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Abstract—WirelessLocal Loop (WLL) is an ememing technologythat
allows rapid connectionto the wired network from remotelocations. A
crucial issuefor WLL is the systemdesign so that the number of sub-
scribers can be maximized while providing the required quality of sewice.

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

|. INTRODUCTION

As the demandor multimediaservicesandwirelessaccess
to the Internetintensifies,an extremely importantissuethat
mustbe addressedoncernswvirelessadmissioncontrol strate-
gieswhichmaintainQuality-of-Servic§QoS)guaranteesSer-
eraladmissiorcontrolandmultiple accesgrotocolsfor slotted
CDMA wirelesssystemshave beenproposedn the literature
[11, [2], [3], [4], [5], [6], [7]; however, few works deal with
capacityevaluationof broadbandvirelesssystems.

In this work, a slotted CDMA paclet accesgechniqueis
studiedto estimatehesubscribecapacityin abroadbanadvire-
lesslocalloop ernvironmentin the presencef integratedmulti-
mediatraffic. Wirelesslocalloops(WLLs) usetheradiochan-
nel to performthe “last mile” connectionbetweenthe wired
network andstationaryor fixeduserg6], [8], [9]. SinceWLLs
areexpectedto provide multimediaserviceswith high quality
of service,it is of crucialimportanceto estimatethe capacity
of suchnetworksin termsof the numberof simultaneougon-
nectionghe systemcansupport.

The objective of this work is aninvestigationon how to de-
sign a wirelessnetwork for radio accesgo fixed points, and
how to manageat. Questiongo be addresseéhcludethe esti-
mationof theamountof traffic which canbesenedin aspecific
setting(e.g.,undersomeassumptionsntheuserlocationsand
ontheQoSrequirements)andthe performancevaluationof a
slottedCDMA schemeasthe systemparametersary.

Thefactthatin thefixed-pointWLL systenconsideredisers
do not move hassomeimplicationson the analysisanddesign
of suchasystem.In particular fixedor slowly varyingchannel
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conditionsmay resultin persistenimpairmentbut also allow
very accuratepower control, alsocompensatingor multipath
effects. Fromthe performancenalysigpoint of view, thestudy
of sucha systemmay be significantlyharderthanfor amobile
system. In fact, dueto the decreasedandomnes®f the en-
vironment,standardapproximationtechniquedor the deriva-
tion of thesignalto interferenceatioin CDMA systemsio not
apply. Neverthelesswe have beenusing an approachwhich
allows analyticaldevelopmentsat the physicallayer while not
concedingoo muchin termsof simplifying assumptionsyith
theobjectiveof having anaccuratendflexible tool for theeval-
uation of the physicallayer performance.The physicallayer
modelis usedin a network layer simulatorwhich incorporates
theactualsystemoperatiorandradioresourcenanagement.

Theremainderof this paperis organizedasfollows. In sec-
tion Il we introducethe systemscenariadhathasbeenusedfor
this study sectionlll presentghevoice andCBR video traffic
modelandsectionlV shons someresults. The systemmodel
usedto handlevoice with silenceactiity detectionand data
traffic is introducedin sectionV, while the performance®b-
tainedfor theseclassef traffic are presentedn sectionVI.
Finally, sectionVIl concludeghe paper

Il. SYSTEM DESCRIPTION

A key enablerof a meaningfulstudyis a detailedmodelof
the physicallayer. A thoroughcharacterizatiorof it (includ-
ing frequeng selectve fading,shadeving, pathloss, beststa-
tion assignmentmatchediltering andcoding)resultsin com-
putationallyintensive efforts. In our study the physicallayer
performancas the startingpoint for the evaluationof a whole
system.Thereforejt is veryimportantto find accurateanalyti-
cal approximationgo provide afastemwayto do physicallayer
numericalanalysis.Our approactcombinesanalyticalexpres-
sionswith simulation. It is clearthata completelyanalytical
studyis infeasible but our pseudo-analyticapproactcouples
reasonablefficiency to goodmodelingaccurag.

More specifically the following physical layer assump-
tions are made. The modeled propagationcharacteristics
include path loss (following an inversefourth-paver decay
with distance)]og-normalshadaeving, andfrequeny selectve
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Fig. 1. Exampleof equialent capacitycurve for oneandtwo classef traffic. Somegenericperformancemetricis plottedin termsof Erlangload in the

network. A performancebjective canbetranslatednto a designdecision.

Rayleighmultipathfading. Sincewe assumea fixed-pointser

vice, all propagatiorcharacteristicsemainconstanion a time

scalelargerthanthetime scaleon which connectionsreestab-
lishedandtorndown.

A paclet is assumedo be correctlyrecevedif its Signal-
to-InterferencdRatio (SIR) exceedsa certainthreshold chosen
accordingo someminimumBER requirementin CDMA, per
fect RAKE reception(i.e., perfectchannelestimation)is con-
sidered.Theuseof anerrorcorrectioncodeis assumedywhich
hasthe effect of reducingthe processinggain of the spread
spectrummodulationwhile decreasinghe SIR threshold.The
benefitsof code orthogonalityhave beentaken into account.
The SIR expressiorhasbeenderivedby extendingthe formula
presentedn [10] to includeinto the interferenceterm the ef-
fect of the chipsthat precedeand follow the users code. In
this way, the formula holdsalsofor alarge delayspreaddf the
channel.(Detailsof thederivationcanbefoundin [11].)

The simulatedscenarioconsistsof 64 radio cells arranged
in a uniform hexagonalgrid. The whole structureis wrapped
ontoitself to avoid bordereffects. The available bandwidthis
equalto 9.6 MHz, anda BPSKmodulationis adopted A num-
berof buildingsareuniformly scatteredhroughouthe service
area.Eachbuilding generateacertaintraffic load,whichis the
aggrejatetraffic of all usersin thatbuilding.

Buildingsareassignedo the basestationwhich providesthe
bestchannekonditions.Notethatthis mayleadto dishomoge-
neousload in differentcells, asdescribedater. Accordingto
thesignalstrengthattherecever, eachbuilding determineshe
power to be transmittedjn sucha way thatat the basestation
the strengthof the intendedsignal contritution is a constant
(the samefor all usersat their own basestationrecever). We
appliedthis simple power control schemeon the uplink and
no power controlon thedownlink. In fact,morecomplex solu-
tionsasthoseproposedn [7], [12] presentnexcessie compu-
tationalcompleity thatwould translateinto exceedinglylong
simulations.

A greatenhancemertb the systemperformances obtained

when cell sectorizationand availability of directive antennas
at the remoteuserare considered.In this case,we createda

new spatialchannelpropagatiormodelto representhe effect

of cell sectorization.We assumedhatall the sectorsthatare

locatedinsidethis regionreceve thewholepower of the signal

transmittedby the remoteterminal, while the sectorslocated

outsidereceve a signalpower scaleddown by afactortakenas

avaryingparametein our model.

A. Multiple Access

In classicCDMA systemschannebivisionis only achieved
throughspreadspectrumj.e., anactive userwill continuously
transmit, taking full adwantageof the bandwidth spreading
given by the ratio betweenthe channelsymbol rate and the
users own informationrate. A possiblealternatieis to have a
framedstructure composedf anumberof slots,sothatauser
may not transmitin all of them. One simple exampleof this
schemecanbe a framewith two CDMA slots,with eachuser
beingallowed (undernormalconditions)to accesonly oneof
them. Theprocessingjainavailableto theuserwould bein this
casehalf of whatit could have been,but the averagenumber
of userssimultaneouslytransmittingis alsohalved, providing
roughlythe sameBER performance.

This slottedstructureprovidesadditionalflexibility in terms
of coexistenceof traffic classeswith differentdatarates.Also,
opportunitiesor retransmissiomf packetswhoseSIR valueis
below thethresholdcould be provided,which is impossiblein
pureCDMA sinceusersarealreadytransmittingcontinuously
This featurehasgreatsignificancevhendatatraffic is incorpo-
ratedin the study

B. Typeof GeneatedResults

Let usconsidera singletraffic classin isolationfor the sale
of discussion.Oncea given setof parametevalueshasbeen
choseniit is possibleto producea curve like the onein the
left plot of Fig. 1, wheresomegenericperformancemetric is
plotted as a function of the traffic load. Basedon the speci-



fied objective, it is possibleto determinethe capacityregion
of the system,whichis in this casea singlenumbey A*: ary
amountof traffic below thatvaluewill besenedwith thespec-
ified QoS,whereasry amountbeyondthatvaluewill overload
the network andviolate the QoSspecificationse.g.,it will re-
sultin a blocking probabilitylargerthanthe objective.

Whentwo classe®f traffic arepresentitthe sametime, one
moreaxis mustbe added,sothat QoSis representetyy a sur
facein thethree-dimensionatpace.The contourof suchsur
facefor a given QoS producesa curve, which representshe
two-dimensionalkapacityregion of the system. Thatis, ary
combinationof traffic loadswhich lies belowv the curve will
produceadequaté)oS,whereasary combinationlying above
the curve will violate the QoSspecification.Sincetwo classes
of traffic are presenttwo suchregions mustbe found, based
on QoS objectivesfor the two classegwhich neednot be the
same). The actualcapacityregion of the systemwill thenbe
theintersectiorof thetwo, asillustratedby the shadedareain
theright plot of Fig. 1.

I1l1. VoIiCcE AND CBR VIDEO TRAFFIC

In the first stageof the study we focusedon two classe®f
traffic, which exemplify speechandvideo connectionsThese
two classegoexist in the systemandsharethe availableband-
width.

The Quality-of-Servicg(QoS) metric at the network level is
theprobabilitythata connectiorrequests blocked (notadmit-
ted). BothspeechandvideoconnectionsretakenasConstant-
Bit-Rate (CBR) connectionsi.e., onceadmittedthey produce
a streamof equallyspacedaclets. In this case the systemis
similar to circuit-switchingsinceadmittedconnectionswill be
persistentlyusingthe assignedesources.

We assumehatconnectiongrestaticallyassignedo agiven
slotuponarrival. Slotsareassignedo connectionsccordingo
interferenceneasurements; noslotis foundsuchthatafteral-
locatingthe new connectioranacceptablénterferencdevel is
maintainedor all connectionsthe new connectioris blocked.
Thechoiceof staticassignmenis suboptimal sinceabetterin-
terferenceaveragingmay be expectedwith dynamicreassign-
mentof slotsframe by frame. The major reasondor choos-
ing staticassignmenaresimplicity of implementatiorandthe
type of traffic assumed.lt is expectedthata major benefitof
dynamicschedulingwill accruef retransmissionef corrupted
pacletsareallowed.

Given the previous assumptionsit is possible,at leastin
principle, to predict whetheror not the admissionof a new
connectionwill impair any of the existing connectiondn the
system,andalsowhetheror not the new connectionitself can
achieve the desiredperformance.If boththeseconditionsare
verified, thena connectionshouldbe admitted,whereasf ei-
ther of them shouldbe violated, the connectionshouldbe re-
jected. In this case the droppingprobability is zeroby defini-
tion (The droppingprobability is the probability that a paclet
is not deliveredcorrectly Here,sinceno retransmissiotis im-

plementedit is equalto the probabilityof pacleterror, i.e.,the
probability that the SIR thresholdis not met). Note that the
propagatiorparameterslo 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 parameteto be considereds thereforethe blocking
probability. Oncea valueof the blocking probability hasbeen
definedastheperformancebjectie, it is possibleto determine
the capacityregion of thesystem.

1V. SIMULATIONS FOR VOICE AND VIDEO TRAFFIC

For both speechandvideo connectiongall arrivalsandde-
parturesaregeneratedccordingto the Poissorarrival andex-
ponentialdurationmodelwith appropriatgparametersAt each
call arrival, the admissioncontrol testis performedto check
whetheradmittingthe connectiorviolatesQoSof ary connec-
tions. Basedon this QoStestthe connections eitheradmitted
or rejected. The statisticsof the blocked connectionss then
computedover the whole network, therebyaveragingover all
buildingsin all cells. For eachpair of traffic loadsin Erlangs
(A for speectandA,, for video)theblocking probabilitiesex-
periencedy thetwo traffic classesanbedetermined.

We considered limited numberof differentscenarioswith
independenuserdistributionsandassignmentsWe first run a
setof simulationsin which the buildings were uniformly dis-
tributedin theserviceareawith anaveragenumberof buildings
per cell equalto 10. However, the actualnumberof buildings
connectedo eachbasestationis arandomvariabledueto ran-
dompropagatiorconditions.We noticedthatcellswith alarger
numberof buildings connectedo the basestationhave worse
performanceandalsosingledisadwantageduildings canbias
the averageresults,sothat carefulplanningis necessaryn or-
derto avoid badlocations.In orderto obtaina fair scenariove
run anothersetof simulationswhereexactly 10 buildings are
assignedo eachbasestation. The algorithmusedto reachthis
goalis asfollows:

« stepl: While assigningbuildings to the basestation,if the
numberof buildings connectedo thatbasestationexceedslO,
we identify thebuilding belongingto thatcell with theharshest
shadaving andpathloss;

» step2: We generatea new instanceof the multipathfading
for this building, thatcorrespondso re-engineeringxtremely
disadantagedsites;

« step3: If the new propagatiorconditionsdeterminethe as-
signmentof the building to anotherbasestation,we keepon
with thenormalassignmenprocedureptherwisesteps2 and3
arerepeatedt mostk times(namelyk=8);

« step4: If wefail £ timesin assigninghe building to another
basestation, the new building is deniedserviceandreplaced
with anotherone.

The baselineparametergsonsideredareasfollows: channel
symbolrate R, = 9.6 Mcps, speechinformationrate R, = 32
Kbps,videoinformationrate R,, = 384 Kbps, errorcorrection



coderate 1/2, delay spread0.5 us, correspondingo L = 5
channelsymbols, SIR thresholdcorrespondingo a bit error
rateafter decodingof 10~3.

The consideredobjective values of connectionblocking
probabilityarein therange10—3 to 10~ 2.

The ratio betweenchannelrate and information rate for
video connectionss R./R, ~ 25, andwe keepthat asthe
spreadinggain of the spreadspectrummodulation. However,
afterencodingthe bit rate producedby a video sourceis dou-
bled. In orderto avoid having a too low processingyain, we
keepit at 25, but on averagewe have two video paclets per
slot (this canbe doneby usingtwo codesin parallel). With a
processinggain of 25, an encodedvoice connectionproduces
a chip rateof 32 Kbps x2 x 25 = 1.6 Mcps, i.e., about1/6
of the available bandwidth. We thereforeervision a slotted
CDMA systemwith six time slots per frame, wherein each
frame we have 2 paclets per time slot per video connection
andonepacletin oneof thesix time slotspervoice call (possi-
bly lessif speechactivity detectionis used). Theactuallength
of the frameis 20 ms, sothat eachvoice paclet carries20 ms
of speechwhereasachvideopacletcarries20/12 ~ 1.67 ms
of video.

Thetraffic parametershatwe usedaresummarizedn Table
I, while the main testbedsimulationparametersre listed in
Tablell.

A. Resultfor CBRWiceand Video

The two-dimensionakapacityregionsfor CBR are plotted
in Fig. 21. Plotsarefor the uplink direction, single antenna

1The resultswere obtainedby running simulationsas long as requiredto
obsere 2 - 105 connections.

TABLE |
TRAFFIC PARAMETERS USED FOR CBR TRAFFIC SOURCES
| Parameter | Value |
FrameDuration 20ms
SpeectModel CBR
R, 32Kbps
SpeecBER 1073
VideoModel CBR
R, 384Kbps
VideoBER 103
TABLE Il
SIMULATION TESTBED
Bandwidth 9.6 MHz
Modulation BPSK
Spreadingzain 250r50
Time SlotsPerFrame 6or3
ChanneDelaySpread| 0.5us,1 us
Numberof Cells 64
BuildingsPerCell 100r15
SectorgerCell lor3

reception,andfor the elaborateadmissioncontrol rule based
on interferenceests. The four curvesplottedarethe capacity
regions correspondingo blocking probabilitiesof 10~3 and
10~2 for speechandvideo. It is seenthatthe capacityregions
correspondingo 0.01 blocking for video and 0.001 blocking
for speechare close, giving a balanceddesign. On the other
hand,if wewanted0.001blockingfor bothtraffic classesthen
video would imposea much stricter requirementso that one
would probablyhave to implementsomemechanisnto give it

higherpriority in orderto avoid inefficient situations.

It is interestingto seethat the generalbehaior of the ca-
pacityregionboundariexanbe approximatedy straightlines
in mostcasessothata goodindicationof the capacityregion
couldbedeterminedy consideringhetwo classedn isolation,
andby joining thetwo pointssoobtained.

Notethatblockingrequirementsf 0.001and0.01for speech
andvideo, respectiely, allow admissionof an equivalentEr-
langload A referredto speechtraffic (i.e., computedby sum-
ming speechload and 12xvideo loacf) between30 and 50,
leadingto an averageload of aboutA x 32 kbps/10 Mcps~
10 — 15%, whichis consistentvith previously reportedresults
for cellular CDMA.

Anotherinterestingpointis thelargeincreasen the capacity
obtainedby relaxingthe speectblocking objective from 0.001
to 0.01(note,however, thatthis requiresthe objective for video
to berelaxedaccordingly).

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

21t canbe arguedthatif a trafiic classenjoys a QoSwhich is much better
thanrequired someineficieng is presenin the systemdesign.

3Note however thatthe resultsshav thatoneErlangof videotrafiic weighs
a little morethat 12 Erlangof speechraffic, dueto differencedn granularity
andmultiplexing efficiengy.
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Fig. 4. Downlink capacityregion for CBR traffic with buildings uniformly
distributed.

suffer from a congestedsituation sincethe numberof build-
ingsattachedo eachcell site mayvary significantly It is clear
that the cell with a larger numberof building will operatein
overloadandwill contribute a large numberof blocked con-
nections,therebybiasing negatively the overall performance.
Fig. 3 shaws theresultsfor the scenariowith a constannum-
berof buildingspercell (namelyequalto 10). It is seerthatthe
overall performancas significantlyimproved.

Fig. 4 shows the downlink capacitycurves for a scenario
with buildings uniformly distributedall over the servicearea.
As alreadymentionedwe assumeno power controlhere.Pre-
cisemodelingof the dynamicschemesisedin practiceseems

Speech Load per Cell (in Erlangs)

Fig.5. Uplink capacityregionfor CBRtraffic, buildingsuniformly distributed,
and spreadinggain (V) equalto 25 and50. (QoS metrics: connection
blocking probability equalto 10~3 and10~2 for voice andvideo traffic,
respectiely.)

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

As to the issueof codeorthogonality we note the follow-
ing. In aperfectlyflat channelthe symbolshapes 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-
nelis frequeng selectve, orthogonalityis not preseredat the
recever, and residualinterferenceis still present. However,
the main pathsof the uplink transmissionriginatedfrom the
samebuilding arein phaseandthereforeorthogonalthe same
benefitholdsfor the downlink signalstransmittedby the base
station.

A.1 Varyingthe Valuesof the Parameters

Simulation resultswith a spreadinggain equalto 50 are
shavnin Fig. 5 andcomparedo the casein which the spread-
ing gainis equalto 25. Usersare uniformly distributedin the
serviceareaanda codingrateequalto 1/2 is used.As canbe
clearly seen,usinga spreadinggain equalto 50 a smallerca-
pacity is achieved. The performancelegradationis dueto the
factthat, doublingthe spreadinggain, the numberof temporal
slotsin eachframeis halved; thus, usersare aggreyatedin 3
temporalslotsandthereis lessroomfor segregatingmutually
interferingbuildings. As expectedthe resultssuggesthatthe
slottedCDMA schemebutperformgpureCDMA.

Then,thesystenperformancevhenthedelayspreadstaken
equalto 1.0 us anda constannumberof userspercell is con-
sideredis investigated.Fig. 6 shawvs that performancesignifi-
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Fig. 6. Uplink capacityregion for CBR traffic, a constanhumberof buildings
percell equalto 10,anddelayspreacequalto 0.5and1.0 us. (QoSmetrics:
connectionblocking probability equalto 10—3 and 10~2 for voice and
videotraffic, respectiely.)

cantlyimprovesasthedelayspreadyrows. Indeed we assumed
theuseof aperfectRAKE recever. Theintendedusersignalat
the basestationbecomestrongerasthe numberof raysarriv-
ing atthebasestationincreaseswhereagheinterferencerows
by a smallerfactorthanksto the orthogonalitypropertyof the
codevords.

A.2 Cell SectorizatiorandDirective Antennas

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 basestations
antenngi.e., the antennagain versusthe directionof arrival)
is givenby

ifalgegag

1
A0) = { 0 otherwise

1)
Detailsonthepropagatioomodeladoptedor cell sectorization
canbefoundin [11].

Theresultspresentedh Fig. 7 wereobtainedor oi; = —60°,
ay = +60°, andby consideringheanglesof arrival of thescat-
teredsignalsrangingbetween-15° to +15° with respecto the
userdline of sight. The systemis ableto supportanamountof
traffic load thatis slightly lessthanthreetimesthe load sup-
ported without sectorization. Indeed,a building locatedin a
sectormay affect alsothe neighboringsectors,so that the to-
tal interferencea userexperiencexannot be scaleddown by
exactly afactorof 3.

Fig. 7 alsoshaws the capacityregion obtainedfor both cell
sectorizationand directive antennasat the remoteterminals.
Theuserantenndbeamwidthis assumeequalto 30°. We con-
siderthatall thesectorghatarelocatedinsidetheareacovered
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Fig. 7. Capacityregionfor CBRtraffic, cell sectorizationanda constannum-
berof buildingspersectorequalto 5. Theuplink is comparedo the down-
link capacityandto the uplink capacityobtainedwhendirective antennas
areusedin additionto sectorization.(QoS metrics: connectionblocking
probability equalto 10=3 and10~2 for voice and video traffic, respec-
tively.)

by the antennébeamof the userreceive thewholeinterference
power, while the sectordocatedoutsidereceve a interference
power scaleddown by afactorequalto 8.

Although more extensive simulationsshouldbe run in this
casefor variousvaluesof the scalingfactor thederivedresults
give an insight into the significantimprovementsthat can be
obtainedby usingdirective antennas.

V. VBR TRAFFIC MODEL
A. Traffic Souces

In thesecondpartof this paperwe focuson VBR (Variable
Bit Rate)traffic. Speechwith silenceactiity detectionand
paclet datasourcesareconsidered ON-OFFmodelsareused
for both speechanddatacalls. As in the caseof CBR traffic,
the two traffic classesharethe samebandwidth. We wish to
determineghe numberof sourceshatmaybe admittedpercell
sothatcertainQuality-of-Servic QoS)objectvesaremet.

In the CBR case anadmittedcall wasguarantee@rror-free
transmissioror its durationandthe QoSmetricof interestwas
theblocking probabilityfor a newly admittedcall. In the VBR
case,dataand speechtraffic sourcesgeneratepaclets during
ON periodsandaresilentduringOFFperiodsthus,established
calls are alternatyely active or silent and acceptablénterfer
encelevels at the recever mustbe statisticallysatisfied. Fur-
ther, datapaclketsmay be retransmittedn the caseof a trans-
missionfailure. Therefore,it becomesmportantto evaluate
thedatamessagelelay wherea messagés definedasthe data
unit composedf the paclets generatediuring the sameON
period.

We selectedhe following QoSmetricsat the network level:



i) the probabilitythata speectpaclketbelongingto anadmitted
connections lostdueto excessve interferenceattherecever;
ii) the delay experiencedby a datamessagealueto delayin
accessinghe channel bacloff causedby transmissiorerrors,
andretransmissiondii) the datapacletlossprobabilitydueto
gueueoverflow atthe transmitter

The admissionpolicy is to allow a certainmaximumnum-
ber of speectanddatacallsto be admittedpercell. Thus,in a
simulationrun, afixednumberof speeclanddataconnections,
denotedby Ny and Ny respectiely, areactive persector The
probability thata pacletis in error, averagedover all connec-
tionsin the speechtraffic class,maythenbe found asa func-
tion of Ny and Ng. Similarly, we computethe delay statistics
andthelossprobability for datatraffic. Basedon thetolerable
valuesof the QoS criteria for both speechand data, capacity
regions are determinedin termsof N, and N;. The plot of
the systemperformances a threedimensionakurface. A ca-
pacity region is the intersectionof this surfacewith the plane
correspondingdo a giventarget metric value. Similarly to the
CBR casetheactualcapacityregionwill betheintersectiorof
severalcapacityregionscorrespondingo the differentmetrics.

In the next subsectiorwe explain thetraffic modelsusedfor
speectanddataconnection Later, the accesschemeusedfor
reservingandallocatingtransmissiorslotsfor bothspeectand
datacallsis explained.

B. Speeb andTraffic Models

For this secondstudy speechanddatasourcesaremodeled
asON-OFFMarkov sources Speecttraffic hasanaveragein-
formationrate R;=6.67Kbps. A speecltsourceis modeledas
a discrete-timeON-OFF Markov processwith time granular
ity equalto the duration of one frame (20 ms). As long as
the sourceis in the ON state,one paclet is generatedevery
time frame,whereaso pacletsaregeneratedluring OFFperi-
ods.Theaveragedurationsof ON andOFFperiodsareequalto
T{¥=1s(50time frames)andT(f]f)leAs (70time frames) re-
spectvely. Whenactive, aspeechsourcegeneratemformation
atarateof 16 Kbps.

A similar discrete-timeON-OFFMarkov processs usedto
modeldatatraffic. A datasourceis characterizedy an aver-
ageinformationrate R4 (in thesesimulationswe choseR,; =
153.6 Kbps), the ratio of the averageinformationrate to the
peakinformationratedenotedy a4 (two valueswereused:0.1
and0.2), andan averagemessagdength Ly (we choseL, =
1 Mbit). Thus, the associatedDN-OFF Markov processhas

Ti=(Lg-0a)/Ra sandTo(;‘f}= [(1—ag)-Lq]/Rq s. Datapack-
etsgeneratediuringthe sameON periodform amessge. If a
useris notenabledo transmit,packetsarequeuedn abuffer of
sizeequalto QueueSizeWheneer a users queueoverflows,
all the queuedpaclets belongingto the currentmessagere
clearedrom thequeuesary furtherpacletsof theclearedmes-
sagearediscarded.

Thetamgetvaluesfor the QoS metricsareasfollows: i) the

paclet and messagédoss probabilitiesshouldbe lessthan or

equalto 10~2 for bothspeechanddatatraffic; ii) delayspecifi-
cationsmay changeaccordingo theaveragelengthof thedata
messageacceptablalelaysare usually of the orderof 2 to 3
timesthe averagemessagéransmissiorduration.We consider
acceptableveragedelaysof 0.5 sandl s.

Thetraffic parametershatwe usedarelistedin Tablelll.

TABLE Ill
TRAFFIC PARAMETERS USED FOR VBR TRAFFIC SOURCES
| Parameter | Value
FrameDuration 20ms
Spreadingsain 25
Time SlotsPerFrame 12
SpeechModel ON-OFFMarkov
R, 6.67Kbps
Ratein ON State 16 Kbps
T 1s
'%, 1.4s
SpeectBER 1073
DataModel ON-OFFMarkov
Ry 153.6Kbps
Ly 1 Mbit
Qg 0.10r0.2
T (Lq - aq)/Rq
TS [(1— aa) - La]/Ra
DataBER 10-5

C. Multiple Accesdor IntegratedTraffic

When sereral data connectionsare simultaneouslyactive,
a MAC protocol should select which sourcesare allowed
to transmit. Two important aspectsof any MAC protocol
are channelaccessequestghrougha signalingmediumand
schedulind7], [13], [14]. We considetthatthe problemof ac-
cessto the signalingchannelis solved andwe assumehatthe
basestationhasknowledgeof any transmissiorrequestfrom
ary datasourcein its cell. Furthermoresinceour aim is to
calculatethe evolution of the capacityof the systemwhensys-
temparameterarechangedindsinceall themetricsof interest
areaveragegymeanmessagelelayand meanpaclet loss), we
disregardthe problemof fairnessin schedulingby increasing
the sizeof the queuesat eachsourceandby doinground-robin
polling of thetransmittingsources.

A certainnumberof slotsis available for transmissionn
eachframe,a speecttonnectiortransmissiomequiresoneslot
per frame and a data paclet transmissionrequiresa known
numberof codesduringoneframein CDMA. Speectslotsare
allocatedat the beginning of a simulationrun andare not re-
leasedhroughouthatrun;thespeecHhoadis evenlydistributed
amongthe time slots of a slotted CDMA frame. The coding
rateis equalto 1/2, andfor slotted CDMA the spreadinggain
is 25. Sincethe speechbit rateis 16 Kbps, the durationof a
voicetransmissiorslotis reducedoy a factorof 2 with respect
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Fig. 8. MAC protocolflow chartfor a basestation.

to thevoicemodelpresentedh sectionlll. In slottedCDMA, a
frameis 12 time slotslong andupto C simultaneousgransmis-
sionsusingdifferentcodevordsmay be allocatedat eachtime
slot. This numberC' is notknown a priori andvariesaccording
to interferenceconditions.

A MAC protocolis definedin orderto sharethe remain-
ing bandwidthbetweenthe active dataconnectiongi.e., data
sourcewith pacletsto transmit).A flow chartof thealgorithm
governinga basestationis shaovn in Fig. 8.

We assumethat the basestationdoesnot allow more than
M, simultaneouglatapacket transmissioner frame, where
M is the maximumnumberof simultaneouslatapacketsthat
may be successfullytransmittedwithin a cell whenno inter-
cell interferencds present.Whena dataconnectiorbecomes
active,anunspecifieddeal notificationmechanismotifiesthe
basestationthatthe sourcehaspacketsto transmit.At thebase
stationthetransmissiomequesis placedin a FIFO queuethat
keepstrack of all userswaiting to transmit. The basestation
updatesa maximumnumberof allowabledatatransmissiorpa-
rameter;this parameteis alwayslessthanor equalto M. As
soonasenougtresourcebecomeavailableontheairinterface,
thefirst userin thequeusds allowedto transmit.In our casethe
peaktransmissiorrateallows a datauserto transmitonedata
paclet per frame (recall thata userin ON stategenerate®ne

paclet per frame). Thus,the numberof codesandtime slots
per framerequiredto transmita datapacletis determinecoy
the peakuserdatageneratiorrate. The userholdstheresened
codevordsandslotsuntil eitherits queuebecomesmptyor it
hasto bacloff dueto a paclketfailure.

A bacloff stratey is usedto reducepacletlossesaandexces-
sive interference.Wheneer a datapaclet transmissiorfails,
the basestation choosesat randoma datauseramongthose
that experienceda paclet loss and forcesit to bacloff for a
time interval equalto half To(ﬁ) (BadkoffPeriod). At the same
time, the basestationreducesy oneits currentnumberof al-
lowable simultaneousiatatransmissionsnd setsits bacloff
counterto BadkoffPeriod. Oncetheusers bacloff periodends,
the datauserdecideswith probability RetmansPto requesper
missionto transmitfrom the basestationandwith probability
(1-RetransB to backoff again. Oncethe basestations Bad-
offPeriod expires,the basestationincrease®y onethe number
of allowabledataconnectionsvhene&/er no datafailuresoccur,
until the maximumnumberof dataconnectionperframe, My,
is reached.

Note that in generalthe target BER for datatransmissions
will be lower thanthat of speechtransmissionsAccordingly,
thetargetSIR for speechransmissionsvill belower thanthat
of datatransmissionsSinceour power controlschemensures
the receptionof all concurrenttransmissionsat the sameSIR
level on the uplink, datatransmissiongnay fail while speech
transmissionssucceed. Thus, even when the media access
algorithm is probing for additional bandwidthby increasing
the numberof datatransmissionsspeecttallswill experience
lower paclettransmissiorfailuresthandatacalls.

The parametersisedin the MAC protocolarethefollowing:
M, equalto 2 for ag = 0.1 and4 for ag = 0.2 (i.e., at most

16 codesmay be usedfor datatraffic); Bad<offPeri0d:T(§;f) /2;
RetansP=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 always considercell sectorization.A constantnumberof
buildings per sectoris obtainedby following the algorithmde-
scribedin sectionlV (5 buildingspersectoiin our simulations).
Thenumberof speeclanddataconnectionpersectorareinput
parameterso the simulation.

Resultswereobtainedfor botha delayspreadof 0.5 us and
1 ps (L=5 and 10, respectiely), and a peakto averageratio
(1/aq) equalto 5 and 10. Thusfour setsof resultswere ob-
tained. The averagedatarateis constantat R; = 153.6 Kbps
andthe averagemessagéengthis always1 Mbit. Both speech
anddataconnectiong@reinitiatedatthe beginningof the simu-
lation, andremainin existencefor theall durationof the simu-
lationrun.

Theapertureof thebasestationantennas setto 120°, while
the anglesof arrival of the scatteredsignalsrange between



—15° to +15° relative to the userline of sight. The spread-
ing gainis N.=25,andacodingrateequalto 1/2 is used.The
targetbit error probabilitiesare 10~2 for speechand10~° for
data. Thus,accordingto [15] we have a codinggain equalto
3.8 dB and 5.1 dB for speechand datarespectiely, and the
requiredSIR valuesare 0 dB for speechand 1.5 dB for data.
The buffer size at the datasourceds taken equalto 7.68 Mb;
therefore QueueSizés equalto 250 pacletsfor ag = 0.1 and
to 500 pacletsfor ag = 0.2.

Speechconnectionswere distributed uniformly amongthe
time slots. The MA C protocol(introducedn sectionV-C) was
devisedto manageheallocationof channefresourceso active
dataconnections.Cell sectorizationwith 120° wasassumed,
with omnidirectionaluserantennas.

Our resultsassumehat acceptablevaluesfor the quality of
serviceparameterare: 102 for theaveragepacket drop prob-
ability for speech(.5 sto 1 sfor theaveragemessageéelayand
102 for the averagedatapaclet lossprobability. The capacity
regionis thereforeboundedby severalconstraintcurves.

For a peakrate of 1.536 Mbps (ag = 0.1) anda channel
delayspreadof 0.5 i s, the behaior of the QoS metricsis il-
lustratedin Fig. 9. Theconstraintturvesthatboundthe capac-
ity regionin Fig. 10 areobtainedby inspectionfrom the plots
in Fig. 9. For atargetaveragemessge delayof 0.5 s, 7 data
connectionsnay be admittedwhenno speectconnectionare
present. Whenonly a small numberof speechconnectionss
admitted,datacapacityis limited to about4 dataconnections
becausef speeb padket losses Whenthe numberof speech
connectionss increasedrom 60 to 80, data padet lossesde-
creasdahe acceptablenumberof dataconnectiondgrom 3 to 1.
Finally, 190 speecttonnectionsnaybeacceptedn theabsence
of ary datatraffic.

In Fig. 11thetwo dimensionalplink capacityregionis plot-
tedfor thefour casestudiedcombiningthe peakratevaluesof
1.536 Mbps and 768 Kbps with the delayspreadof 0.5 and1
us. In addition, the downlink capacityregion for a peakrate
equalto 1.536 anda delayspreadequalto 1 usis plotted.

In the caseof delayspreadequalto 0.5 us, if we reducethe
peakratefrom 1.536 Mbpsto 768 Kbps, fewer speectpaclet
lossesare encounterednd capacityhasa morelinear shape:
capacitydecrease$rom 6 dataconnectionsvhenno speech
connectionsare present,down to 1 dataconnectionwhen 90
speechconnectionsare present. The capacitycurve is shaped
by the constrainton data padet losseswhenno datatraffic is
present190 speecttonnectionsnaybeacceptedA lowerdata
peakrate makes the speechpaclet loss probability decrease
sincefewer channelaccessattemptsoccur Onthe otherhand,
a higherpeakrate meanghatthe channelconditionsaremore
variableandthusbadchannetonditionsareashortertime phe-
nomenonSincelargequeuesarepresentandthe averagemes-
sagesizeis constantat the sameoperatingpoint (N4, Ns), the
datapacletlossprobabilityis higherfor alower peakrate.

For the capacityregionsobtainedwith a delayspreadequal
to 1 us, the sametrendsobsened earlierfor a delay spreadof
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z2z2z2z2z2zZ22ZZZZ
[ T T T [ R VR T TR TR TR T}

0= 0T 0T 0T 0T 0T 0T 0T 0 0w

10 12

o

H

°,
T

o

o

© N BN
O N © B~

Data Packet Loss Probability

,_\

e,
T
*

z22Z22Z2Z2Z22ZZ2ZZZ
(L T T T I A | R TR VR T

L Y A )

10"

o
N
IS
o
-3

10 12

w

N= 0
N_= 24
o s
25l A N = 48 i
N =72
o N, = 96
5 N, =120
2r . N, =144
N, =160
N N, = 180
g5t 5 NS =250
o =
i R N, =270
<
g
=

Fig. 9. Uplink QoS:SpeecHossprobability datapaclet lossprobability and
messagelelay Delay spreadequalto 0.5 us and peakdatarate equalto
1.536Mbps.

0.5 us areagainapparentThe capacityin termsof theaverage
message@elayconstraintss only slightly improved. For exam-
ple, for a peakdatarateof 1.536 Mbps,if 72 speeclcallsare
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Fig. 11. Capacityregion for voice and datatraffic asthe peakrate andthe
delayspreadvary.

admitted: only 1 datacall may be admittedwhenthe channel
time delayspreads equalto 0.5 s, while 4 datacalls maybe
admittedwhenthe channetime delayspreads equalto 1 us.

For the downlink capacitycurve, we note that a capacity
comparableo the correspondingiplink caseis achieved.

To summarizethe resultsthat we obtainedare betterfor a
longerdelayspreadecausef thebetterdiversityattheperfect
RAKE recever. A lower peakratemeanghatwhenactive,the
dataconnectionremainsactive for a longerdurationresulting
in fewer accessattemptsbut longertransmissiortime. Thus,
the speechpaclet drop probability is smallerfor smallerpeak
rates.Ontheotherhand for ahigherpeakratedatasourceex-

periencefewer packet lossesandthereforecapacityincreases.

Theaveragemessageéelayis almostthesameregardlesof the
peakrate.

VIlI. CONCLUSIONS

In this paper a framework for simulatingwirelesssystems
wasdevelopedto evaluatethe capacityof slottedCDMA WLL
systems.Using this simulationtool, we studiedthe impact of
variouservironmentandsystenparametersnthenetwork ca-
pacity Themajorlessondearnedfrom this effort canbe sum-
marizedasfollows: i) usersin abadlocationcangreatlyaffect
the averageresults thuscarefulplanningof the systemis nec-
essary;ii) the useof sectorizatioranddirective antennasig-
nificantly improvessystemperformanceiii) in slottedCDMA
capacityincreasesvhenthe spreadinggainis reducedandthe
numberof time slotsper frameis increasediv) a higherpeak
to averageratio in datasourcescausedettermultiplexing on
theuplink andthereforeincreaseshe capacity
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