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ABSTRACT

Studiesof thecapacityof cellularsystems,statedin termsof
theadmissiblenumberof remoteusers,havegenerallybeenlim-
ited to voicetelephony. In thispaper, weaddresstheproblemof
comparingthe interference-limitedperformanceof CDMA and
TDMA systemsin a packet switchedenvironment. Theobjec-
tive is to determinewhetherthecapacityadvantagesclaimedfor
circuit-switchedCDMA still apply in a packet-switchedenvi-
ronment,wherethenaturaltimediversityof burstytransmission
maybea significantfactor. Undera setof specificassumptions
about the wirelessenvironment (including path loss, shadow
fading,multipathdelayspread,co-channelinterference,power
control,coding),we evaluatethenumberof userswhich canbe
admittedto thesystemwhile maintainingsomedesiredQuality-
of-Servicelevel. Four differentclassesof userswith different
characteristicsandrequirementsareconsidered.Thesystemca-
pacity is found to significantlydependon the QoSobjectives,
which might bestatedin termsof availability of somespecified
signalto interferencelevel, packet lossrate,or meantolerable
delay. Themainfinding is thatstrict requirementsimposedon
the radio accesslevel tend to favor CDMA, whereasif some
form of packet recovery at thehigherlayersis allowed(imply-
ing a relaxedsetof requirementson theradio interface),thena
somewhathighercapacitymaybeachievedby TDMA.

I INTRODUCTION

Within thefield of moderntelecommunications,therehasre-
centlyemergeda stronginterestin supportingportabledevices
capableof wirelesscommunications.Accordingly,WirelessATM,
whereintheconceptof bandwidthupondemandis carriedover
to the wirelessworld [1]-[2], hasenjoyed increasingattention.
Seamlessextensionof ATM from the high bandwidthandlow
errorratewireline network to thelow bandwidthandhigh error
ratewirelessnetwork introducesaseriesof interestingandchal-
lenging issues. The harshfadingnatureof the wirelesschan-
nel, andinterferencedueto simultaneoususeof thebandwidth
by multiple users,causeconditionswhereintheintendedsignal
may not be received with satisfactory quality at the basesta-
tion. While powercontrolmaybea partialsolutionfor combat-
ing signallossdueto propagationeffects,it is alsonecessaryto
limit thenumberof userssimultaneouslyadmittedinto asystem
consistingof a clusterof cells in orderto keepthe interference

S.V. Krishnamurthyis with theDepartmentof ComputerScienceandEngineering,Uni-
versity of California, Riverside,CA, 92521,e-mail: krish@cs.ucr.edu;A.S. Acamporais
with theDepartmentof ElectricalandComputerEngineering,Universityof California,San
Diego, La Jolla,CA, 92093,e-mail: acampora@ece.ucsd.edu;M. Zorzi is with theDipar-
timentodi Ingegneria,Universit̀adi Ferrara,Italy, e-mail: zorzi@ing.unife.it.

at acceptablelevels andto enablehand-off of live connections
withoutunacceptableratesof cell overloador call dropping.

Thegoalof a call admissioncontrolpolicy is to admit to the
systemasmany usersaspossiblewhile maintainingtheQuality-
of-Service(QoS)guaranteesof ongoingandincomingcalls[3].
Thesystemcapacityis thendefinedasthetotalnumberof users
thatcanbeadmittedto thesystem.Following a commonprac-
tice in the literature,we will expressthis capacityin termsof
usersper cell, althoughthis numberis to be interpretedasan
averagevalue since,oncea useris admittedto the system,it
canroamthroughouttheservicearea,andtheactualnumberof
usersin eachcell is a randomvariable.

Studiesof cellularsystemcapacityhave beenreportedin the
literature,but mostof thesehavebeenlimited to circuit switched
narrow bandvoicecommunications[4]-[6]. In [4], theCDMA
(CodeDivisionMultiple Access)schemewascomparedto static
TDMA/FDMA (Time Division Multiple Access/Frequency Di-
vision Multiple Access)schemes,andtheauthorsshowedthat,
for telephonetraffic, thecapabilityof theCDMA systemto tol-
eratehigh levelsof adjacentcell interferencehelpsin achieving
a substantialcapacitygainwith respectto fixedchannelalloca-
tion TDMA/FDMA schemes.

This papercomplementsthesestudiesby consideringa wire-
lessnetwork servingconstant-bit-rate(CBR)or variable-bit-rate
(VBR) usersin a packet switchedenvironment. The objective
is to estimateandcomparethe capacityof packet TDMA and
packet CDMA approaches.As a first steptowardsthis goal, in
this paperwerestrictourselvesto a wirelessnetwork carryinga
single,homogeneoustraffic class(i.e., all remotesgeneratethe
sametypeof traffic), andseveralsuchsingletraffic classesare
considered.Possibleextensionsto computethecapacityregions
whenthe network carriesmultiple traffic classeswith different
traffic characteristicsandQoSrequirementscanbe envisioned
but arebeyondthescopeof this paper.

In an attemptto be thorough,we explicitly accountfor path
loss,shadowing,multipathdelayspreadandco-channelinterfer-
ence.Further, we investigatetheeffectsof errorcontrolcoding
andpower control. We considerconvolutionalcodesof differ-
ent ratesto quantify the effects of error control coding. Two
typesof powercontrolareconsidered:(a) coarsepowercontrol
whereinthepowercontrolmechanismcompensatesonly for the
pathlossandtheshadowing experiencedby a user, and(b) fine
power control whereinthe mechanismis suchthat it compen-
satesfor multipathfadingaswell. Note that in the latter case
the receivedsignalstrengthdueto any remoteuser’s transmis-
sionat thebasestationis constant. Dependingon the typeof
traffic classconsideredandontheconstraintsimposed,different
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QoSmetricsmaybedefined.Most of theQoSmetricsconsid-
eredin thiswork dependonthesignalto interferenceratio(SIR)
at thereceiver beinggreaterthana thresholdvalue,fixeda pri-
ori. Sinceclosedform expressionsfor the SIR aredifficult to
obtain,we useacombinationof simulationandanalyticalmod-
elsto estimatethestatisticsof theSIRundervariousconditions.

In this paper, we are concernedwith the radio accessper-
formance,i.e., we do not considerhigher-layer techniquesto
recover from transmissionerrors.In orderto draw moredefini-
tive conclusions,onemustcouplesucha studywith the anal-
ysis of protocolsat the data-link layer andabove. The results
we presentin this paperprovide insight which canleadto for-
mulating meaningfulsimplified modelsfor the study of these
higher-layerissues.

A somewhatgeneralconclusionwhichcanbedrawn from our
resultsis thatprotocolsor applicationsrequiringvery stringent
accessperformance(e.g., in termsof packet loss rate) would
benefitfrom higherprotectionasprovidedby CDMA, whereas
protocolsandapplicationswhich canwork in the presenceof
relatively highpacketerrorrates(e.g.,throughefficient retrans-
missionerror recovery) can accommodatea larger numberof
usersif TDMA modeis chosen.In theenvironmentundercon-
sideration,weareableto characterizethis trade-off andto iden-
tify theCDMA andTDMA cross-overpoint.

We limit ourselvesto thestudyof theperformanceof there-
verselink (i.e., remote-to-basetransmissionlink). Due to the
multiple accessnatureof thereverselink, onemight expectthat
theforwardlink performancewouldbeatleastasgoodasthatof
thereverselink [8]. Ignoredthroughoutaresuchpracticalmat-
ters as synchronizationsincewe are exclusively interestedin
comparingthe capacitiesof the two systemsasfundamentally
limited by propagationeffectsandmultipleaccessinterference.

In Section2, we presentour systemmodel, including prop-
agationeffects and allocationstrategies usedfor CDMA and
TDMA. Also describedin Section2 arethedifferentclassesof
traffic consideredandthe simulationandanalyticalmodels.A
discussionof theresultsis presentedin Section3.

I I SYSTEM ASSUMPTIONS

A Modelof thephysicallayer

The wirelessnetwork is assumedto be divided into regions
consistingof contiguousradio cells. Eachcell containsa cen-
trally locatedbase-station,andthebasestationsaredeployedin
a hexagonalarrangement.For traditionalTDMA cellular sys-
tems,a seven-cellreusepatternis oftendeployed[9]. This re-
sultsin a 6/7 capacitypenalty, which maynot beneededin sys-
temswheretheflexibility of packet switchingcanbeexploited.
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,wheresomein-
terferenceprotection(e.g.,via dynamicchannelallocation)can
helptheperformance.However, dueto thealreadyconsiderable
complexity of thepresentstudy, we leave considerationof such
schemesfor furtherwork.

The propagationmodel consideredthroughoutaccountsfor
a numberof effects. Path lossandshadowing aremodeledas
theinversefourth power of thedistance,����� , anda log-normal

randomvariable,
�
, respectively, so that the signal power re-

ceived from a user, averagedover multipath,is proportionalto��� ����� � . Basedon thisquantity, usersareassignedto thebest
basestation,i.e., the onewith smallestlong-termattenuation.
Thisassignmentstrategy guaranteessignificantlyimprovedper-
formancewith respectto the caseof closestbasestationas-
signment[10, 11]. The effect of multipathfading[12]-[14] is
modeledby meansof a complex Gaussianimpulseresponse,	�
��� � 	���
��������	���
���

, with exponentialmultipath intensity
profile, i.e., ��� 	�
����	�� 
"!#�%$ �'& ��(*)�+�, if

� � !
and0 otherwise.

The quantity -/. is the delayspreadof the channel. As to the
second-orderstatisticsof thechannel,weconsiderherefor sim-
plicity the block-fadingchannelmodel, in which the channel
impulseresponsedoesnot changewithin a slot,but is indepen-
dentlychosenslot-by-slot.This modelalsoaccountsfor theef-
fectsof usermobility (notexplicitly modeledin ourMonteCarlo
simulations),assumedheresufficient to make successive trans-
missionsexperienceindependentfadingconditions.Noticethat
this assumptionof fadingindependencewould alsocorrespond
to theuseof frequency hoppingtechniques.

For every packet transmission,we compute,at the receiver,
theSignal-to-InterferenceRatio(SIR),andassumethatthepacket
is correctly received if and only if the SIR is above a preset
threshold,which dependson the detailsof the physicallayer.
In particular, the receiver is assumedto consistof a perfectly
coherentfilter matchedto thewaveshapeproducedwhenarect-
angulartransmitpulseis “filtered” by the impulseresponseof
the multipathchannel0 . In addition,in the TDMA system,we
assumethe presenceof a zero forcing equalizerwhich negates
theintersymbolinterference(ISI) causedby thedelayspreadof
thechannel.For bothCDMA andTDMA, QPSKmodulationis
assumed.In orderto focuson theinterference-limitednatureof
thesystems,thermalnoiseis neglectedthroughout.

For a fair comparison,thechanneldatarateis assumedto be
the samefor both CDMA andTDMA. In CDMA, the channel
datarateis actuallythechip rate, with theactualuserinforma-
tion ratebeing 132 timesslower, where132 is thespreadinggain
of theCDMA modulation4 . Ontheotherhand,in TDMA, auser
transmitsatpeakchannelrateonly duringafractionof thetime,
resultingagainin anactualinformationrateequalto 5#67132 times
the peakchannelrate. More specifically, we assumea slotted
time axis (seeFigure1). Eachslot accommodatesexactly one
TDMA packet.8 A frame structureis superimposed,wherea
frameconsistsof 1 2 slots.Notethat,becauseof thebandwidth
spreading,aCDMA packetwill occupy anentireframe(i.e., 1 2
slots).

B Traffic models

In this paper, we separatelyandindependentlyconsiderfour
traffic classes,representativeof avarietyof possibleservices.

Type1: CBR Traffic. Thefirst classconsideredis CBRtraf-9
Notethatfor CDMA thiscorrespondsto anidealRAKE receiverwith aninfinite num-

berof fingers.:
Notethat,strictly speaking,this is trueonly whennocodingis used.If theinformation

sequenceis codedbeforetransmission,the effective CDMA spreadinggain seenby the
encodedstreamis reducedaccordingto thecoderate,since;=< is theratiobetweenchannel
rateanduserinformationrate.>

In thiscaseaswell, if codingis usedtheslotoccupancy of aTDMA packet is increased
accordingto thecoderate,sothatboth informationrateandchannelsymbolratearekept
fixed.Specificexplanationis givenin Section2.4.
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fic, which may, for example,representreal-timevoiceor video.
For the entiredurationof the call, eachactive CBR usergen-
eratespacketsperiodically, at the rateof onepacket per frame.
Eachuseris thenassignedthe sameslot in every frame,much
like in a circuit-switchedsystem.In this case,interferencecan
beassumedto bepersistent(sincethesamegroupof userswill
likely interferefor an extendedperiodof time), and therefore
we chooseas the QoS metric the probability of outage,i.e.,
themarginalprobabilitythat theSIR is below threshold(in this
case,we canassumethat the connectionwill be unacceptably
degradedandwill thereforebedropped).In thecaseof speech
transmission,packet switchingallowsdiscontinuousspeechac-
tivity to be exploited, through the SpeechActivity Detection
(SAD) mechanism. In this case,usersgeneratepackets only
for somefraction of the time (taken to be about40% in the
numericalresults)[4]. In CDMA, this resultsin a proportion-
ally decreasedinterference,whereasin TDMA this allows the
bandwidthmanagerto dynamicallyreallocateslotsamongac-
tiveusers� .

Unlike class1, traffic classes2, 3 and 4 consistof bursty
packettraffic (VBR). In CDMA, wheneverausersendsapacket,
thechannelis occupiedfor theentireframeduration,andseveral
overlappingpacketsmay be transmittedin the sameframe. In
TDMA, aperfectmediaaccessprotocolis assumed,andthesys-
tem is ableto scheduletransmissionsso thatusersin the same
cell will transmitin differentslotswithin a frame? . Coordina-
tion amongdifferentcells,thoughapossibility, is notconsidered
here.
Type2: PacketTraffic with noretransmissionsallowed. Traf-
fic class2 is a limiting case,with no provision for queueingre-
moteusers’packets. Eachremoteusergeneratesa packet in a
framewith probability @BAC5 , andthatpacket is transmittedin
the subsequentframe. As before,transmissionsfor which the
SIR is below thresholdareunsuccessful,andno retransmission
is allowed.UnlikeCBRtraffic, consecutiverandomlygenerated
VBR Class2packetsencounterdifferentinterferencepowerlev-
els since the numberof accessattemptsper slot (TDMA) or
frame(CDMA) andthesetof interferingusersarerandom.Due
to this time diversity featureof packet switching, the fact that
theSIRis notadequateduringasinglepacket transmissiondoes
not meanthat thewholeconnectionwill experiencepoorqual-
ity. An appropriateQoSmeasurefor this traffic classis thenthe
probabilitythattheinstantaneouspacket lossrateexceedssome
predeterminedvalue.
Type 3: Packet Traffic with retransmissionsallowed and no
delay constraints. In traffic class3, a remoteuser’s queueis
assumedto always containpacketsawaiting transmissionand
a user transmitsa packet in a frame with probability @ . If a
transmissionattemptis unsuccessful,thefailedpacket is sched-
uledfor retransmissionaftersomerandomdelay. No constraint
is imposedon the value of this delay, nor on the numberof
transmissionattemptsallowed for a given packet. The remote
queueis assumedto be of infinite size,so that, eventually, all
packetsaresuccessfullydeliveredif thesystemis stable.NoteD

Weassumeheretheavailability of aperfectbandwidthassignmentmechanism,sothat
thepotentialof SAD in TDMA canbefully exploited.E

Notethatthisisnotpossibleif thenumberof activeusersin aframeexceedsthenumber
of slots. However, in all casesof interest,this eventhasnegligible probabilityandwill be
ignored.

thatdifferenttransmissionattemptsaresubjectto differentfad-
ing/interferenceeffectsbyvirtueof time-diversity. Let thesteady-
stateprobabilityof successfultransmission,when,thereare(on
average)F userspercell, eachtransmittingwith probability @ ,
bedenotedby G=H%I 2%2 
 FKJ�@ � . Theprobabilitythatausersuccess-
fully transmitsin aslot (servicerate)is givenby L 
 FKJ�@ � � @NMG H%I 2%2 
 FKJ�@ � , and,for thiscase,themaximumvalue,L/OQPSR 
 F � �TVUXW�Y[Z �S\ 0 
 @VM]G H%I 2%2 
 FKJ�@ ��� is the performancemetric. The
maximumachievablecollective throughputpercell (saturation
throughput) is thengivenby^ � FKL ONP7R 
 F �132 _ (1)

In orderto ensurethatthesystembestable,it is requiredthatthe
arrival rateto any remoteuser’s queuebe lessthanthe achiev-
ableservicerate, L/ONP7R 
 F �

. Thus, ^ is theper-cell capacity.
Wenoteherethatit isextremelydifficult to obtainG H%I 2%2 
 FKJ�@ �

in a closedform. We usea combinationof analysisandsimu-
lationsto computethevalueof G`H%I 2%2 
 FKJ�@ � . For a givenvalue
of M andq, we computethe SIR by analysis(asshown in the
following sub-section). We then perform Monte Carlo simu-
lation experimentsfor an extensive set of channelconditions.
In eachexperimentif a taggedpacket underconsiderationhas
an associatedSIR (as computedby analysisfor the particular
channelconditions)greaterthana pre-requisitethreshold,then
the packet is deemedsuccessful.By countingthe numberof
successfulpacket transmissionswe can computethe value ofG H%I 2%2 
 FKJ�@ � . In order to computethe saturationthroughput,
for eachvalueof M, we performsimulationsover an exhaus-
tive set of valuesfor q and estimatethe maximum value of@QMaG H%I 2%2 
 FKJ�@ � .
Type 4: Packet Traffic with retransmissionand delay con-
straints. EachType 4 usergeneratespackets accordingto a
Bernoulli arrival processof intensity @ �cb , andstoresthemin a
queue.In any givenframe,eachremoteuserwith a non-empty
queueattemptsto transmita packet with probability @ . The
steadystateprobability of a packet being successfullytrans-
mitted is G H%I 2%2 
 FKJ�@ � . If the transmissionattemptfails, the
packet is returnedto the queuefor retransmission.The per-
formancemetric definedfor traffic class4 is the meandelay
experiencedby a packet, which includesthequeueingdelayas
well asdelaydueto failedtransmissionattempts.Notethatdue
to the time diversity featureof packet switching (which ran-
domizesthe interferencein successive transmissionattempts)
and underthe assumptionof fine power control (which basi-
cally removesthepropagationeffectsseenby any singleuser),
successive transmissionattemptscan be approximatedas in-
dependentand identically distributedwith successprobabilityG=H%I 2%2 
 FKJ�@ � . Accordingly, eachremoteuser’squeuebehavesas
anM/M/1 queue.Let G Y betheprobability thata givenremote
user’squeueis empty. If thereare F usersin thenetwork, each
would transmitwith aneffectiverateof @�d � @ 
 5QefG Y � packets
per frame. In order for an M/M/1 queueto be stable,the av-
erageinterarrival time mustbegreaterthantheaverageservice
time. Consequentlyit is necessarythat @ �cb (input arrival rateas
definedearlier)belessthan @�G HgI 2%2 
 FKJ�@�d � . Themeandelayex-
periencedby a packet when F usersarepresentin the system
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is thengivenby [15]h 
 F � � 5@�G=H%I 2%2 
 FKJ�@ d � ef@ �cb _ (2)

In order to minimize the meandelay, for a given input rateof@ �cb , theaverageservicerate @�G=H%I 2%2 
 FKJ�@�d � mustbemaximized
with respectto @ , taking into accountthat @�d � @ 
 5iejG Y � and
thattheprobabilitythata givenremoteuser’squeueis emptyis
givenby G Y � 5Qe @ �cb@�G HgI 2%2 
 FKJ�@ d � _ (3)

C SIRanalysis

Let therebe k � 5 remoteusers,uniformly distributedin the
clusterof cells forming the region of interest. Let us focuson
thetransmissionof a givenuser(saythe0-th user)in thecenter
cell, sothatedgeeffectsareavoided.Let �#l bethedistancebe-
tweenthe m -th transmitterin theclusterandtheconsideredbase
station. Furthermore,let

� l and
	 l 
��� be the shadowing atten-

uationandthe multipath impulseresponseaffecting the user’s
signal,respectively. Let n 
��� bea rectangularpulseof unit am-
plitudeandduration - 2 , where - 2 is thechannelsymbol(chip)
duration.

In AppendixA we show that for CDMA with neithercoding
nor power control, the SIR with which a packet is received is
givenby: oqp�rtsvuxwzy{� � ���Y � Y 1|42~} 4 
*���p svuxwzy _ (4)

In theaboveequation
p�svuxwzy

is theinterferenceexperienced
by the packet dueto k simultaneouslytransmittinginterferers
anda self noisecomponent(dueto frequency selective fading)
andis givenby:p7s�uxwzyf�C�x� � ���Y � Y ;`< � 0� �c� 0 
 1 2 e�� � } 4 
 � �����l � 0 � ���l � l ; < � 0���� �v� ; < � 0�� 
 1 2 e�� �S� �g� 4 l 
 � �X� �� J (5)

where} 
���� � 	 Y 
��� M�n 
��� M 	 Y 
*��� M�n 
*� e � - 2 � and
� l 
���� �	 Y 
��� M/n 
��� M 	 l 
*��� M�n 
*� e � - 2 � .

In AppendixB, we show thatunderthesameconditions,the
SIR for TDMA isoqp�r + uxwzy�� � ���Y � Y } 4 
*���p + u�w3y _ (6)

As before,
p + uxwzy

representstheinterferenceexperiencedby
thepacket in theTDMA systemandis givenby:p + uxwzy{� ��O � 0 � ���O � O ��l � � �B� l ��� � � �B� � ����c� � � � O 
 m � � �g� O 
*��� � ��� J (7)

where � l J�m � e���J _[_�_ J��|J representthetapweightsof the
zeroforcing equalizer.

Equations(4) and(6) provide theconditionalSIR, giventhe
numberof interferers,k , andthe propagationconditionsof all
users. Theseanalyticalexpressionscan be usedin a Monte
Carlo simulationfor the evaluationof the desiredperformance
metrics.

Codingmaybeusedin boththeCDMA andTDMA systems.
In a CDMA system,useof a convolutional codeof rate m�6��
wouldreducethespreadinggainby afactorof ��6 m , sothatboth
the informationrateand the channelchip rateareunchanged.
In a TDMA system,codingwould resultin a packet occupying��6 m slots insteadof just one. Coding allows achievementof
a givenbit error rateobjective with lower SIR threshold.This
mayberepresentedasa codinggain, which is thedifferencein
SIR neededby codedanduncodedsystemsto obtainthe same
BERperformance.

In all our computations,we considertheSIR of a codesym-
bol (asopposedto the SIR of an informationbit) for makinga
decisionon the success/failureof a packet. An informationbit
consistsof ��6Xm codesymbolswhena codeof rate m�6�� is used.
At the output of the correlator, the signal powers of the ��6Xm
codesymbolsin the information bit addup coherently, while
thepowersinterferingwith thosecodesymbolsaddup incoher-
ently. Thisyieldsanadditionalcoherencegainof 5 �q �¡�¢ 0 Y 
 ��6Xm �
dB. Sinceconvolutionalerror control codesprovide betterim-
munityto independenterrorsthanto correlatederrors,thecoded
performanceis expectedto improve wheninterleaving is used
[8], wherebybits arescrambledamongpacketsprior to trans-
mission,so that thecorrelationbetweenerrorsis reduced.The
price to be paid in this casefor the improved coding perfor-
manceis a delayincrease.

Powercontrolschemesareusedto compensatefor time vari-
ation in signal strengtharising from variouspropagationphe-
nomena.Openloop or coarsepower controlcompensatesonly
for thepathlossandshadowing experiencedby a remote’s sig-
nal. Thus, in the absenceof multipatheffects, the signalsre-
ceived from all simultaneouslytransmittinguserswithin a cell
will be of the samepower (perfectpower control will be as-
sumedthroughout).If fineor closedloop power control is im-
plemented,a remotewill adjust its transmitpower suchthat,
irrespectiveof its positionandtheassociatedshadow andmulti-
pathfading,thepower of the intendedsignalcomponentat the
base-stationis aconstant£ . Thepowercontrolconsideredin this
paperis strength-based,i.e.,it achievesconstantreceivedpower.
Anotherform of power control, whoseobjective is to equalize
the SIR at the receiver, may be morefavorableto TDMA, but
mayalsosuffer from stabilityproblems,andwill not beconsid-
eredhere.

I I I RESULTS AND DISCUSSION

In this section,we presentsomeresultswhich arerepresen-
tative of the performanceof the CDMA andTDMA systems.
We do not attemptanexhaustiveperformanceevaluationof the
two schemes,but ratherfocus on a comparisonof their radio
accesscapacity. Our results,generatedaccordingto theanalyt-¤

It shouldbe notedthat this doesnot completelyeliminatemultipatheffectsi.e., time
dispersionwill still bepresent.
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ical/simulationtechniquedescribedin theprevioussection,are
presentedin termsof QoSmetric (which is differentfor differ-
ent traffic classes)vs. the averagenumberof admittedusers
per cell. As a generalconclusion,we observedthat the capac-
ity assessmentof TDMA andCDMA significantlydependson
the QoS metricschosenandon the QoS requirements.Typi-
cally, CDMA bettersatisfiesstrict QoSconstraints(i.e., small
packet error rates),due to its inherentability to toleratesome
degreeof interferencewhile still providing good quality. On
the other hand,TDMA is more sensitive to moderateor high
levels of interference,and thereforein this context it offers a
highercapacitywhenlessstringentrequirementsareplacedon
the physical/accesslayer. It shouldbe notedthat this doesnot
meanthatTDMA cannotbeusedfor high-qualitycommunica-
tions,sincetime diversitycoupledwith theshortdurtionof the
TDMA packetsallows for the recovery at higher layers(e.g.,
data-link)of thosepacketswhicharelost on theradiointerface.
The studyof thesehigher-layer protocolsis, however, beyond
thescopeof thepresentpaper, but our resultsmaybeapplicable
to sucha futurestudy.

In thesimulations,we assumethatsatisfactorysignalquality
canbe achievedwith a SIR of 8 dB (computedafter the front-
endprocessing,includingdespreading,decodingandequaliza-
tion as applicable). The standarddeviation of the lognormal
shadowing is assumedto be8 dB. To fully captureinterference
effects,thegeographicalregion underconsiderationis a cluster
of 61 cells. Theuseof error-controlcodesis assumedto yield
asymptoticcodinggains. In particular, for convolutionalcodes
with soft decisiondecoding,thecodinggainsassumedare7 dB
for a rate1/2 code,7.3 dB for a rate1/3 code,and7.4 dB for
a rate 1/4 code, respectively [16]. If hard decisiondecoding
is used,the codinggain is about3 dB smaller. The constraint
lengthfor eachof thesecodesis 7. We alsoconsidereda rate
2/3 codewith a constraintlength of 4 for equivalentdecoder
complexity. For this code, the asymptoticcoding gain is 5.2
dB with soft decisiondecoding.Finally, beforewe discussour
resultswe list again,someof the primaryassumptionsthatwe
make¥ .¦ Weassumeafrequency reusefactorof onefor bothCDMA

andTDMA systems.¦ Weassumetwo typesof powercontrol.Coarsepowercon-
trol compensatesfor pathlossandshadowing. Finepower
controlcompensatesfor multipathfadingaswell.¦ We assumethat a zero forcing equalizeris usedwith the
TDMA systemand that this equalizercompletelyelimi-
natestimedispersionfor thedesiredsignal.¦ In TDMA, a perfect medium accesscontrol protocol is
present. This protocol allows transmissionsto be sched-
uledsuchthatuserswithin acell transmitin differenttime-
slotswithin a frame.¦ We ignoresynchronizationissues

We notethatsomeof theseassumptionsaffect thenumerical
resultspresented,andsucheffectsmaybedifferentfor TDMA
andCDMA. On the onehand,notethat someassumptionsfa-
vor CDMA (e.g., perfectsynchronization)while othersfavor
TDMA (e.g.,perfectMAC). On theotherhand,the mainfind-§

Theseassumptionsweredescribedearlierin Section2.

ingsof this study, e.g.,thefact that therelative performanceof
CDMA andTDMA dependon the QoSspecificationsandon
thetypeof traffic, is still qualitatively true. Therefore,although
a morepreciseassessmentof this comparisonshouldtake into
accountmoredetails,what is presentedhereis a valuablefirst
steptowardsa fuller understandingof theissuesinvolved.

A Resultsfor CBRtraffic

We presentfirst someresultsfor theType1 traffic, i.e.,CBR
traffic. Figure2 illustratestheeffectsof power controlon both
TDMA andCDMA, for 132 �©¨ �

and -/. �©ª -/2 (unlessother-
wise noted,theseparameterswill be usedfor all resultsin the
following). It canbeclearlyseenthat,asexpected,CDMA ben-
efitsfrom theuseof finepowercontrol,comparedto thecaseof
coarsepowercontrol(performancewith no form of power con-
trol is not consideredfor CDMA). On the otherhand,TDMA
shows a very robustbehavior with respectto thetypeof power
controlused,with essentiallythesameperformancein bothcases,
which in turn is significantlybetterthanno powercontrolatall.
This canbeexplainedby thefact thatTDMA packet successes
mostlyoccurwhenthereis almostnointerference,in whichcase
the performancedependsmoreon properequalizationthanon
theintendedsignalpower. We alsostudiedtheeffect of chang-
ing the value of 1z2 (not shown in the Figure): as expected,
by doubling 1z2 , onecanapproximatelyadmit twice asmany
users,so that resultsfor highervaluesof 132 canbe similarly
extrapolated« . Note, however, that increasing1z2 requiresthat
eithertheinformationratebedecreasedor thebandwidthbein-
creased.Also, consistentwith [4, 7], theresultsshown in Figure
3 confirmthattheuseof SAD producesapproximatelya capac-
ity 2.5 timeslarger(for aspeechactivity factorof 40%).

Figure4 illustratestheeffectsof usingconvolutionalcodesof
differentratesin a CDMA system.No SAD is consideredhere,
but agoodapproximationfor thecasewith SAD canbederived
by appropriatelyscalingtheresultsshown. It is seenthatchoos-
ing acoderatesmallerthan1/2doesnotresultin any furthersig-
nificantimprovement,dueto similarvaluesof thecodinggain¬ .
In therestof thepaper, a rate1/2 codewill thereforebeused.

In Figure5 (alsowith no SAD), we presenta directcompar-
ison betweenTDMA andCDMA for the CBR traffic classfor
somespecificconditions. The curvescan be seento crossat
somecritical valueof the outageprobability (e.g.,about0.02
whena rate1/2 codeis used).CDMA allows moreusersto be
admittedthanTDMA whentheconstrainton theoutageproba-
bility is smallerthanthis critical value,whereasif outageprob-
abilitieslargerthanthecritical valuearepermitted,TDMA pro-
videshighercapacity. TheCDMA systemcaneasilyenjoy the
benefitsof SAD, so that thecapacityresultsasgiven in Figure
5 canbemultipliedby a factorof 2.5.For anoutageprobability
of lessthan0.01, resultsindicatethat about 5[�®¯1z2�6 � users
maybeadmittedto the CDMA system.Theperformanceben-
efit providedby SAD andcell sectorizationcannotbeaseasily
achievedin circuit-modeTDMA. However, if oneis willing to
accepttheadditionalcomplexity of dynamicslot reassignment,°

Note that this may not be true for smallervaluesof ;`< , wherethe behavior is not
linear.±

Note that,asthecoderateis decreased,thecoherencegaindueto the fact thatcoded
symbolscombinecoherentlywhile noisecombinesincoherentlyis counterbalancedby the
correspondinglossin processinggainseenby thecodedsequence.
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the samecapacitygainscanbe achieved for both TDMA and
CDMA.

Thefactthatthecurvesfor CDMA andTDMA crossatsome
point is an important result, and being able to quantitatively
identify thatcritical point andto studyits sensitivity to thevar-
ious environmentalfactorsmay be key for efficient designof
the accessscheme. For example,we found that the crossing
point moves to the right (i.e., the regime over which CDMA
provideshighercapacityincreases)if the frequency selectivity
of thechannelincreases.In fact,theperformanceof theCDMA
schemeimproveswith an increasein delay spread,sincethis
translatesinto greaterreceived signalpower becausethereare
thenmore resolvablepaths(recall that we assumeherea per-
fectly matchedfilter atthereceiver, whichcanresolveall paths).
On the otherhand,the performanceof TDMA is relatively in-
sensitive to thevalueof - . , sincetheeffect of thedelayspread
in thiscase(i.e., theISI) is removedby theequalizer0 Y .
B Resultsfor VBRtraffic

In thissubsection,wepresentresultsfor thethreeVBR classes
asdescribedin Section2.

The QoSmeasureconsideredfor Traffic Class2 (VBR traf-
fic with no queueingpermittedat the remote)is the probabil-
ity that the packet loss rateexceedssomemaximumtolerable
value. The packet loss ratesufferedby any useris dependent
on the interferenceexperiencedby that user. The interference
in turn dependson thepropagationconditionsof all simultane-
ously transmittingusers.In Figure6, we have consideredtwo
valuesfor themaximumtolerablepacket lossrate,i.e., 1% and
10%.Weremarkonceagainthatthepacketlossconsideredhere
is observedat theradioaccesslevel and,while certainlyaffect-
ing theperformanceof protocolsandapplicationsathigherlay-
ers,it is not representative of thequality perceivedby theuser.
In otherwords,this studyis mostlyconcernedwith lower-layer
performance,whereasa higher-layerstudybasedon theresults
herepresentedstill needsto beaddressedin orderto fully char-
acterizetheQoSenjoyedby theapplications.

The sensitivity of the CDMA systemto the valueof the tol-
eratedpacket loss rate is relatively small due to the fact that
spreadspectrumprovidesgoodprotectionagainstmoderatein-
terference.For typicalvaluesof SIR,stricterrequirementsof no
morethan1% packet lossareusuallysatisfied,whereasunder
heavy interferenceconditions,CDMA breaksdown and can-
not meeteven looserloss requirementsof 10%. On the other
hand,the outageprobability for TDMA is very dependenton
thethresholdpacket lossobjective; for our rangeof parameters,
a 10%objectivecanbemetwhereasa 1%objectivecannot.

Figure6 shows theprobabilityof outage,i.e., theprobability
that the instantaneouspacket lossprobability exceedsa speci-
fied value,denotedby ² in thegraphlabels0�0 . Consistentwith
theabovediscussion,Figure6 showsthat,if thepacket lossrate
mustbe1% or lower, CDMA in generalprovideshighercapac-
ity (if we want a packet lossrateof no morethan1% at least
90%of thetime,whena rate1/2 codeis used,CDMA provides9³

For very largevaluesof thedelayspread,theperformanceof TDMA will beaffected
by interferenceenhancementin theequalizer, leadingto degradedSIR.9"9

Thevalueof theoutageprobabilitymaybeinterpretedasthelong-termaverageof the
fraction of time a userexperiencesa packet lossrate in excessof R , or equivalently the
fractionof usersexperiencingthesameconditionthroughoutthesystem.

morethantwice thecapacityof TDMA), whereastheopposite
might betrueif theQoSrequirementis relaxedto allow packet
loss ratesof up to 10%. A possibleway to improve matters
for TDMA might be to reintroducesomedegreeof frequency
isolation,e.g.,not reusingthe samespectrumin all cells. We
believe that a more efficient systemstrategy would be to ac-
ceptrelatively highpacket lossratesat theaccesslayer, coupled
with somesmartschedulingstrategiesfor efficient retransmis-
sion,aswasproposedin [7]. Anotheralternativemightbeto dy-
namicallyassignchannelsamongdifferentcells,whichinvolves
considerablymorecomplexity butcanpotentiallypreventworst-
caseoccurrences,therebygreatlyimproving theoverall perfor-
mance. Finally, more advancedsignal processingtechniques
(e.g.,smartantennaarrays)canalsobeusedto reducetheeffect
of interference.Due to the alreadyconsiderablecomplexity of
our physical-layerstudy, we have not addressedtheseaspects,
which are left for future efforts. We make a note herethat
althoughthe chosenvalueof the spreadinggain 1 2 is 50, the
numberof admitteduserscould be muchhighersincethe user
activity @ is small(equalto 10 % in thiscase).

Figures7 illustratestheperformanceof theTDMA andCDMA
systemswith Type 3 traffic, i.e., packet traffic usersin heavy
load. Plottedasa functionof theexpectednumberof usersper
cell is thesaturationthroughput,which is theamountof traffic
thatthenetwork cancarrywith nodelayconstraints.For agiven
numberof admittedusers,F , anda giventransmitprobability@ , the probability of successG`H%I 2%2 
 FKJ�@ � is found by simula-
tion. Note that, in computingthis probability of success,all
possiblechannelconditionsare considered. The servicerate@�G=H%I 2%2 
 FKJ�@ � is then maximizedwith respectto the transmit
probability @ . Thevalueof @ whichachievesthismaximumalso
achievesthesaturationthroughputasexplainedin Section2. It
is to benotedthat,sincethemetricsthuscomputedareaverages
(theaveragingbeingdoneoverall possiblechannelconditions),
thereareno QoSobjectivesdefinedfor this traffic class. The
effectsof variousparameterson the CDMA systemareshown
in Figure7. From Figure7, it is seenthat the TDMA system
achievesa highersaturationthroughputanda bettermaximum
achievableserviceratethandoestheCDMA system.This is not
surprisingsince,without any delayconstraints,retransmission
with time diversity is expectedto be morebandwidthefficient
thantheapriori protectionprovidedby bandwidthspreading[7]
(note,in fact,that in CDMA, bandwidthis spreadevenwhenit
is not needed,i.e.,whenthereis little interference).

In Figure 7, it is seenthat the TDMA throughputfirst in-
creaseswith thenumberof userspercell, F , but thenasymptot-
ically decreasesas F becomeslarge.This is dueto thefactthat
thereis no intra-cellcontentionamongtheTDMA usersfor low
valuesof F . However, as F increases,a user’s signalwould
be subjectto intra-cell interferencein additionto inter-cell in-
terference,causinganoverall throughputreduction.Thus,when
theper-usertransmissionprobability is chosento maximizethe
saturationthroughput,addinguserseventuallycausesanasymp-
totic reductionin throughput.

Finally, Figure8 showsresultsof meandelayfor VBR Type4
traffic. Whenanalyzingtheperformanceof this traffic class,we
assumedthat the co-channelinterferenceandmultipathfading
experiencedby a packetvary independentlyfrom onetransmis-
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sionattemptto another. As discussedin Section2, this maybe
a reasonableassumptionif fine powercontrolis usedandin the
presenceof a sufficient degreeof randomizationof the trans-
missionattempts.Themeandelayis minimizedwith respectto
thetransmitprobability @ . Fromqueueingtheory, theminimum
meandelayis achievedwhen @ is chosensoasto maximizethe
throughput.Thus,asin thecaseof Type3 traffic, onemightex-
pectthe TDMA meandelayperformanceto bebetterthanthat
of CDMA. Figure8 comparesthe meandelayperformanceof
CDMA andTDMA. It is seenthataTDMA schemeusingarate
1/2 codecanadmit approximatelytwice asmany remote-users
asmay be admittedin a CDMA schemeusinga rate1/2 code
beforethe systembecomesunstable.Otherresults,not shown
here, indicatethat reducingthe arrival rate to a remoteuser’s
queue, @ ��b , by half approximatelydoublesthe numberof ad-
missibleusers,asexpected.

IV CONCLUSIONS AND FUTURE WORK

In this work we have comparedtheperformancesof CDMA
andTDMA systemsin apacketswitchedwirelessnetwork. Dif-
ferenttraffic classes,requiringdifferentQoSmetrics,havebeen
independentlyconsidered.By meansof analysisand simula-
tions, the capacityof the network, statedin termsof the maxi-
mumnumberof usersadmissibleto a geographicalregion such
thatsomeQoSobjectivecanbeguaranteed,wasfound.Results
obtainedundera specificsetof assumptionsshow that therela-
tive performanceof CDMA andTDMA, expressedin termsof
admissiblenumberof users,largely dependson theQoSobjec-
tivessetat the radio accesslevel. As a generalresult,TDMA
maybeusedin conjunctionwith protocolstackswhich areable
to recover from relatively highpacket lossrateson theair inter-
face,whereasCDMA shouldbe usedwhensmall packet error
ratesat theradioaccesslevel arenecessary.

While the resultsobtainedin this work provide somevalu-
able insight aboutthe performanceof the TDMA andCDMA
schemesin a wirelesspacket environment,further study is re-
quired in order to draw more firm conclusionswhile also re-
laxing someof thesimplifying assumptionsmadehere.In par-
ticular, extendingtheeffect of this studyto higherlayersin the
protocolstack(e.g.,data-linkerrorcontrol)mayenableaclearer
assessmentof theperformanceof thewholesystem.Also, this
work is limited to theindependentstudyof differenttraffic classes.
Studyof co-existing multiple traffic classeswith differing QoS
requirementsneedsfurther attention. Also, useof sectorized
or arrayantennas,which mayyield significantperformanceim-
provementsin both TDMA andCDMA, alsomerits future in-
vestigation.

Finally, while theobjectiveof thepaperwastocompareCDMA
with TDMA with a frequency re-usefactorof 1, we recognize
that a comparisonwith multiple frequency TDMA may be ap-
propriate. However, it is beyond the scopeof this preliminary
work. We point out that sincewe have comparedthe schemes
with a varyingnumberof users,usingmultiple frequencies(or
usingfrequency hopping)will causetheinterferencethat is ex-
periencedby a transmittinguserdue to simultaneouslytrans-
mitting interferersto bereduced.This mayberepresentedasa
reductionin thenumberof interferingusersor, equivalently, asa
capacityincrease.However, we notethat this capacityincrease

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

A ESTIMATION OF SIR IN THE CDMA SYSTEM

A SignalComponentandSelfInterference

Let a singleuser, transmita signalgivenby:! Y 
*��� � ; < � 0�l � Yµ´ l n 
*� e{m�-/2 � J (8)

which passesthrough a channelwith a complex impulse re-
sponse

	 Y 
��� � 	 Y ��
���t�¶��	 Y �X
��� . Let · Y 
��� denotethe in-
put to the receiver (i.e., · Y 
*��� � ! Y 
��� M 	 Y 
��� ), which con-
sistsof a matchedfilter with impulseresponse· �Y 
 e ��� , andlet¸ Y 
��� be the output of the matchedfilter, given by ¸XY 
*��� �· Y 
*��� M�· �Y 
 e ��� _ � ¸

inphase

*���v��� ¸

quadrature

*���

.
Theoutputof thematchedfilter is sampledat time

� � �
:¸ Y 
*��� � ¸ ¹ 
*���v� ¸�º 
*����¶»½¼� ¼ � ;=< � 0�l � Y¾´ l n 
� e{m�-/2 � M 	 Y ��
*��� � 4� � ; < � 0�l � Y¿´ l n 
� eÀm�-/2 � M 	 Y �X
��� � 4/Á � _ (9)

Also, ¸ ¹ 
"��� �K» ¼� ¼ ; < � 0�l � Y¾´ 4l � Â ��
� e{m�-/2 �%$ 4 Á �Ã�; < � 0�l � Y ; < � 0�Ä~Å ³Ä�ÆÅQÇ ´ l ´ È »½¼� ¼ Â ��
*� e � -/2 � Â ��
� efm~-�2 � Á � J (10)

where,Â ��
� e�m�-/2 � �ÃÉ ¼� ¼ n 
"Ê e�m�-/2 ��	 Y ��
� e Ê=� Á Ê
. DenotingÉ ¼� ¼ � Â ��
� e � -/2 � Â ��
� e{m�-/2 �%$ Á � by } ��
c� e{m � , weget:¸ ¹ 
*��� � 1z2 } ��
"���v� ª ; < � 4�l � Y ; < � 0�È � lSË 0 ´ È[´ l } ��
�� efm � _ (11)

Usingasubscript@ to representequivalenttermsfor thequadra-
turechannel,Equation(11)canbewrittenas:¸ � 
*��� � 1z2 
 } ��
*���v� } �X
"������ ª � ;`< � 0g��È � 0 ;`< � 0�È � lSË 0 ´XÈ[´ l 
 } ��
�� e{m �/� } �X
c� e{m ��� (12)

Notice that all the termsin the above expressionare real and
hence,̧XY 
"��� is a real quantity. The notation } 
���� � } ��
c�����} �X
c��� is usedhenceforth. Thefirst termof Equation(12)repre-
sentsthesignalcomponentandthesecondtermrepresentsself
noisedueto multipathpropagation.Since ´ È and ´ l take the
values+1 and-1 with equalprobability andareassumedto be
statistically independentof eachother (ideal spreadspectrum
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modulation),theexpectedvalueof theselfnoiseis zero,andits
varianceis givenby:� 4 �Ì� ; < � 0�È � 0 
 1 2 e ��� } 4 
���� _ (13)

Note that, } 
����
is a deterministicquantity, since,in this anal-

ysis,
	 Y 
��� is a known, singlesamplefrom therandomprocessÍ 	 Y 
*��� J�e�ÎÏA � AÌÎ�Ð .

B Multiple AccessInterference

In this section,we computethe multiple accessinterference
due to simultaneouslytransmittingusers. For simplicity, we
omit subscriptsandcomplex notations.Let us consideran in-
terferinguser, sayuserÑ , whosesignalmayberepresentedas:Ò 
*��� � ; < � 0�l � YÔÓ l n 
*� efm�- 2 � _ (14)

Let theimpulseresponseof thechannelthroughwhich this sig-
nal passesbe

	�Õ�
���
. Then,arriving at the input to the receiver

is: Ö 
��� � Ò 
��� M 	�Õ�
*��� _ (15)

Let × 
��� betheinterferencecausedby userÑ at theoutputof the
receiverfilter, which is matchedto thesignalfrom user

�
. Then,

at thesampletime,× 
*��� �¶» ¼� ¼ » ¼� ¼ » ¼� ¼ ;=< � 0�È � Y ;=< � 0�l � Y Í Ó�È�´ l n 
 � e � -/2 �n 
Ø e{m�- 2 ��	 Õ 
*Ê e � ��	 Y 
"Ê e Ø�� Ð Á � Á Ø Á Ê _ (16)

Since � 
 ´ l � � � 
 Ó È � � �
and ´ l and Ó È arestatisticallyinde-

pendent,× � �
.

In a mannersimilar to thedefinitionof Â 
��� let usdefine:Ù I 
� e{m�-/2 � ��» ¼� ¼ n 
 � e{m�-/2 ��	�Õ�
*� e � � Á � _ (17)

Further, let� I 
 m3e ��� ��» ¼� ¼ Â 
"Ê e{m�-/2 � Ù I 
*Ê e � -/2 � Á Ê _ (18)

Then, we write Equation(16)as:× 
*��� � ; < � 0�È � Y ; < � 0�l � Y¾Ó È ´ l � I 
 m3e ��� J (19)

andit canbeshown (with somealgebraicsimplifications)that× 4 
*��� � ;`< � 0�È � ��� ; < � 0�� 
 1z2Úe�� � � �g� 4I 
���� _ (20)

Let therebe k multiple accessinterferersin theregion of in-
terest. Let � I be the distanceof the Ñ th interferer from the
base-stationof theintendeduser, and

� I is thelognormalshad-
owing of the Ñ th interfererwith respectto the base-stationof

the intendeduser; � Y and
� Y arethe correspondingparameters

of the intendeduser. Then,the interferenceexperiencedby the
intendeduserbothdueto self noiseanddueto the k interferers
is givenby: p s�uxwzy ��� � ���Y � Y ;=< � 0� �c� 0 
 1z2qe�� � } 4 
 � �� ��I � 0 � ���I � I ; < � 0���� �v� ;=< � 0�� 
 1 2 e�� �S� �g� 4I 
 � � (21)

Then, the SIR seenby the intendeduser, in the presenceof k
multipleaccessinterferers,canbeexpressedas:oqp�rK� � ���Y � Y 1|42 } 4 
*���p s�uxwzy _ (22)

B ESTIMATION OF SIR IN THE TDMA SYSTEM

Let a givenuser, transmita signalsuchthata singlebit from
this useris givenby: ! Y 
��� � ´ Y n 
��� _ (23)

iLet · Y 
��� denotetheinput to thereceiver. Then,· Y 
*��� � ! Y 
*��� M 	 Y 
��� J
where

	 Y 
��� � 	 Y � 
���=�f��	 Y � 
��� is the impulseresponseof the
complex Gaussianchannelthroughwhich thesignalpasses.

Thereceiver is assumedto consistof a matchedfilter whose
impulseresponseis givenby · �Y 
 e ��� . Theoutputof thematched
filter is sampledat time

� � �
. Theoutputconsistsof the sig-

nal
! Y 
*��� , the multiple accessinterference,andan intersymbol

interference(ISI) contributionfrom bits thatprecedeandfollow! Y 
��� . At theoutputof thematchedfilter, let theresponseof our
givenuserat theoutputof thematchedfilter, (consistingof the
intendedsignalandthe ISI) be denotedby ¸XY 
��� . Then,at the
sampletime, ¸XY 
"��� �» ¼� ¼ÜÛ ����� � � ´ � n 
*� e��Ý-/Þ � M 	 Y 
*���àß _ � n 
*��� M 	 �Y 
*���Ý$ Á � _ (24)

ExpandingEquation(24),weget:¸XY 
"��� � ´ Y » ¼� ¼ � Â 4� 
*���v� Â 4� 
���%$f�
��áXÅãâ�äá�ÆÅ ³ ´ ��å » ¼� ¼ Â ��
*� e��Ý- Þ � Â ��
*���v� Â �X
� ef�Ý- Þ � Â � 
��� Á ��N� » ¼� ¼ Â ��
*� e��Ý- Þ �v� Â ��
*��� e{Â ��
� e��Ý- Þ � Â ��
��� Á �#æ (25)

where¦ - Þ is thebit time.
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¦ Â � 
� e��Ý-/Þ � � É ¼� ¼ n 
*ç e��à-/Þ ��	 Y � 
� e ça� Á ç¦ Â ��
*� e��Ý- Þ � ��É ¼� ¼ n 
*ç e��Ý- Þ ��	 Y ��
*� e çN� Á ç¦ � is themaximumnumberof bits which contributeto the
intersymbolinterference.This number � is a function of the
delayspreadof thechannel.

We areinterestedin only real partof the signalappearingat
the outputof the receiver. It canthenbe shown that the signal
power is givenby
 } ��
"���/� } � 
*����� 4 � } 4 
"��� J
where, } ��
 m � � »½¼� ¼ Â ��
*��� Â ��
� efm~- Þ � Á � and,} � 
 m � � »½¼� ¼ Â � 
��� Â � 
*� e{m�-/Þ � Á � _
TheISI noisecomponentis givenby� � ��á�Åãâ�äá~ÆÅ ³ ´ � } 
 � � _
Notethatthemeanvalueof theISI is zero.It canbeshown that
thevarianceof theISI is givenby:� 
 � 4 � ��ª �� ��� 0 } 4 
 � � _ (26)

Since,for the signal,we areconsideringa known channelim-
pulseresponse(asin theCDMA case),} 
 � � is deterministic.
To calculatethemultipleaccessinterference,wedenoteuserÑ ’s
signalby ! I 
*��� � ���c� � � Ó � n 
*� e��Ý- . �
andtheimpulseresponseof thechannelthroughwhich thissig-
nal passesby

	 I 
��� . It canthenbeshown thattotal themultiple
accessinterferencedueto thepresenceof k interferingusersis
givenby 0�4 � 
 × 4 � � ��I � 0 ���c� � � � 4I 
 � � (27)

where× is therandomvariablerepresentingthemultiple access
interference.
Using Equations25, 26 and27, andby consideringthe effects
of pathlossandshadowing, theSIR canbeexpressedas:oqp�rK�� ���Y � Y } 4 
*���ª � ���Y � Y`è ���� 0 } 4 
 � �/� è �I � 0 � ���I � I è ��c� � � � 4I 
 � � J (28)

where � I is the distanceof the Ñ th interfererfrom the base-
stationof the intendeduserand

� I is the lognormalshadowing9:
Definitionsof évê � � � arethesameasin theCDMA analysisin AppendixA.

of the Ñ th interfererwith respectto the base-stationof the in-
tendeduser; � Y and

� Y arethecorrespondingparametersof the
intendeduser.

If a zero forcing equalizeris used,we must find the set of
complex equalizerweightsdenotedby ë � � � � � J � ��� � � 0�� Jì[ì�ì J � Y J ì�ì�ì J � � � 0 J � � $ which eliminateISI. The coefficients
canbefoundsolving[13]í ë �Ãîðï ë � í � 0 î J (29)

where îð� � � J � J ì�ì�ì J[5 J ì�ì�ì J � J ��$ + _ (30)

andtheentriesof matrix
í

aregivenby
í�� È � } 
 � ª �ðeV��e � � � ,

where �iñ Í � J ª �ÀÐ and
� ñ Í � J ª �{Ð . Proceedingin this fash-

ion, one can readily computethe multiple accessinterference
(Detailscanbefoundin [17]).
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Fig. 1. Slot structuresfor the(a)CDMA and(b) TDMA schemes
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