
Development of WaveLAN®,
an ISM Band Wireless LAN

Bruce Tuch Wireless voice communications has seen a greatmany changes inthe last
few years, including the evolution ofcordless telephones, cellular systems,
and the development ofstandards for personal communications services
(pes). Recently, high-speed wireless local area networks (WlANs) have
been getting more attention, both inmarketing and research. This paper
discusses the design philosophy inthe development ofNCR's WaveLAN®,
and the technical tradeoffs.
Introduction

Until recently, WlAN development had
been hampered bythe relatively largespec­
trumrequired, the lackofadequate spectrum
allocated forWlAN operations, anda lackof
fundamental researchto define andovercome
perceived channel impairments using
consumer-oriented technology.

In 1985, the U.S. Federal Communica­
tionsCommission (FCC) allocated the Indus­
trial Scientific Medical (ISM) 2.4-GHz bandfor
WlAN use,stimulating practical research and
development. This paperdiscusses the
research anddevelopment work ofNCR's
Wireless Communications andNetworking
Division to develop WaveI.AN®, the first
high-speed WlAN onthe market. The discus­
sion includes:
- The technical requirements that influence

spectrum, LAN protocol, and security,
- The processing gain/data rate tradeoffs,

andthe channel models used during prod­
uctdevelopment,

- The radio architecture, technology, and
implementation issues,

- Asignal-to-noise ratio (SNR) outage predic­
tion usedto estimate linkreliability dueto
external noise, and

- Simulation andmeasurements ofthe radio
ina multipath channel.

Requirements of • LAN
Until recently, wireless-based data

communications systems typically have been
low-speed products, affected bylimited band­
width allocation. To be successful, however,

WlAN products should have the same capabili­
ties, as well as the same "look andfeel" to an
end user,as wire LANs.

Spectrum. Three aspects oftoday's
wired LANs are that theyare easyto install,
theyare premises-based products owned by
the customer, andthere is a rangeofband­
widths available. Wireless LANs, therefore,
should reflect the same conditions. Ease of
installation is a solvable engineering issue,
andcustomer ownership is an economic issue
decided byeachcustomer. WlAN bandwidth
issues, however, are beyond eitherthe
engineer's or the customer's ability to solve.
Fortunately, the FCC's decision to make avail­
ablethe ISM bandforWlAN use isfacilitating
the development ofhigh-speed, wireless data
communications.

Protocol Choice. Most LAN systems
are basedon IEEE 802 standards orvariants
that conform to the International Standard
Organization uso) four-layer communication
model. Parameters that characterize LAN pro­
tocols include notonly the "raw" transmission
speedofthe physical layer, but throughput
anddelay characteristics. Each protocol has
its own set ofadvantages anddisadvantages,
depending upon the system's load andconfig­
uration. Advantages ofusing an already
accepted IEEE 802 standard include speeding
upsoftware development andadapting exist­
ingapplications forwireless LANs.

Three LAN protocols werestudied for
WaveI.AN: Token bus,carriersensemultiple
access/collision detection (CSMA/CD), and
carriersensemultiple access/collision
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Panel 1. Acronyms Used In This Paper

ACE - Airchannel emulator
BER - Biterror rate
COMA - Code division multiple access
CMOS - Complementary metal-oxide-semiconductor
CSMNCA - Carriersense multiple access/collision

avoidance
CSMNCD - Carriersense multiple access/collision

detection
cw - Continuous wave
dB-Decibel
DPST - Double-pole single-throw
DQPSK - Differential quadrature phase shiftkey
FCC - Federal Communications Commission
I-In-phase
lSI - Intersymbol interference
ISO - International Standard Organization
ISM - Industrial Scientific Medical band
LAN - Local areanetwork
WS - Line ofsight
NBS-DES - National Bureau ofStandards-Data Encryp-

tionStandard
NWID - Network identifier
PBX - Private branchexchange
PSK - Phaseshiftkeying
PCS - Personal communications services
PIN - Positive material-intrinsic-negative material
Q- Quadrature phase .
RF - Radio frequency
SAW - Surface acoustic wave
SNR - Signal-to-noise ratio
TDMA - TIme division multiple access
UHF - Ultra-high frequency
VLSI - Very largescaleintegrated circuitry
WLAN - Wireless local area network

avoidance (CSMNCA). Token bus, a deterministic token
passing scheme, at first seemeda goodcandidate fora
radio physical layer. However, this protocol wasn't pur­
suedby NCR First, a WLAN using this protocol wasnotas
reliable as cable-based systems, due to the unique proper­
tiesofthe physical radio layer with its fluctuating channel
characteristics. Second, a significant portion ofthe
machine state is dedicated to "token management," anda
tokenbus could become unstable or have largedelays due
to tokenrecovery mechanisms in the radio medium.

Another standard protocol considered was802.3
CSMA/CD, which has the largestinstalled basein the LAN
market. Dueto the largedynamic rangeofthe radio
medium, bandwidth-efficient collision detection is

28 AT&T TECHNICAL JOURNAL • JULY/AUGUST 1993

technically difficult. Various mechanisms existforimple­
menting collision detection, but the cost inbandwidth
seemsto exceed the benefits in overall throughput in
normal loading conditions.

The thirdprotocol considered wasCSMA/CA. Due
to its random access nature, CSMNCA is robustwith
respectto protocol-level, bandwidth-sharing, andradio­
channel characteristics. Asa result, this protocol was
chosenforWaveLAN, and, while it is notyet an IEEE
standard, it is beingconsidered actively within the IEEE
802.11 committee.

security. The transmission ofdatavia radio sig­
nalsgives many users the perception ofa lackofprivacy
incommunicating, dueto the openness ofthe media.
To satisfy these concerns, the design ofanyWLAN must
addressthis issue. NCR's WaveLAN has three levels
ofsecurity:
- Network Identification (NWID)-Each datapackage

has a NWID codethat identifies itsWLAN system. Only
datawith the properNWID is accepted bythe system
forupper-level software transport. Thisalso optimizes
the bandwidth-sharing facility ofthe CSMNCA protocol.

- Spread-Spectrum Modulation- While NCR's imple­
mentation is notat the samelevel as a high-security
"military" implementation, the use ofspread-spectrum
modulation, which will be discussed laterin this paper,
provides a level ofsafety from eavesdropping.

- National Bureau ofStandards-Data Encryption Stan­
dard (NBS-DES)- An optional DES encryption capabil­
ityis implemented inWaveLAN, which gives a third,
andveryhighlevel ofsecurity.

Spread Spectrum In the ISM Band
The name"spread spectrum" is quite literal: the

spectrum needed to transmit a modulated signal mustbe
wider than the bandwidth ofthe information transmitted.
This technique is used in military systems, dueto its
anti-jamming andanti-eavesdropping properties.

The FCC regulations permit eitherfrequency­
hopping or direct-sequence, spread-spectrum modula­
tions to be implemented in the ISM band. Infrequency
hopping systems, the user signal is modulated with the
carrier-signal in a conventional manner, but the carrier
frequency is continually changed. Thisfrequency hop­
pingoccurspsuedo-randomly, andonly receivers that
"hopin step"with the transmitter can receive the carrier
signal to extract the user information.



Bandwidth spreading ofdirect-sequence sys­
tems is more subtle. The information-modulated carrier
signal doesnot"hoparound" the bandin time. Instead,
acoded signal is multiplied with the information signal
before the carrieris modulated. The transmitted modu­
lated carrier, which contains both user information and
thecoded "pseudo-noise" carrier, has a muchwider
spectrum thanan information-only modulated carrier.
Theuser information in the spreadspectrum is then
extracted inthe receiver by a correlation processthat
collapses the received wideband spectrum to just the
userinformation signal.

Ina military implementation ofspreadspectrum,
each userbit ofinformation could be represented byup
to 100 bitsor moreofpseudo-random code. The enor­
mous increase in bandwidth required to transmit this
encoded user datathen makesit moredifficult forthe
"enemy" to monitor the channel. InWaveIAN's spread­
spectrum implementation, a single user symbol is repre­
sented byan ll-bit code, also called a chipcode. Natu­
rally, thisencoding requiresadditional bandwidth,
although notas muchas a military implementation.
WaveIAN's encoding resultsin a user signal oftwo
Mb/s,basedon two bits per symbol, and requiresan
11-MHz spread-spectrum bandwidth.

While frequency hopping systems have some
interesting diversity andmultipath characteristics, the
initial FCC regulations, which limited the modulation
bandwidth forfrequency hopping systems, forced the
data rateto the low kbit/s range. Therefore, NCR has
focused on direct-sequence spreadspectrum. Three
bands are available for unlicensed use underthe
FCC's part 15 rulesand regulations7: 902-928 MHz,
2400-2483.5 MHz, and 5125--5850 MHz. Initial product
development has concentrated on the 902-928 MHz
band, dueto the tradeoffs in implementation costs.

How MuchBendwldth .........In.,. In military
spread-spectrum systems, the processing gain, which
isa measure ofsystemrobustness-the amount of
coding-to jamming andeavesdropping bythe "enemy",
isofvital importance. Onemeasure ofprocessing gainis
theratio ofthe spread-spectrum transmit bandwidth
(that is,the signal aftermultiplication ofthe psuedo­
noise code) to the user's information bandwidth before
any coding. Various techniques have been developed to
allow large processing gains (greaterthan25dB) with
minimum receiver code-acquisition times.

The largerthe processing gainofa spread­
spectrum system, the higherthe costandspectral needs.
In some cases,processing gaincaneven degrade inter­
ference immunity with respectto otherconventional
frequency-assignment techniques.

Considering the fact that the spread spectrum
is neitherused as a protocol method, nor as the optimal
"robust" modulation technique ofa given bandwidth, one
could ask ''Why use this at all?" The answer is that,in
the ISM band, a minimum processing gainof10dBis
required. Fora fixed transmit power, the power spec­
trum density (watts/Hz) decreases in proportion to the
processing gain. While other techniques ofpower reduc­
tionandspectrum management are possible, this is not
the focus ofthe FCC's Part 15rulesand regulations.

In termsofmaximizing the datarate,without
spread-spectrum modulation in the indoor unequalized
channel, datarateson the orderofonly 300 kbits/s can
be supported. 1.3 Dueto inherentspread-spectrum path
resolution properties, a WaveIAN 2-Mb/sdatarate, as
previously noted, is achieved within an ll-MHzspread­
spectrum bandwidth.

In summary, a processing gainis usedinWave­
IANthat takes into account the tradeoffs in datarate,
robustperformance, costs, andregulatory considerations.

Chennel Echo end Multlpath
An important physical limitation in indoor radio

communications is caused bymultiple signal reflections,
which are dispersed in time. Thisphenomenon is the
causeofsignal "fading." Acommon parameter usedto
characterize the timedispersion ofthe channel is the
delay spread. Initial studieshave shown wide variation
in the delay spreadparameter, ranging from 30nano­
seconds to 250 nanoseconds.f depending upon the envi­
ronment, measurement ofthe dynamic range, and
threshold levels.

For testingWaveIAN's modem, an airchannel
emulator (ACE) wasdeveloped. ACE is a dataacquisition
unit, which takesa radio frequency modulated signal
(within 904 MHz -926 MHz), down converts it to in­
phase (I) andquadrature-phase (Q) components, and
storesthis converted signal in digital form. It then pro­
cessesthe digital signal, with a programmable impulse
response, usinga timeinvariant discrete channel
model.PSubsequently, the I andQsignals are eitherup
converted fortransmission or forfurtherdemodulation
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using the receiver's processing algorithms. The tests
concluded that spread-spectrum modulation anddemod­
ulation canhandle the delay spread.

ur• ..sc.le Power Variation
The macroscopic large-scale signal variation, on

the orderofmetersbetween rooms and different areas,
hasbeensuccessfully modeled6 as a log-normal dis­
tributed random variable, u(r), as shown in Equation 1:

p(u) = [l!(crfu)] -exp(- (u - m(r»212·cr2) (1)

where:

r = the transmitter-to-receiver distance
m(r) = the mean power, n- 10·log(r) + constant,

as a function ofdistance.

The parameters mostoften found in the litera­
ture are the pathlosscoefficient, n, andthe shadow loss
deviation, cr. Another parameter that has beenfound
useful in the characterization ofdifferent environments
is a two-exponent crossover point, that is, the point at
which the signal propagation ceasesbeingline ofsight
uos), andbecomes dominated byscattering andreflec­
tion. Fordistances close to the antenna, in a line-of-sight
path, the pathlosscoefficient has beenfound to be
close to freespace, n = 2,value. Atdistances inwhich
significant scattering andreflection occur, anincrease
in the attenuation exponent is found. Work now being
done byvarious researchers shows great promise of
beingable to accurately predict attenuation in standard
office building topologies.

Pol8rlZlltIon Dlv....1ty
Spacial diversity is a known technique to miti­

gateRayleigh fading, which affects the received signal
level with small antenna movements. Conventional co­
polarized antenna diversity techniques require the sepa­
ration between antennas to be greaterthan1/4 wave­
length, minimizing the correlation ofthe fading events.
At900 MHz, this meansthe antennas are at leasteight
centimeters apartto be effective. Studies have shown
largecross-polarization coupling in the indoor channel.
Therefore, the use ofpolarization diversity is an attrac­
tive method in limiting antenna size. Measurements
have beendone to determine the correlation between the
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signal power received bythe horizontal andvertical
polarized antennas.

M.....rln. Pol.rlzetlon Density. Thevertical dipole
transmit antenna, located onemeterabove the ground,
radiates a continuous wave (CW) signal. Forreception,
vertical andhorizontal polarized dipoles ofthe receiver
system are fixed (crossing eachother) onan arm, which is
mounted ona rotating post. Eachantenna is connected, via
a double-pole single-throw (DPST) radio frequency semi­
conductor (PIN) switch, to a spectrum analyzer. The PIN
switch, rotating post, andspectrum analyzers are under
the control ofa personal computer. The receiver system
is placed a distance away from the transmitter, which then
defines a cell location. During onemeasurement run, the
post is stepped through 35positions, eachseparated from
the nextby 1/4 wavelength. The received signal power is
measured during eachstepon the vertical antenna and
then,viathe PIN switch, on the horizontal antenna.

Also, the received power from bothantennas is
measured twice, with the same delay between measure­
mentsthat occurs when antennas are switched. Three
suchmeasurements are done per cell, with onemeter
distance between the previous receiver system position.
In thisway, 135 measurement points are obtained per
cell location.

R....1ts. Ourstudymeasured the signal recep­
tion in a typical office building. Without a line-of-sight
pathbetween the transmitter andreceiver systems, a
largecrosscoupling hasbeenfound, with a large varia­
tion between receiver sights. Also, the-correlation
coefficient between vertical andhorizontal polarized
antennas' received power levels was found to be less
than .13 in alllocations. The correlation coefficient of
measurements using the same antenna isgreaterthan
.85, due to the channel coherence time, which is affected
bothbypeople walking in the office andbyunwanted
movement ofthe transmitter or receiver system.

Ourmeasurements show an average of3 dB
cross-polarization coupling. Thisresultwas found to be
quite common. It shows that, at a significant number of
locations, the received signal power is due to reflections
that rotate the transmit polarization. Also, the cumulative
distributions show excellent Rayleigh fading characteris­
tics (without line ofsight) forbothhorizontal andvertical
polarizations, even with negative cross-correlation cou­
pling anda vertically polarized receive antenna.
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Figure 1. In this transmission block diagram, the data source
Is the signal from the user's computer. Within the modem,
the data symbol mapping function takes the data stream and
splits It Into two-bit segments. The differential phase encoder
transforms the two-blt signals to four different phase states.
The two components of the signal, one containing the Infor­
mation (I), the other the spread-spectrum characteristics of
the signal (Q), are Individually modulated with the spread­
spectrum signal, flltered, then combined for transmission by
the power driver. A coaxial cable connects the driver to the
antenna, which outputs the radio signal on the medium.

Network TopoIctO. Dueto the natureofthe radio
medium, the leastnumberofradio linksrequiredto
achieve totalnetwork connectivity will givethe best net­
work performance. The office studiedhas a typical physi­
cal design, a 41-meter-Iong by 12-meter-wide building
with a corridordown the centerand offices offeither
side. The office partitions are 1.5 metershigh.The atten­
uation for signals, from one meter to 41 metersfrom the
WIAN server, rangedfrom 10dBto 36dBat the farend
ofthe corridor. The entranceandconference roomwalls
arefloor-to-ceiling reinforced concrete, which givesa

significant 25-dB jumpin attenuation, to 61dB, from the
34-36 dBin the adjacent cubicles. These resultswould be
different, ofcourse, forbuildings with other topologies
and interiordesigns.

There wasa problem ofbandwidth sharingof
co-frequency overlapping signals, that is, signals of
other lANs beingguideddown the hall. Onereason
CSMA/CA is attractive in this environment is that when a
computer is readyto transmit, and senses other traffic
on the network, it is requiredto wait a random amount
oftimebeforetransmitting. This random wait time
reducesto a verylow level the probability ofa collision
on a radio network.

Technol~ and Radio Architecture
The WaveIAN transmitter is basedon a common

quadrature modulation schemeand provides spread
spectrum by the blockin Figure 1.

Modulation/Demodulation. Using complex nota­
tion, the transmit signal is represented in Equation 2 by:

s(t) =Re [u (t) -exp (j21tfc t) ] (2)
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"=-00

where:
-u(t)= !,/,,'g(t-nT)

is the low passcomplex envelope ofthe signal.
t = the symbol period ofthe transmitted information

g(t) = "spread-spectrum" impulse response
I" = information vector, exp Ge,,), with four phase

states: (7t/4, -7t/4, 37t/4,or -37t/4)
Equation 2is composed oftwo components. One

contains the information described bythe complex vec­
tor I". The othercomponent determines the spread­
spectrum characteristics ofthe signal, described bythe
realspread-spectrum modulating waveformg (t-n1),
which contains the fast-time transitions needed forband­
width expansion.

DQP.K InfonnIItIon Moduhdlon. Differential quadra­
turephase modulation hasbeenusedto simplify the
receiver design. Thisway, noabsolute phase reference is
needed fordemodulation.

Aknown drawback ofdifferential phase modula­
tion is the sensitivity to receiver carrier frequency offset,
or how accurate the carrierfrequency is inthe receiver.
Thisproblem was resolved bycost-effective crystals,
which are readily available onthe market, with accura­
ciesfrom 25 ppm to 50 ppm. With a 915-MHz carrier, this
accuracy translates into a maximum frequency offset of
92 kHz. Aone-Mbaud signal, after differential detection,
gives anunacceptable phase errorbetween symbols of
33degrees. Therefore, a frequency offset compensation
technique has beenimplemented inwhich thisconstant
phase-per-symbol offset is adjusted during the reception
ofthe dataframe.

The maximum tolerable frequency offset is
related to the sensitivity ofthe detector ofthe despread
signal for thisoffset. With a maximum offset off = 92
kHz, anda symbol interval T = onemicrosecond, this
gives a maximum detected signal power degradation of
only .5dB. Thisallows cost-effective frequency synthesis
forapplications inall the available ISM bands.

................m Moduhdlon. The spectrum­
determining function inEquation 2,g(t - nT) , is defined
inEquation 3as:

where:
Xk = the spread-spectrum sequence

p(t) = the impulse response thatbelongs to a chip
t c = thechip duration

The correlation properties ofthe signal are
determined bythe chip coefficient vectorXk• TheBarker
sequence, oneofseveral types ofspread-spectrum cod­
ing, isknown to have excellent autocorrelation proper­
ties, important forrobust multipath reception. An
extended listofcomplex Barker sequences" (unit mag­
nitude andphase angles thataremultiples ofsix
degrees) hasbeenpublished. Taking into account the
tradeoffs previously discussed inthispaper concerning
spread spectrum inthe ISM band, the 11-ehip Barker
sequence is used:

x= [1-111-1111-1-1-!}
tile OUtput Spectrum. Given the scarcity ofspec­

tralresources, the efficient useofthe allocated spectrum
is quite important. Theoretically, the most spectrally
efficient modulation pulse shape is thesin(x)/x, which
gives a "brick wall" rectangular frequency transfer func­
tion. One common, physically realizable, pulse that
approximates thisis the raised cosine. One obstacle in
implementing thisclass ofpulse shaping is thatthe trans­
mitsignal has a non-eonstant envelope andneeds linear
power amplification. Various forms ofspectrally efficient
constant envelope modulation containing memory have
beendeveloped. One requirement is flexibility inthe data
symbol sequence that is transmitted.

The transmitted Barker chip sequence is fixed,
dueto the spread-spectrum modulation structure. This
limits the modulation types thatcanbe used. Dueto the
[sin(x)/ x] 2 frequency spectrum ofa unitpulse, the first
sidelobes areonly 12 dBdown with a (1/f) 2 spectral
roll-off. The main lobe is quite compact, with first zero at
5.5 MHz. Athree-pole filter with a seven-MHz bandwidth
hasbeenimplemented, substantially reducing the spec­
tralpower outside the main lobe.

The filtered waveform is notofthe constant
envelope class, so the linearity ofthe I andQmodulator
andpower driver stages was a design consideration.
Since the out-of-band spectral requirements arenot
severe, a class Bamplifier endstage operated with 1dB
"backoff' from itscompression point gives anefficiency
of60%, while keeping the first sidelobe 23 dBdown and

(3)
N

g(t)= I:Xk'p(t-hd
k=l
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thenoise floor> 45 dB. Amorestringent adjacent­
channel (another physically separated WLAN) interfer­
ence requirement, usingbiasoffeedback compensation
techniques," gives reasonable amplifier efficiencies
using linearmodulation with low adjacent-ehannel
suppression.

.................. Dentodulatlon. Implementation
ofa spread-spectrum modulator is relatively inexpen­
sive; the demodulation processis expensive. Oneofthe
most important characteristics ofPSK chipmodulation is
thatit is a linearmodulation process, andthe principle
ofsuperimposition applies. This will prove to be quite
importantwhen dealing withmultipath reception.
Therefore, the demodulation structuresused must
maintain the system's linearity (atleastup to a specified
input signal level power). Ademodulation schemewith
a decision-per-ehip interval, followed by a decision-per­
symbol interval, is not used,although it would be easier
toimplement.

Togaininsightintothe mechanism ofthe multi­
path tolerance ofspread-spectrum systems, the match
filter outputs are compared for non-spread- and spread­
spectrum systems. For the non-spread-spectrum case, a
signal (using the unitpulseas an example) is transmitted
through a simple multipath channel, with onereflection
of273 nanoseconds delay. Atthe receiver, the outputof
thematch filter, a composite ofthe directand reflected
signals, is the sumofthe match filter outputofeachsig­
nal takenseparately, that is, the directand reflected com­
ponents. This is due to the fact that the channel and
matched filtering operations are linearprocesses, in
which superimposition canbe applied.

Figure 2 representsthe situation fora non­
spread-spectrum. Figure2ashows the direct-path signal,
2b shows a reflected signal (delay andsign-inverted),
and Figure 2cshows the combined path. Significant sig­
nal energyofthe pulseis presentwithin the symbol time
interval ofone microsecond. It is obvious that the result­
ing match filter outputis significantly distorted by the
presence ofthe reflected signal. It is this "intersymbol
interference" that causesdetection errors in the received
information.

The exactstatistics ofthe errors depend upon
the fading characteristics ofthe channel and delay
spread profile. Analytical andsimulation studiesshow
that reliable communication is possible with datarates
up to 300 kb/s, without channel equalization techniques,

NOIHIpreacI spectrum
Direct signal
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I\. / I\.

I\. / I\.
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(b)

Total matched output. Distorted output

I
\. II \ /

(c)

Rgure 2. Thesefigures showthe situationfor non-spread­
spectrum signal output. (a) shows the dlrect·path signal, (b)
shows a reflected signal (delay and slgn-lnverted), and (c)
shows the combined path signal.

incommon indoor multipath channels.
It is interesting to notethat the errors produced

bythe phenomenon are causedbythe signal reflections
themselves, and increasing the transmit power doesnot
improve reception. Therefore, these errors are called
"irreducible errors."

Figure 3 representsthe situation forspreadspec­
trum. Figure 3ashows the direct-path signal, 3bshows a
reflected signal (delayed andsign-inverted), and Figure
3cshows the combined pathsignal. Here, the symbol
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Spread spectrum

Direct signal

Reflected signal

(a)

The WaveLAN receiver will selectandtrack"the
largestpeakposition" ofthe matched filter output for
information extraction. The "ripple" seen in the spread­
spectrum outputpulseis determined bythe correlation
properties ofthe spread-spectrum codeused. The Barker
sequence has beenchosen, sincethese "sidelobe ripples"
are unity bounded, independent from the inputinforma­
tionpolarity anddelay (aunity bounded odd/evenperi­
odic, anda periodical correlation function).

Correl8tlon of SAW or VLSI. Onethe main func­
tional elements ofa spread-spectrum system is the corre­
lator, which functions forspread spectrum as a matched
filter. Research has been doneusing surface acoustic
wave (SAW) devices forspreadspectrum. NCR, incon­
junction with Delft University ofTechnology (The
Netherlands), produced various SAW devices inorderto
determine the mostcost-effective approach, given the
spreading requirements, as compared with verylarge
scale integrated circuit (VLSI) technology.

The major pricereduction for the SAW correlator
is dueto the symbol timeor lengthofmaterial. In the
VLSI implementation, cost is determined bythe chip rate,
or processing clock speed, andbandwidth symbol time
(ET) product, or processing gain. Inourapplication, the
VLSI andSAW correlators are costcompetitive, but the
outputofthe SAW is still inanalog form, requiring addi­
tional processing. Since digital processing is the most
cost-effective forpost-eorrelation processing, the addi­
tionofcorrelation inVLSI CMOS technology is the most
logical choice.

DQPSK Infornultlon DemoduI8tlon. Performing com­
plexconjugate multiplication, andextracting the phaseof
the sample matched filter output, resultsin the decision
variable forGray dibitdecoding. This detection process,
togetherwith pathselection criteria, describes WaveLAN
spread-spectrum demodulation ina multipath channel.

Total matched output

(e)
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Figure 3. These figures show the situation for spread­
spectrum signal output. (a) shows the direct-path signal,
(b) shows a reflected signal (delayed and slgrHnverted), and
(e) shows the combined path signal.

interval ofone microsecond is the same, but the energy
ofthe pulseis muchmorecompact in time, compressed
around twice "chip interval/'e.. In Figure3c,the orthog­
onal natureofthe directand reflected signals is shown
bytheir superimposition. Dueto the compact natureof
the output pulses, theydon'thave a stronginfluence on
eachother.Both outputsignals, which contain the same
information, canbe resolved bythe receiver and pro­
cessed, due to the compression in timeofthe pulse
(spectrum spreading).

Radio Homodyne Front End
Direct conversion radio design is oneofthe old­

est and,thus forsome, leastremembered architectures.
The main obstacle to directconversion has beenthe nar­
rowbandwidth ofthe voice channels. The lumped element
baseband filters are quite largeandimpractical, and 1/1
noise is significant. Also, directconversion requires DC
coupling, due to the blocking capacitors, anddouble (I
and Q) radio frequency stage-down conversion.

Forwide bandwidth modulations, especially
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Figure 4. In simulating signal reception, the
software-generated signals are presented to a
channel simUlator, which emulates a variety of
channel conditions. The signals are converted In
the radio frequency part of the receiver, and then
presented to the VLSI software, which emulates a
variety of radio receiver conditions. The results of
the simulations are shown on a CRT screen.

spread spectrum inwhich low frequency content (in our
example < 100 kHz) is notsignificant, the "narrow band"
problems are no longerpresent. Therefore, due to avail­
able filter technology, WaveLAN uses a directconver­
sion radio design.

Diversity. The path resolution ofa spread­
spectrum systemprovides "pathdiversity" byselecting
and tracking the "largestpeakposition" ofthe correlator
output. Also, in a typical office, a significant numberof
indoor channels experience small delay spreads (less
than 50nanoseconds). Therefore, switched antenna
diversity, as discussed previously under"Polarization
Diversity," has been implemented usingtwo cross­
polarized antennas etchedontoa printed circuit boardat
the receiver. This selection is basedon a post-processed
signal quality level, a measure ofan average correlation
peak-to-side loberatio. This ratio decreasesas a function
ofthermal noise, severemultipath distortion, and inter­
ference from other signals.

Distance v.. Outage Model
Spread-spectrum modulation is robustwith

respect to intersymbol interference from otherfrequency
signals. Link outagesforWIANs, running at 2 Mb/s in an
office environment, usually are due to an insufficient
signal-to-noise ratio (SNR) , rather than to the irreducible
multipath delay. The question addressedis: ''Whatcan
thedistance be, inan environment characterized byits
large-scale parameters n, a andcross-over point,
between the terminal and the IAN server?" Wefound an
input power level of-72 dBm is neededto achieve a bit
errorrate (BER) of10-8, which includes a 18dB"man­
made" noise/margin. For received signals below this
value, the link is not reliable, anda "link outage" has
occurred. Note that the BER parameter doesnot strongly
influence the outage ofthe link, due to the exponential
relationship between the BER and inputpower level.

Out8ge Celculations. Ananalytical outage model,
which takes into account large- andsmall-scale multipath
phenomenon, has beenused to predict the coverage
area. The small-scale behavior corresponds to Rayleigh
fading. The large-scale pathlosscharacteristizes the loss
at a certain distance, afteraveraging the lossesover
small areas, to eliminate the Rayleigh fading fluctuations.
The random effects ofthe multi-path phenomenon are
takeninto account bythe analytical outage model. In the
typical office configuration studied, a centeraisle with
offices on either sidewasused to estimate the outage.
Ananalytical outage model, which takesintoaccount
large- andsmall-scale multipath phenomenon, has been
used to predict the coverage area.

Froma typical office, an outage of .1% is expected
at a server-to-station distance of50meters, and 1% at dis­
tancesof75meters. In suchan environment, onepathis
assumed due to the low-delay spreadenvironment. At out­
ages less than .1%, a significant improvement is seenwith
two paths. With greateroutages, increasing the number of
pathsdoesnotprovide improvement. There is an optimal
numberofpathsas a function ofthe minimum outage.
The largerthe outage, the smaller the optimal numberof
paths. For an outage minimum of 1%, the use ofthree
pathsis optimum. The needfordetermining an optimal
numberofpathsis due to the implementation ofselection
diversity. While morepathshelpmitigate the Rayleigh fad­
ing,the average power ofeachpathis less.

Simulation .1Id M.....rements
The WaveLAN modulation structure andsome of

the practical reasoning behindthe various implementa­
tiondecisions has beendiscussed. Software simulation
wasextensively usedfor the modem algorithm develop­
mentand system testing. Since the software simulation
structurewasmapped to the VlSI processing exactly, VlSI
verification anderror detection also waspossible. The
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Figure 5. In this illustration, (a) shows an exponential profile
with a root mean squared (rms) delay spread of 150 nano­
seconds. (b) shows one particular Impulse response, and
(c) shows the frequency-transfer function.

replacement of theactual VLSI in the software emulation
block, as shownin Figure 4, does notalter system per­
formance.

Channel Perturbations. To test the spread
spectrum's data recovery algorithms, test impulse
responses are generated froma givenpowerdelay
profile h (r). The sampledvalueofthe delayprofile gives
the averagepowerof the Rayleigh distributedpath's
gain.The phase is assumed to havea uniform distribu­
tion (0,21t). Figure 5a showsan exponential profile with
root mean squared (rms) delayspread of 150 nanosec­
onds. Figure 5b showsone particularimpulse response,
and Figure 5c showsthe frequency transfer function.

Figure 6 shows the output of the correlator pro­
cess. Figures 6a and 6b showthe I and Q outputs of the
digitally correlatedsignals. In Figure 6c, the modulusof

36 AT&TTECHNICALJOURNAL.JULY/AUGUST 1993

(c)

Figure 6. This illustration shows the output of the correlator
process. Figures (a) and (b) show the I and Q outputs of the
digitally correlated signals. In (c), the modulus of the corre­
lated signals is presented, and a second path Is clearly
seen. The first path is chosen for data extraction, due to our
switched path Implementation.

the correlatedsignals, a second path is clearly seen.The
first path is chosen for data extraction, due to our
switched-path implementation.

LAN Performance
StandardlAN benchmark testingwas performed

to compareNCR's WaveLAN withstandard wiredlAN
products.Test results ofWaveLAN showedsimilar per­
formance betweenit and other lANs, such as Starlan®,
Ethernet, or token ring. (Ethernet is a registered trade­
mark of the Xerox Corporation.)

Conclusions
Various design and implementation issues

related to the first high-speed wirelesslAN on the mar­
ket, NCR's WaveLAN, havebeen discussed. Highdata
rates are achievable without channelequalization, follow­
ing the existingFCC spread-spectrum ISM band regula­
tions. WaveLAN, using 11 MHzofbandwidth, achieves a
2-Mb/s rawdata rate for indooroperation. The ISM
spread-spectrum communication band nowhas a unique
globalpresence.Also, serviceson the l.9-GHz band, in
the U.S., and the EuropeanHIPERLAN 5.2GHz and 17.1
GHz bands are beginningto evolve. Agreat opportunity
to solve the end-user'sWlAN connectivity problemsnow
exists, leadingthe wayto an excitingfuture for high­
performance wirelessdata communications.
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