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Abstract — The paperdealswith error control proceduresbasedon repetitionsnecessaryfor an ATM air inter-
face,which enablesa full integration of wirelesgW) ATM terminals into afixed ATM network. The architecture
and functionality of an additional LLC layer at the air interface are explained. A setof ARQ protocolsfor the
different ATM sewice classess investigated. The protocol for VBR sewicesis able to control the number of
retransmissionsdependingon the requirementson maximum delay and residualcell lossratio. It alsotakesinto
accountthe instantaneousconditions lik e channelload from other sources. Furthermor e, the protocol is able
to discard ATM cellsto avoid and resole congestion. The performance of the protocol has beenevaluated by
simulations.

|. INTRODUCTION

After the succes®of the asyntironoustransfermode(ATM) in the areaof multimedianetworks, a demandfor the
transparenintegration of wireless(W) ATM terminalsinto fixed ATM networks hasbecomevisible during the last
years[1]. In 1995ATM-Forum and ETSI have establishedspecial W-ATM groupsthat are currently investigating
requirement&ndarchitecturegor a wirelessextensionof ATM networks. In generalthe usersof W-ATM terminals
requesthe samefunctionality andQuality of Service(QoS)asusersof wired terminals.In Fig. 1 it is illustratedhow
theseuserrequirementsanbetransformednto thedemandn building adistributed(virtual) ATM multiplexer around
theair interfacewhichis characterizety aradiochanneinside.

At the air interfacean additionalprotocol stackis necessarylt containsa wirelessphysicallayer belov the ATM
layer anda datalink layer consistingof a mediumaccesscontiol (MAC) anda logical link contol (LLC) sublayer
which belonggo thelower partof the ATM layet

The MAC layeris responsibldor multiplexing the ATM cells of all VCs on the radio resources Especiallyit has
to coordinatethe accesgo the sharedadio channein the specificscenariovhich is characterizetby the competition
of not easyto co-ordinatewirelessterminals. Statisticalmultiplexing on a TDMA channelis usedwith a slot length
o0t ableto carryoneARQ framé* consistingof one ATM cell andoneacknavliedgementogethemwith the necessary
overheadf the physicallayerfor synchronizationF-EC, guardtime, etc. [1].

Thevirtual ATM multiplexer of a radio cell canbe modelledasa distributed queueingsystem.As in normalATM
multiplexerswith low datarateg(e.g.20 Mbit/s percarrier[2]) theobseranceof thenegotiatedQoSfor eachvVC is only
possiblejf anATM cell schedulebasedn staticor dynamicprioritiesis emplo/ed. Theschedulers locatedinsidethe
basestation.To ensurdhe correctexecutionof a servicestratgy, theschedulehasto beinformedfrequentlyaboutthe
statusof the buffersinsidethe wirelessterminalswhich is performedby transmittingcapacityrequesimessagesver
theuplink [3].

Basedon thesecapacityrequeststhe scheduleiexecutesa servicestratgy to determinefor eachslot the terminal
which shouldtransmitor receve anATM cell. StaticprioritiesareusedbetweemATM serviceclasse§CBR > VBR >
ABR > UBR). Within the CBR andVBR classegherelativeurgencydiscipline[4] is consideredwherethe priorities
of ATM cells dependon their waiting time andtheir connectionspecificQoSrequirements.Underthis stratgy, the
probability for cells beinglate (exceedingtheir due-dates)s minimized. The schedulingof ABR cellsis basedon a
weightedfair queueingstratgy andmaybe combinedwith the executionof ABR flow control.

TheLLC layerhasto performall thosestandardATM functionalitieswhich arerelatedto a specifiedvirtual channel
(VC), andwhich have to be adaptedo the specificconditionsof the air interface, like usageparametecontrol (UPC,
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e.g.policing functions)? or ABR flow control.

Thetransmissiorover aradiolink is far moreunreliablethanin coaxialor fiber optic cablesandstronglydepend®sn
the ervironmentalconditions.Therefore anadditionalerror correctionschemeadaptedo the characteristicsf the air
interfaceis required. This schemeconsistsof a hybrid combinationof forward error correction (FEC) andautomatic
repeatreques{ARQ). TheFECis includedin anappropriatechannekodingunderresponsibilityof the physicallayet
TheARQ protocolis executedby the LLC layet

Il. ERROR CONTROL BY AUTOMATIC REPEAT REQUEST

In our paperwe focuson repetitionbasederror control procedureperformedinsidethe LLC layer An ARQ pro-
tocol is ableto reducethe cell lossratio (CLR) but increaseshe cell delay 4 by retransmissionsln the application
consideredit mightbe not usefulor evennot possibleto achiere a CLR ontheradiolink comparabléo thatof coaxial
or fiber optic cables.Instead the effort devotedto error correctionhasto be correlatedo the QoSrequirementsf the
ATM serviceclassandcanadditionallybe adaptedor eachVC. TheQoSparameterso beconsiderecdrethe maximum
cell delay 4,4, @andthe CLR.

DifferentARQ protocolsarerequiredfor differentserviceclasseslueto their differentQoSrequirementskFor ABR
servicedelayis of minorinterestbut the residualcell lossrateshouldbe aslow aspossible.This canbe achieved by
conventionalGo-Bak-N or Selective-RepedBR) ARQ protocolswhich arewell investigatedn literature[5].

For time boundedservicedike CBR andreal-timeVBR the delayresultingfrom retransmissionsmay becomecrit-
ical. Therefore adaptie protocolsarenecessaryhich adaptthe numberof retransmissionto the delayof cells,and
automaticallyadaptto the requiredresidualcell lossratio of a VC. Sowe developedspecialARQ protocolsfor CBR
(cf. Sectionll.D) andVBR services.

A. SelectiveejectARQprotocolwith discading for VBRservices

For VBR serviceswe developedthe Selectve-Reject-with-Discardin (SR/D) ARQ protocol [6] that retransmits
ATM cellsaslong asa servicespecificmaximumdelayis not exceeded.Whenexceedingits due-datean ATM cell
maybediscarded.

Theactualnumberof retransmissionsf an ATM cell resultsfrom its priority assignedy the ATM cell schedulein
the MAC layeraswell asthe currentchanneload. The schedulingalgorithmfavoursretransmissionssincea priority
is determinectonsideringhe due-dateof eachATM cell. Therefore theincreasedell delaysarelessresultingfrom
multiple retransmissionsf singlecells,but morefrom theadditionalload causedy unsuccessfuransmittedrames.

Especiallyfor VBR servicesdiscardingold ATM cells contritutesto avoid andresole congestiorevents,sincethe
delay of the following cells canbe shortenedandthe probability to exceedfurther due-datess reduced. Therefore,
specialproceduresave beendeveloped(cf. Sectionll.C) in orderto allow discardingATM cells within an ARQ
protocolwhich hasbeendesignedor nolossesatall.

B. Transmissiorof Adknowledgments

The usageof a deadlineorientedservicestratgy in the schedulerequiresthe generatiorof one ARQ instanceper
VC or virtual path(VP). This enablegshoseATM cells not belongingto the sameVC to passeachother sothatit is
possibleto handleVCswith differentpriorities. An ARQ instancecontainghe sendingandresequencinguffers.

Althoughvirtual connectionsarebidirectionalmostof themwill have unidirectionaltraffic flow only. In thesecases
thereis no ATM traffic in the backward directionto carry piggybaclkd acknavledgements.On the otherhandmost
of the time wirelessterminalshave parallelVCs andthereforeparallel ARQ instances.With theseparallelinstances
it may happenthat the instancewith the mosturgentATM cell doesnot alsohave to transmitthe acknaviedgement
with the highesturgeng. Hence,the informationandacknaviedgemenfields of an ARQ framecanbe occupiedby
differentinstancesslong asbothinstancedelongto the samewirelessterminal. Thetwo instancesllowedto deliver
thecontentof anARQ framearedeterminedy the ATM cell scheduleof the MAC layer Thisrequireswo addresses
insidethe ARQ framewhichis differentfrom conventionalARQ protocols.

2In fixed ATM networks UPC is usually executedat the userterminal side of an ATM multiplexer which correspondso the air interface
protocolstackinsideof the wirelessterminal. But sinceit is not usefulthata terminalis controlledby itself, a distributedalgorithmis necessary
with slave instancesnsidethewirelessterminalsanda controllingmasterinstancdocatedinsidethe basestation.



Sofar, only a scheduleffor the transmissiororderof ATM cells hasbeenconsideredthe priorities of which only
dependntherequirementsf thesourceof ATM cells. As aconsequencef theseparatiomf informationandacknavl-
edgemenfields,a secondscheduleis necessarydeterminingthe transmissiororderof acknaviedgementsHowever,
theurgeny of anacknavledgemenis not only given by the originatorof an acknaviedgemen{the recever of ATM
cells),but alsoby thesendenf ATM cells.

Positive acknavledgementsirerequiredo shift thetransmissionvindow insidethesenderThus,theneedo transmit
apositive acknavledgements alwaysknown by the senderbut usuallyalsoby therecever by countingthe numberof
unacknavledgedinformation(l) frames. Therecever lacksthis knowledgeif anacknavledgemengetslost. Negative
acknavledgementareneededo requestetransmissionsf unsuccessfullyransmitted frames.Thereforetheneedto
transmita negative acknavliedgements only known by therecever. The explicit transmissiorof anacknaviedgement
becomesecessaryif thewindow of the ARQ protocolhasbeenclosed,sothatno further| framesareallowedto be
transmittedIf thereceveris notawareof the needto transmitanacknavledgementevencorventionalARQ protocols
offer the possibilityto requestanacknavledgemenby meansof a poll bit.

For the schedulingof ARQ framescontainingan acknavledgemenit hasto betakeninto accounthatsomeMAC
protocolsfor W-ATM systemffer the possibilityto transmitshortARQ framesonly containinganacknavledgement
(supervisoryframes)on both, downlink and uplink [7]. Transmissiorof acknavliedgementson the uplink can be
scheduledhsfollows, cf. Fig. 2:

1. A wirelessterminalrealizeghe needto transmitanacknavledgement:

(a) By increasingthe priority of its ATM cells, it requestghe transmissiorof an ATM cell piggybackingthe
acknavledgementTherespectie capacityrequiremenhasto be signaledo thebasestation.

(b) By increasinga specificacknavliedgemenpriority, the MAC layeris stimulatedto transmitan acknavledge-
mentin adedicatedhortrandomaccesslot[3].

2. A basestationrealizeshe needto receive anacknavledgement:

(a) It sendsan ARQ frame(with or without ATM cell) with the poll bit setin orderto forcetheterminalto sendan
acknavledgementby oneof the methodslescribeduinderl).

(b) By increasinghe ATM cell priority of theterminalwithin the uplink schedulerit stimulateghe reseration of
anuplink slotto enablethe piggybacled transmissiorof the acknavledgement.

(c) By increasingheacknavledgemenpriority of theterminalwithin theuplink schedulertheinsertionof ashort
slotinto the slot sequencef the uplink is stimulated.Hereby the transmissiorof the acknavledgemenin a
supervisonframeis enabled.

The methodslaand2acorrespondo corventionalARQ protocols. The methodslb and2c¢ canonly be usedif the
MAC layeroffersapossibilityfor thetransmissiomf shortsupervisorfframesontheuplink[7]. Thisallows anefficient
acknavledgemenbf urgentATM cells evenin situationswhenno ATM cell of the backward directionis availableto
piggybacktheacknavledgement.

If theneedto transmitanacknavledgementhasbeenrealizedin the wirelessterminalaswell asin the basestation,
the methods2b and 2c promisethe smallestoverheadandthe lowestsignalingeffort. In somespecialcaseghe other
methodscanalsobeefficient, e.g.for VCswith symmetrictraffic andhigh datarates.

Thetransmissiorof acknavledgement®ver the downlink is mucheasierto control,becaus¢he basestationdefines
the timing of the slot sequenceThus,it is ableto insertshortslotsfor supervisoryframesor to combinesereral ac-
knowledgementinto asingleblockwhichis sentin broadcasinode.If thisblockis notfilled up by acknavledgements,
furthersignalingmessagekk e reserationsor pagingareableto beincluded.Within thedownlink schedulethe need
to transmitacknavledgementss answeredy increasinganacknaviedgemenpriority.

Anotherfeaturethatcanbe usedto reducesignalingeffort anddelaysis the knowledgeof the basestationaboutthe
terminalwhichis allowedto transmitan| framein aspecifieduplink slot. If thetransmissioriails, the basestationmay
senda negative acknavledgemento the terminal. However, the basestationonly hasknowledgeof the terminal, but
not of the ARQ instancewhich deliveredthelost frame. Therefore the acknavledgingprocedures performedwithin
the MAC layerby transmittinga feedbackmessageomparabldo the oneusedfor announcingheresultof arandom
access.Inside the terminalthe feedbackmessagés assignedo the right ARQ instanceand corvertedto a negative
acknavledgemenf7].

3ARQ framescarryingan ATM cell arecalledinformationframes



Theimpactof separatinghe acknavledgementield from theinformationfield of an ARQ frameon thelink perfor
mancehasbeenevaluatedoy computeisimulationausingthe simulationmodelof sectionlll. Fig. 3 shavstheresulting
cell delayr; whenusingdifferentparallelARQ instancedor supervisinghe acknaviedgementandinformationfields
of thesameARQ frame. The simulationscenariaconsistf onewirelessterminaloperatingour parallel,bidirectional
VCswith asymmetridraffic loadeach;two VCsaredrivenby Poissorsourcesainduse30%and10%of thechanneka-
pacityon uplink anddownlink respectiely, the othertwo VCs have the samdoadbut in oppositedirection. Theoverall
load on uplink anddownlink sumsup to 80% of the channelcapacity Fig. 3 shavs thatwith acknavledgementdixed
to ATM cells,thechannels stronglyoverloaded Delaysarecomingcloseto the maximumdelay7g,,.. = 200 740t (4
msat 20 Mbit/s), and11%of the cellshave to be discardedn orderto meetry,,,... (cf. Sectionll.C). Separatiorof the
acknavledgementield from theinformationfield leadsto a drasticimprovementof thelink performancéllustratedby
thecomplementargistribution functionof 7.

C. Discading ATM cells

With corventionalARQ protocols,afterthe assignmenbf a sequenceumberto an ATM cell, discardingthe ATM
cell will resultin a protocolfailure. The SR/D-ARQprotocolhasbeenextendedto be stableeven with discardingof
ATM cells. Threedifferentproceduresanbeapplied:

1. An ATM cell maybediscardedbeforesendingt thefirst time (assigninga sequenca@aumberto it).

2. An ATM cell beingassigned sequenceumbermay be discardedf thereceveris informedby anexplicit discard
acknavledgement.

3. Thebuffering of successfullgransmittedATM cellsin theresequencinbuffer atthereceverwaiting for retransmis-
sionof lost cellswith lower sequencaumberscanprematurel\be endedo deliver thecorrectlyreceved ATM cells
justin time. Whenthe delayedcell is receved correctlylater, it hasto be discarded.To be ableto prematurelyend
the buffering of receved cells, the knowledgeof the due-datgor ages)of the buffered ATM cellsis requiredwhich
hasto betransmittedogethemwith thecells.

The mechanisnfor discardingl frames,which have beenrequestedor retransmissiorfrejectedoy therecever), is
illustratedin Fig. 4. If therecever requestghe retransmissiomf an | frame (by sendinga selectve rejectacknavl-
edgementSREJ),the ATM cell of which hasbeendiscardedn the meantime the senderis not ableto answerwith
the appropriataetransmissionTo avoid a deadlocksituation,the sendelinformsthe recever aboutthe discardingoy
sendinga short DISCARD messagéehat containsthe sequencewumberof the discardedATM cell. The DISCARD
messaghasthe samesizeasanacknaviedgementindthusis ableto bepiggybaclkdto anl frame.

To demonstrateéhe contrikution of differentdiscardprocedurego the cell delay 4, a simulationscenariowith six
wirelessterminalseachoperatingoneVC with symmetrictraffic load driven by Poissorsourcehasbeeninvestigated.
The overall traffic load sumsup to 95% which is atoo heary loadfor the radiolink. This heary load scenariccanbe
viewed asrepresentate for some“busy secondsduringatime internval with muchsmalleraverageload. The cures
shavn in Fig. 5 correspondo the cell discardproceduresiescribedn Tablel1. The table furthermorecontainsthe
percentagef discardedhndlost cellswhich makesthe variouscontritutionsof the proceduresransparent.

Without discardingary ATM cells 7; of 90% of the cells exceedry,,,, = 200 74,:. The morecellsarediscarded,
theshorteris 7,4 of thesuccessfutells. If cellshaving exceededr,, ., arecountedo belost, thecell lossratedecreases
with increasingcompleity of the usedcombinationof discardproceduresOnly whenperformingall procedured. to
3. togetherthe strict obseranceof 74,,,, IS guaranteed.

D. ARQprotocolfor CBRservices

A specialARQ protocol for low-rate CBR services(ry,q.. < A1) is usefulwhich is ableto make useof the
deterministicoehaiour of theinterarrival time A~* of CBR cells. If ATM cells arediscardecautomaticallywithin a
time intenval which is shorterthan A~!, sequenc@umbersareno longernecessatryln this case the window sizeis
reducedo one,i.e. thereis no transmissiorwindow ary more.

After transmittingan ATM cell over the downlink, the basestationpolls for an acknavledgementby insertinga
dedicateashortslot. Receving aneggative acknavliedgementthis proceduranayberepeatedeveraltimes. If repetition
is notcontinuedbecaus¢he ATM cell hasbeendiscardedtheterminaldoesnothave to beinformed. Thetransmission
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of ATM cellsovertheuplink is performedby polling which mayberepeatedn caseof unsuccessfuransmissionsBy
abandonindhis proceduretheterminalwill discardthe ATM cell afteracertaintime. Thereforeanacknavledgement
procedurdor ATM cellstransmittedbver theuplink is not necessary

The performancevaluationof this protocolis subjectof furtherinvestigations.

[11. SIMULATION MODEL FOR PERFORMANCE EVALUATION

Theperformancef thepresentegrotocolsandalgorithmshasbeenevaluatedby computesimulations.Thescenario
considereds a modelof a centralbasestationandn wirelessterminals.Bit errorsaregeneratedy a two-stateGilbert
modelwith a meanlengthof errorburstsof 50 7,,:, N0 errorsin the “good” state,a bit errorratein the“bad” stateof
10~3, andameanbit errorrateof 10~ [1].

To determinethe contritutions of the variouselementsof the protocol, the influenceof a concreteMAC protocol
hasbeeneliminatedby modellingthe MAC layerby a G/D/1/FCFS/RI-NONPREmodel. The schedulehasanideal
knowledgeof theactualcapacityrequirementsf thewirelessterminals.Acknowvledgementsiretransmittedpiggyback
to informationframes,andemptyinformationframesareusedto deliver acknaviedgementsif requestedBecauseof
the idealizedmodel of the MAC layer, the delaysdeterminedoy simulationscanbe considereda lower bound. But
for therelative comparisorof protocolelementon the performanceit is sufficientto comparehe delaydistributions
achieved.

Takinginto accountthe shortroundtrip delayof theidealizedMAC protocol,the modulusof the sequencaumbers
usedby the ARQ instance$asbeensetto 8 andthewindow sizeto 4.

For VBR VCsavideotelephony sourceis modelledby anautorgressie proceswith ameanarrival rateamounting
to 15% of the channelcapacityanda periodlengthof 1667 ,¢ (33 msat 20 Mbit/s). The Poissonsourceis usedfor
modellingCBR (low datarate!) andVBR VCs (high datarate)with QoSrequirementsiccordingto 74,4, = 200 Tg1ot
(4 msat 20 Mbit/s). ThePoissorsources usedalsofor ABR VCs with no maximumdelayrequirements.

The lengthof a simulationrun is automaticallycontrolledby the LRE algorithm[8] which limits the relative error
to a predeterminedralue, andwhich is ableto handlecorrelationsin the measuredalues. The relative error of the
diagramgresentedh this paperis alwayslowerthan1%.

IVV. CONCLUSIONS

In this paperthedemandd$or anadditionalrepetitionbasederrorcontrolprocedureatan ATM air interfacehave been
describedThedifferentrequirementsf ATM serviceclassesequirespecificARQ protocolsadaptedo the behaiour
of theservicesFor VBR, the SR/D-ARQprotocolhasbeenpresenteavhich employs discardingof ATM cellsaswell
asadaptiorof thenumberof retransmissioito thedelayrequirementandtheinstantaneoushanneload. For CBR, an
ARQ protocolhasbeenintroducedthat makesuseof the deterministidoehaiour of theinterarrival time of CBR cells
andreduceghesignalingoverheadtonsiderablyThe performancevaluationof the proposegrotocolshasshavn that
theunreliablebehaiour of theradiochannekanbebalancedy a sophisticate@rrorcontrol.
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Figurel: Correspondendeetweerradiocell andATM multiplexer
Figure2: Transmissiorof acknaviedgement®ver uplink andtheir influenceon the priorities of the scheduler
Figure3: Gainin cell delaywhenseparatinghe acknaviedgemenfield from theinformationfield of anARQ frame
Figure4: Examplefor a protocolsequencef the SR/D-ARQprotocolwith discardingnformationframes

Figure5: Complementargistribution functionof delayfor differentcell discardprocedures;f. alsoTablel
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Tablel: Cell discardproceduresindpercentagef discardedandlost cells,seeFig. 5

| procedureyq labelin Fig.5 | % discardectells | % lostcell |
- nodiscardectells 0 90.1
1 discardbeforefirst transmission 1.85 3.07
1-2 discarddelayedcells 2.3r 2.72
1-3 prematurelyendresequencing 1.76¢ 1.76

*Thenumberof discardedtell is smallerfor prematurely end resequencing thanfor discard delayed cells becaus¢hetransmissiomf
theageof cellsenableghe usageof anoptimizedacknavledgementlgorithm.
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