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Abstract

In this paper we considerspeechraffic, circuit-switcheddata(CSD)andpaclet-
switcheddata(PSD)in theUMTS TerrestrialRadioAccesNetwork (UTRAN). The
focusis onthesinglelow-bandwidthlink thatinterconnectshe RadioNetwork Con-
troller (RNC) andthe basestation(Node B). We shav that all traffic on this link
hasreal-time characteristics.But we take adwantageof the upperlayer protocols
and formulate suitablequality of service(QoS) criteria that lead to two different
transportserviceclassegTSC): A stringentTSC for speechraffic andCSD,anda
tolerantTSCfor PSD.The RNC transmitspacletsfrom both TSCsvia a singlelow-
bandwidthlink to theNodeB. Sincetransmissiorcapacityon thisinterfaceis a seri-
ouscostfactorin theUTRAN, thelink utilization shouldbe optimizedwhile respect-
ing the QoSrequirement®f both TSCs.We proposea modifiedversion(MEDF) of
the EarliestDeadlineFirst (EDF) algorithmfor thattask. It is easyto implementand
doesnot requirethe knowledgeof the traffic mix to setits parametersThe simula-
tion resultsshaw its superiorityover FIFO, StaticPriority (SP),andWeightedRound
Robin(WRR) scheduling.Theanalysisof thewaiting time distribution explainswhy
MEDF is betterthanthe otherschedulingstratgies.

Keywords: UMTS, QoS, Multiplexing, EDF, WRR, and SP Scheduling,Performance
Evaluation, ATM, AAL2

1 Intr oduction

Third generatiormobile systemdik e the UniversalMobile TelecommunicatiorBystem
(UMTS) aredesignedo provide a wide rangeof servicesand applicationsto a mobile
user Thesupportof higheruserbitratesis mostlik ely the bestknown featureof UMTS.
Furthermorethe provision of anappropriatequality of service(QoS)will be oneof the
key success$actorsfor UMTS. A mobileusergetsaccesso UMTS throughthe WCDMA



basedJMTS TerrestrialRadioAccessNetwork (UTRAN). A basestation(NodeB) ter-
minatesthe level 1 air interfaceandforwardsthe (uplink) traffic to RadioNetwork Con-
troller (RNC). The RNC is responsiblgor the radio resourcemanagemenfRRM) and
controlsall the radio resourcesvithin its partof the UTRAN (cf. Figurel). The RNC
is the key interfacepartnerfor the mobile userequipmen{UE) andtheinterfacingentity
towardsthe corenetwork (via UMSC andSGSN).Within the UTRAN, the Asynchronous
TransfeMode (ATM) is usedasthemaintransportechnologyfor terrestrialinterconnec-
tion of the UTRAN nodes(RNC, NodeB)[1]. Thetransportover IP technologyis also
foreseerfor futurerelease$ut it is notwithin the scopeof thisdocument.
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Figurel: Thearchitectureof the UMTS.

This paperfocuseson thelub interface,i. e.,theinterfacebetweerRNC andNodeB.
Fromaterrestriakransporinetwork point of view this interfaceis themostcritical. Along
with the extensionof the UTRAN to a more and more rural coverage,the bandwidth
betweenRNC and a Node B becomedimited and expensve. Therefore,Node B and
RNC mustbe enabledo usethe limited transmissiorresourcego a maximumpossible
amount.

This work is structuredasfollows. In Section2, we describethe architecturdan the
UTRAN in moredetailandpoint out the requirementgor the transportof userdata. We
definetwo differentreal-timetransportserviceclasse§TSCs)to differentiateheusertraf-
fic onthetransmissiorink betweenRNC andNodeB. In Section3, we discussvarious
schedulingalternatvesfor thetraffic handlingonthelub interfaceandproposehe”Mod-
ified EarliestDeadlineFirst” (MEDF) algorithm. Section4 illustratesthe performance
of the consideredschedulingvariantsandshaws the superiorityof the MEDF scheduler
Section5 concludeghis work with a shortsummaryandanoutlookon furtherresearch.



2 TransmissionRequirementsin the UTRAN

3GPPhasdefinedfour differentusertraffic classedor UMTS [2]: the corversational,
streamingjnteractve andthebackgrounalass.Conversationahndstreamingaremainly
intendedfor real-timeapplications(voice, video, circuit-switcheddata)whereaghe in-
teractve andthe backgroundclassare foreseenfor Internetapplications(e. g. e-mail,
web browsing). In this paperwe concentraten threetypical UMTS applications:Voice
(aboutl2.2kbit/s), circuit switcheddata(CSD, 64 kbit/s) andpaclet-switcheddata(PSD,
64 kbit/s). CSDrepresentshe UMTS corversationaland streamingservicesexceptfor
voicewhichis handledseparatelyPSDis arepresentatie for interactve andbackground
services. For the transportbetweenthe RNC andthe UE, eachusertraffic flow is pro-
tectedby the RadioLink Control (RLC) layer. It providesretransmissiomrcapabilitiesat
leastfor thebackgroundandinteractve servicedPSD).This allowsfor thedifferentiation
of traffic flows on lub regardingtheir QoSrequirements.

As outlinedabove, the RNC controlsand assignghe radio resources.The Medium
AccessControl (MAC) in the RNC scheduleghe traffic to the UEs for the air interface
dependingon the usertraffic class,RF interferencepower control efficiency, soft han-
dover synchronizationandothers.As a consequencef this sophisticateaadioresource
control, air interfaceresourcesreresered for the traffic beforeits transmissiorat the
lub interfaceand cannotbe usedby othertraffic. Datalossandexcessve delayin the
wireline transportietwork resultin a wasteof radio resource®r capacity Thereforeall
traffic scheduledor the air interfaceor recevedfrom the air interfacehasreal-timeQoS
requirements.

For thepurposeof air interfacetraffic schedulingthe MA C controlsthecharacteristics
of the traffic, i. e. transmissiortime interval (TTI) andthe amountof userdatato be
sent. The TTI determineghe time betweentwo consecutre userdatablocks that may
be senton the air interface. Eachusertraffic stream(voice, video, data)is carriedby a
so-calledDedicatedTransportChanne(DCH) betweerRNC andNodeB andthe Frame
Protocol(FP) providesfor adaptationgrrordetection(optional),andexchangeof control
informationfor eachDCH. The DCH traffic streams handedverfrom theFPlayerto the
TransportNetwork Layer (TNL) in the form of FP PDUs. Dueto the MAC scheduling,
theFPPDUsarrive periodicallyanda FPPDU carriestheamountof usertraffic to besent
ontheair interfacefor oneTTI (cf. Figure2).

As mentionedbefore, ATM constituteghe currentTNL technologyin the UTRAN.
The ATM AdaptationLayerType 2 (AAL2) [3, 4] is appliedto make the transmissiorof
low-bitratereal-timetraffic moreefficient over ATM virtual channelconnectiongVCC)
[5]. TheAAL2 sggmentghe FPPDUsinto AAL2 paclkets(CPSSDUSs)of upto 45 octets
in length. EachDCH traffic streamis mappedo a periodicAAL2 paclet streamthatis
transportednanAAL2 connectiorthroughthe ATM network. CPSSDUsarenotplaced
one-to-ondnto ATM cells but back-to-backasa continuousstream.This avoids unused
payloadin ATM cellsif AAL2 pacletsaretoo smallto completethe payloadof anATM
cell (48 bytes). Up to 248 AAL2 connectioncanbe multiplexedby into an AAL2 path
which correspondso anATM VCC.

Thetransmissiotinks onthelub arecostlyandlimited in bandwidth.Low bandwidth
inducesconsiderablalelay for the transportof the FP PDUsfrom RNC to NodeB and
vice versa.The delaymay be furtherincreasedy the bursty natureof the AAL2 paclet



stream especiallyif the TTI of a higherbitrate DCH is long [6]. Excessie delayof FP
PDUsviolatestheir real-timerequirementandresultsin poorusageof the air interface
resourcesThedelay which refersto the whole FP PDU transmissiortime andnot only
to asingleAAL2 paclet, mustbe bounded.
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Figure2: lub traffic handlingin the RNC.

On the one hand,FP pacletsdemandfor low lateng on the lub link. On the other
hand, a high utilization of the limited capacityis also an important objectve in the
UTRAN. We resole this conflict by relaxing the delay requirementdor the real-time
transporton lub. We do not guarantee maximumdelayfor FP pacletsbut expectthat
mostof thetraffic arrivesatthe NodeB within a givendelaybudget(DB). We postulate
thisfor 99.99%0f the CSDandspeechraffic. PSDcantoleratea higherlossratebecause
this traffic is protectedby the RLC retransmissiortapabilities,so the 99% quantile of
their waiting time mustnot exceedthe DB. Hence we have two differentreal-timeTCSs
with stringentandtolerantQoS.Theobjective for themultiplexing of AAL2 traffic onthe
lubis to find a simpleandintelligentschedulingalgorithmthatmaximizesthe utilization
of thelink while respectingheQoSrequirementsf thereal-timetraffic types[7, 8]. Note
thatthe actualproblemis not ATM specificandoccursin IP networks,too.

3 SchedulingAlter nativeson a Single Link

To accomplishthe above statedtask, we considerseveral well known schedulingalgo-
rithmsandproposea modifiedversionof EDF.

3.1 FIFO Scheduling

First-in-First-Out(FIFO) is probablythe simplestqueuingstratey: all pacletsarestored
in asinglequeuen theorderof their arrival andaresenedsequentiallyregardlesavhich
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QoSrequirementshey have. Thisis simpleto implementbut no servicedifferentiationis
possibleand,therefore no advantagecanbetakenfrom thelower QoSdemandf tolerant
traffic in orderto increasehelink utilization.

3.2 SPScheduling

A simple queuingstratayy for servicedifferentiationis Static Priority (SP) scheduling.
Packets are assignedifferentpriorities andfor every priority TSC a FIFO queueis set
up. The queueswith higherpriorities are sened exhaustvely beforequeueswith lower
priority. This canleadto substantiaueuingdelayfor the pacletsof thelower TSCs.In
particular the tail of the waiting time distribution canbe non-eponential[9] becausea
majority of high priority traffic candelaylow priority traffic extensvely. Sincethisis not
acceptablen the above sketchedscenario, SP schedulings not a good solutionfor the
lub interface.

3.3 WRR Scheduling

GeneralizedProcessoSharing(GPS)shareghe capacityof a sener accordingto given
weightsamongdifferentfluid queues.The traffic mix hasto be known in the scheduler
andawrong parametesettingfor the clientscanhave detrimentaleffect. WeightedFair
Queuing(WFQ)[10] isthe GPSversionfor pacletorientednetworks. In [11] aprocedure
is found to setthe weightsof WFQ to provide variousqueueswith differentbounded
delayservice.WFQ actslik e atraffic spaceiif low-bitratestreamsaretransportedvithin
alargerpipe,i.e. thepacletdelayis largeif thedataareburstyandif only themeanrateis
allocated.SinceWFQ is hardto implementin real-time[12], we choseWeightedRound
Robin(WRR) asa simpleapproximation RoundRobin (RR) takesturnsfor servicingits
gueuesandevery queuerecevesthe sameshareof bandwidth. With WRR, weightsare
assignedo the queuesandsomequeuescanbe sened morefrequentlyby prescribinga
servingcycle. The network capacityis sharedamongqueued and1 with a ratio of 2:1
by usingthe servingcycle 0-0-1. If a queuehasnothingto send,the next queuein the
cycleis sened.

3.4 EDF Scheduling

FPPDUscanafford a certaindelaybudgetfor thetransmissioroverthelub interface,i.e.
they have a deadline(due date)of DB time after their arrival in the RNC. This calls for

the EarliestDeadlineFirst (EDF) algorithm[13] thatscheduleshe pacletsaccordingto

ascendingleadlineslt is an optimal stratgy to maximizethe throughputwhile meeting
delay constraintg14]. However, hardware implementation®f EDF are complec [15]

becausesortingis required.At thelub interface,the delaybudgetis the samefor all FPs
and,therefore the EDF schedulingorderdoesnot differentiatefrom FIFO. Hence,EDF
doesnot provide ary servicedifferentiationamongdifferentTSCs.

3.5 MEDF - A Simple Algorithm for Sewice Differ entiation

The “Modified EarliestDeadlineFirst” (MEDF) algorithmis a modified versionof the
EDF. Thepacletsarestoredn n TSCspecificqueuesn aFIFOmanner They arestamped



with a modifieddeadlinewhich is their arrival time plus anoffset M;, 0 < i < n, that
is characteristidor eachTSC.The MEDF schedulechooseshe paclet with the earliest
duedateamongthe pacletsin thefront positionof all queuedor transmissionFor only
two TSCs,thisis thechoicebetweerntwo pacletsandunlikein EDF, sortingaccordingo
ascendingleadliness not required.Hence MEDF is simpleto implementin hardware.
The modified deadlineis primarily not anymore an indicator for the transmissiordate
of the paclet. The difference|M; — M,| betweentwo TSCs: andj is arelative delay
advantagethatinfluenceshe behaior of the scheduler This makesthe MEDF suitable
for the AAL2 mulitplexing onthelub interfaceanddistinguishest from thecorventional
EDF An analysisof asimilar conceptin the EDF schedulingcontext is givenin [16].

3.6 Comparison of the SchedulingAlter natives

Essentiallythe MEDF algorithmperformsa local reorderingwithin a FIFO queue.The
maximumdelay advantagebetweentwo queuesdetermineghe time interval in which

reorderingmay occur therefore,it mustbe smallerthanthe delaybudget. We illustrate
thebehaior of theMEDF andfor abetterunderstandingve substitutehe quantilesof the
waiting time simply by themeandelay In Figure3 the pacletscarrytheir uniquenumber
in the upperpartof their representatioandtheir arrival time in the lower part. The light

pacletshave high priority (TSCO0) andthe dark pacletshave low priority (TSC2). Both

arescheduledntoacommonlink.
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priority TSCs.

The schedulingdisciplinemay be FIFO, SR or MEDF schedulingandinfluenceshe
producedpaclet scheduleFigure4 shovstheresultsfor the proposedexample.For FIFO
andSPschedulingthelower partin the paclet representatiotells againthe arrival time
of the paclet. For MEDF schedulingwe usedM, = 0 andM; = 1 to setthe modified
deadlinewhich is denotedin the lower part. If two paclkets can be scheduledor the
sametime, the high priority paclet is privileged. From the time axis we caninfer the
transmissiorime of the paclets.



Tablel: Meandelayin time slotsfor FIFO, SR andMEDF scheduling.
FIFO Scheduling| SPSchedulingl MEDF Scheduling
Low Priority Traffic 1.50 3.25 2.75

High Priority Traffic 2.66 0.33 1.00

This leadsto the meandelay statisticsgivenin Table1l. We assumea delay budget
of 3 time slots. With FIFO schedulingthe delay budgetis metbut in this examplethe
meandelayfor high priority traffic is substantiallylargerthanfor low priority traffic. SP
schedulingexpediteshigh priority pacletsat the expenseof low priority packetswhose
meandelay exceedsthe delay budget. With MEDF both low and high priority traffic
fulfill thedelayrequirementaindthedelayfor high priority traffic is smallerthanfor low
priority traffic. Thisillustrationis only a motivationto understanavhy MEDF scheduling
is superiorto FIFO andSPschedulingin the next sectionwe underlinethis statemenby
simulationresultsin the UTRAN.

4 PerformanceTradeoffs for Packet Schedulingin the UTRAN

In this section,we investigatethe maximumlink utilization betweenthe RNC andthe
NodeBdependingon thetraffic mix andthe schedulingalgorithmin the RNC.

4.1 Simulation Setup

We simulatedan AAL2 path(ATM VCC) from the RNC to the NodeB. The minimum
transmissiorcapacityon the lub interfaceis typically £1 or 2 E1. Thebandwidthin our
simulationsis 1.5 E'1 (3.072Mbit/s). We take threeUMTS servicesnto account:AMR
speech(12.2kbit/s), CSD andPSD (64 kbit/s). For all threedatatypeswe choosea TTI
of 20ms,i. e. FPpacletsaresentperiodicallyevery TTI. All thetraffic typesareperiodic
with the sameTTl andsois thetraffic mix. As a consequencehe experiencedwaiting
time distribution is almostthe samein all TTls aslong asthetraffic doesnot change.To
obtainstatisticaldata,theperiodicalarrival patternof the pacletswithin aTTI is carefully
randomized.

Table2: AAL2 pacletlengthdistributionfor AMR voiceonthelub interface.
pacletlength[bytes] 6 11 38
probability 0.4754| 0.0728| 0.4518

FPpacletsfrom CSDandPSDaretoo largefor AAL2 transport.They aresegmented
andsentin burstsof 4 CPSSDUsfrom the RNC to the NodeB with altogetherl76 and
184 bytes, respectiely. For voice, we transformedepresentatie speechsampleq17]
usingan AMR vocoder[18] and capturedthe length distribution of the resultingCPS
SDUs(cf. Table?2). In addition,we alsomodelecthe correlationin the sizeof successie
speechframesof a single connectionby a Memory Markov Chain[19]. Both areused
for thesimulationof anindividual voicecall. Signalingandothercontrolandbackground
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traffic have only minorimpacton the purposeof our paperandarenot consideredn our
simulations. Like [6] we requirethe delay budgetto be 5 ms. The critical load is the
maximumlink utilization for which the QoS criteriaarestill met. It is the performance
objectivein ourinvestigation.A 3.072Mbit/s link cancarryat most48 connectionsvith
64 kbit/s which leadsto a coarsegranularityin the simulationresults.However, this lies
in the natureof the system.

100% 100%

c c

2 95% 1 S

B N

& 90% 7 & 959 WRR 16:4 .-/

S 85% 35 .

£ 80% £ oo% -

— 75% -

E 70% | E

E 5% | g 85%

5 oo 3 sp =t

S 0% s ~ TWRR 8:12

55% T T T T 1 80% T T T T 1
5:0 4:1 3:2 2:3 1:4 0:5 5:0 4:1 3:2 2:3 1:4 0:5

Traffic Mix Ratio CSD:PSD Traffic Mix Ratio Speech:PSD

Figure5: The performanceof FIFO, SP Figure6: The performanceof FIFO, SP

andWRR schedulingor differ- and WRR schedulingfor dif-
entweightsand CSD:PSDtraf- ferentweightsand speech:PSD
fic mixes. traffic mixes.

4.2 The Performanceof FIFO Scheduling

The schedulingstratgyieshave differentservicedifferentiationcapabilities. Theirimpact
is visible only for traffic mixes. For homogeneousraffic (only speechtraffic, CSD, or
PSD),the behaior of all mentionedschedulingalternatves becomed=1FO. The maxi-
mumlink utilization is significantlyhigherfor PSDtraffic thanfor CSD traffic (cf. Fig-
ure5) becausasmallerpercentileof thetraffic (99%for PSDinsteadof 99.99%for CSD)
hasto respecthe delaybudget. In contrasto CSD, voice packetsdo not arrive asburst.
ThereducedourstinessnducesshorterAAL2 multiplexerqueuesanddecreasethedelay
for voice. Therefore the critical loadis higherfor speechraffic thanfor PSDtraffic (cf.
Figure6) in spiteof the stricterdelaycriterion.

A FIFO schedulehandlesall traffic in the sameway and paclets from both TSCs
facethe samedelay statistics. Hence,the delay criterion for the stringentQoS traffic
limits the maximumlink utilization. As a consequenceahe FIFO schedulecannot take
advantageof large proportionsof tolerantPSDthat canafford anexceededelaybudget
more frequentlythan stringentQoS traffic. The performanceas only influencedby the
queuingpropertyof the traffic mix. CSD andPSDhave almostthe sameburstinessand
the CSD:PSDiraffic mix ratio hasonly little effectonthequeuingpropertiesof traffic (cf.
Figureb). Speechtraffic is lessburstythanCSD,andPSDtraffic andyieldsalargerlink
utilization (cf. traffic mix 5:0in Figure6) thanpureCSDtraffic. Theperformancef FIFO
schedulingdecreasewith anincreasingoroportionof bursty PSDin thespeech:PShraf-



fic mix. The queuingpropertiesof the traffic mixesalsoinfluencethe resultsfor other
schedulingstrategies.

4.3 The Performanceof SP Scheduling

SPschedulingprivilegeshigh priority data(stringentQoS)at the expenseof low priority
data(tolerantQoS). For large proportionsof PSDin the traffic mix, the critical load is
higherfor SPthanfor FIFO becausehe relaxed QoScriterionfor toleranttraffic canbe
exploited. However, for large proportionsof stringentQoStraffic in the traffic mix, the
performanceof SPis worsethanfor FIFO: The majority of stringenttraffic delaysthe
minority of toleranttraffic to suchan extentthat the relaxed QoS criterion for tolerant
datacanonly be metfor alower load.

4.4 The Performanceof WRR Scheduling

Suitableweightsmustbechoserfor theWRR schedulerA simpleapproachs to setthem
accordingo thetraffic mix. Thisworksfine for atraffic mix speech/CSD:PSD=4iut it

yieldseventheworstperformancdor atraffic mix of speech/CSD:PSD=2(8f. Figure5

andFigure6). Hence the WRR schedulers difficult to control. Theweights4:1 seemgo

beagoodcompromisdor all traffic mixesconsideredut otherweights(not givenin the
figures)yield abetterperformancédor somespecifictraffic mixes.Hence theinformation
aboutthetraffic mix mustbe propagatedo the schedulerotherwiseit cannotwork in an
optimalway. But if thisinformationcanbe propagatedpnecanalsoapplyacombination
of FIFO and SP schedulingsincethereis no traffic mix for which WRR is significantly
betterthanboth of them.
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4.5 The Performanceof MEDF Scheduling

The settingof the offset parameterinfluencethe MEDF algorithm. We chooseM, = 0
for the stringenttraffic andalter M, for toleranttraffic. It is obviousthat MEDF yields
the sameresultsas FIFO schedulingfor M; = M,. For M; > DB, MEDF schedul-
ing approximateSPscheduling:The modifieddeadlinesof stringentpacletsarealways
smallerthanthe modifieddeadlineof a tolerantpaclket unlessthis is late which happens
with a probability of at most10~2. In Figure7 the MEDF seemdo interpolatebetween
FIFO and SP schedulingfor differentvaluesof M; (M, = 0) for atraffic mix 4:1. For
anoffsetparamete; = D B/4, the MEDF scheduleis superiorto all otherscheduling
stratgies(FIFO, SR WRR). (cf. Figures7—8). MEDF schedulingespectshe deadlines
of theindividual pacletsandtheparamete; = D B/4 effectsthatstringentpacletsare
prioritizedovertolerantpacletsbut only within aninterval suchthatlow priority traffic is
not delayedfor too longtime.

4.6 SchedulerAnalysis Usingthe Waiting Time Distrib ution

We analyzethe complementaryprobability distribution function (CDF) of the waiting
time undercritical load. In particular we have a look at speech:PSDhraffic mixeswith
aratio of 1:4 and4:1. The following obsenationsvalidateand completeour previous
explanations.
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Figure9: Optimal schedulingparameters  Figure10: Optimal scheduling parame-
andspeech:PShraffic mix 4:1. ters and speech:PSDtraffic
mix 1:4.

Figures9—10shaw the percentileof thetraffic thatfacesalargerdelaythanaspecified
time. In caseof MEDF schedulingthe delaybudgetof 5 msis exceededy the waiting
time of PSDwith aprobabilityof lessthan10~2 andfor speechraffic with aprobabilityof
lessthan10—*. The MEDF algorithmdistributesthe overall queuingtime to pacletsfrom
bothTSCsin away thatbothmeettheir QoScriteriavery closelyundercritical load. This
is not self-evidentbecausen caseof FIFO queuing,all pacletsarehandledin the same
way. For both TSCs,the 99.99%quantileof the waiting time distribution is smallerthan
the delaybudget.For the sale of clarity, we omittedthesecurvesin thefigures.With SP
schedulingthewaiting time of speechs significantlyshorterthanrequiredbecause&oice
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pacletsare prioritized over PSD. The QoScriterion for PSDIimits the load on the link
andthe probabilisticQoScriterion of speechcannot be entirely exploited. This finding
alsoholdsfor WRR schedulingwith weights4:1 becausehis almostworks like SPin
the presenceof a traffic mix speech:PSD=1:{cf. Figure 10). But WRR 4:1 doesnot
strictly prioritize speechover PSD. Therefore,it achieresa larger critical load than SP
(cf. Figure6). In Figure9 the CDF for speecHies above the CDF for PSD,althoughthe
weightscorrespondo the traffic mix. WRR is a paclet orientedschedulingmechanism
thatis unawvareof paclet sizes(in contrasto the morecomplex WFQ). Connectionsvith
largerpacletsgetalargershareof thebandwidth.Therefore voice pacletssuffer alarger
delaycomparedo PSDpaclets. This makesWRR very difficult to implementasit hasto
be adaptedo differenttraffic mixesof speecrandCSD, too. If PSD pacletssuffer less
delaythanvoice paclets,vacantresourceso increasdahelink utilization arewasted.

The MEDF algorithmis the bestschedulingstrateyy becausét distributesthewaiting
time to pacletsfrom bothTSCssuchthatthe probabilisticQoScriteriaarefully exploited
undercritical load. FIFO, SE andWRR arenot ableto achiese thatand,therefore the
utilization of thelink is worsecomparedo MEDF.

5 Conclusion

We analyzedhetransportrequirement®f speechCSD andPSDservicesonthe UMTS
lub interface. We formulatedsuitable QoS criteria and derived two differentreal-time
transportserviceclassegTSCs): A stringentT SCfor speechraffic andCSDandatoler-
antTSCfor PSD.Traffic of both TSCsis multiplexedontoan ATM VCC betweerRNC
andNodeB usingAAL2. Thegoalwasto maximizethelink utilization onthelub inter
facewhile meetingthe QoSrequirement®f both TSCsby the useof anintelligentand
simpleschedulingstrateayy.

FIFO andEDF schedulingcannot take advantageof the weak QoScriterion for tol-
erantQoStraffic. SPschedulingsuppresse®w priority streamsf the proportionof high
priority traffic is large. Therefore theload on the link mustbe keptsmallto respecthe
QoScriteria of both TSCs. WRR leadsfor sometraffic mixesto a worseperformance
than SP and FIFO and can hardly increasethe link utilization. In addition, the traffic
mix ratio of the TSCsmustbeknown in the schedulefor settingthe optimalparameters.
This informationis usually not available. MEDF, our advancedEDF scheduleradapta-
tion, storespacletsin TSC specificqueuesn a FIFO manner They arestampedwith a
modifieddeadlinewhichis their arrival time plusa queuespecificoffset. The paclet with
the earliestdue dateamongthe pacletsin the front positionof all queuess eligible for
transmissionThis schedulers easyto implementandit achiezesanoptimallink utiliza-
tion independenof thetraffic mix. Our simulationsshav thatMEDF outperforms=I1FO,
SP andWRR schedulingunderall conditions. We further confirmedthe superiorityof
MEDF schedulingoy ananalysisof thewaiting time distribution.

The MEDF algorithmis not subjectto ATM networks, only. We intendto further
investigatdts applicationin IP networks for the differentiationof variousTSCsof real-
time andnon-real-timeraffic in theInternet.
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