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Abstract—WirelessLocal Loop (WLL) is an emerging technologythat
allows rapid connection to the wired network fr om remote locations. A
crucial issuefor WLL is the systemdesign so that the number of sub-
scriberscanbemaximizedwhile providing the required quality of service.

In this paper, we consider a broadband wirelesslocal loop with fixed
point usersand we evaluate the subscriber capacity for a slotted CDMA
schemewhich accommodatesintegrated voice,data, and videotraffic. The
impact of the systemparameterson the WLL performance is studied via
simulation and useful insight on how to efficiently designthe network is
obtained.

I . INTRODUCTION

As thedemandfor multimediaservicesandwirelessaccess
to the Internet intensifies,an extremely important issuethat
mustbeaddressedconcernswirelessadmissioncontrolstrate-
gieswhichmaintainQuality-of-Service(QoS)guarantees.Sev-
eraladmissioncontrolandmultipleaccessprotocolsfor slotted
CDMA wirelesssystemshave beenproposedin the literature
[1], [2], [3], [4], [5], [6], [7]; however, few works dealwith
capacityevaluationof broadbandwirelesssystems.

In this work, a slottedCDMA packet accesstechniqueis
studiedto estimatethesubscribercapacityin abroadbandwire-
lesslocal loopenvironmentin thepresenceof integratedmulti-
mediatraffic. Wirelesslocal loops(WLLs) usetheradiochan-
nel to perform the “last mile” connectionbetweenthe wired
network andstationaryor fixedusers[6], [8], [9]. SinceWLLs
areexpectedto provide multimediaserviceswith high quality
of service,it is of crucial importanceto estimatethe capacity
of suchnetworksin termsof thenumberof simultaneouscon-
nectionsthesystemcansupport.

Theobjective of this work is an investigationon how to de-
sign a wirelessnetwork for radio accessto fixed points, and
how to manageit. Questionsto beaddressedincludethe esti-
mationof theamountof traffic whichcanbeservedin aspecific
setting(e.g.,undersomeassumptionsontheuserlocationsand
on theQoSrequirements),andtheperformanceevaluationof a
slottedCDMA schemeasthesystemparametersvary.

Thefactthatin thefixed-pointWLL systemconsideredusers
do not move hassomeimplicationson theanalysisanddesign
of suchasystem.In particular, fixedor slowly varyingchannel
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conditionsmay result in persistentimpairmentbut alsoallow
very accuratepower control, alsocompensatingfor multipath
effects.Fromtheperformanceanalysispointof view, thestudy
of sucha systemmaybesignificantlyharderthanfor a mobile
system. In fact, due to the decreasedrandomnessof the en-
vironment,standardapproximationtechniquesfor the deriva-
tion of thesignalto interferenceratio in CDMA systemsdonot
apply. Nevertheless,we have beenusingan approachwhich
allows analyticaldevelopmentsat thephysicallayerwhile not
concedingtoo muchin termsof simplifying assumptions,with
theobjectiveof having anaccurateandflexible tool for theeval-
uationof the physicallayer performance.The physicallayer
modelis usedin a network layersimulatorwhich incorporates
theactualsystemoperationandradioresourcemanagement.

Theremainderof this paperis organizedasfollows. In sec-
tion II we introducethesystemscenariothathasbeenusedfor
this study, sectionIII presentsthevoiceandCBR videotraffic
modelandsectionIV shows someresults.The systemmodel
usedto handlevoice with silenceactivity detectionand data
traffic is introducedin sectionV, while the performancesob-
tainedfor theseclassesof traffic arepresentedin sectionVI.
Finally, sectionVII concludesthepaper.

I I . SYSTEM DESCRIPTION

A key enablerof a meaningfulstudyis a detailedmodelof
the physicallayer. A thoroughcharacterizationof it (includ-
ing frequency selective fading,shadowing, pathloss,beststa-
tion assignment,matchedfiltering andcoding)resultsin com-
putationallyintensive efforts. In our study, the physicallayer
performanceis thestartingpoint for theevaluationof a whole
system.Therefore,it is very importantto find accurateanalyti-
cal approximationsto providea fasterway to dophysicallayer
numericalanalysis.Our approachcombinesanalyticalexpres-
sionswith simulation. It is clear that a completelyanalytical
studyis infeasible,but ourpseudo-analyticalapproachcouples
reasonableefficiency to goodmodelingaccuracy.

More specifically, the following physical layer assump-
tions are made. The modeled propagationcharacteristics
include path loss (following an inversefourth-power decay
with distance),log-normalshadowing, andfrequency selective
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Fig. 1. Exampleof equivalent capacitycurve for oneandtwo classesof traffic. Somegenericperformancemetric is plotted in termsof Erlangload in the
network. A performanceobjective canbetranslatedinto adesigndecision.

Rayleighmultipathfading.Sincewe assumea fixed-pointser-
vice, all propagationcharacteristicsremainconstanton a time
scalelargerthanthetimescaleonwhichconnectionsareestab-
lishedandtorndown.

A packet is assumedto be correctly received if its Signal-
to-InterferenceRatio(SIR)exceedsacertainthreshold,chosen
accordingto someminimumBERrequirement.In CDMA, per-
fect RAKE reception(i.e., perfectchannelestimation)is con-
sidered.Theuseof anerrorcorrectioncodeis assumed,which
has the effect of reducingthe processinggain of the spread
spectrummodulationwhile decreasingtheSIR threshold.The
benefitsof codeorthogonalityhave beentaken into account.
TheSIR expressionhasbeenderivedby extendingtheformula
presentedin [10] to includeinto the interferenceterm the ef-
fect of the chips that precedeand follow the user’s code. In
this way, theformulaholdsalsofor a largedelayspreadof the
channel.(Detailsof thederivationcanbefoundin [11].)

The simulatedscenarioconsistsof 64 radio cells arranged
in a uniform hexagonalgrid. The whole structureis wrapped
onto itself to avoid bordereffects. Theavailablebandwidthis
equalto 9.6MHz, andaBPSKmodulationis adopted.A num-
berof buildingsareuniformly scatteredthroughouttheservice
area.Eachbuilding generatesacertaintraffic load,whichis the
aggregatetraffic of all usersin thatbuilding.

Buildingsareassignedto thebasestationwhichprovidesthe
bestchannelconditions.Notethatthismayleadto dishomoge-
neousload in differentcells, asdescribedlater. Accordingto
thesignalstrengthat thereceiver, eachbuilding determinesthe
power to betransmitted,in sucha way thatat thebasestation
the strengthof the intendedsignal contribution is a constant
(thesamefor all usersat their own basestationreceiver). We
appliedthis simple power control schemeon the uplink and
nopowercontrolon thedownlink. In fact,morecomplex solu-
tionsasthoseproposedin [7], [12] presentanexcessivecompu-
tationalcomplexity thatwould translateinto exceedinglylong
simulations.

A greatenhancementto thesystemperformanceis obtained

when cell sectorizationand availability of directive antennas
at the remoteuserareconsidered.In this case,we createda
new spatialchannelpropagationmodelto representthe effect
of cell sectorization.We assumedthat all the sectorsthat are
locatedinsidethis regionreceive thewholepowerof thesignal
transmittedby the remoteterminal,while the sectorslocated
outsidereceiveasignalpowerscaleddown by afactortakenas
a varyingparameterin our model.

A. Multiple Access

In classicCDMA systems,channeldivision is only achieved
throughspreadspectrum,i.e., anactive userwill continuously
transmit, taking full advantageof the bandwidth spreading
given by the ratio betweenthe channelsymbol rate and the
user’sown informationrate.A possiblealternative is to havea
framedstructure,composedof anumberof slots,sothatauser
may not transmitin all of them. Onesimpleexampleof this
schemecanbea framewith two CDMA slots,with eachuser
beingallowed(undernormalconditions)to accessonly oneof
them.Theprocessinggainavailableto theuserwouldbein this
casehalf of what it could have been,but the averagenumber
of userssimultaneouslytransmittingis alsohalved,providing
roughlythesameBERperformance.

This slottedstructureprovidesadditionalflexibility in terms
of coexistenceof traffic classeswith differentdatarates.Also,
opportunitiesfor retransmissionof packetswhoseSIR valueis
below thethresholdcouldbeprovided,which is impossiblein
pureCDMA sinceusersarealreadytransmittingcontinuously.
This featurehasgreatsignificancewhendatatraffic is incorpo-
ratedin thestudy.

B. Typeof GeneratedResults

Let usconsidera singletraffic classin isolationfor thesake
of discussion.Oncea given setof parametervalueshasbeen
chosen,it is possibleto producea curve like the one in the
left plot of Fig. 1, wheresomegenericperformancemetric is
plotted asa function of the traffic load. Basedon the speci-



fied objecti� ve, it is possibleto determinethe capacityregion
of the system,which is in this casea singlenumber, ��� : any
amountof traffic below thatvaluewill beservedwith thespec-
ified QoS,whereasany amountbeyondthatvaluewill overload
thenetwork andviolatetheQoSspecifications,e.g.,it will re-
sult in a blockingprobabilitylargerthantheobjective.

Whentwo classesof traffic arepresentat thesametime,one
moreaxismustbeadded,so thatQoSis representedby a sur-
facein the three-dimensionalspace.Thecontourof suchsur-
facefor a given QoS producesa curve, which representsthe
two-dimensionalcapacityregion of the system. That is, any
combinationof traffic loadswhich lies below the curve will
produceadequateQoS,whereasany combinationlying above
thecurve will violatetheQoSspecification.Sincetwo classes
of traffic arepresent,two suchregionsmustbe found, based
on QoSobjectivesfor the two classes(which neednot be the
same). The actualcapacityregion of the systemwill thenbe
the intersectionof thetwo, asillustratedby theshadedareain
theright plot of Fig. 1.

I I I . VOICE AND CBR V IDEO TRAFFIC

In the first stageof the study, we focusedon two classesof
traffic, which exemplify speechandvideoconnections.These
two classescoexist in thesystemandsharetheavailableband-
width.

TheQuality-of-Service(QoS)metricat thenetwork level is
theprobabilitythataconnectionrequestis blocked(notadmit-
ted).BothspeechandvideoconnectionsaretakenasConstant-
Bit-Rate(CBR) connections,i.e., onceadmittedthey produce
a streamof equallyspacedpackets. In this case,thesystemis
similar to circuit-switchingsinceadmittedconnectionswill be
persistentlyusingtheassignedresources.

Weassumethatconnectionsarestaticallyassignedto agiven
slotuponarrival. Slotsareassignedto connectionsaccordingto
interferencemeasurements;if noslot is foundsuchthatafteral-
locatingthenew connectionanacceptableinterferencelevel is
maintainedfor all connections,thenew connectionis blocked.
Thechoiceof staticassignmentis suboptimal,sinceabetterin-
terferenceaveragingmaybe expectedwith dynamicreassign-
mentof slots frameby frame. The major reasonsfor choos-
ing staticassignmentaresimplicity of implementationandthe
type of traffic assumed.It is expectedthat a major benefitof
dynamicschedulingwill accrueif retransmissionsof corrupted
packetsareallowed.

Given the previous assumptions,it is possible,at least in
principle, to predict whetheror not the admissionof a new
connectionwill impair any of the existing connectionsin the
system,andalsowhetheror not the new connectionitself can
achieve the desiredperformance.If both theseconditionsare
verified, thena connectionshouldbe admitted,whereasif ei-
ther of themshouldbe violated,the connectionshouldbe re-
jected. In this case,thedroppingprobability is zeroby defini-
tion (The droppingprobability is the probability thata packet
is not deliveredcorrectly. Here,sinceno retransmissionis im-

plemented,it is equalto theprobabilityof packeterror, i.e., the
probability that the SIR thresholdis not met). Note that the
propagationparametersdo not changeduring the lifetime of a
connection,usersdo not move, and arriving connectionsare
subjectto the admissioncontrol test, so that QoS guarantees
madeat admissiontime hold true throughoutthe connection.
The key parameterto be consideredis thereforethe blocking
probability. Oncea valueof theblockingprobabilityhasbeen
definedastheperformanceobjective,it is possibleto determine
thecapacityregionof thesystem.

IV. SIMULATIONS FOR VOICE AND V IDEO TRAFFIC

For bothspeechandvideoconnectionscall arrivalsandde-
parturesaregeneratedaccordingto thePoissonarrival andex-
ponentialdurationmodelwith appropriateparameters.At each
call arrival, the admissioncontrol test is performedto check
whetheradmittingtheconnectionviolatesQoSof any connec-
tions. Basedon this QoStesttheconnectionis eitheradmitted
or rejected. The statisticsof the blocked connectionsis then
computedover the whole network, therebyaveragingover all
buildings in all cells. For eachpair of traffic loadsin Erlangs
( �
	 for speechand ��� for video)theblockingprobabilitiesex-
periencedby thetwo traffic classescanbedetermined.

We considereda limited numberof differentscenarios,with
independentuserdistributionsandassignments.We first run a
setof simulationsin which the buildings wereuniformly dis-
tributedin theserviceareawith anaveragenumberof buildings
percell equalto 10. However, theactualnumberof buildings
connectedto eachbasestationis a randomvariabledueto ran-
dompropagationconditions.Wenoticedthatcellswith alarger
numberof buildingsconnectedto the basestationhave worse
performanceandalsosingledisadvantagedbuildingscanbias
theaverageresults,sothatcarefulplanningis necessaryin or-
derto avoid badlocations.In orderto obtaina fair scenariowe
run anothersetof simulationswhereexactly 10 buildings are
assignedto eachbasestation.Thealgorithmusedto reachthis
goalis asfollows:
 step1: While assigningbuildings to the basestation,if the
numberof buildingsconnectedto thatbasestationexceeds10,
we identify thebuilding belongingto thatcell with theharshest
shadowing andpathloss;
 step2: We generatea new instanceof the multipathfading
for this building, thatcorrespondsto re-engineeringextremely
disadvantagedsites;
 step3: If the new propagationconditionsdeterminethe as-
signmentof the building to anotherbasestation,we keepon
with thenormalassignmentprocedure;otherwisesteps2 and3
arerepeatedat most � times(namely � =8);
 step4: If we fail � timesin assigningthebuilding to another
basestation,the new building is deniedserviceandreplaced
with anotherone.

Thebaselineparametersconsideredareasfollows: channel
symbolrate ���
����� � Mcps,speechinformationrate ��	������
Kbps,videoinformationrate ���������! Kbps,errorcorrection



coderate 1/2, delayspread0.5 " s, correspondingto #$�&%
channelsymbols,SIR thresholdcorrespondingto a bit error
rateafterdecodingof ')(+*-, .

The consideredobjective values of connectionblocking
probabilityarein therange')(.*/, to ')(+*-0 .

The ratio betweenchannelrate and information rate for
video connectionsis ���21!���43&�5% , and we keepthat as the
spreadinggain of the spreadspectrummodulation. However,
afterencodingthe bit rateproducedby a videosourceis dou-
bled. In order to avoid having a too low processinggain, we
keepit at 25, but on averagewe have two video packetsper
slot (this canbe doneby usingtwo codesin parallel). With a
processinggain of 25, an encodedvoice connectionproduces
a chip rateof ��� Kbps 67�869�5%:�;'�� � Mcps, i.e., about1/6
of the available bandwidth. We thereforeenvision a slotted
CDMA systemwith six time slots per frame, wherein each
frame we have 2 packets per time slot per video connection
andonepacket in oneof thesix timeslotspervoicecall (possi-
bly lessif speechactivity detectionis used).Theactuallength
of the frameis 20 ms,so thateachvoicepacket carries20 ms
of speech,whereaseachvideopacketcarries�!(<1<'=�>3?'�� �<@ ms
of video.

Thetraffic parametersthatweusedaresummarizedin Table
I, while the main testbedsimulationparametersare listed in
TableII.

A. Resultsfor CBRVoiceandVideo

The two-dimensionalcapacityregionsfor CBR areplotted
in Fig. 21. Plots are for the uplink direction, single antenna
A
The resultswere obtainedby running simulationsas long as requiredto

observe BDCFEFGIH connections.

TABLE I

TRAFFIC PARAMETERS USED FOR CBR TRAFFIC SOURCES

Parameter Value

FrameDuration 20 ms
SpeechModel CBR�>	 32 Kbps
SpeechBER ')(.*/,
VideoModel CBR��� 384Kbps
VideoBER ')(.*/,

TABLE II

SIMULATION TESTBED

Bandwidth 9.6MHz
Modulation BPSK

SpreadingGain 25 or 50
TimeSlotsPerFrame 6 or 3
ChannelDelaySpread 0.5 " s,1 " s

Numberof Cells 64
BuildingsPerCell 10 or 15
SectorsperCell 1 or 3

reception,and for the elaborateadmissioncontrol rule based
on interferencetests.The four curvesplottedarethecapacity
regions correspondingto blocking probabilitiesof ')(.*/, and')(+*-0 for speechandvideo. It is seenthat thecapacityregions
correspondingto 0.01 blocking for video and0.001blocking
for speechareclose,giving a balanceddesign. On the other
hand,if wewanted0.001blockingfor bothtraffic classes,then
video would imposea muchstricter requirement,so that one
would probablyhave to implementsomemechanismto give it
higherpriority in orderto avoid inefficientsituations2.

It is interestingto seethat the generalbehavior of the ca-
pacityregionboundariescanbeapproximatedby straightlines
in mostcases,so thata goodindicationof thecapacityregion
couldbedeterminedbyconsideringthetwo classesin isolation,
andby joining thetwo pointssoobtained.

Notethatblockingrequirementsof 0.001and0.01for speech
andvideo, respectively, allow admissionof an equivalentEr-
lang load � referredto speechtraffic (i.e., computedby sum-
ming speechload and '=�J6 video load3) between30 and 50,
leadingto an averageload of about �K6L��� kbps1<'=( Mcps3')(>MN'O%�P , which is consistentwith previously reportedresults
for cellularCDMA.

Anotherinterestingpoint is thelargeincreasein thecapacity
obtainedby relaxingthespeechblockingobjective from 0.001
to 0.01(note,however, thatthisrequirestheobjectivefor video
to berelaxedaccordingly).

It is worth investigatingin somemore detail the effect of
worst-casebuildings. We observed that the resultsin Fig. 2

Q
It canbe arguedthat if a traffic classenjoys a QoSwhich is muchbetter

thanrequired,someinefficiency is presentin thesystemdesign.R
Notehowever that theresultsshow thatoneErlangof video traffic weighs

a little morethat12 Erlangof speechtraffic, dueto differencesin granularity
andmultiplexing efficiency.
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Fig. 3. Uplink capacityregion for CBR traffic with a constantnumberof
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Fig. 4. Downlink capacityregion for CBR traffic with buildings uniformly
distributed.

suffer from a congestedsituationsincethe numberof build-
ingsattachedto eachcell sitemayvarysignificantly. It is clear
that the cell with a larger numberof building will operatein
overloadandwill contribute a large numberof blocked con-
nections,therebybiasingnegatively the overall performance.
Fig. 3 shows theresultsfor thescenariowith a constantnum-
berof buildingspercell (namelyequalto 10). It is seenthatthe
overallperformanceis significantlyimproved.

Fig. 4 shows the downlink capacitycurves for a scenario
with buildings uniformly distributedall over the servicearea.
As alreadymentioned,we assumeno power controlhere.Pre-
cisemodelingof thedynamicschemesusedin practiceseems
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Fig.5. Uplink capacityregionfor CBRtraffic, buildingsuniformly distributed,
andspreadinggain ( SUT ) equalto 25 and50. (QoSmetrics: connection
blockingprobability equalto EFG=V R and EFG=V Q for voiceandvideo traffic,
respectively.)

to lead to exceedinglylong simulations,due to the order of
magnitudedifferencesbetweenthe time scaleinvolved in the
power control algorithmandthat of the arrival/departurepro-
cess.Theissueis currentlyunderinvestigation.

As to the issueof codeorthogonality, we note the follow-
ing. In a perfectlyflat channel,thesymbolshapeis unchanged
during propagation,so that use of orthogonalcodeson the
downlink leadsto zero intracell interference,therebygreatly
improving the performance.On the other hand,if the chan-
nel is frequency selective,orthogonalityis not preservedat the
receiver, and residualinterferenceis still present. However,
themainpathsof theuplink transmissionsoriginatedfrom the
samebuilding arein phaseandthereforeorthogonal;thesame
benefitholdsfor the downlink signalstransmittedby thebase
station.

A.1 VaryingtheValuesof theParameters

Simulation resultswith a spreadinggain equal to %!( are
shown in Fig. 5 andcomparedto thecasein which thespread-
ing gain is equalto 25. Usersareuniformly distributedin the
serviceareaanda codingrateequalto 'W1!� is used.As canbe
clearly seen,usinga spreadinggain equalto %!( a smallerca-
pacity is achieved. Theperformancedegradationis dueto the
fact that,doublingthespreadinggain,thenumberof temporal
slots in eachframeis halved; thus,usersareaggregatedin �
temporalslotsandthereis lessroomfor segregatingmutually
interferingbuildings. As expected,the resultssuggestthat the
slottedCDMA schemeoutperformspureCDMA.

Then,thesystemperformancewhenthedelayspreadis taken
equalto 1.0 " s anda constantnumberof userspercell is con-
sideredis investigated.Fig. 6 shows thatperformancesignifi-
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cantlyimprovesasthedelayspreadgrows. Indeed,weassumed
theuseof aperfectRAKE receiver. Theintendedusersignalat
thebasestationbecomesstrongerasthenumberof raysarriv-
ing atthebasestationincreases,whereastheinterferencegrows
by a smallerfactorthanksto theorthogonalitypropertyof the
codewords.

A.2 Cell SectorizationandDirectiveAntennas

Resultswere derived for cell sectorization,and a constant
numberof usersper sectorequalto 5, i.e., a numberof users
percell equalto 15.

We assumethat the receptionprofile of the basestation’s
antenna(i.e., the antennagain versusthe directionof arrival)
is givenby

Y[Z]\�^ �
_ ' if `Ua�b \ b4` 0( otherwise

� (1)

Detailson thepropagationmodeladoptedfor cell sectorization
canbefoundin [11].

Theresultspresentedin Fig.7 wereobtainedfor ` a �KMc�5(�d ,` 0 �fe���(�d , andbyconsideringtheanglesof arrivalof thescat-
teredsignalsrangingbetweenMg'=%�d to eh'=%�d with respectto the
usersline of sight. Thesystemis ableto supportanamountof
traffic load that is slightly lessthan threetimesthe load sup-
portedwithout sectorization. Indeed,a building locatedin a
sectormay affect alsothe neighboringsectors,so that the to-
tal interferencea userexperiencescannot be scaleddown by
exactlya factorof 3.

Fig. 7 alsoshows thecapacityregion obtainedfor bothcell
sectorizationand directive antennasat the remoteterminals.
Theuserantennabeamwidthis assumedequalto 30d . Wecon-
siderthatall thesectorsthatarelocatedinsidetheareacovered
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probability equalto EFG=V R and EFG=V Q for voice andvideo traffic, respec-
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by theantennabeamof theuserreceive thewholeinterference
power, while thesectorslocatedoutsidereceive a interference
powerscaleddown by a factorequalto 8.

Although moreextensive simulationsshouldbe run in this
casefor variousvaluesof thescalingfactor, thederivedresults
give an insight into the significantimprovementsthat can be
obtainedby usingdirectiveantennas.

V. VBR TRAFFIC MODEL

A. Traffic Sources

In thesecondpartof this paper, we focuson VBR (Variable
Bit Rate) traffic. Speechwith silenceactivity detectionand
packet datasourcesareconsidered.ON-OFFmodelsareused
for both speechanddatacalls. As in the caseof CBR traffic,
the two traffic classessharethe samebandwidth. We wish to
determinethenumberof sourcesthatmaybeadmittedpercell
sothatcertainQuality-of-Service(QoS)objectivesaremet.

In theCBR case,anadmittedcall wasguaranteederror-free
transmissionfor its durationandtheQoSmetricof interestwas
theblockingprobabilityfor a newly admittedcall. In theVBR
case,dataandspeechtraffic sourcesgeneratepacketsduring
ON periodsandaresilentduringOFFperiods;thus,established
calls arealternatively active or silent andacceptableinterfer-
encelevels at the receiver mustbe statisticallysatisfied.Fur-
ther, datapacketsmay be retransmittedin the caseof a trans-
missionfailure. Therefore,it becomesimportantto evaluate
thedatamessagedelay, wherea messageis definedasthedata
unit composedof the packetsgeneratedduring the sameON
period.

We selectedthefollowing QoSmetricsat thenetwork level:



i) theprobabilitythataspeechpacketbelongingto anadmitted
connectionis lost dueto excessive interferenceat thereceiver;
ii) the delay experiencedby a datamessagedue to delay in
accessingthe channel,backoff causedby transmissionerrors,
andretransmissions;iii) thedatapacket lossprobabilitydueto
queueoverflow at thetransmitter.

The admissionpolicy is to allow a certainmaximumnum-
berof speechanddatacalls to beadmittedpercell. Thus,in a
simulationrun,afixednumberof speechanddataconnections,
denotedby ih	 and i[j respectively, areactive persector. The
probability thata packet is in error, averagedover all connec-
tions in the speechtraffic class,may thenbe found asa func-
tion of i 	 and i j . Similarly, we computethedelaystatistics
andthelossprobability for datatraffic. Basedon thetolerable
valuesof the QoScriteria for both speechanddata,capacity
regionsare determinedin termsof ih	 and i[j . The plot of
the systemperformanceis a threedimensionalsurface. A ca-
pacity region is the intersectionof this surfacewith the plane
correspondingto a given target metric value. Similarly to the
CBRcase,theactualcapacityregionwill betheintersectionof
severalcapacityregionscorrespondingto thedifferentmetrics.

In thenext subsectionweexplain thetraffic modelsusedfor
speechanddataconnection.Later, theaccessschemeusedfor
reservingandallocatingtransmissionslotsfor bothspeechand
datacallsis explained.

B. Speech andTraffic Models

For this secondstudy, speechanddatasourcesaremodeled
asON-OFFMarkov sources.Speechtraffic hasanaveragein-
formationrate �>	 =6.67Kbps. A speechsourceis modeledas
a discrete-timeON-OFFMarkov processwith time granular-
ity equal to the durationof one frame (20 ms). As long as
the sourceis in the ON state,one packet is generatedevery
timeframe,whereasnopacketsaregeneratedduringOFFperi-
ods.Theaveragedurationsof ON andOFFperiodsareequaltokgl 	nmoqp =1 s(50 timeframes)and

kgl 	nmoFrOr =1.4s(70 timeframes),re-
spectively. Whenactive,aspeechsourcegeneratesinformation
at a rateof 16 Kbps.

A similar discrete-timeON-OFFMarkov processis usedto
modeldatatraffic. A datasourceis characterizedby an aver-
ageinformationrate � j (in thesesimulations,we chose� j �
153.6Kbps), the ratio of the averageinformation rate to the
peakinformationratedenotedby `sj (twovalueswereused:0.1
and0.2), andan averagemessagelength # j (we chose# j �
1 Mbit). Thus, the associatedON-OFF Markov processhask l j2moqp =

Z #7j<tu`sj ^ 1W��j sand
k l j2movrOr = w Z '�M�`xj ^ tu#7jzy]1W��j s. Datapack-

etsgeneratedduringthesameON periodform a message. If a
useris notenabledto transmit,packetsarequeuedin abufferof
sizeequalto QueueSize. Whenever a user’s queueoverflows,
all the queuedpackets belongingto the currentmessageare
clearedfrom thequeue;any furtherpacketsof theclearedmes-
sagearediscarded.

The targetvaluesfor the QoSmetricsareasfollows: i) the
packet and messageloss probabilitiesshouldbe lessthan or

equalto ')(+*-0 for bothspeechanddatatraffic; ii) delayspecifi-
cationsmaychangeaccordingto theaveragelengthof thedata
message;acceptabledelaysareusuallyof the orderof 2 to 3
timestheaveragemessagetransmissionduration.We consider
acceptableaveragedelaysof (.�u% sand ' s.

Thetraffic parametersthatwe usedarelistedin TableIII.

TABLE III

TRAFFIC PARAMETERS USED FOR VBR TRAFFIC SOURCES

Parameter Value

FrameDuration 20 ms
SpreadingGain 25

TimeSlotsPerFrame 12
SpeechModel ON-OFFMarkov��	 6.67Kbps

Ratein {>i State 16 Kbpsk l 	|moqp 1 skgl 	|movr=r 1.4s
SpeechBER ')(.*/,
DataModel ON-OFFMarkov��j 153.6Kbps# j 1 Mbit` j 0.1or 0.2k�l j2moFp Z # j t)` j ^ 1W� jk l j2movr=r w Z '�M:`sj ^ tz#}jIy]1W��j
DataBER ')(.*/~

C. Multiple Accessfor IntegratedTraffic

When several data connectionsare simultaneouslyactive,
a MAC protocol should select which sourcesare allowed
to transmit. Two important aspectsof any MAC protocol
are channelaccessrequeststhrougha signalingmediumand
scheduling[7], [13], [14]. We considerthat theproblemof ac-
cessto thesignalingchannelis solvedandwe assumethat the
basestationhasknowledgeof any transmissionrequestfrom
any datasourcein its cell. Furthermore,sinceour aim is to
calculatetheevolutionof thecapacityof thesystemwhensys-
temparametersarechangedandsinceall themetricsof interest
areaverages(meanmessagedelayandmeanpacket loss),we
disregardthe problemof fairnessin schedulingby increasing
thesizeof thequeuesat eachsourceandby doinground-robin
polling of thetransmittingsources.

A certainnumberof slots is available for transmissionin
eachframe,aspeechconnectiontransmissionrequiresoneslot
per frame and a data packet transmissionrequiresa known
numberof codesduringoneframein CDMA. Speechslotsare
allocatedat the beginning of a simulationrun andarenot re-
leasedthroughoutthatrun; thespeechloadis evenlydistributed
amongthe time slotsof a slottedCDMA frame. The coding
rateis equalto 'W1!� , andfor slottedCDMA thespreadinggain
is 25. Sincethe speechbit rate is 16 Kbps, the durationof a
voicetransmissionslot is reducedby a factorof 2 with respect
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to thevoicemodelpresentedin sectionIII. In slottedCDMA, a
frameis 12 timeslotslongandup to � simultaneoustransmis-
sionsusingdifferentcodewordsmaybeallocatedat eachtime
slot. Thisnumber� is notknown apriori andvariesaccording
to interferenceconditions.

A MAC protocol is definedin order to sharethe remain-
ing bandwidthbetweenthe active dataconnections(i.e., data
sourceswith packetsto transmit).A flow chartof thealgorithm
governinga basestationis shown in Fig. 8.

We assumethat the basestationdoesnot allow more than� j simultaneousdatapacket transmissionsper frame,where� j is themaximumnumberof simultaneousdatapacketsthat
may be successfullytransmittedwithin a cell whenno inter-
cell interferenceis present.Whena dataconnectionbecomes
active,anunspecifiedidealnotificationmechanismnotifiesthe
basestationthatthesourcehaspacketsto transmit.At thebase
station,thetransmissionrequestis placedin aFIFO queuethat
keepstrack of all userswaiting to transmit. The basestation
updatesamaximumnumberof allowabledatatransmissionpa-
rameter;this parameteris alwayslessthanor equalto

� j . As
soonasenoughresourcesbecomeavailableontheair interface,
thefirst userin thequeueis allowedto transmit.In ourcase,the
peaktransmissionrateallows a datauserto transmitonedata
packet per frame(recall thata userin ON stategeneratesone

packet per frame). Thus, the numberof codesandtime slots
per framerequiredto transmita datapacket is determinedby
thepeakuserdatagenerationrate.Theuserholdsthereserved
codewordsandslotsuntil eitherits queuebecomesemptyor it
hasto backoff dueto apacket failure.

A backoff strategy is usedto reducepacketlossesandexces-
sive interference.Whenever a datapacket transmissionfails,
the basestationchoosesat randoma datauseramongthose
that experienceda packet loss and forcesit to backoff for a
time interval equalto half

k l j2moqp (BackoffPeriod). At the same
time, thebasestationreducesby oneits currentnumberof al-
lowable simultaneousdatatransmissionsand setsits backoff
counterto BackoffPeriod. Oncetheuser’sbackoff periodends,
thedatauserdecideswith probabilityRetransPto requestper-
missionto transmitfrom thebasestationandwith probability
(1-RetransP) to backoff again. Oncethebasestation’s Back-
offPeriodexpires,thebasestationincreasesby onethenumber
of allowabledataconnectionswheneverno datafailuresoccur,
until themaximumnumberof dataconnectionsperframe,

� j ,
is reached.

Note that in generalthe target BER for datatransmissions
will be lower thanthatof speechtransmissions.Accordingly,
thetargetSIR for speechtransmissionswill belower thanthat
of datatransmissions.Sinceour powercontrolschemeinsures
the receptionof all concurrenttransmissionsat the sameSIR
level on the uplink, datatransmissionsmay fail while speech
transmissionssucceed. Thus, even when the media access
algorithm is probing for additionalbandwidthby increasing
thenumberof datatransmissions,speechcallswill experience
lowerpacket transmissionfailuresthandatacalls.

Theparametersusedin theMAC protocolarethefollowing:� j equalto 2 for `sj���(.��' and4 for `xj���(�� � (i.e., at most
16 codesmaybeusedfor datatraffic); BackoffPeriod=

k l j2moqp 1!� ;
RetransP=0.5.

VI . VBR SIMULATIONS

The simulationmodel adoptedto study the systemperfor-
mancein the presenceof VBR traffic is quite similar to the
modelusedfor voice andvideo traffic. However, in this case
we alwaysconsidercell sectorization.A constantnumberof
buildingspersectoris obtainedby following thealgorithmde-
scribedin sectionIV (5 buildingspersectorin oursimulations).
Thenumberof speechanddataconnectionspersectorareinput
parametersto thesimulation.

Resultswereobtainedfor botha delayspreadof 0.5 " s and
1 " s ( # =5 and10, respectively), anda peakto averageratio
( 'W1W`sj ) equalto 5 and10. Thusfour setsof resultswereob-
tained.Theaveragedatarateis constantat � j ��'O%!�.� � Kbps
andtheaveragemessagelengthis always ' Mbit. Both speech
anddataconnectionsareinitiatedat thebeginningof thesimu-
lation,andremainin existencefor theall durationof thesimu-
lation run.

Theapertureof thebasestationantennais setto 'O�!(�d , while
the anglesof arrival of the scatteredsignalsrangebetween



Mg'=%�d to eh'=%�d relative to the userline of sight. The spread-
ing gainis i[� =25,anda codingrateequalto 'W1!� is used.The
targetbit errorprobabilitiesare ')(.*/, for speechand ')(+*-~ for
data. Thus,accordingto [15] we have a codinggain equalto
3.8 dB and 5.1 dB for speechand datarespectively, and the
requiredSIR valuesare0 dB for speechand1.5 dB for data.
The buffer sizeat the datasourcesis taken equalto 7.68Mb;
therefore,QueueSizeis equalto 250packetsfor `xj[�K(.��' and
to 500packetsfor ` j ��(.�u� .

Speechconnectionswere distributeduniformly amongthe
time slots.TheMAC protocol(introducedin sectionV-C) was
devisedto managetheallocationof channelresourcesto active
dataconnections.Cell sectorizationwith 'O�!(�d wasassumed,
with omnidirectionaluserantennas.

Our resultsassumethatacceptablevaluesfor the quality of
serviceparametersare: ')(.*/0 for theaveragepacketdropprob-
ability for speech,(�� % sto ' sfor theaveragemessagedelayand')(.*/0 for theaveragedatapacket lossprobability. Thecapacity
region is thereforeboundedby severalconstraintcurves.

For a peakrate of '�� %5�5� Mbps ( `xj9�;(���' ) anda channel
delayspreadof 0.5 " s, the behavior of theQoSmetricsis il-
lustratedin Fig. 9. Theconstraintcurvesthatboundthecapac-
ity region in Fig. 10 areobtainedby inspectionfrom theplots
in Fig. 9. For a target averagemessage delayof (�� % s, @ data
connectionsmaybeadmittedwhenno speechconnectionsare
present.Whenonly a small numberof speechconnectionsis
admitted,datacapacityis limited to about  dataconnections
becauseof speech packet losses. Whenthe numberof speech
connectionsis increasedfrom ��( to ��( , datapacket lossesde-
creasetheacceptablenumberof dataconnectionsfrom � to ' .
Finally, '=�5( speechconnectionsmaybeacceptedin theabsence
of any datatraffic.

In Fig.11thetwo dimensionaluplink capacityregionis plot-
tedfor thefour casesstudiedcombiningthepeakratevaluesof'5�u%!��� Mbpsand @W�5� Kbps with the delayspreadof (.�u% and1" s. In addition,the downlink capacityregion for a peakrate
equalto '�� %5�5� anda delayspreadequalto 1 " s is plotted.

In thecaseof delayspreadequalto (.�u%�" s, if we reducethe
peakratefrom '�� %5�5� Mbps to @W�5� Kbps, fewer speechpacket
lossesareencounteredandcapacityhasa more linear shape:
capacitydecreasesfrom � dataconnectionswhen no speech
connectionsarepresent,down to ' dataconnectionwhen �5(
speechconnectionsarepresent.The capacitycurve is shaped
by theconstrainton datapacket losses; whenno datatraffic is
present,')�5( speechconnectionsmaybeaccepted.A lowerdata
peakrate makes the speechpacket loss probability decrease
sincefewer channelaccessattemptsoccur. On theotherhand,
a higherpeakratemeansthat thechannelconditionsaremore
variableandthusbadchannelconditionsareashortertimephe-
nomenon.Sincelargequeuesarepresentandtheaveragemes-
sagesizeis constant,at thesameoperatingpoint ( ihj5�Fih	 ), the
datapacket lossprobabilityis higherfor a lowerpeakrate.

For thecapacityregionsobtainedwith a delayspreadequal
to 1 " s, thesametrendsobservedearlierfor a delayspreadof
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Fig. 9. Uplink QoS:Speechlossprobability, datapacket lossprobability, and
messagedelay. Delay spreadequalto 0.5 X s andpeakdatarateequalto
1.536Mbps.

0.5 " sareagainapparent.Thecapacityin termsof theaverage
messagedelayconstraintsis only slightly improved.For exam-
ple, for a peakdatarateof '5�u%!�5� Mbps, if @!� speechcallsare
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admitted:only 1 datacall may be admittedwhenthe channel
time delayspreadis equalto 0.5 " s,while  datacallsmaybe
admittedwhenthechanneltimedelayspreadis equalto 1 " s.

For the downlink capacitycurve, we note that a capacity
comparableto thecorrespondinguplink caseis achieved.

To summarize,the resultsthat we obtainedarebetterfor a
longerdelayspreadbecauseof thebetterdiversityat theperfect
RAKE receiver. A lowerpeakratemeansthatwhenactive,the
dataconnectionremainsactive for a longerdurationresulting
in fewer accessattemptsbut longer transmissiontime. Thus,
thespeechpacket dropprobability is smallerfor smallerpeak
rates.Ontheotherhand,for ahigherpeakratedatasourcesex-
periencefewer packet losses,andthereforecapacityincreases.

Theaveragemessagedelayis almostthesameregardlessof the
peakrate.

VI I . CONCLUSIONS

In this paper, a framework for simulatingwirelesssystems
wasdevelopedto evaluatethecapacityof slottedCDMA WLL
systems.Using this simulationtool, we studiedthe impactof
variousenvironmentandsystemparametersonthenetwork ca-
pacity. Themajor lessonslearnedfrom this effort canbesum-
marizedasfollows: i) usersin abadlocationcangreatlyaffect
theaverageresults,thuscarefulplanningof thesystemis nec-
essary;ii) the useof sectorizationanddirective antennassig-
nificantly improvessystemperformance;iii) in slottedCDMA
capacityincreaseswhenthespreadinggain is reducedandthe
numberof time slotsper frameis increased;iv) a higherpeak
to averageratio in datasourcescausesbettermultiplexing on
theuplink andthereforeincreasesthecapacity.
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