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ABSTRACT

Studiesof the capacityof cellularsystemsstatedin termsof
theadmissiblenumberof remoteusershave generallybeenim-
ited to voicetelephory. In this paperwe addresshe problemof
comparingtheinterference-limitegerformanceof CDMA and
TDMA systemsn a packet switchedervironment. The objec-
tiveis to determinavhetherthecapacityadvantageslaimedfor
circuit-switchedCDMA still apply in a paclet-switchedervi-
ronmentwherethe naturaltime diversity of burstytransmission
may be a significantfactor Undera setof specificassumptions
about the wirelessenvironment (including path loss, shadev
fading, multipath delay spread co-channeinterferencepower
control, coding),we evaluatethe numberof userswhich canbe
admittedto the systemwhile maintainingsomedesiredQuality-
of-Servicelevel. Four differentclasseof userswith different
characteristicandrequirementsreconsideredThesystenca-
pacity is found to significantly dependon the QoS objectives,
which might be statedin termsof availability of somespecified
signalto interferencdevel, paclet lossrate,or meantolerable
delay The mainfinding is thatstrict requirementsmposedon
the radio accesdevel tend to favor CDMA, whereasif some
form of pacletrecovery at the higherlayersis allowed (imply-
ing arelaxed setof requirement®n theradio interface),thena
somavhathighercapacitymaybeachievedby TDMA.

| INTRODUCTION

Within thefield of moderntelecommunicationgherehasre-
cently emegeda stronginterestin supportingportabledevices
capableof wirelesscommunicationsAccordingly, WirelessATM,
whereinthe conceptof bandwidthupondemands carriedover
to the wirelessworld [1]-[2], hasenjoyed increasingattention.
Seamles&xtensionof ATM from the high bandwidthandlow
errorratewireline network to the low bandwidthandhigh error
ratewirelessnetwork introducesa seriesof interestingandchal-
lengingissues. The harshfading natureof the wirelesschan-
nel, andinterferencedueto simultaneousiseof the bandwidth
by multiple users causeconditionswhereintheintendedsignal
may not be received with satisictory quality at the basesta-
tion. While power controlmay bea partial solutionfor combat-
ing signallossdueto propagatioreffects,it is alsonecessaryo
limit thenumberof userssimultaneouslyadmittedinto a system
consistingof a clusterof cellsin orderto keeptheinterference
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at acceptabldevels andto enablehand-of of live connections
without unacceptableatesof cell overloador call dropping.

The goalof a call admissioncontrolpolicy is to admitto the
systemasmary usersaspossiblewhile maintainingthe Quality-
of-Service(QoS)guaranteesf ongoingandincomingcalls[3].
Thesystemcapacityis thendefinedasthetotal numberof users
that canbe admittedto the system.Following a commonprac-
tice in the literature,we will expressthis capacityin termsof
usersper cell, althoughthis numberis to be interpretedas an
averagevalue since,oncea useris admittedto the system,it
canroamthroughouthe servicearea,andthe actualnumberof
usersin eachcell is arandomvariable.

Studiesof cellular systemcapacityhave beenreportedin the
literature but mostof thesehave beerlimited to circuit switched
narronv bandvoice communication$4]-[6]. In [4], the CDMA
(CodeDivision Multiple Access)schemavascomparedo static
TDMA/FDMA (Time Division Multiple Access/FrequerycDi-
vision Multiple Access)schemesandthe authorsshovedthat,
for telephonédraffic, the capabilityof the CDMA systento tol-
eratehigh levelsof adjacentell interferencehelpsin achiesing
a substantiatapacitygainwith respecto fixed channeklloca-
tion TDMA/FDMA schemes.

This papercomplementshesestudiesby consideringa wire-
lessnetwork servingconstant-bit-ratéCBR) or variable-bit-rate
(VBR) usersin a paclet switchedervironment. The objective
is to estimateand comparethe capacityof packet TDMA and
paclet CDMA approachesAs afirst steptowardsthis goal, in
this paperwe restrictoursehesto awirelessnetwork carryinga
single,homogeneougaffic class(i.e., all remotegyeneratehe
sametype of traffic), andseveral suchsingletraffic classesare
consideredPossibleextensiongo computethecapacityregions
whenthe network carriesmultiple traffic classeswith different
traffic characteristicand QoSrequirementsanbe ervisioned
but arebeyondthe scopeof this paper

In anattemptto be thorough,we explicitly accountfor path
loss,shadaving, multipathdelayspreacandco-channeinterfer
ence.Further we investigatehe effectsof errorcontrolcoding
andpower control. We considercorvolutional codesof differ-
ent ratesto quantify the effects of error control coding. Two
typesof power controlareconsidered(a) coarsepower control
whereinthe power controlmechanisntompensatesnly for the
pathlossandthe shadaving experiencedy a user and(b) fine
power control whereinthe mechanisiris suchthatit compen-
satesfor multipathfadingaswell. Notethatin the latter case
the received signal strengthdueto ary remoteusers transmis-
sion at the basestationis constant Dependingon the type of
traffic classconsidered@ndontheconstraintsmposeddifferent



QoS metricsmay be defined. Most of the QoS metricsconsid-
eredin thiswork dependnthesignalto interferenceatio (SIR)
attherecever beinggreaterthanathresholdvalue,fixed a pri-
ori. Sinceclosedform expressiondor the SIR aredifficult to
obtain,we usea combinationof simulationandanalyticalmod-
elsto estimatahe statisticof the SIR undervariousconditions.

In this paper we are concernedwith the radio accessper
formance,i.e., we do not considerhigherlayer techniquesto
recover from transmissiorerrors.In orderto draw moredefini-
tive conclusionsone mustcouplesucha studywith the anal-
ysis of protocolsat the data-linklayer andabove. The results
we presentin this paperprovide insightwhich canleadto for-
mulating meaningfulsimplified modelsfor the study of these
higherlayerissues.

A somevhatgenerakonclusiorwhichcanbedravn from our
resultsis that protocolsor applicationsrequiringvery stringent
accesgerformance(e.g., in termsof paclet loss rate) would
benefitfrom higherprotectionasprovidedby CDMA, whereas
protocolsand applicationswhich canwork in the presenceof
relatively high pacleterrorrates(e.g.,throughefficientretrans-
missionerror recovery) can accommodate larger numberof
usersf TDMA modeis chosen.n the ervironmentundercon-
siderationwe areableto characterizehis trade-of andto iden-
tify the CDMA andTDMA cross-@er point.

We limit oursehesto the studyof the performancef there-
verselink (i.e., remote-to-bas¢ransmissiorink). Due to the
multiple accessatureof thereverselink, onemight expectthat
theforwardlink performancevould beatleastasgoodasthatof
thereverselink [8]. Ignoredthroughoutaresuchpracticalmat-
ters as synchronizationsince we are exclusively interestedin
comparingthe capacitiesof the two systemsasfundamentally
limited by propagatioreffectsandmultiple accessnterference.

In Section2, we presentour systemmodel,including prop-
agationeffects and allocation stratgjies usedfor CDMA and
TDMA. Also describedn Section2 arethe differentclassef
traffic consideredandthe simulationandanalyticalmodels. A
discussiorof theresultsis presentedh Section3.

Il SYSTEM ASSUMPTIONS

A Modelofthephysicallayer

The wirelessnetwork is assumedo be divided into regions
consistingof contiguousradio cells. Eachcell containsa cen-
trally locatedbase-statiorandthe basestationsaredeployedin
a hexagonalarrangement.For traditional TDMA cellular sys-
tems,a seven-cellreusepatternis oftendeployed[9]. This re-
sultsin a 6/7 capacitypenalty which maynot be neededn sys-
temswheretheflexibility of packet switchingcanbe exploited.
Therefore,in our work, we assumethat the entire bandwidth
is reusedin every cell for both TDMA and CDMA systems.
This may be pessimisticin a TDMA setting, where somein-
terferenceprotection(e.g.,via dynamicchannelallocation)can
helpthe performanceHowever, dueto thealreadyconsiderable
compleity of the presentstudy we leave consideratiorof such
schemedor furtherwork.

The propagationmodel consideredhroughoutaccountsfor
a numberof effects. Path lossand shadaeving are modeledas
theinversefourth power of the distancey—*, andalog-normal

randomvariable, ¢, respectiely, so that the signal power re-
ceived from a user averagedover multipath,is proportionalto
B = r—%¢£. Basedon this quantity usersareassignedo the best
basestation,i.e., the onewith smallestlong-termattenuation.
Thisassignmenstratg)y guaranteesignificantlyimprovedper
formancewith respectto the caseof closestbasestationas-
signment[10, 11]. The effect of multipathfading[12]-[14] is
modeledby meansof a complex Gaussianmpulseresponse,
h(t) = h;i(t) + jhy(t), with exponentialmultipath intensity
profile, i.e., E[h(t)h*(s)] = e ¥/T4 if t = s andO otherwise.
The quantity T is the delay spread of the channel. As to the
second-ordestatisticsof the channelwe considetherefor sim-
plicity the block-fading channelmodel, in which the channel
impulseresponsa&loesnot changewithin a slot, but is indepen-
dently choserslot-by-slot. This modelalsoaccountdor the ef-
fectsof usermobility (notexplicitly modeledn our MonteCarlo
simulations) assumedheresuffiicient to make successie trans-
missionsexperiencandependentadingconditions.Notice that
this assumptiorof fadingindependenceould alsocorrespond
to theuseof frequeng hoppingtechniques.

For every paclet transmissionywe compute,at the recever,
theSignal-to-InterferencRatio(SIR),andassuméhatthepaclet
is correctly received if and only if the SIR is above a preset
threshold,which dependson the detailsof the physicallayer.
In particular the recever is assumedo consistof a perfectly
coherenfilter matchedo the waveshaperoducedvhenarect-
angulartransmitpulseis “filtered” by the impulseresponseof
the multipathchannel. In addition,in the TDMA systemwe
assumehe presencef a zewo forcing equalizerwhich negates
theintersymbolinterferencgISI) causedy thedelayspreadf
thechannel.For bothCDMA andTDMA, QPSKmodulationis
assumedln orderto focuson theinterference-limitechatureof
the systemsthermalnoiseis neglectedthroughout.

For afair comparisonthe channeldatarateis assumedo be
the samefor both CDMA and TDMA. In CDMA, the channel
datarateis actuallythe chip rate, with the actualuserinforma-
tion ratebeing N, timesslower, whereN, is the spreadinggain
of theCDMA modulatiorf. Ontheotherhand,in TDMA, auser
transmitsat peakchannefrateonly duringafractionof thetime,
resultingagainin anactualinformationrateequalto 1/N, times
the peakchannelrate. More specifically we assumea slotted
time axis (seeFigure1). Eachslot accommodatesxactly one
TDMA paclet® A frame structureis superimposedwherea
frameconsistof N, slots. Notethat,becaus®f the bandwidth
spreadinga CDMA pacletwill occupy anentireframe(i.e., N,
slots).

B Traffic models

In this paper we separatelyandindependentlyconsiderfour
traffic classestepresentatie of avariety of possibleservices.
Type 1: CBR Traffic. Thefirst classconsidereds CBR traf-

! Notethatfor CDMA this correspondso anideal RAKE receierwith aninfinite num-
berof fingers.

2Notethat,strictly speakingthisis true only whenno codingis used.If theinformation
sequences codedbeforetransmissionthe effective CDMA spreadinggain seenby the
encodedstreamis reducedaccordingo thecoderate,since V.. is theratio betweerchannel
rateanduserinformationrate.

3In thiscaseaswell, if codingis usedtheslotoccupang of aTDMA pacletisincreased
accordingto the coderate, sothat both informationrate andchannelsymbolratearekept
fixed. Specificexplanationis givenin Section2.4.



fic, which may; for example,representeal-timevoice or video.
For the entire durationof the call, eachactve CBR usergen-
eratespacletsperiodically at therate of onepaclet perframe.
Eachuseris thenassignedhe sameslot in every frame,much
like in a circuit-switchedsystem.In this case,interferencecan
be assumedo be persisten{sincethe samegroupof userswill
likely interferefor an extendedperiod of time), and therefore
we chooseas the QoS metric the probability of outage,i.e.,
the maminal probabilitythatthe SIR is below threshold(in this
case,we canassumehatthe connectionwill be unacceptably
degradedandwill thereforebe dropped).In the caseof speech
transmissionpaclket switchingallows discontinuouspeechac-
tivity to be exploited, throughthe SpeechActivity Detection
(SAD) mechanism. In this case,usersgeneratepaclets only
for somefraction of the time (taken to be about40% in the
numericalresults)[4]. In CDMA, this resultsin a proportion-
ally decreasedhterferencewhereasn TDMA this allows the
bandwidthmanagerto dynamicallyreallocateslotsamongac-
tiveuserd.

Unlike class1, traffic classes2, 3 and 4 consistof bursty
paclettraffic (VBR). In CDMA, when&erausersends paclet,
thechannels occupiedor theentireframeduration,andseveral
overlappingpaclketsmay be transmittedin the sameframe. In
TDMA, aperfectmediaaccesgrotocolis assumedandthesys-
temis ableto schedulegransmissionso thatusersin the same
cell will transmitin differentslotswithin a frame’. Coordina-
tion amongdifferentcells,thougha possibility; is notconsidered
here.

Type2: Packet Traffic with noretransmissionsallowed. Traf-
fic class2 is alimiting casewith no provision for queueinge-
mote users’paclets. Eachremoteusergenerates pacletin a
framewith probabilityg < 1, andthatpacletis transmittedn
the subsequenframe. As before,transmissiongor which the
SIRis below thresholdareunsuccessfulandno retransmission
is allowed. Unlike CBR traffic, consecutie randomlygenerated
VBR Class2 pacletsencountedifferentinterferencepowerlev-
els sincethe numberof accessattemptsper slot (TDMA) or
frame(CDMA) andthesetof interferingusersarerandom.Due
to this time diversity featureof paclet switching, the fact that
theSIRis notadequateluringa singlepaclettransmissiordoes
not meanthat the whole connectionwill experiencepoor qual-
ity. An appropriateQoSmeasurdor thistraffic classis thenthe
probabilitythattheinstantaneoupacletlossrateexceedssome
predeterminedalue.

Type 3: Packet Traffic with retransmissionsallowed and no
delay constraints. In traffic class3, a remoteusers queueis
assumedo always contain paclets awaiting transmissiorand
a usertransmitsa paclet in a frame with probability ¢q. If a
transmissiorattemptis unsuccessfuthefailed pacletis sched-
uledfor retransmissiomfter somerandomdelay No constraint
is imposedon the value of this delay nor on the numberof
transmissiorattemptsallowed for a given paclet. The remote
queueis assumedo be of infinite size, so that, eventually all
pacletsaresuccessfullydeliveredif the systemis stable.Note

4\We assumeeretheavailability of aperfectbandwidthassignmentechanismsothat
thepotentialof SAD in TDMA canbefully exploited.

5Notethatthisis notpossiblef thenumberof active usersn aframeexceedghenumber
of slots. However, in all casef interest this eventhasnegligible probabilityandwill be
ignored.

thatdifferenttransmissiorattemptsaresubjectto differentfad-
ing/interferenceffectsby virtue of time-diversity. Letthesteady-
stateprobability of successfulransmissionwhen,thereare(on
average)M userspercell, eachtransmittingwith probability g,
bedenotedby P;,..(M, ¢). Theprobabilitythata usersuccess-
fully transmitsin a slot (servicerate)is givenby u(M, q) = ¢ *
Py (M, q), and,for thiscasethemaximumvalue . (M) =
maxXo<g<1(q * Psucc(M,q)) is the performancemetric. The
maximumachievablecollective throughputper cell (saturation
throughpuj is thengivenby

M pmaz (M)
o= N, . (1)
In orderto ensurghatthesystenbestableijt is requiredthatthe
arrival rateto arny remoteusers queuebe lessthanthe achiev-
ableservicerate, p,q. (M). Thus,o is thepercell capacity

We noteherethatit is extremelydifficult to obtain Py,..(M, q)
in a closedform. We usea combinationof analysisandsimu-
lationsto computethe valueof P,..(M,q). For agivenvalue
of M andq, we computethe SIR by analysis(asshown in the
following sub-section). We then perform Monte Carlo simu-
lation experimentsfor an extensie setof channelconditions.
In eachexperimentif ataggedpacket underconsideratiorhas
an associateSIR (as computedby analysisfor the particular
channelconditions)greaterthana pre-requisiteghreshold then
the paclet is deemedsuccessful. By countingthe numberof
successfupaclet transmissionsve can computethe value of
Pyyee(M,q). In orderto computethe saturationthroughput,
for eachvalue of M, we perform simulationsover an exhaus-
tive set of valuesfor q and estimatethe maximum value of
q* Psycc (M, q).

Type 4: Packet Traffic with retransmissionand delay con-
straints. Each Type 4 usergeneratepaclets accordingto a
Bernoulli arrival procesof intensity ¢;,,, and storesthemin a
gueue.ln ary givenframe,eachremoteuserwith a non-empty
gueueattemptsto transmita paclet with probability g. The
steadystate probability of a paclket being successfullytrans-
mitted is Psycc(M,q). If the transmissionattemptfails, the
paclet is returnedto the queuefor retransmission. The per

formancemetric definedfor traffic class4 is the meandelay
experiencedvy a paclet, which includesthe queueingdelayas
well asdelaydueto failed transmissiorattempts Note thatdue
to the time diversity featureof paclket switching (which ran-
domizesthe interferencein successie transmissionattempts)
and underthe assumptionof fine power control (which basi-
cally removesthe propagatioreffectsseenby ary singleuser),
successie transmissionattemptscan be approximatedas in-

dependenand identically distributed with succesgrobability
Pyucc(M, q). Accordingly, eachremoteusers queuebeharesas
anM/M/1 queue.Let P, bethe probabilitythata givenremote
users queues empty If thereare M usersn thenetwork, each
would transmitwith aneffectiverateof ¢' = ¢(1 — P,) paclets
per frame. In orderfor an M/M/1 queueto be stable,the av-

erageinterarrival time mustbe greaterthanthe averageservice
time. Consequentlyt is necessaryhatg;, (inputarrival rateas
definedearlier)belessthangP;,..(M, ¢'). Themeandelayex-

periencedby a packet when M usersare presentn the system



is thengivenby [15]

1
B quucc(Ma C]') — Gin ’

In orderto minimize the meandelay for a giveninput rate of
gin, the averageservicerateqPs,..(M, ¢') mustbe maximized
with respecto ¢, takinginto accountthatqy’ = ¢(1 — Py) and
thatthe probability thata givenremoteusers queueis emptyis
givenby

D(M) )

Qin

PhP=1- ————.
0 qPsuce(M,q')

®3)

C SIRanalysis

Let therebe J + 1 remoteusersuniformly distributedin the
clusterof cellsforming the region of interest. Let us focuson
thetransmissiorof a givenuser(saythe 0-th user)in thecenter
cell, sothatedgeeffectsareavoided. Let r;, bethe distancebe-
tweenthe k-th transmitterin theclusterandthe consideredase
station. Furthermorelet ¢, andhy(t) be the shadeving atten-
uation andthe multipath impulseresponsaffecting the users
signal,respectiely. Let p(¢) bearectangulapulseof unit am-
plitude anddurationT,, whereT, is the channelsymbol(chip)
duration.

In AppendixA we show thatfor CDMA with neithercoding
nor power control, the SIR with which a paclet is recevedis
givenby:

ry *&N2F?(0)

SIRcpma = Tonain

4)

In theabove equation/cpas 4 is theinterferencexperienced
by the paclet dueto J simultaneoushtransmittinginterferers
anda self noisecomponen{dueto frequeny selectve fading)
andis givenby:

N.—1
Icpma = {4%_450 > (N —i)F?(i)
=1
J N.—1
+y rte Y (Ne—iDGR() ¢ (5)
k=1 i=—(Ne—1)

whereF'(j) = ho(t) * p(t) * ho(t) x p(t — jT.) andGg(j) =
ho(t) * p(t) * hi(t) * p(t — jT¢).

In AppendixB, we shav thatunderthe sameconditions,the
SIRfor TDMA is

ro ‘6 F?(0)

SIRrpMma = Troma

(6)

As before,ITp s 4 representtheinterferenceexperiencedy
thepacletin the TDMA systemandis givenby:

J K K
Itpyma = Z Tt ém Z Ck Z Cl{
m=1 ——K =K

K
> Gm(k+i)Gm(l+i)},

i=—K

()

whereCy, k = —K, ..., K, representhetapweightsof the
zeroforcing equalizer

Equationg4) and(6) provide the conditionalSIR, giventhe
numberof interferers,J, andthe propagatiorconditionsof all
users. Theseanalytical expressionscan be usedin a Monte
Carlo simulationfor the evaluationof the desiredperformance
metrics.

Codingmaybeusedin boththe CDMA andTDMA systems.
In a CDMA system,useof a corvolutional codeof rate k/n
would reducethe spreadingjainby afactorof n/k, sothatboth
the informationrate and the channelchip rate are unchanged.
In aTDMA system codingwould resultin a paclket occupying
n/k slotsinsteadof just one. Coding allows achiezementof
a givenbit error rate objective with lower SIR threshold. This
may be representedsa codinggain, whichis the differencein
SIR neededy codedanduncodedsystemgo obtainthe same
BER performance.

In all our computationswe considerthe SIR of a codesym-
bol (asopposedo the SIR of aninformationbit) for makinga
decisionon the success#ilure of a paclket. An informationbit
consistof n/k codesymbolswhena codeof ratek/n is used.
At the outputof the correlator the signal powers of the n/k
code symbolsin the information bit add up coherently while
the powersinterferingwith thosecodesymbolsaddupincoher
ently. Thisyieldsanadditionalcoheencegainof 10log, ,(n/k)
dB. Sincecorvolutional error control codesprovide betterim-
munity to independengrrorsthanto correlatederrors thecoded
performances expectedto improve wheninterleaving is used
[8], wherebybits are scrambledamongpaclets prior to trans-
mission,so thatthe correlationbetweererrorsis reduced.The
price to be paid in this casefor the improved coding perfor
manceis adelayincrease.

Power controlschemesireusedto compensatéor time vari-
ation in signal strengtharising from various propagationphe-
nomena.Openloop or coarsepower control compensatesnly
for the pathlossandshadaeving experiencedby a remotes sig-
nal. Thus,in the absenceof multipath effects, the signalsre-
ceived from all simultaneoushtransmittinguserswithin a cell
will be of the samepower (perfectpower control will be as-
sumedthroughout).If fine or closedloop power controlis im-
plemented,a remotewill adjustits transmitpower suchthat,
irrespectve of its positionandtheassociate@dhadev andmulti-
pathfading,the power of the intendedsignalcomponengt the
base-statioiis aconstarft. Thepowercontrolconsideredn this
papelis strength-basedle., it achiezesconstantecevedpower.
Anotherform of power control, whoseobjectie is to equalize
the SIR at the recever, may be morefavorableto TDMA, but
may alsosuffer from stability problemsandwill notbeconsid-
eredhere.

Il RESULTS AND DISCUSSION

In this section,we presentsomeresultswhich arerepresen-
tative of the performanceof the CDMA and TDMA systems.
We do not attemptan exhaustve performancevaluationof the
two schemeshut ratherfocus on a comparisonof their radio
accesgapacity Our results,generatecccordingto the analyt-

81t shouldbe notedthat this doesnot completelyeliminatemultipatheffectsi.e., time
dispersiorwill still bepresent.



ical/simulationtechniquedescribedn the previous section,are
presentedn termsof QoSmetric (which is differentfor differ-
ent traffic classesys. the averagenumberof admittedusers
percell. As a generalconclusionwe obsenedthatthe capac-
ity assessmerdf TDMA and CDMA significantlydependsn
the QoS metricschosenand on the QoS requirements. Typi-
cally, CDMA bettersatisfiesstrict QoS constraintgi.e., small
paclet error rates),dueto its inherentability to toleratesome
degreeof interferencewhile still providing good quality. On
the other hand, TDMA is more sensitve to moderateor high
levels of interferenceand thereforein this context it offersa
highercapacitywhenlessstringentrequirementsre placedon
the physical/acceskyer. It shouldbe notedthatthis doesnot
meanthat TDMA cannotbe usedfor high-qualitycommunica-
tions, sincetime diversity coupledwith the shortdurtion of the
TDMA pacletsallows for the recovery at higher layers(e.g.,
data-link)of thosepaclketswhich arelost ontheradiointerface.
The study of thesehigherlayer protocolsis, however, beyond
thescopeof the presenpaper but our resultsmaybeapplicable
to suchafuture study

In the simulationswe assumehat satisactorysignalquality
canbe achiezedwith a SIR of 8 dB (computedafter the front-
endprocessingjncluding despreadinggecodingandequaliza-
tion as applicable). The standarddeviation of the lognormal
shadaving is assumedo be 8 dB. To fully captureinterference
effects,the geographicategion underconsiderations a cluster
of 61 cells. The useof errorcontrol codesis assumedo yield
asymptoticcodinggains. In particular for corvolutional codes
with softdecisiondecodingthe codinggainsassumedre7 dB
for arate 1/2 code,7.3 dB for arate 1/3 code,and 7.4 dB for
a rate 1/4 code, respectiely [16]. If hard decisiondecoding
is used,the codinggainis about3 dB smaller The constraint
lengthfor eachof thesecodesis 7. We alsoconsidered rate
2/3 codewith a constraintlength of 4 for equivalentdecoder
compleity. For this code, the asymptoticcoding gain is 5.2
dB with soft decisiondecoding.Finally, beforewe discussour
resultswe list again,someof the primary assumptionshat we
make’.

o Weassumeafrequeng reusefactorof onefor bothCDMA
andTDMA systems.

e We assumewo typesof pawer control. Coarsepower con-
trol compensatefor pathlossandshadaeving. Fine power
controlcompensatefor multipathfadingaswell.

¢ We assumehat a zeroforcing equalizeris usedwith the
TDMA systemand that this equalizercompletelyelimi-
natestime dispersiorfor the desiredsignal.

e In TDMA, a perfect medium accesscontrol protocol is
present. This protocol allows transmissiongo be sched-
uledsuchthatuserswithin acell transmitin differenttime-
slotswithin aframe.

¢ \Weignoresynchronizatiorissues

We notethatsomeof theseassumptionsffect the numerical
resultspresentedandsucheffectsmay be differentfor TDMA
and CDMA. On the one hand,notethat someassumptionga-
vor CDMA (e.g., perfectsynchronization)while othersfavor
TDMA (e.g.,perfectMAC). On the otherhand,the main find-

7Theseassumptionsveredescribeckarlierin Section2.

ings of this study e.g.,thefactthattherelative performanceof
CDMA and TDMA dependon the QoS specificationsand on
thetypeof traffic, is still qualitatively true. Therefore although
a more preciseassessmertf this comparisorshouldtake into
accountmoredetails,whatis presentedereis a valuablefirst
steptowardsa fuller understandingf theissuesnvolved.

A Resultfor CBRtraffic

We presenfirst someresultsfor the Type 1 traffic, i.e., CBR
traffic. Figure2 illustratesthe effectsof power control on both
TDMA andCDMA, for N, = 50 andT; = 2T, (unlessother
wise noted,theseparametersvill be usedfor all resultsin the
following). It canbeclearlyseerthat,asexpected CDMA ben-
efitsfrom the useof fine pawer control,comparedo the caseof
coarsepower control (performanceavith no form of power con-
trol is not consideredor CDMA). On the otherhand, TDMA
shaws a very robustbehavior with respecto the type of power
controlusedwith essentiallythesameperformancén bothcases,
whichin turnis significantlybetterthanno power controlatall.
This canbe explainedby thefactthat TDMA pacletsuccesses
mostlyoccurwhenthereis almostnointerferencein whichcase
the performancedependsmore on properequalizationthanon
theintendedsignalpower. We alsostudiedthe effect of chang-
ing the value of N, (not shawn in the Figure): as expected,
by doubling N., one canapproximatelyadmit twice as mary
users,so that resultsfor highervaluesof N, canbe similarly
extrapolated. Note, however, thatincreasingN, requiresthat
eithertheinformationratebe decreasedr the bandwidthbein-
creasedAlso, consistentvith [4, 7], theresultsshovnin Figure
3 confirmthatthe useof SAD producespproximatelya capac-
ity 2.5timeslarger (for aspeectactiity factorof 40%).

Figure4 illustratestheeffectsof usingcornvolutionalcodesof
differentratesin a CDMA system.No SAD is consideredhere,
but agoodapproximatiorfor the casewith SAD canbederived
by appropriatelyscalingtheresultsshown. It is seerthatchoos-
ing acoderatesmallerthan1/2 doesnotresultin ary furthersig-
nificantimprovementdueto similar valuesof the codinggair?.
In therestof the paperaratel/2 codewill thereforebeused.

In Figure5 (alsowith no SAD), we presenta directcompar
ison betweenTDMA and CDMA for the CBR traffic classfor
somespecificconditions. The curves can be seento crossat
somecritical value of the outageprobability (e.g., about0.02
whenarate 1/2 codeis used). CDMA allows moreusersto be
admittedthanTDMA whenthe constrainton the outageproba-
bility is smallerthanthis critical value,whereasf outageprob-
abilitieslargerthanthecritical valuearepermitted, TDMA pro-
videshighercapacity The CDMA systemcaneasilyenjoy the
benefitsof SAD, sothatthe capacityresultsasgivenin Figure
5 canbemultiplied by afactorof 2.5. For anoutageprobability
of lessthan0.01, resultsindicatethatabout13 ~ N./4 users
may be admittedto the CDMA system.The performanceben-
efit provided by SAD andcell sectorizatiorcannotbe aseasily
achiesedin circuit-modeTDMA. However, if oneis willing to
acceptthe additionalcomplexity of dynamicslotreassignment,

8Note that this may not be true for smallervaluesof N.., wherethe behavior is not
linear

9Notethat, asthe coderateis decreasedhe coherencayain dueto the factthatcoded

symbolscombinecoherentlywhile noisecombinesncoherentlyis counterbalancelly the
correspondindossin processingjainseenby the codedsequence.



the samecapacitygainscan be achieved for both TDMA and
CDMA.

Thefactthatthe curvesfor CDMA andTDMA crossatsome
point is an importantresult, and being able to quantitatvely
identify thatcritical point andto studyits sensitvity to the var-
ious ervironmentalfactorsmay be key for efficient designof
the accessscheme. For example, we found that the crossing
point movesto the right (i.e., the regime over which CDMA
provideshigher capacityincreases)f the frequeng selectvity
of thechanneincreasesln fact,the performancef the CDMA
schemeimproveswith anincreasein delay spread,sincethis
translatesnto greaterreceved signal power becausehereare
then more resohable paths(recall that we assumeherea per
fectly matchedilter attherecever, whichcanresole all paths).
On the otherhand,the performanceof TDMA s relatively in-
sensitve to the valueof T}, sincethe effect of the delayspread
in this case(i.e., theSI) is removedby the equalizet®.

B Resultsfor VBRtraffic

In thissubsectionwe presentesultsfor thethreeVBR classes
asdescribedn Section2.

The QoSmeasureconsideredor Traffic Class2 (VBR traf-
fic with no queueingpermittedat the remote)is the probabil-
ity that the paclet loss rate exceedssomemaximumtolerable
value. The paclet lossrate suffered by ary useris dependent
on the interferencesxperiencedby thatuser The interference
in turn depend®n the propagatiorconditionsof all simultane-
ously transmittingusers. In Figure 6, we have consideredwo
valuesfor the maximumtolerablepacletlossrate,i.e., 1% and
10%. We remarkonceagainthatthe packetlossconsideredere
is obsenedattheradioaccesdevel and,while certainlyaffect-
ing the performancef protocolsandapplicationsat higherlay-
ers, it is not representatie of the quality percevedby the user
In otherwords, this studyis mostly concernedvith lowerlayer
performancewhereasa higherlayerstudybasedon the results
herepresentedtill needgo beaddresseth orderto fully char
acterizethe QoSenjoyedby the applications.

The sensitvity of the CDMA systemto the valueof the tol-
eratedpaclet lossrate is relatively small due to the fact that
spreadspectrunprovidesgood protectionagainstmoderatan-
terferenceFor typical valuesof SIR, stricterrequirementsf no
morethan 1% paclet loss are usually satisfied,whereasunder
heavy interferenceconditions, CDMA breaksdown and can-
not meeteven looserlossrequirementof 10%. On the other
hand,the outageprobability for TDMA is very dependenbn
thethresholdpacletlossobjective; for our rangeof parameters,
a10%objective canbemetwhereasa 1% objective cannot.

Figure6 shownsthe probability of outage,.e., the probability
that the instantaneoupaclet loss probability exceedsa speci-
fied value,denotedby z in the graphlabeld®. Consistenivith
theabove discussionfigure6 shavsthat,if the pacletlossrate
mustbe 1% or lower, CDMA in generabprovideshighercapac-
ity (if we wanta paclet lossrate of no morethan 1% at least
90% of thetime, whenarate1/2 codeis used,CDMA provides

10For very large valuesof the delayspreadthe performanceof TDMA will be affected
by interferenceenhancemernin the equalizerleadingto degradedSIR.

1 Thevalueof the outageprobabilitymaybeinterpretedasthe long-termaverageof the
fraction of time a userexperiencesa paclet lossratein excessof z, or equialently the
fraction of usersexperiencinghe sameconditionthroughouthe system.

morethantwice the capacityof TDMA), whereaghe opposite
mightbetrueif the QoSrequirements relaxedto allow paclet
lossratesof up to 10%. A possibleway to improve matters
for TDMA might be to reintroducesomedegreeof frequengy
isolation, e.g., not reusingthe samespectrumin all cells. We
believe that a more efficient systemstratgly would be to ac-
ceptrelatively high pacletlossratesatthe accessayer, coupled
with somesmartschedulingstratgiesfor efficient retransmis-
sion,aswasproposedn [7]. Anotheralternatve mightbeto dy-
namicallyassignrchannelamongdifferentcells,whichinvolves
considerablynorecompleity but canpotentiallypreventworst-
caseoccurrencestherebygreatlyimproving the overall perfor
mance. Finally, more advancedsignal processingechniques
(e.g.,smartantennarrays)canalsobe usecto reducethe effect
of interference.Due to the alreadyconsiderable&eompleity of
our physical-layerstudy we have not addressedheseaspects,
which are left for future efforts.  We make a note herethat
althoughthe chosenvalue of the spreadinggain N, is 50, the
numberof admitteduserscould be muchhighersincethe user
actity ¢ is small(equalto 10% in this case).

Figuresy illustratestheperformancef the TDMA andCDMA
systemswith Type 3 traffic, i.e., paclet traffic usersin heavy
load. Plottedasa function of the expectednumberof usersper
cell is the saturationthroughputwhich is the amountof traffic
thatthenetwork cancarrywith nodelayconstraintsFor agiven
numberof admittedusers,M, anda giventransmitprobability
g, the probability of successPs,..(M, q) is found by simula-
tion. Note that, in computingthis probability of successall
possiblechannelconditionsare considered. The servicerate
qPsuc..(M,q) is then maximizedwith respectto the transmit
probabilityq. Thevalueof ¢ whichachiesesthis maximumalso
achiesesthe saturatiorthroughputasexplainedin Section2. It
is to be notedthat,sincethe metricsthuscomputecareaverages
(theaveragingbeingdoneoverall possiblechannekonditions),
thereare no QoS objectives definedfor this traffic class. The
effectsof variousparameter®n the CDMA systemare shavn
in Figure 7. From Figure7, it is seenthatthe TDMA system
achiesesa highersaturationthroughputanda bettermaximum
achiesableserviceratethandoesthe CDMA system.Thisis not
surprisingsince,without any delay constraintsyetransmission
with time diversity is expectedto be more bandwidthefficient
thanthea priori protectionprovidedby bandwidthspreading7]
(note,in fact,thatin CDMA, bandwidthis spreadevenwhenit
is notneededi.e.,whenthereis little interference).

In Figure7, it is seenthat the TDMA throughputfirst in-
creasesvith thenumberof userspercell, M, butthenasymptot-
ically decreaseasM becomedarge. Thisis dueto thefactthat
thereis nointra-cellcontentioramongthe TDMA usersor low
valuesof M. However, as M increasesa users signalwould
be subjectto intra-cellinterferencan additionto inter-cell in-
terferencecausinganoverallthroughputreduction.Thus,when
the perusertransmissiorprobabilityis choserto maximizethe
saturatiorthroughputaddinguserseventuallycausesnasymp-
totic reductionin throughput.

Finally, Figure8 shownsresultsof meandelayfor VBR Type4
traffic. Whenanalyzingthe performancef this traffic classwe
assumedhat the co-channeinterferenceand multipathfading
experiencedy a pacletvary independentifrom onetransmis-



sion attemptto another As discussedn Section2, this may be
areasonablassumptiorif fine power controlis usedandin the
presenceof a sufficient degree of randomizationof the trans-
missionattempts.The meandelayis minimizedwith respecto
thetransmitprobability . Fromqueueingheory, the minimum
meandelayis achiezedwhengq is chosersoasto maximizethe
throughput.Thus,asin the caseof Type 3 traffic, onemight ex-
pectthe TDMA meandelay performanceo be betterthanthat
of CDMA. Figure 8 compareghe meandelay performanceof
CDMA andTDMA. It is seerthata TDMA schemausingarate

1/2 codecanadmit approximatelytwice asmary remote-users

asmay be admittedin a CDMA schemeusinga rate 1/2 code
beforethe systembecomeaunstable.Otherresults,not shavn
here,indicatethat reducingthe arrival rateto a remoteusers
gueue,q;,, by half approximatelydoublesthe numberof ad-
missibleusersasexpected.

IV CONCLUSIONS AND FUTURE WORK

In this work we have comparedhe performancesf CDMA
andTDMA systemsn apacletswitchedwirelessnetwork. Dif-
ferenttraffic classestequiringdifferentQoSmetrics,have been
independentlyconsidered. By meansof analysisand simula-
tions, the capacityof the network, statedin termsof the maxi-
mumnumberof usersadmissibleto a geographicategion such
thatsomeQoSobjective canbe guaranteedyasfound. Results
obtainedundera specificsetof assumptionshow thattherela-
tive performanceof CDMA andTDMA, expressedn termsof
admissiblenumberof usersJargely dependon the QoSobjec-
tivessetat the radio accesdevel. As a generalresult, TDMA
may be usedin conjunctionwith protocolstackswhich areable
to recover from relatively high pacletlossrateson theair inter-
face,whereasCDMA shouldbe usedwhensmall paclet error
ratesattheradioaccesdevel arenecessary

While the resultsobtainedin this work provide somevalu-
ableinsight aboutthe performanceof the TDMA and CDMA
schemesn a wirelesspaclet ervironment,further study s re-
quiredin orderto draw more firm conclusionswhile also re-
laxing someof the simplifying assumptionsnadehere.In par
ticular, extendingthe effect of this studyto higherlayersin the
protocolstack(e.g.,data-linkerrorcontrol)mayenableaclearer
assessmertf the performanceof the whole system.Also, this

work s limited to theindependergtudyof differenttraffic classes.

Studyof co-existing multiple traffic classeswith differing QoS
requirementseedsfurther attention. Also, use of sectorized
or arrayantennasywhich mayyield significantperformancem-
provementsin both TDMA and CDMA, alsomerits future in-
vestigation.

Finally, while theobjective of thepapemasto compareaCDMA
with TDMA with a frequeng re-usefactorof 1, we recognize
thata comparisorwith multiple frequeny TDMA may be ap-
propriate. However, it is beyond the scopeof this preliminary
work. We point out that sincewe have comparedhe schemes
with a varying numberof users,using multiple frequenciegor
usingfrequeng hopping)will causetheinterferencehatis ex-
periencedby a transmittinguserdue to simultaneousltrans-
mitting interferersto bereduced.This may be representedsa
reductionin thenumberof interferingusersor, equivalently, asa
capacityincrease However, we notethatthis capacityincrease

(in termsof numberof userspercell) is actuallyachievedat the
expenseof a capacitylossdueto the useof a frequeng reuse
plan. In apacket-switchedsituationit is lik ely thatnotusingfull
frequeng reusewill leadto worseresults.

A EsTIMATION OF SIR IN THE CDMA SYSTEM
A SignalComponenand Selfinterference
Let asingleuser transmita signalgivenby:

N.—1

Z akp(t - kTC)a

k=0

So (t) (8)

which passeghrougha channelwith a comple< impulsere-
sponsehg(t) = hoi(t) + jhoe(t). Let po(t) denotethe in-
put to the recever (i.e., po(t) = so(t) * ho(t)), which con-
sistsof a matchedfilter with impulseresponsep§(—t), andlet
yo(t) be the output of the matchedfilter, given by yo(t) =
po(t) * p5(—1)- = Yinphasét) + JYquadraturé)-
Theoutputof thematchedilter is sampledattimet = 0:

%0(0) = y1(0) +y¢(0)

[z

>
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k=0
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k=0
Also,
0o Ne—1
yz(O)z/ > alfi(t — kT)Pdt +
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where,f;(t — kT.) = [*_ p(a — kT.)hoi(t — a)da. Denoting
Joolfi(t — §Te) filt — KTe))dt by Fi(j — k), we get:

Ne—2 Ne—1

yr(0) = NF(0)+2 ) > ajarFi(j— k).

k=0 j=k+1

(11)

Usingasubscriply to represenéquivalenttermsfor thequadra-
turechannel Equation(11) canbewritten as:

y1(0) = N.(F3(0) + F,(0))
(N.—1) N.—1

12 3N waBG - B +FG - k)

j=k+1

(12)

=1

Notice that all the termsin the above expressionare real and
hence,yo(0) is areal quantity The notationF(j) = F;(j) +

F,(j) isusedhenceforth. Thefirst termof Equation(12) repre-
sentsthe signalcomponentindthe secondermrepresentself
noisedue to multipath propagation. Sincea; anday, take the
values+1 and-1 with equalprobability andareassumedo be
statisticallyindependentf eachother (ideal spreadspectrum



modulation) the expectedvalueof the self noiseis zero,andits
varianceis givenby:

(13)

Note that, F'(5) is a deterministicquantity since,in this anal-
ysis, ho(t) is a known, singlesamplefrom the randomprocess
{ho(t), —00 < t < o0}.

B Multiple Accesdnterference

In this section,we computethe multiple accesdnterference
due to simultaneouslytransmittingusers. For simplicity, we
omit subscriptsand complex notations. Let us consideran in-
terferinguser sayuseru, whosesignalmayberepresenteds:

N.—1
2(t) = Y biplt — kTo). (14)
k=0

Let theimpulserespons®f the channekhroughwhich this sig-
nal passede h,(t). Then,arriving at the input to the recever
is:

w(t) = 2(t) * h,(t). (15)

Letn(t) betheinterferencecausedy useru attheoutputof the
receverfilter, whichis matchedo thesignalfrom user0. Then,
atthesampletime,

00  poo  poo Ne—1N.—1

o=/ [ [ ¥ Y taws i)
—0J—00J—00 j—g p—g

p(y — kTc)h.(a — B)ho(a — ’Y)} dBdryda.

SinceE(a;) = E(b;) = 0 anda;, andb; arestatisticallyinde-

pendents; = 0.
In amannersimilar to the definitionof f(t) let usdefine:

(16)

9.t~ 4T = [ p(a - KTh(—pyds. @)
Further let
Gdk—ﬁ=iﬁ (o kT)gu(a— jT)da.  (18)
Then, we write Equation(16) as:
N.—1 N.—1
n0)= > > bjaxGu(k—j), (19)
j=0 k=0

andit canbe shown (with somealgebraicsimplifications)that

N.—1

>

j:_(Nc_l)

n*(0) = (Ne = liDGZ (). (20)

Let therebe J multiple accessnterferersin theregion of in-
terest. Let r,, be the distanceof the u th interfererfrom the
base-statiof theintendeduser and¢,, is thelognormalshad-
owing of the u th interfererwith respectto the base-statiorof

the intendeduser;rq and§, arethe correspondingparameters
of theintendeduser Then,theinterferencesxperiencedy the
intendeduserbothdueto self noiseanddueto the J interferers
is givenby:

N:.—1
Icpma = 4rg*& Y (Ne — i) F?(4)
i=1
J N.—1
+ Y omte Y, (Ne-liGRG)  (21)
u=1 i=—(N.—1)

Then, the SIR seenby the intendeduser in the presencef J
multiple accessnterfererscanbe expresseds:

_ g "G NZF2(0)

SIR
Icpma

(22)

B ESTIMATION OF SIR IN THE TDMA SYSTEM

Let agivenuser transmita signalsuchthata singlebit from
this useris givenby:

so(t) = aop(t). (23)

iLet po(t) denotetheinputto therecever. Then,

po(t) = so(t) * ho(t),

wherehg (t) = ho;(t) + jho,(t) is theimpulseresponsef the
complex Gaussiarchannethroughwhich the signalpasses.

Thereceveris assumedo consistof a matchedilter whose
impulseresponsés givenby p§(—t). Theoutputof thematched
filter is sampledattime ¢ = 0. The outputconsistsof the sig-
nal so(t), the multiple accessnterferenceand an intersymbol
interference(ISI) contribution from bits thatprecedeandfollow
so(t). At theoutputof thematchedilter, let theresponsef our
givenuserat the outputof the matchedilter, (consistingof the
intendedsignalandthe ISI) be denotedby yo(t). Then,atthe
sampletime,

Y0(0) =

§jmm—mnm@LMWMWMt (24)

i=—K

[

ExpandingEquation(24), we get:
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where
e T}, isthehit time.



o fi(t —iTy) = [°. p( —iTy)hoi(t — ¢)dep

o fo(t —iTp) = f p(Y — iTp) hog(t — ¢)dy

e K isthe maxmumnumberof bits which contributeto the
intersymbolinterference. This numberK is a function of the
delayspreadf thechannel.

We areinterestedn only real partof the signalappearingat
the outputof therecever. It canthenbe shovn thatthe signal
poweris givenby

(Fi(0) + F,(0))* = F*(0),
where,
Ei(k) = /Oo fi(t) fi(t — kTp)dt and,
F® = [ fofhe-

ThelSI noisecomponents givenby

K

> awF().

i=—K
i#0

n =

Notethatthe meanvalueof thelSl is zero.It canbeshavn that
thevarianceof thelSl is givenby:

K
n?) =2 F*(i)

Since,for the signal, we are consideringa known channelim-
pulseresponsgasin the CDMA case),F'(7) is deterministic.
To calculatethe multiple accessnterferencewe denoteuseru’s
signalby

(26)

K
= > bip(t—iTy)
i=—K

andtheimpulseresponsef the channekhroughwhich this sig-
nal passedy h,(t). It canthenbe shawvn thattotal the multiple
accessnterferencedueto the presencef J interferingusersis
givenby 2

-3 @)

u=1i=—K

(27)

wherer is therandomvariablerepresentinghe multiple access
interference.

Using Equations25, 26 and 27, and by consideringthe effects
of pathlossaandshadaving, the SIR canbe expresseds:

SIR =
74§0F2( )
2rg 502@ 1F2()+Zu 1’ qu_KGZ()

wherer,, is the distanceof the u th interfererfrom the base-
stationof theintendeduserandé, is thelognormalshadeving

, (28

12 Definitionsof G, (i) arethesameasin the CDMA analysisin AppendixA.

of the  th interfererwith respecto the base-statiorf the in-
tendeduser;rq and¢, arethe correspondingparameter®sf the
intendeduser

If a zeroforcing equalizeris used,we mustfind the setof
complex equalizerweightsdenotedby C = [C_k,C_(k—_1),

-,Co,--+,Ck_1,Ck] which eliminatelSI. The coeficients
canbefoundsolving[13]
FC=A=C=F14, (29)
where
A=10,0,---,1,---,0,0]". (30)

andtheentriesof matrix F aregivenby F;; = F(|2K —i—j|),
wherei € {0,2K} andj € {0,2K}. Proceedingn this fash-
ion, one canreadily computethe multiple accessnterference
(Detailscanbefoundin [17]).
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Fig. 1. Slotstructuregor the (a) COMA and(b) TDMA schemes
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Fig. 2. CBR Traffic: Effectsof Paver Control. No coding,N. = 50, Tq = 2T..
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