0-110MHz <l re available, as well as function generatms, fre
quency synthesizers, analog and digital scopes. as well as s tanaard labora.tory 
instruments. A hi~h quality shielded room for low-level, noise (ree measure
ments is also avaIlable. Recently. Texas Instruments has donated about 
100,000 dollars equipment fo r DSP design which <lre used by the members.of 
the group for speech and image coding projects . 
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RECENT PUBLICATIONS 

General Tutorials: 
K. Pahlavan," Wireless Intra-Office Networks", Invited paper, ACM 
Trans. on Office In£. Sys., July 1988. 
K. Pahlavan,'Wireless Communication for Office Information Net
works", IEEE Comm. Mag., June 1985. 
K. Pahlavan,'Wireless Data Communication Techniques for Indoor 
Applications", Proceedings of IEEE Int. Conf. of Comm.,Chicago, June 
1985. 
K. Pahlavan, "Modeling a.nd Computer Simulation of the Indoor Radio 
Channel", Intemational Conference on Control and Modeling, University 
of Teheran, Iran, July 1990. 
K. Pahlavan, ".Wireless Indoor Communication Networks", A tutorial 
course, IEEE Workshop on Mobile and Cordless Telephone Communica
tions", Kings College, University of London, England, Sep. 1989. 
K. Pahlavan, 'Wireless LANs for Offices and Manufacturing Environ
ments", Simon Fraser University and University of Victoria, British 
Columbia, Canada, July 1989. 
K. Pahlavan," Wireless Local Area Networks", Illinois Institute of Tech
nology, Chicago, March. 1989. 
K. Pahlavan, " Wireless Distribution Technology: Transmission Tech
niques", National Communication Forum, Chicago, Sept. 1988. 
K. Pahlavan, " Wireless LANs for Offices and Manufacturing Floors", 
Eastern Telecommunication Forum, Apr. 1988. 
K. Pahlavan," Intera-Office Wireless Data Networks", IEEE Communica
tion Theory Workshop, Florida, Apr. 1987. 
M. Marcus, P. Ferert, and K. Pahlavan, The Wireless Office, MIT Com
munication Forum, Sep. 1985. 

Channel Characterization 

Frequency Domain Channel Modeling and Simulation 
S. J. Howard and K. Pahlavan, "Autoregressive Modeling of Wideband 
Indoor Radio Propagation", submitted to the IEEE Trans. on Comm. (also 
presented in the IEEE GLOBECOM'90). 
K. Pahlavan and S. J. Howard, "Statistical AR Models for the Frequency 
Selective Indoor Radio Channels", lEE Elect. Let. July 19, 1990. 
S. J. Howard and K. Pahlavan, "Autoregressive Modeling of the Indoor 
Radio Channel", lEE Elect. Let., June 7, 1990. 
S. J. Howard and K. Pah lavan,''Measurement and Analysis of the Indoor 
Radio Channel in the Frequency Domain", IEEE Trans. on Instrumenta
tion and Measurements. Oct. 1990. 
S. Howard and K. Pahlavan,'Doppler Spread Measurements of the 
Indoor Radio Channel", lEE Elec. let, Jan. 19. 1990. 
K. Pahlavan and S. J. Howard, ''Frequency Domain Measurements of the 
Indoor Radio Channel", lEE Electronics Letters, Nov. 23, 1989. 
S.J. Howard and K. Pahlavan,"Autoregressive Modeling of Wideband 
Indoor Radio Propagation", Proceedings of the IEEE Globecom, San 
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Diego, Dec. 1990. 

Time Domain Modeling and Simulations 
R. Ganesh and K. Pahlavan, ''Modeling of the Indoor Radio Channel", 
submitted for publication in lEE Proceedings (also presented in GLO
BECOM'89). 
R. Ganesh and K. Pahlavan, ''Effects of Local Traffic and Local Move
ments on the Multipath Characteristics of the Indoor Radio Channel", 
lEE Electronics Let., June 7, 1990. 
R. Ganesh and K. Pahlavan, "On the Arrival of the Paths in Multipath 
Fading Indoor Radio Channels", lEE, Electronic Letters, June 1989, 
pp763-765. 
K. Pahlavan, R. Ganesh, and T. Hotaling, ''Multi path Propagation Meas
urements on Manufacturing Floors at 91OMHz", lEE Electronics Letters, 
Feb. 1989. 
R. Ganesh and K. Pahlavan, "On the Modeling of the Fading Multipath 
Indoor Radio Channels", IEEE Globecom, Dallas, Texas, Dec. 1989. 
R. Ganesh and K. Pahlavan, "A Report on Fading Multipath Indoor 
Radio Channels" IEEE Workshop on Mobile and Cordless Telephone 
Communications", Kings College, University of London, England, Sep. 
1989. 
T. Sexton and K. Pahlavan," Effects of Multi-Cluster Delay Spectrum on 
Wireless Indoor Communications" Proceedings of 1987 Conference on 
Information Science and Systems, John HopKins University, Baltimore, 
MD., March 1987. 

Spread Spectrum 
K. Pahlavan and J. W. Matthews," Channel Measurement Noise and the 
Performance of Adaptive Matched Filter Receivers over fading Multipath 
Channels", IEEE Trans. on Comm., Nov. 1990. 
K. Pahlavan and M. Chase, " Spread Spectrum Multiple Access Perfor
mance of Orthogonal Codes for Indoor Radio Communications", IEEE 
Trans. on Comm., June 1990. 
K. Pahlavan, "Spread Spectrum for Wireless Offices" tutorial paper, IEEE 
Symposium on Spread Spectrum Techniques and Applications, King's 
College, London, England, Sep. 1990. 
M, Chase and K. Pahlavan, "Spread Spectrum Multiple Access Perfor
mance of Orthogonal Codes Over Measured Indoor Channels", IEEE 
Symposium on Spread Spectrum Techniques and Applications, King's 
College, London, England, Sep. 1990. 
M. Chase and K. Pahlavan,"Spread Spectrum Multiple Access Perfor
mance of Orthogonal Codes in Fading Multi path Channels", IEEE MIL
COM, Oct. 1988. 
K. Pahlavan," Spread Spectrum for Wireless Local Networks", Proceed
ings of IEEE PCCC, Feb. 1987. 
K. Pahlavan, RF Spread Spectrum for Wireless Local Networks, GTE 
Laboratories, Tech. Report No. TN-86-S07.1, Feb. 1986. 
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Adaptive Equalization 
K. Pahlavan, S. Howard, and T. Sexton,"Adaptive Equalization of Indoor 
Radio Channel", accepted for publication in the IEEE Trans. on Comm. 
S. Howard and K. Pahlavan "Performance of Adaptive Equalization over 
Measured Indoor Radio Channels", lEE Electronics letters, Sep. 1989. 
T. A. Sexton and K. Pahlavan, "Channel Modeling and Adaptive Equali
zation of Indoor Radio Channels", IEEE Jour. of Sel. Areas in Comm. 
aSAC), Jan . 1989. 
S. Howard and K. Pahlavan, " Performance of a DFE Modem Evaluated 
from Measured Indoor Radio Multipath Profiles", Proceedings of the 
IEEE ICC, Atlanta, GA, June 1990. 
P. A. Bello and K. Pahlavan," Adaptive Equalization for Staggered QPSK 
and QPR Over Frequency SelectIve Microwave LOS Channels", IEEE 
Trans. on Communications, May 1984. 
S. J. Howard and K. Pahlavan, "Adaptive Equalization of Indoor Radio 
channels for High Speed Wireless LANs", Proceedings of the twenty 
third Annual Conference on Information Science and System, John Hop
kins University, Maryland, March 1989. 
T. A. Sexton and K. Pahlavan, ''Delay Densities and Adaptive Equaliza
tion of Indoor Radio Channels", IEEE MILCOM, Oct. 1988. 
T. A. Sexton, "Channel Modeling and Adaptive Equalization of Indoor 
Radio Channels", Ph.D. Thesis, Due to Aug. 1989. Joumaled Articles 

Network Architectures and Multiple Access 
K. Zhang and K. Pahlavan, " Relation Between Transmission and 
Throughput of the Slotted ALOHA Local Packet Radio Networks" 
<lccepted for publication in the IEEE Trans. on Comm. 
K. Zhang and K. Pahlavan, "CSMA Local R<ldio Networks with BPSK 
Modulation in Rayleigh fading Channels", lEE Elect. Let., Sep. 27th, 
1990. 
K. Zhang and K. Pahlavan,"An Integrated Voice-Data System for Wire
less Local Area Networks", IEEE Trans. on V.T., April 1990. 
K. Zhang, K. Pahlavan, and R. Ganesh, "Slotted AHOLA Networks with 
PSK Moaulation in Rayleigh-Fading Channels", lEE Electronics Letters, 
March 1989. 
K. Zhang and K. Pahlavan,"A New Approach for the Analysis of the 
Slotted ALOHA Packet Radio Networks", Proceedings of the IEEE ICC, 
Atanta, GA, June 1990. 
K. Zhang and K. Pahlavn, "An Integrated Voice/Data System for Mobile 
Indoor Radio Networks Using Multiple Transmission Rate", IEEE Glo
becom, Dallas, Texas, Dec. 1989. 
K. Zhang and K. Pahlavan, "A Radio System for Integrated VoicelData 
Local Networks" IEEE Workshop on Mobile and Cordless Telephone 
Communications", Kings College, University of London, England, Sep. 
1989. 
K. Zhang and K. Pahlavan, "An Integrated VoivelData System fo r Wire
less Local Area Networks" Proceedings of the Twentv-Second Annual 
Conference on Information Sciences and Systems, Pri·n'ceton University, 
Princeton, NJ, March 1988. 
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K. Zhang, Wireless Local Networks for Integrated VoicelData Services, 
Ph.D. Dissertation, EE Dept., WPI, June 1990. 
R. Ganesh, ''Multiple Accessing in Local Area ALOHA Networks in 
Presence of Capture", M.s. thesis, WPI, June 1987. 
R. Ganesh and K. Pahlavan," Effects of Retransmission and Capture for 
Local Area ALOHA Systems", Proceedin~s of 1987 Conference on Infor
mation Science and Systems, John Hopkms University, Baltimore, MD., 
March 1987. 

Other Related Publications 
K. Pahlavan " Nonlinear Quantization and Multi-LevellPhase Modulation 
and Coding", IEEE Trans. on Comm., Jan. 1991. 
K. Pahlavan and J. L. Holsinger,"Voice-Band Data Communication, A 
Historical Review: 1919-1988", invited paper, IEEE Comm. Soc. Mag., 
Jan. 1988. 
K. Pahlavan, " Comparison Between the Performance of QPSK, 
SQPSK, QPR, and SQPR Systems Over Microwave LOS Channels" 
IEEE Trans. on Communications, March 1985. 
K. Pahlavan and J. L. Holsinger, QAM Trellis-Coded Signal Structure, 
U.s. Patent, Apr. 21, 1987. 
J. L. Holsinger and K. Pahlavan," A Historical Overview of Voice-Band 
Data Communications", Proceedings of IEEE Int. ConI. in Comm., Seat
tle, WA, June 1987. 
K. Pahlavan and J. L. Holsinger," Expanded Trellis Code Modulation for 
Voice-Band Data Communications", Proceedings of IEEE Int. ConI. Of 
Comm., June 1987. 
K. Pahlavan and J. L. Holsinger, "A Method to Counteract the Effects 
of PCM Systems on the Performance of Ultra High Speed Voice-band 
Modems", Proceedings of IEEE ICC, Ontario, Canada, June 1986. 
K. Pahlavan, " Nonlinear Quantization and Data Communication", 
Proceedings of IEEE ICASSP, Tokyo, Japan, April 1986. 
K. Pahlavan and J. L. Holsinger,"Signal Constellation for Voice-band 
Data Communication Over Channels with Non-uniform Quantiza
tion", Proceedings of IEEE Phoenix Coni. on Computers and Commun
ications, March 1986. 
K. Pahlavan,"A Review of Wireless In-House Data Communica
tion Systems", Proceedings of IEEE Computer Communication Sym
posium, Washington D.c.., Dec. 1984. 
K. Pahlavan and J. L. Holsinger," A Model for the Effects of peM Com
pandors on the Performance of High Speed Modems", IEEE Glo
becom, New Orleans, Dec 1985. 
K. Pahlavan, Signal Processing in Telecommunications, (chapter 22 of 
handbook of signal processing, edited by Chen), Marcel DeKker Inc., 
1988. 
J.L. Holsinger, C. Jotikasthira and K. Pahlavan, Signal Structure 
for Data Communication, U.s. Patent, No. 4,660,213, Apr. 21, 1987. 
K. Pahlavan and J. L. Holsinger, QAM Trellis Coded Signal Structures, 
U.S. Patent, No. 4,660,214, Apr. 21, 1987. 

-8-

K. Pahlavan,Optimum Signal Space Design in the Presence of Compan
dors ,Tech. Memo, INFINET Inc., Feb. 1984. 
K. Pahlavan, Viterbi Algorithm and High Speed Modems, Tech. 
Memo., June 1984. 
K. Pahlavan and J.L. Holsinger, Comparative Evaluation of Very High 
Speed Modems, Tech. Memo, Oct. 1984. 
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Grad. students and their projects 

1. M. Chase, Spread Spectrum Multiple Access for Indoor Radio Channels. 
He is currently worKing in Kodak Inc., Waltham, MA (he is expected to 
complete his Ph.D. requirements by June 1991). 

2. T. A. Sexton, Adaptive Equalization of Indoor Radio Channels. He is 
currently working at Motorola Inc, Schaumberg, IL (completed his Ph.D. 
requirements on Aug. 1989). 

3. R. Ganesh, Multipath Channel Characterization for Indoor Radio Chan
nels. R. Ganesh was a Research Assistant supported by NSF (he will 
complete his Ph.D. requirements by June 1991). He IS currently an 
instructor at WPl. 

4. 

5. 

6. 

7. 

8. 
9. 

K. Zhang, Integrated Voice Data for Wireless Indoor Radio Networks. 
He was a Research Assistant supported by NSF (completes his Ph.D. 
requirements in June 1990). He is currently with Motorola Inc.- Cellular 
Division, Arlington Heights, It. 

S. J. Howard, Characterization of the Indoor Radio Propagations in Fre
quency Domain. He was a Raytheon fellow (completes his "Ph .D. require-
ments by the June 1991). He IS currently with Raytheon Equipment Divi
sion, Marlboro, MA. 

A. Falsafi, Spread Spectrum for Indoor Applications. He is currently 
with the Digital EqUipment Corporation, MA (he has started his Ph.D. 
program). 

Paul Fay, Channel Simulation for Indoor Radio Channel, M.S. candidate 
started recently. 

Y. Q. Wang, Wireless Netwroks, Ph.D. candidate started recently. 
S. Wang, Implementation and Analysis of Wireless Optical Indoor Net
works. He was originally supported by the Government ot China and 
this year he is fuJI-time M.s. student. 

Samples of undergrad. projects 
1. S. Smith, T. Hotaling, and G. Jouret, RF Spread Spectrum Implementa

tion of Wireless Terminals, June 1987 (initiated by GTE Laboratories). 
2. J. Clark, B. McCullen, and P. Paglia, and A. Rosantone, Infrared Wire

less Terminals, June 1987 (initiated by BTE laboratOries). 
3. D. Brissette, E. Pauer, and D. Willard, Implementation of Wireless 

Modem Using TMS-320, June 1988 (initiated by Tech-Man Int.). 
4. W. Noel, W. Iannacci, and J. Peidavosy, Local Area Network (LAN) 

Using Wireless Infrared TranSmission, June 1988. 
5. B. Silvester and B. Hare, Simulation of the Indoor Radio Channel, 

expected to complete by June 1991 (supported by NSF). 
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The I nstitute of 

Electrical and Electronics Engineers 
Incorpo<aled 

United Kingdom and 
Republic of Ireland Section 

CALL FOR PAPERS 
Illtel-national SY1Ul)OsilUn 011 Pel-SOlla), 

Iudool- and l\lobile Ra(lio COlnlnllllieatiollS 

Programme Comillcc Mc," lw.rsj 

Dr A II Aghvami 
King'. College London - UK 

Dr F Ananasso 
University di Roma - Italy 

Dr II W Arnold 
Dell Corum Research - USA 

Dr K Feher 
University of California Davis - USA 

Dr D J Goodman 
Rutgers The State University - USA 

Dr S Kato 
NTT Radio Comm Syot Lahs - Japan 

Dr AD Kuear 
Dell-Northern Research - Canada 

Dr T Mathiopoulo. 
University ofBr Columbia - Canada 

DrP 1 Mclane 
Queen'. University - Canada 

Dr K Pahlavan 
Worcelter Polytechnic 108t- USA 

Dr R Pra.ad 
Delft University of Technology -
The NeLherlaod. 

DrR S Swain 
Dr Telecom Relearch Lab. - UK 

Loco) Arrangemen.s; 
Mr ClyQ Daker 
Dept o( Elocl & Eloe Eng 
King'. Collego London 
SlronJ 
LonJoQ WC21l 2LS 
Tel: +44-71-813-2696 

(Uog's College - University of London 
23rd-24th September 1991 

The Symposium is being organized by the COlU/SP Chapter 01 
the UI{ & HI section of IEEE. Papers deseribing researeh, de
velopment and new concepts are invited for technical ses
sions. The following topics are suggested but not limited toa 

.:-

.tato-of-thc-c.rt future technology 
experiment" trial, and .ervicClI 
performance Mtudic. 
lUer comidcratiorn 
coding and nwdulation toc1miquo • 
• praad 'pectrum tilclmique. 
lignal procouing application. 
anlermu. and Jel-' MulJlydcm. 
equalization and divonity taclmiquc. 
nUllliplo accou tccllniquc. 
propagation .tudy reMult. 
novel rnJlwork arclluecture. 
larui-11Wbile .atellite conununicat;orn 

Those wishing to oner a contribution should submit tllree 
copies or the (ull typescripts of not more than 5 A4 papers 
before 1st April 1991 to: 

Europe & ]\fiddle EOHt 
S.,hml""ion, 
Dr A H AGhvami 
Dept of Electronic & 
Eleclrical EnG, 
KiDg'. Collcge LondoD, 
Slrand, 
London,WC:.m 2LS 
UK 
Tdl +44·71-873.2898 
rUI +4·1-71-a:.l6~HUI 

lJSA & r.onoda 

Sulomi"HioDl 
Dr K Paht.lvaD, 
Electrical Eng. Dept., 
Worec.ler PolYlcchnlc lnot, 
Worccliler,MA 01609, 
USA. 
Tell +1-508-831-5631 

Far Eoot Submi •• lons 
Dr S Kilio 
NIT Radio Comm. 

Sy.t.e1l1ll Labo., 
1-2356 
Tu.ke Yokouka,238-03 
JAPAN 
TcI. -tll1-468-S9-S470 
FlU" +81-468-59·3351 

Rcquc~t~ for further informution tlhould bc !lcnt lo Dr Aghvtlmi. 
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.A The IEEE Workshop 
Y' on 
Wireless Local Area Networks 

at the 
Worcester Polytechnic Institute 

Worcester, MA 

May 9-10, 1991 

The workshop is sponsored by the Wireless Information Networks Group at WPI, the IEEE 
Communications Society and WINDATA Inc., Northboro, MA. It is organized to follow 
the IEEE 802.11 standardization meeting for Wireless Access Methods and Physical Layer 
Specifications, for local and wide area networks. 

PROGRAM 

May 9 : Tutorial: Wireless Office Information Networks 

Principles of radio channel modeling and digital communications over fading multipath chan
nels as applied to indoor radio environments. Data rate limitations. Adaptive equalization 
and diversity combining techniques. Spread spectrum systems for wireless offices. Potentials 
for wireless optical systems. 

May 10 : Invited Lectures: 

• LAN s: past and future 
• FCC Regulations 
• View of portable and mobile community 
• Indoor radio channel characteristics 

For more information contact: 

Program Chairman 

Dr. K. Pahlavan 
Worcester Polytechnic Institute 
Tel: (508) 831-5634 
Fax: (508) 831-5491 
Email: kaveh@ee.wpi.edu (Internet) 
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• Spread spectrum 
• Adaptive antenna arrays 
• Adaptive equalization 
• User's panel 

Coordinator --

Dr. R.F. Heile 
WINDATA Inc. 
Northboro, MA 

-. 

Tel: (508) 393-3330 
Fax: (508) 393-3694 

Kaveh Pahlavan 

, I , ) 


