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The paperdealswith error control proceduresbasedon repetitionsnecessaryfor anATM air inter-

face,which enablesa full integration of wireless(W) ATM terminals into a fixed ATM network. The architecture
and functionality of an additional LLC layer at the air interface are explained. A setof ARQ protocolsfor the
different ATM service classesis investigated. The protocol for VBR services is able to control the number of
retransmissionsdependingon the requirementson maximum delayand residualcell lossratio. It alsotakesinto
account the instantaneousconditions lik e channel load from other sources. Furthermor e, the protocol is able
to discard ATM cells to avoid and resolve congestion.The performanceof the protocol has beenevaluated by
simulations.

I . INTRODUCTION

After thesuccessof theasynchronoustransfermode(ATM) in theareaof multimedianetworks,a demandfor the
transparentintegrationof wireless(W) ATM terminalsinto fixed ATM networks hasbecomevisible during the last
years[1]. In 1995 ATM-Forum and ETSI have establishedspecialW-ATM groups that are currently investigating
requirementsandarchitecturesfor a wirelessextensionof ATM networks. In general,theusersof W-ATM terminals
requestthesamefunctionalityandQuality of Service(QoS)asusersof wired terminals.In Fig. 1 it is illustratedhow
theseuserrequirementscanbetransformedinto thedemandonbuilding adistributed(virtual) ATM multiplexeraround
theair interfacewhich is characterizedby a radiochannelinside.

At the air interfacean additionalprotocolstackis necessary. It containsa wirelessphysicallayerbelow the ATM
layer anda datalink layer consistingof a mediumaccesscontrol (MAC) anda logical link control (LLC) sublayer
whichbelongsto thelower partof theATM layer.

The MAC layer is responsiblefor multiplexing the ATM cellsof all VCs on the radio resources.Especiallyit has
to coordinatetheaccessto thesharedradiochannelin thespecificscenariowhich is characterizedby thecompetition
of not easyto co-ordinatewirelessterminals.Statisticalmultiplexing on a TDMA channelis usedwith a slot length����� ��� ableto carryoneARQ frame1 consistingof oneATM cell andoneacknowledgementtogetherwith thenecessary
overheadof thephysicallayerfor synchronization,FEC,guardtime,etc. [1].

Thevirtual ATM multiplexer of a radiocell canbemodelledasa distributedqueueingsystem.As in normalATM
multiplexerswith low datarates(e.g.20Mbit/spercarrier[2]) theobservanceof thenegotiatedQoSfor eachVC is only
possible,if anATM cell schedulerbasedonstaticor dynamicprioritiesis employed.Thescheduleris locatedinsidethe
basestation.To ensurethecorrectexecutionof aservicestrategy, theschedulerhasto beinformedfrequentlyaboutthe
statusof thebuffers insidethewirelessterminalswhich is performedby transmittingcapacityrequestmessagesover
theuplink [3].

Basedon thesecapacityrequests,the schedulerexecutesa servicestrategy to determinefor eachslot the terminal
whichshouldtransmitor receive anATM cell. StaticprioritiesareusedbetweenATM serviceclasses(CBR � VBR �
ABR � UBR). Within theCBR andVBR classesthe relativeurgencydiscipline[4] is considered,wherethepriorities
of ATM cells dependon their waiting time andtheir connectionspecificQoSrequirements.Underthis strategy, the
probability for cells beinglate (exceedingtheir due-dates)is minimized. The schedulingof ABR cells is basedon a
weightedfair queueingstrategy andmaybecombinedwith theexecutionof ABR flow control.

TheLLC layerhasto performall thosestandardATM functionalitieswhicharerelatedto aspecifiedvirtual channel
(VC), andwhich have to beadaptedto thespecificconditionsof theair interface,like usageparametercontrol (UPC,
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e.g.policing functions)2 or ABR flow control.
Thetransmissionoveraradiolink is farmoreunreliablethanin coaxialor fiberopticcablesandstronglydependson

theenvironmentalconditions.Therefore,anadditionalerrorcorrectionschemeadaptedto thecharacteristicsof theair
interfaceis required.This schemeconsistsof a hybrid combinationof forward error correction(FEC)andautomatic
repeatrequest(ARQ). TheFECis includedin anappropriatechannelcodingunderresponsibilityof thephysicallayer.
TheARQ protocolis executedby theLLC layer.

I I . ERROR CONTROL BY AUTOMATIC REPEAT REQUEST

In our paperwe focuson repetitionbasederrorcontrolproceduresperformedinsidetheLLC layer. An ARQ pro-
tocol is ableto reducethecell lossratio (CLR) but increasesthe cell delay ��� by retransmissions.In theapplication
considered,it mightbenotusefulor evennotpossibleto achieve aCLR ontheradiolink comparableto thatof coaxial
or fiber optic cables.Instead,theeffort devotedto errorcorrectionhasto becorrelatedto theQoSrequirementsof the
ATM serviceclassandcanadditionallybeadaptedfor eachVC. TheQoSparametersto beconsideredarethemaximum
cell delay ��� �"!�# andtheCLR.

DifferentARQ protocolsarerequiredfor differentserviceclassesdueto their differentQoSrequirements.For ABR
servicesdelayis of minor interestbut theresidualcell lossrateshouldbeaslow aspossible.This canbeachievedby
conventionalGo-Back-N or Selective-Repeat(SR)ARQ protocolswhicharewell investigatedin literature[5].

For time boundedserviceslike CBR andreal-timeVBR thedelayresultingfrom retransmissionsmaybecomecrit-
ical. Therefore,adaptive protocolsarenecessarywhich adaptthenumberof retransmissionsto thedelayof cells,and
automaticallyadaptto therequiredresidualcell lossratio of a VC. Sowe developedspecialARQ protocolsfor CBR
(cf. SectionII.D) andVBR services.

A. SelectiverejectARQprotocolwith discarding for VBRservices

For VBR serviceswe developedthe Selective-Reject-with-Discarding (SR/D) ARQ protocol [6] that retransmits
ATM cellsaslong asa servicespecificmaximumdelayis not exceeded.Whenexceedingits due-date,anATM cell
maybediscarded.

Theactualnumberof retransmissionsof anATM cell resultsfrom its priority assignedby theATM cell schedulerin
theMAC layeraswell asthecurrentchannelload. Theschedulingalgorithmfavoursretransmissions,sincea priority
is determinedconsideringthedue-dateof eachATM cell. Therefore,the increasedcell delaysarelessresultingfrom
multiple retransmissionsof singlecells,but morefrom theadditionalloadcausedby unsuccessfultransmittedframes.

Especiallyfor VBR services,discardingold ATM cellscontributesto avoid andresolve congestionevents,sincethe
delayof the following cells canbe shortenedandthe probability to exceedfurther due-datesis reduced.Therefore,
specialprocedureshave beendeveloped(cf. SectionII.C) in order to allow discardingATM cells within an ARQ
protocolwhichhasbeendesignedfor no lossesat all.

B. Transmissionof Acknowledgements

Theusageof a deadlineorientedservicestrategy in theschedulerrequiresthegenerationof oneARQ instanceper
VC or virtual path(VP). This enablesthoseATM cellsnot belongingto thesameVC to passeachother, so that it is
possibleto handleVCswith differentpriorities.An ARQ instancecontainsthesendingandresequencingbuffers.

Althoughvirtual connectionsarebidirectionalmostof themwill have unidirectionaltraffic flow only. In thesecases
thereis no ATM traffic in the backward directionto carry piggybacked acknowledgements.On the otherhandmost
of the time wirelessterminalshave parallelVCs andthereforeparallelARQ instances.With theseparallelinstances
it may happenthat the instancewith the mosturgentATM cell doesnot alsohave to transmitthe acknowledgement
with the highesturgency. Hence,the informationandacknowledgementfieldsof anARQ framecanbeoccupiedby
differentinstancesaslongasbothinstancesbelongto thesamewirelessterminal.Thetwo instancesallowedto deliver
thecontentsof anARQ framearedeterminedby theATM cell schedulerof theMAC layer. This requirestwo addresses
insidetheARQ framewhich is differentfrom conventionalARQ protocols.

2In fixed ATM networks UPC is usuallyexecutedat the userterminalsideof an ATM multiplexer which correspondsto the air interface
protocolstackinsideof thewirelessterminal.But sinceit is not usefulthata terminalis controlledby itself, adistributedalgorithmis necessary
with slave instancesinsidethewirelessterminalsandacontrollingmasterinstancelocatedinsidethebasestation.
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So far, only a schedulerfor the transmissionorderof ATM cellshasbeenconsidered,the prioritiesof which only
dependontherequirementsof thesourceof ATM cells.Asaconsequenceof theseparationof informationandacknowl-
edgementfields,a secondscheduleris necessary, determiningthetransmissionorderof acknowledgements.However,
theurgency of anacknowledgementis not only givenby theoriginatorof anacknowledgement(thereceiver of ATM
cells),but alsoby thesenderof ATM cells.

Positiveacknowledgementsarerequiredto shift thetransmissionwindow insidethesender. Thus,theneedto transmit
a positive acknowledgementis alwaysknown by thesender, but usuallyalsoby thereceiver by countingthenumberof
unacknowledgedinformation(I) frames3. Thereceiver lacksthisknowledgeif anacknowledgementgetslost. Negative
acknowledgementsareneededto requestretransmissionsof unsuccessfullytransmittedI frames.Therefore,theneedto
transmita negative acknowledgementis only known by thereceiver. Theexplicit transmissionof anacknowledgement
becomesnecessary, if thewindow of theARQ protocolhasbeenclosed,sothatno further I framesareallowed to be
transmitted.If thereceiver is notawareof theneedto transmitanacknowledgement,evenconventionalARQ protocols
offer thepossibilityto requestanacknowledgementby meansof apoll bit.

For theschedulingof ARQ framescontaininganacknowledgementit hasto betaken into accountthatsomeMAC
protocolsfor W-ATM systemsoffer thepossibilityto transmitshortARQ framesonly containinganacknowledgement
(supervisoryframes)on both, downlink and uplink [7]. Transmissionof acknowledgementson the uplink can be
scheduledasfollows,cf. Fig. 2:

1. A wirelessterminalrealizestheneedto transmitanacknowledgement:

(a) By increasingthe priority of its ATM cells, it requeststhe transmissionof an ATM cell piggybackingthe
acknowledgement.Therespective capacityrequirementhasto besignaledto thebasestation.

(b) By increasinga specificacknowledgementpriority, theMAC layer is stimulatedto transmitanacknowledge-
mentin adedicatedshortrandomaccessslot [3].

2. A basestationrealizestheneedto receive anacknowledgement:

(a) It sendsanARQ frame(with or withoutATM cell) with thepoll bit setin orderto forcetheterminalto sendan
acknowledgement(by oneof themethodsdescribedunder1).

(b) By increasingtheATM cell priority of theterminalwithin theuplink scheduler, it stimulatesthereservationof
anuplink slot to enablethepiggybackedtransmissionof theacknowledgement.

(c) By increasingtheacknowledgementpriority of theterminalwithin theuplink scheduler, theinsertionof ashort
slot into theslot sequenceof theuplink is stimulated.Hereby, the transmissionof theacknowledgementin a
supervisoryframeis enabled.

Themethods1aand2acorrespondto conventionalARQ protocols.Themethods1b and2c canonly beusedif the
MAC layeroffersapossibilityfor thetransmissionof shortsupervisoryframesontheuplink [7]. Thisallowsanefficient
acknowledgementof urgentATM cellseven in situationswhenno ATM cell of thebackwarddirectionis availableto
piggybacktheacknowledgement.

If theneedto transmitanacknowledgementhasbeenrealizedin thewirelessterminalaswell asin thebasestation,
themethods2b and2c promisethesmallestoverheadandthelowestsignalingeffort. In somespecialcasestheother
methodscanalsobeefficient,e.g.for VCswith symmetrictraffic andhighdatarates.

Thetransmissionof acknowledgementsover thedownlink is mucheasierto control,becausethebasestationdefines
the timing of theslot sequence.Thus,it is ableto insertshortslotsfor supervisoryframesor to combineseveralac-
knowledgementsinto asingleblockwhichis sentin broadcastmode.If thisblockis notfilled upby acknowledgements,
furthersignalingmessageslike reservationsor pagingareableto beincluded.Within thedownlink schedulertheneed
to transmitacknowledgementsis answeredby increasinganacknowledgementpriority.

Anotherfeaturethatcanbeusedto reducesignalingeffort anddelaysis theknowledgeof thebasestationaboutthe
terminalwhich is allowedto transmitanI framein aspecifieduplink slot. If thetransmissionfails,thebasestationmay
senda negative acknowledgementto the terminal. However, thebasestationonly hasknowledgeof the terminal,but
not of theARQ instancewhich deliveredthelost frame.Therefore,theacknowledgingprocedureis performedwithin
theMAC layerby transmittinga feedbackmessagecomparableto theoneusedfor announcingtheresultof a random
access.Insidethe terminalthe feedbackmessageis assignedto the right ARQ instanceandconvertedto a negative
acknowledgement[7].

3ARQ framescarryinganATM cell arecalledinformationframes
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Theimpactof separatingtheacknowledgementfield from theinformationfield of anARQ frameon thelink perfor-
mancehasbeenevaluatedby computersimulationsusingthesimulationmodelof sectionIII. Fig. 3 showstheresulting
cell delay ��$ whenusingdifferentparallelARQ instancesfor supervisingtheacknowledgementandinformationfields
of thesameARQ frame.Thesimulationscenarioconsistsof onewirelessterminaloperatingfour parallel,bidirectional
VCswith asymmetrictraffic loadeach;two VCsaredrivenby Poissonsourcesanduse30%and10%of thechannelca-
pacityonuplink anddownlink respectively, theothertwo VCshave thesameloadbut in oppositedirection.Theoverall
loadon uplink anddownlink sumsup to 80%of thechannelcapacity. Fig. 3 shows thatwith acknowledgementsfixed
to ATM cells,thechannelis stronglyoverloaded.Delaysarecomingcloseto themaximumdelay ��� �%!&#('*) +,+-� $�.0/21 (4
msat 20Mbit/s), and11%of thecellshave to bediscardedin orderto meet��� �"!�# (cf. SectionII.C). Separationof the
acknowledgementfield from theinformationfield leadsto adrasticimprovementof thelink performanceillustratedby
thecomplementarydistribution functionof ��� .
C. Discarding ATM cells

With conventionalARQ protocols,after theassignmentof a sequencenumberto anATM cell, discardingtheATM
cell will resultin a protocolfailure. TheSR/D-ARQprotocolhasbeenextendedto bestableevenwith discardingof
ATM cells.Threedifferentprocedurescanbeapplied:

1. An ATM cell maybediscarded,beforesendingit thefirst time(assigningasequencenumberto it).

2. An ATM cell beingassigneda sequencenumbermaybediscardedif thereceiver is informedby anexplicit discard
acknowledgement.

3. Thebufferingof successfullytransmittedATM cellsin theresequencingbuffer at thereceiverwaitingfor retransmis-
sionof lost cellswith lower sequencenumberscanprematurelybeendedto deliver thecorrectlyreceivedATM cells
just in time. Whenthedelayedcell is receivedcorrectlylater, it hasto bediscarded.To beableto prematurelyend
thebuffering of receivedcells,theknowledgeof thedue-date(or ages)of thebufferedATM cellsis requiredwhich
hasto betransmittedtogetherwith thecells.

Themechanismfor discardingI frames,which have beenrequestedfor retransmission(rejectedby thereceiver), is
illustratedin Fig. 4. If the receiver requeststhe retransmissionof an I frame(by sendinga selective rejectacknowl-
edgement,SREJ),the ATM cell of which hasbeendiscardedin the meantime,the senderis not ableto answerwith
theappropriateretransmission.To avoid a deadlocksituation,thesenderinformsthereceiver aboutthediscardingby
sendinga shortDISCARD messagethat containsthe sequencenumberof the discardedATM cell. The DISCARD
messagehasthesamesizeasanacknowledgementandthusis ableto bepiggybacked to anI frame.

To demonstratethecontribution of differentdiscardproceduresto thecell delay ��� , a simulationscenariowith six
wirelessterminalseachoperatingoneVC with symmetrictraffic loaddrivenby Poissonsourcehasbeeninvestigated.
Theoverall traffic loadsumsup to 95%which is a too heavy loadfor theradio link. This heavy loadscenariocanbe
viewedasrepresentative for some“busyseconds”duringa time interval with muchsmalleraverageload. Thecurves
shown in Fig. 5 correspondto the cell discardproceduresdescribedin Table1. The table furthermorecontainsthe
percentageof discardedandlostcellswhichmakesthevariouscontributionsof theprocedurestransparent.

Without discardingany ATM cells ��� of 90%of thecellsexceed��� �%!�#3'4) +,+3� $�.0/21 . Themorecellsarediscarded,
theshorteris ��� of thesuccessfulcells. If cellshaving exceeded��� �%!&# arecountedto belost,thecell lossratedecreases
with increasingcomplexity of theusedcombinationof discardprocedures.Only whenperformingall procedures1. to
3. together, thestrictobservanceof ��� �%!&# is guaranteed.

D. ARQprotocolfor CBRservices

A specialARQ protocol for low-rate CBR services( ���,�"!�#6587:9<; ) is useful which is able to make useof the
deterministicbehaviour of the inter-arrival time 7 9<; of CBR cells. If ATM cellsarediscardedautomaticallywithin a
time interval which is shorterthan 7:9<; , sequencenumbersareno longernecessary. In this case,the window sizeis
reducedto one,i.e. thereis no transmissionwindow any more.

After transmittingan ATM cell over the downlink, the basestationpolls for an acknowledgementby insertinga
dedicatedshortslot. Receiving anegativeacknowledgement,thisproceduremayberepeatedseveraltimes.If repetition
is notcontinuedbecausetheATM cell hasbeendiscarded,theterminaldoesnothave to beinformed.Thetransmission
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of ATM cellsover theuplink is performedby polling whichmayberepeatedin caseof unsuccessfultransmissions.By
abandoningthisprocedure,theterminalwill discardtheATM cell afteracertaintime. Therefore,anacknowledgement
procedurefor ATM cellstransmittedover theuplink is notnecessary.

Theperformanceevaluationof thisprotocolis subjectof furtherinvestigations.

I I I . SIMULATION MODEL FOR PERFORMANCE EVALUATION

Theperformanceof thepresentedprotocolsandalgorithmshasbeenevaluatedbycomputersimulations.Thescenario
consideredis a modelof a centralbasestationand = wirelessterminals.Bit errorsaregeneratedby a two-stateGilbert
modelwith a meanlengthof errorburstsof > +?� $@.A/21 , no errorsin the“good” state,a bit errorratein the“bad” stateofB +C9ED , andameanbit errorrateof

B +C9GF [1].
To determinethe contributionsof the variouselementsof the protocol,the influenceof a concreteMAC protocol

hasbeeneliminatedby modellingtheMAC layerby a G/D/1/FCFS/RU-NONPREmodel. Theschedulerhasan ideal
knowledgeof theactualcapacityrequirementsof thewirelessterminals.Acknowledgementsaretransmittedpiggyback
to informationframes,andemptyinformationframesareusedto deliver acknowledgements,if requested.Becauseof
the idealizedmodelof the MAC layer, the delaysdeterminedby simulationscanbe considereda lower bound. But
for therelative comparisonof protocolelementson theperformance,it is sufficient to comparethedelaydistributions
achieved.

Takinginto accounttheshortroundtrip delayof theidealizedMAC protocol,themodulusof thesequencenumbers
usedby theARQ instanceshasbeensetto 8 andthewindow sizeto 4.

For VBR VCsavideotelephony sourceis modelledby anautoregressive processwith ameanarrival rateamounting
to 15%of thechannelcapacityanda periodlengthof

B�H,HJI � $@.A/&1 (33 msat 20 Mbit/s). ThePoissonsourceis usedfor
modellingCBR(low datarate4) andVBR VCs(highdatarate)with QoSrequirementsaccordingto ���,�"!�#('K) +,+�� $@.A/21
(4 msat20Mbit/s). ThePoissonsourceis usedalsofor ABR VCswith nomaximumdelayrequirements.

The lengthof a simulationrun is automaticallycontrolledby theLRE algorithm[8] which limits therelative error
to a predeterminedvalue,andwhich is ableto handlecorrelationsin the measuredvalues. The relative error of the
diagramspresentedin thispaperis alwayslower than1%.

IV. CONCLUSIONS

In thispaperthedemandsfor anadditionalrepetitionbasederrorcontrolprocedureatanATM air interfacehavebeen
described.Thedifferentrequirementsof ATM serviceclassesrequirespecificARQ protocolsadaptedto thebehaviour
of theservices.For VBR, theSR/D-ARQprotocolhasbeenpresentedwhichemploys discardingof ATM cellsaswell
asadaptionof thenumberof retransmissionto thedelayrequirementsandtheinstantaneouschannelload.For CBR,an
ARQ protocolhasbeenintroducedthatmakesuseof thedeterministicbehaviour of theinter-arrival timeof CBR cells
andreducesthesignalingoverheadconsiderably. Theperformanceevaluationof theproposedprotocolshasshown that
theunreliablebehaviour of theradiochannelcanbebalancedby asophisticatederrorcontrol.
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Figure1: Correspondencebetweenradiocell andATM multiplexer

Figure2: Transmissionof acknowledgementsoveruplink andtheir influenceon theprioritiesof thescheduler

Figure3: Gainin cell delaywhenseparatingtheacknowledgementfield from theinformationfield of anARQ frame

Figure4: Examplefor aprotocolsequenceof theSR/D-ARQprotocolwith discardinginformationframes

Figure5: Complementarydistribution functionof delayfor differentcell discardprocedures,cf. alsoTable1
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Table1: Cell discardproceduresandpercentageof discardedandlostcells,seeFig. 5

procedures labelin Fig. 5 % discardedcells % lostcell

- nodiscardedcells 0 90.1
1 discardbeforefirst transmission 1.85 3.07

1-2 discarddelayedcells 2.31W 2.72
1-3 prematurelyendresequencing 1.76W 1.76

X
Thenumberof discardedcell is smallerfor prematurely end resequencing thanfor discard delayed cells becausethetransmissionof

theageof cellsenablestheusageof anoptimizedacknowledgementalgorithm.

13


