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This paper describesthe protocol stack

for the ATM air interface that implementsthe statistical
multiplexing of ATM cellswith a quality of serviceasin
fixed ATM multiplexers with the samelink data rate.
The multiplexing is controlled by a servicestrategythat
optimizes the resource allocation basedon short-term
demandsof virtual channelsand their negotiatedqual-
ity of service. A medium accesscontrol (MAC) protocol
realizesthe transmission order of ATM cells given by
the service strategy. By this, the protocol stack is able
to efficiently support all ATM service categories. The
paper focuseson a strategyfor transmissionof acknowl-
edgmentsof an automatic repeatrequest(ARQ) proto-
col and on a collision resolutionalgorithm for transmis-
sion of capacity requestsover the uplink. The perfor-
mance of the complete protocol stack with MAC and
ARQ protocols is evaluated under realistic traffic and
channel models by means of an integrated stochastic
simulation model.

1. INTRODUCTION

Modern broadbandmultimedia telecommunicationnet-
workshaveto supporttwo classesof services:synchronous
serviceslike telephony anddataserviceslike Internet.The
asynchronoustransfermode(ATM) is ableto supportboth
classeswith auniquenetwork structure.
Wirelesslinks areanimportantnetwork elementdueto the
high installationcostsof cable-basedinfrastructurein the
backboneandin the local loop of the useraccess.In cel-
lular radio systemsthey furthermoreenablemovability or
mobility of userterminals. This explainsthe growing de-
mandfor the transparentintegrationof wirelessATM (W-
ATM) terminalsinto fixedATM networks. Possibleappli-
cationsof W-ATM systemsarewirelesslocalareanetworks
(W-ATM LAN), cellularmobileradioandradioin thelocal
loop (RLL) networks.
In thispaperweconsideraW-ATM LAN correspondingto
theHIPERLAN type2 systemthat is currentlyunderstan-
dardizationby the ETSI-ProjectBroadbandRadioAccess
Networks(BRAN) [1]. The systemenablesslow mobile
wirelessATM terminalsaccessto a fixedATM infrastruc-
turein a limited locationarea(50m cell range).It operates
ona25Mbpstimedivisionduplex channelin anunlicensed
frequency bandat5.2GHz.�
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In general,theusersat W-ATM terminalsrequestthesame
functionalityandqualityof service(QoS)asusersof wired
terminals.Theseamlessextensionof ATM to wirelesster-
minalsrequiresstatisticalmultiplexing of ATM cellsonthe
air interface.A radiocell of a W-ATM systemwith its ter-
minalsandtheservingbasestationcanbeviewedasform-
ing a distributedATM multiplexeraroundtheair interface
which is characterizedby a radio channelinside [2]. For
the air interfacean additionalprotocolstackis necessary.
It containsa radio physicallayer, with the modembelow
the ATM layer, anda datalink control layer (DLC). The
DLC consistsof mediumaccesscontrol (MAC) andlogi-
cal link control (LLC). It belongsto the ATM layer that
realizesthestatisticalmultiplexing of ATM cells.
The MAC protocol is requiredto coordinatethe compe-
tition of terminalsfor the sharedradio channel. The ap-
proachfor theMAC protocolpresentedheretakesinto ac-
countthattheperformanceof ATM networksis mainly in-
fluencedby theintelligenceof theATM cellmultiplexing in
ATM network nodes.ModernATM multiplexersapplyser-
vice strategiesthat optimizethe resourceallocationbased
on short-termdemandsof virtual channels(VC) andtheir
negotiatedQoS.TheMAC protocolis centrallycontrolled
by the basestationandrealizesthe transmissionorderof
ATM cellsgivenby theservicestrategy.
Thispaperdescribestheprotocolstackfor theATM air in-
terface.It focuseson two algorithms,onefor transmission
of acknowledgmentsand one for resolutionof collisions
during the transmissionof capacityrequestsover the up-
link. Theperformanceof thecompleteprotocolstackwith
MAC andLLC protocolsis evaluatedunderrealistictraffic
andchannelmodelsby meansof an integratedstochastic
simulationmodel.

2. MAC AND LLC PROTOCOL FOR THE ATM A IR IN-
TERFACE

The virtual ATM multiplexer aroundthe air interfaceem-
ploys an ATM cell schedulerthatexecutesa servicestrat-
egy to determinethe transmissionorder of ATM cells.
Staticpriorities areusedbetweenATM servicecategories
(CBR � VBR � ABR � UBR). An exceptionarehighrate
CBR connections(e.g.,2MbpsprimaryrateISDN) which
are served with the priority level for the VBR category.
Within the CBR andVBR categoriesthe relativeurgency
discipline [3] is consideredwhere the priorities of ATM
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Figure1: Structureof DLC layerwith MAC andLLC scheduler.

cells dependon their waiting time and their connection-
specificQoSrequirements.Underthis strategy theproba-
bility for cellsbeinglate(exceedingtheirduedates)is min-
imized. For ABR servicesthealgorithmsappliedfor fixed
ATM multiplexersare used(e.g., weightedfair queueing
[4]), while theUBR servicecategory requiresfair resource
sharing.
Thescheduleris implementedwithin theDLC layerat the
air interface.Thefollowing constraintshave to beconsid-
ered:�

TheschedulerdistinguishesbetweenATM servicecate-
goriesandVCs. TheMAC protocolcontrolstheaccess
of theterminalsandthebasestationto thesharedradio
channel.�
The schedulerwithin the basestationhasno direct ac-
cessto theoccupancy of thesendbuffersof thewireless
terminals.A specialsignallingprotocolis necessaryin
orderto transmitthecapacityrequestsof terminalsto the
basestation.�
The unreliablebehaviour of the radio channelrequires
additionalmethodsfor errorrecovery. Automaticrepeat
request(ARQ) protocolshave to beused.�
ConventionalARQ protocolsareableto transmitinfor-
mation(I) frames(i.e., theinformationfield containsan
ATM cell) togetherwith piggybackedacknowledgments
orshortsupervisoryframeswhichcontainonlyacknowl-
edgments.In caseof asymmetrictraffic it is often im-
possibleto transmitacknowledgmentspiggybacked to
I-frames(ATM cells). Hence,it is necessarythat the
schedulerconsidersthe transmissionof ATM cells and
acknowledgments.

Thescheduleris dividedinto two parts,Figure1. Thelower
partbelongsto theMAC layeranddecideswhich terminal
is permittedto transmitor hasto receiveanATM cell. The
upperpartbelongsto theLLC layer. It selectstheVC that
is allowed to transmitor receive after the MAC scheduler
haschosentheterminal.

TheLLC sublayerin terminalscontainsanentity for each
priority level of theservicestrategy with thesendbuffersof
the correspondingservicecategory. The basestationcon-
tains mirrors of the terminal entitieseachestimatingthe
occupancy stateof the sendbuffers in the corresponding
terminal entity. A signalling protocol (RequestChannel,
RQCH) is executedfor notifying the mirror entitiesabout
the statesof the terminal entities. This is doneby gen-
erating(in the terminal)and interpreting(in the basesta-
tion) capacityrequestmessages,which aretransmittedas
RQCH-PDUs(ReQuestCHannelProtocolDataUnit).
TheMAC schedulerusesits own sendbuffer statesandthe
capacityrequestsof terminals,which areestimatedby the
mirror instances,in order to determinethe reservation of
slots.Theterminalsarenotifiedabouttheslot reservations
by meansof a signallingprotocolcalledDynamicSlotAs-
signment, DSA++. It organizesthe radiochannelasa se-
quenceof time slotsandmakesuseof thefour PDU types
definedin Table1.

Table1: PDUsof theDSA++ protocol.

type direct. content
Period-Ctrl-PDU down MAC signalling,e.g.,slot reservations

Down-PDU down ATM cell + ack.
Up-PDU up ��� (ATM cell + ack.)+ cap.request

RQCH-PDU up ack.+ cap.request

ack.:acknowledgment
cap.request:capacityrequestmessage

For thesimulationslater in this paperwe assumeonly one
ATM cell per Up-PDU,  "!$# %'&)(+*-,/. s for a Period-Ctrl-
PDU, Down-PDU or Up-PDU and  "!0# %�&21�34(657. s for an
RQCH-PDU.This correspondsto thefigurescurrentlyun-
derdiscussionfor HIPERLAN type2.
In orderto co-ordinatethechannelaccess,theDSA++ pro-
tocolgroupsslotsin so-calledsignallingperiods, Figure2.
During sucha signallingperiodnew capacityrequestsar-
rive at the basestationand are saved in the mirror enti-
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ties.At theendof aperiodtheslot reservationsfor thenext
periodarecalculatedandsignalledto the terminalswith a
Period-Ctrl-PDUon the downlink that startsthe next pe-
riod. The Period-Ctrl-PDUcontainsthe numberof slots
in theperiodandfor eachslot its length(numberof ATM
cells)andtheassociatedterminal.A signallingperiodmay
containa variablenumberof shortslotsfor RQCH-PDUs.
The accessto the RQCH slots is performedwith random
accessundercontrol of the RQCH protocol describedin
section4.
TheLLC sublayeralsoexecutestheservice-specificARQ
protocols.A sufficientbit errordetectioncapabilityfor de-
tecting faulty ARQ framesis assumedthat is combined
with forward error correction(FEC) to reducethe bit er-
ror ratio of the physicalchannel.The ARQ instancesare
locatedat the sendbuffers in the entitiesof the LLC sub-
layer. Theduedate-basedschedulingof ATM cellsrequires
oneARQ instanceperVC with real-timeconstraints.Ac-
knowledgmentscan be transmittedpiggybacked to ATM
cells, capacityrequests(on uplink) or Period-Ctrl-PDUs
(on downlink), cf. section3. The acknowledgmentpig-
gybacked to ATM cells may belong to a different ARQ
instancesthan the ATM cells, sincethe instancewith the
mosturgentATM cell doesnotnecessarilyhaveto transmit
themosturgentacknowledgment.Furthermore,it is possi-
ble to transmitseveral acknowledgmentsof oneor differ-
entARQ instancessimultaneouslyinsteadof anATM cell
(bundledack).
Two typesof ARQ protocolsaredeployedat theATM air
interface:

Standard ARQ protocol: For ABR andUBR servicesno
maximumdelayis specified.A conventionalARQ pro-
tocol suchasHDLC canbeapplied[5].

Real-time ARQ protocol: Real-timeCBR andVBR ser-
viceshave high demandsin meetingthe maximumcell
transfer delay. A SelectiveReject with Discarding,
SR/D-ARQprotocolis usedthatautomaticallydiscards
delayedcells.

The SR/D-ARQprotocolhasbeendescribedin [2] andis
ableto adapttheeffort for error recovery to the quality of
servicerequirements(givenby themaximumdelay :<;<=?>�@

at theair interface1 andmaximumcell lossratio,CLR) for
eachVC. This adaptabilityis achieved by the following
means:�

The numberof retransmissionsof an ATM cell is con-
trolled dependingon its due date (time of arrival +: ;<=?>�@ ).�
It is permitted to discardATM cells which have ex-
ceededtheir duedate.

The numberof retransmissionsis controlledby the ATM
cell scheduler. It tries to transmitan ATM cell aslong as
its duedatehasnotbeenexceeded,which will resultin the
discardingof thecell. Therealnumberof retransmissions
dependson the priorities inside the scheduleras well as
the currentchannelload. The duedate-basedscheduling
prefersretransmissions.
Discardingof obsoleteATM cellsat theair interfaceis ad-
vantageousin short-termcongestionsituations[3]. The
waiting time of thefollowing cellsandtheprobabilitythat
furthercellsareexceedingtheir duedatesarereduced.

3. ACKNOWLEDGMENT STRATEGY

Cell delaysandthroughputhighly dependonhow acknowl-
edgmentsaregeneratedandtransmitted.Thereservationof
capacityfor transmissionof acknowledgmentsis only done
by the ARQ instancesof the basestation. The acknowl-
edgmentof uplink cells happensaccordingto the stateof
the receive instancesin the basestation. The urgency for
acknowledgingdownlink cells is derivedfrom thesendin-
stancesof thebasestationby takinginto accountthenum-
berandpriority of unacknowledgedcells.
ARQ instancesgenerateacknowledgmentsin thefollowing
order:
1. Negativeacknowledgment
2. Discard message2 or positive acknowledgmentas an-

swerto polling (alternating)
3. Positiveacknowledgment
The following methodsfor transmissionof acknowledg-
mentsareavailable,Figure3.
Downlink:
1. Up to 6 acknowledgmentsin a Period-Ctrl-PDU
2. Piggybackedto anATM cell in a Down-PDU
3. Up to 24 acknowledgmentsin a Down-PDU (bundled

ack)
Uplink:
4. Piggybackedto anATM cell in anUp-PDU
5. Up to 24acknowledgmentsin anUp-PDU(bundledack)
6. In apolled(reserved)RQCH-PDU
7. In anRQCH-PDUtransmittedin randomaccess
Transmissionof acknowledgmentsis performedby thefol-
lowing tasks:

1TheATM traffic contractspecifiesno maximumdelay ACBED�FHG at the
air interface.With themaximumtransferdelay IKJML�NPORQ specifiedin the
ATM traffic contract,theassumptionof A B<D�FHG = SUTWVXIKJML�NPORQ seemsto
beuseful.

2A discardmessageinformsthereceiver thatthesenderhasdiscarded
anATM cell, which thereceiver is requestingfor retransmission.
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Figure3: Signallingperiodwith transmissionof acknowledgments.�
EachPeriod-Ctrl-PDUtransportsup to 6 downlink ac-
knowledgments.Thoseacknowledgmentsarepreferred
thathavenocorrespondingATM cellsto bepiggybacked
in a Down-PDU

�
Urgentacknowledgmentsincreasethepriority of corre-
spondingATM cells in orderto bepiggybackedin a re-
servedslot.

�
If the basestationexpectsan urgent acknowledgment
from a terminalthathasno ATM cell to transmit,it re-
servesa shortRQCH slot to the terminal to piggyback
the acknowledgmentto an RQCH-PDU.If several ac-
knowledgmentsare expectedfrom the sameterminal,
e.g., if several VCs are operatedin parallel, a slot for
anUp-PDUis reserved.

If a terminalwantsto transmitanurgentacknowledgment,
it hasto sendanRQCH-PDUin a randomaccessslot. Due
to possiblecollisionsandresultingdelaysthis is only used
in exceptionalsituations.

4. SIGNALLING OF CAPACITY REQUESTS

Thegoalof signallingcapacityrequestsover theuplink by
meansof the RQCH protocol is the sufficient information
of theATM cell schedulerin thebasestationabouttheoc-
cupancy stateof thesendbuffersin terminals.TheRQCH
protocolhasto solve thefollowing requirements:

In time signalling: To guaranteethe requiredmaximum
delay : ; =?>'@ of real-timeservicesthe signallingof new
arrivalshasto beperformedin time.

Small signalling effort: Signalling competeswith trans-
missionof ATM cells;channelcapacityoccupiedby sig-
nalling leadsto longerdelaysof ATM cells.

Sufficient coding of capacitydemand: A too vaguecod-
ing of theoccupancy stateof sendbuffersmayleadto a
wasteof channelcapacityif moreslotsarereservedthan
necessary. It may also increasedelaysif too few slots
arereserved.

TheRQCHprotocolhasto take into accountthefollowing
aspects:�

Codingtheoccupancy stateof sendbuffers
�

Determiningfrequency andtimesof signallingevents�
Transmissionmethodof capacityrequests

The procedurefor codingthe occupancy stateis adjusted
to thedifferentservicestrategies(oneperservicecategory
or priority level) in the ATM cell scheduler. Since the
MACprotocoldistinguishesbetweenterminalswhereasthe
schedulerdistinguishesbetweenVCs, the buffer statesof

all VCs in a terminalof the samepriority level arecom-
binedandcodedto a genericdatastructureof 2 byte size
calleddynamicparameters3. Thecapacitydemandof ater-
minal is expressedby a group of dynamicparameterob-
jects,with oneobjectperpriority level. Whentransmitting
a capacityrequest,a terminalchoosesthedynamicparam-
etersof thelevel of highestpriority with bufferedcells.

VBR, high rate CBR: SinceVBR cells are served by a
duedate-basedstrategy, their dynamicparameterscon-
taintheresiduallife time(timeinterval till duedate,log-
arithmiccoding)of themosturgentcell togetherwith the
numberof furthercellswith comparableurgency.

Low rate CBR: Thedynamicparametersof theCBR ser-
vice category are codedanalogousto VBR. An opti-
mizedproceduremayusethedeterministicinter-arrival
timeof CBRcellsin orderto extrapolatethearrival time
of the next cell. The dynamicparametersare usedto
synchronizethebasestationonthearrival processin ter-
minals. After a faulty extrapolationa terminal hasto
transmit its dynamicparametersexplicitly to the base
station.

ABR: The dynamicparametersof the ABR servicecate-
gory containthe numberof bufferedcells andmay be
usedto controlABR flow control.

UBR: The dynamicparametersof the UBR servicecate-
gorycontainthenumberof bufferedcells.

TheDSA++ protocoloffers two transmissionmethodsfor
dynamicparameters:�

Piggybackedto ATM cells
�

With RQCH-PDUsin shortslotswith randomaccessor
polledby thebasestation

The transmissionhappensdependingon the reservation
stateof a terminal.Figure4 shows thecorrespondingstate
transitiondiagram. StateIDLE correspondsto an empty
sendbuffer so that no capacityrequestis to be send. Af-
ter thearrival of anATM cell theterminalchangesto state
REQUEST(transition➀) andtriesto transmitits dynamic
parametersin a shortRQCHslot. After a successfultrans-
missionthe terminal entersstateRESERVATION (transi-
tion ➁) andwill be served by the scheduleraccordingto
theurgency of its ATM cells. With the transmissionof an
ATM cell in areservedslot thescheduleris informedabout
thenewestcapacitydemandby meansof thepiggybacked

3Thename“dynamicparameters”indicatesthedynamiccharacteristic
of thecapacitydemandsin contrastto thestatictraffic descriptorsandQoS
parameters.
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dynamicparameters(transition➂). If no further capac-
ity is required,no dynamicparametersaretransmittedand
thebasestationrecognizesthattheterminalhasreturnedto
stateIDLE (transition➃).
A specialcaseis theparallelexistenceof VCs of different
servicecategories. If a terminal did requestcapacityfor
a low priority servicecategory (e.g.,UBR) andthusis in
stateRESERVATION, thearrival of anATM cell of a high
priority category (e.g.,VBR) maymodify thecapacityde-
mandsuchthattheterminalis not ableto wait for thenext
reservedslot in orderto piggybackthenewestdynamicpa-
rameterson an ATM cells. Insteadit goesback to state
REQUEST(transition➄) andforcestheretransmissionof
its dynamicparametersover theRQCH.
The MAC instancein the basestationtracksthe reserva-
tion stateof all terminalsin orderto estimatethenumberof
terminalsthatwill sendin aRQCHslot for randomaccess.
By receivingdynamicparameters,thebasestationis ableto
detectthestatetransitions➁, ➂ and➃. But it cannotde-
tect the transitionsto stateREQUEST. Due to a corrupted
transmissionof dynamicparametersthe basestationmay
miss a terminal’s transitionto stateRESERVATION. The
terminalhasto beableto detectthis andto returnto state
REQUEST. For thispurposeeachPeriod-Ctrl-PDUsignals
thepriority valueof the latestscheduledATM cell. A ter-
minal comparesthis valuewith its own capacitydemand
andthusis ableto realizethat it hasnot beenconsidered
despiteits sufficienthighurgency. In thiscaseit concludes
on the lossof its last transmitteddynamicparametersand
forcestheir retransmission.

5. RQCH RANDOM ACCESS PROTOCOL WITH FAST

COLLISION RESOLUTION

TheRQCHprotocolgivesterminalsthepossibilityto initi-
atethetransmissionof their dynamicparametersby them-
selves. Sinceit employs randomaccess,a stableandfast
algorithmfor collision resolutionis necessary. Theperiod
structureof the DSA++ protocol gives rise to following
constraintsfor randomaccess.�

Theresultin a randomaccessslot is broadcastedto the
terminalswith feedbackmessageinsidethenext Period-
Ctrl-PDU.Thus,thereis thesituationwith delayedfeed-

backasdescribedin [5].�
Eachperiodcanprovide nearlyany numberof random
accessslots. The maximumnumberis only limited by
thesizeof thePeriod-Ctrl-PDU,becauseit hasto carry
thenecessarysignallingmessages.

Due to the urgency of the transmissionof dynamicpara-
meters, the random accessis not to be optimized for
throughput,but for shortdelays. Critical are the delayed
feedbacks,sincea secondrandomaccessof the sameter-
minal is only usefulif the feedbackof the first accesshas
beenevaluatedbefore.Therefore,dedicatedshortenedsig-
nallingperiodsareusedto enablefasttransmissionof feed-
backs.A maximumperiodlengthof theDSA++ protocolis
definedby thenumberof reservationmessagesin aPeriod-
Ctrl-PDU.ThisPDUhasthesamelengthasaDown-PDUs
( Y 53byte),but dueto its importancefor protocolstability
its contentis protectedby a specialFEC.Thus,we assumeZ\[�] ! =?>'@^(_*`, reservationmessagesperPeriod-Ctrl-PDU.
Eachreservation of a randomaccessslot aswell aseach
feedbackmessagereplacesa reservation messagefor an
ATM cell slot. Thus,periodsareautomaticallyshortened
with increasingnumberof randomaccessslots.

Delaysin randomaccessare also influencedby the used
collision resolutionalgorithm. Thealgorithmproposedin
thefollowing is a nonblockingadaptive identifiersplitting
algorithm[5] thattakesadvantageof theknown numberof
terminalsin contentionmode(notin stateRESERVATION),
sinceonly registeredterminalsareallowed to requestca-
pacity. This algorithmhasbeenanalysedin [6], whereit
is calledtheprobingalgorithm. It usestheuniqueterminal
identifiersthatareassignedto terminalsduringa registra-
tion procedure.

At thebeginningof eachsignallingperiodtheprobingalgo-
rithm dividestheidentifierspace(of size

Z
) into avariable

number  of consecutive intervalsandassignsoneRQCH
slot to eachinterval. The a th interval startswith terminal bHc
andendswith terminalbHcedgf-h\i , with b�fj(k, andbHl?( Z h\i .
It containsm�c�(nbocpdgf/hqbHc terminals.ThePeriod-Ctrl-PDU
signalstheinterval divisionto theterminalsby transmitting
thestartidentifier bHc of eachinterval.

Thewidth of eachinterval is determinedby consideringthe
probability rs! ]"tEu`v w that terminal b will sendin an RQCH
slot. For terminalsin stateRESERVATION rx! ]"t<u-v w is zero.
For all otherterminalsthebasestationapproximatesr ! ]"tEu`v w
by modellingthearrival processof thenext ATM cell by a
simplePoissonprocesswith parametery w . With thismodelr ! ]"tEu-v w correspondsto theprobabilityof at leastonearrival
at terminal b duringtheinterval  !0# %�& hz # > !{&U! ]"tEu-v w sincethe
last transmissionof its dynamicparameters(in an RQCH
slotor piggybackedto ATM cells),with  "!0# %'& beingthetime
of theconsideredRQCHslot,

r ! ]"tEu-v w (|ijhz} wR~������\� h�y w�~
�  !0# %'& h� # > !{&<! ]"t<u-v wH�H� (1)

Theparameter} w is setto 1 andwill beexplainedlater.



Thewidth of eachinterval is calculatedby maximizing m c
undertheconstraint

Z c (
w��W���2� f�wp�Rw�� r ! ]"tEu`v w?�n� (2)

With theparameter
�

theprobabilityof asuccessfultrans-
missioncanbeadjusted.Theanalysisin [6] hasshown that� Y�i`� 3 correspondsto binarysplitting and

� Y�,�� � to
ternarysplitting. With higher splitting order, shorterde-
laysarereached,which is paidfor by a lowerefficiency of
randomaccess.
At theendof aperiodtheresultsof accessesareusedto cor-
recttheestimationof rx! ]"t<u-v w . If noor onetransmissionhap-
penedin a slot (error-freefeedbackassumed), "# > !{&<! ]"t<u-v w is
setto  !0# %�& and } w is resetto 1 for all involvedterminals.If
acollisionoccurredin theslotbelongingto the a th interval,
thenumber

Z�� %'# # v c of involvedterminalsis estimatedby

Z\� %M# # v cR( Z c ijh � ijh Z c�1�m�c ��� �$� fijh � ijh Z c 1�m c � � � h Z c � i�h Z c 1�m c � � �0� f
(3)

The estimationis basedon the assumptionof a binomial
distribution of

Z c . This is not anexactmodel,but a suffi-
cient approximation.We correctthe estimationof rs! ]"tEu`v w
by adjusting} w :

} ( m�cPh Z\� %M# # v cm�cPh Z c (4)

} w0v t<]H� ( } ~ } w$v %'# u (5)

After a successfulor no transmissionin a slot, } w of the
terminalsin therelevantinterval is resetto 1.
To guaranteelimited delays,two further rules are neces-
sary:�

After the secondcollision terminalsarenot allowed to
bein thesamegroupwith uncollidedterminals.

�
During an ongoing collision terminalshave to be in-
cludedin groupswith decreasingsize.

Thecorrectdeterminationof theparametery w is a difficult
task sinceit cannotbe derived from the ATM traffic de-
scriptors.An adaptivealgorithmbasedon traffic measure-
mentsseemsto be an adequatesolutionbut is for further
study.
Finally, theextensionsof thesignallingschemeavoids the
segmentationof the identifier spaceinto too small groups
by enablingthe polling of terminalsin dedicatedRQCH
slots and combining the groupsright and left from the
polled terminal (Figure 6). For this, an additional list is
signalledwith eachPeriod-Ctrl-PDUthatcontainstheter-
minal identifiersof polled terminals. If the probingalgo-
rithm createsa group that containsonly one terminal, it
polls theterminalandtriesto combinetheadjacentgroups.
Figure5 givesanexamplefor thedistribution of terminals
ongroups.It showsasequenceof 16periodsfor ascenario
with 20 registeredterminals.
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Figure 6: Example for the polling of a single terminal
within a group(cf. Figure5 for abbreviations).

6. INTEGRATED STOCHASTIC SIMULATION MODEL FOR

PARAMETRIZATION AND PERFORMANCE EVALUA-
TION OF THE ATM A IR INTERFACE

The performanceof the protocolstackat the ATM air in-
terfacehighly dependson the parametersettingof MAC
andARQ protocols. Due to the mutualdependenciesbe-
tweenthemechanismsof SR/D-ARQ,RQCHandDSA++
protocols,partly with contraryeffects,theappropriateset-
tings canonly be determinedwhenconsideringthe whole
protocolstackunderrealisticenvironmentalconditions.
Thesimulationmodelis basedonaneventdrivenstochastic
computersimulationaccordingto [7, 8].
The behaviour of the physicalchannelis modelledby an
error-free transmissionand by two error models,which
provide uncorrelatedrandomerrorsand correlatederrors
basedon a Gilbert model. The parametrizationof the er-
ror modelsconsidersan indoormobile radiochannelwith
a meanpacket error ratio of 2.5% for both error models.
The modelscorrespondto extremecasesof the complex
behaviour of realisticradiochannels.
The protocol overhead¡ is definedto ¡¢(£i¤h¦¥ =?>�@ ,
basedon the maximumachievable throughput ¥ =?>'@ that
only considerssuccessfullydeliveredATM cells. Trans-
missionerrorsare includedin ¡ in order to take into ac-
counttheeffectsof erroneoussignalling.¥�§©¨Cª is measuredasfollows: with a giventraffic scenario
a further terminalwith a UBR connectionis addedthat is
alwaysableto sendanATM cell andfills upall emptyslots.
Due to the static priorities in the schedulerthis doesnot
effect theperformanceof CBR andVBR services.
Thelengthof a simulationrun hasbeencontrolledby pre-
scribing a relative error supportedby the LRE algorithm
[9], which considerscorrelationsbetweenmeasuredval-
ues.Therelativeerrorof all presentedresultsis lower than
5%.

7. PARAMETRIZATION OF PROBING ALGORITHM IN

DSA++ PROTOCOL

Theoptimalvaluefor
�

of theprobingalgorithmis deter-
minedby asimulationmodelof theDSA++ protocol.Only
error-freetransmissionis consideredsothatnoARQ proto-
col hasto beexecuted.Theinfluenceof transmissionerrors
on collision resolutionsis consideredlaterin this paper.
The simulation scenarioassumes10 terminalswith one
bidirectionalVC each. The load is resultingfrom Pois-
sonsourcesandis equallydistributedbetweentheVCs on
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Figure 7: Signalling effort ³P´Pµ t<¶ of the transmissionof
capacityrequestsin RQCHslotsagainstoverall load ·¸y .

uplink anddownlink. Theoverall load · y is variedfrom
0 to 1. Figure7 showsthesignallingeffort ³P´Pµ t<¶ andFig-
ure 8 the efficiency ¥ ´Pµ tE¶ (probability of success)of the
transmissionof capacityrequestsover the RQCH. In Fig-
ure9 themeannumberof signallingperiods

Zº¹
till a suc-

cessfultransmissionis shown for
�

between0.4 and1.4.
Figure10 shows for

� (�i`� , the threshold »Z½¼ of delays
(measuredin multiplesof slot length :E!0# %�& ) thatis exceeded
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Figure8: Efficiency ¥ ´Pµ t<¶ (probabilityof success)of the
transmissionof capacityrequestsin RQCH slots against
overall load · y .

by acertainfractionof capacityrequests4.
It canbeseenthatlowervaluesof

�
leadto shorterRQCH

delaysbut reducestheefficiency ¥ ´Pµ tE¶ . ThefasterRQCH
reducesthe delay of uplink ATM cells and the lower ef-
ficiency ¥
´Pµ tE¶ togetherwith the higher signalling effort

4The maximumdelayfor high load ·�Â is limited to the maximum
period lengthof V�ÃUT ÄÆÅ2A�ÇÉÈ ÊHË (19 ATM cell slotsof length A�ÇÉÈ ÊHË andone
RQCHslot of length A ÇÉÈ ÊHËCÌMÍ ).
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³P´Pµ t<¶ increasesthe delayof downlink ATM cells.
� (,�� × seemsto be a good compromisebetweendelaysand

efficiency.

8. PERFORMANCE EVALUATION OF THE ATM A IR IN-
TERFACE

This sectionpresentsa detailedperformanceevaluationof
the whole protocolstackbasedon the two realisticmulti-
mediascenariosin Table2 and3. The scenariosconsider
terminalsthatoperateonebidirectionalVC of thespecified
serviceclassandtraffic modeleach.
The voice servicecorrespondsto a 64kbps PCM codec,

Table2: Parametersof the1stmultimediascenario.

Service Category Â #WT · Load ACB D�FHG ACB D�FHG<Ì A�ÇÉÈ ÊHË
Voice CBR 64kbps 4 3% 2ms 100
Video VBR 1Mbps 4 44% 30ms 1500
Data UBR 460kbps 4 20% Undef. Undef.

Table3: Parametersof the2ndmultimediascenario.

Service Category Â #WT · Load A BED�FHG A BUD�FHG<Ì A ÇÉÈ ÊHË
Voice CBR 64kbps 4 3% 2ms 100

ISDN
�

VBR
�

2Mbps 1 22% 5ms 250
Video VBR 1Mbps 2 22% 30ms 1500
Data UBR 460kbps 4 20% Undef. Undef.�

PrimaryrateISDN connectionbelongsto CBR servicecategory
but is servicedwith theVBR priority level of the scheduler, since
thehigherCBR priority level only serviceslow rateCBR connec-
tions(e.g.,64kbps).

Table 4: Parametersettingsof protocol stackfor perfor-
manceevaluation.

max.No. reservations
Z [s] ! =?>'@ in Period-Ctrl-PDU 20

max.No. acknowledgmentsin Period-Ctrl-PDU 6
Ratioof UP-PDU/RQCHslot length ØE!0# %'& 4
Groupweight

�
of probingalgorithm 0.8

thevideoserviceis accordingto [10], andthedataservice
is modelledby aPoissonsource.
If not otherwisementioned,the parametersettingsin Ta-
ble4 areused.

1. Maximumnumber
Z [s] ! =?>'@ of reservationsin signalling

period

Themaximumnumberof reservationmessagesin aPeriod-
Ctrl-PDUfor Down-PDUs,Up-PDUsandRQCH-PDUsas
well asrandomaccessfeedbacksis givenby theparameterZ\[�] ! =?>'@ . To studythe influenceof

Z\[�] ! =?>�@ , it is varied
between16 and64. For simplificationthe dependency ofZ [�] ! =?>'@ from thestructureandsizeof a Period-Ctrl-PDU
is neglected. To avoid the closingof ARQ windows [2],
theirmaximumsizeis setto * Z�[s] ! =?>'@ .
Higher valuesof

Z [s] !"=?>'@ allow longer signalling peri-
odsandleadto lessfrequenttransmissionsof Period-Ctrl-
PDUs. Having in mind the above simplification, this re-
ducestheprotocoloverhead¡ . Longersignallingperiods
furthermorereducethe acknowledgmenttraffic since the
piggybacked transmissionof acknowledgmentsbecomes
moreprobable.
The video sourcescausebatch arrivals which result in
phaseswith veryhigh load.Theexpectedhighdependency
of the protocoloverhead¡ on

Z�[s] !"=?>'@ is proven by the
simulationresultsin Figure11. ¡ decreasescontinuously
with increasing

Z [s] ! =?>'@ with similarbehaviour for thedif-
ferentchannelmodels.
The resultsshow that uncorrelatederrorsleadto a higher
effectiveerrorratio andthusto a higherprotocoloverhead
thancorrelatederrors. The reasonis the lossof a Period-
Ctrl-PDU,which causesthata terminalcannot identify its
slot reservations. With correlatederrors it is very likely
thatthetransmissionin thereservedslotswouldhavefailed
too. With uncorrelatederrorsatransmissionin thereserved
slotswouldhavebeenpossiblebut couldnot takeplacedue
to themissedreservationmessage.Thisincreasestheeffec-
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Figure13: Protocoloverhead¡ againstratio of RQCHto
Up-PDUslot length ØE!$# %'& for 1stmultimediascenario.

tivepacketerrorratio.
The resulting protocol overheadfor the 2nd scenariois
slightly lower thanwith the1stscenario,sincethe2Mbps
CBR connectionallows the piggybacked transmissionof
all acknowledgmentsin contrastto the video connection,
wheremostuplink acknowledgmentsaresendin RQCH-
PDUs.
Shortersignallingperiodsenhancetheflexibility of proto-
cols andshortenresponsetimes: The schedulerconsiders
new arrivalsearlier, the collision resolutionis speededup
anderroneouspacketsareretransmittedfaster. Thus,large
valuesof

Z�[s] !"=?>'@ have a negative influenceon transmis-
siondelaysof real-timeservices.This mostlyaffectsCBR
connectionswhichdemandverysmallmaximumdelays.In
Figure12 the delaysof up- anddownlink CBR cells con-
tinuously increasewith higher

Z�[s] !"=?>'@ . The curvesgive
riseto following conclusions:�

CBRconnectionsareservedwith highestpriority, sothat
in caseof error-freetransmissiontheirdownlink cell de-
laysarecausedonly by theperiod-orientedtransmission
which considersnew arrivalsnot beforethenext period.
Themaximumdelayis determinedby themaximumpe-
riod length( Y Z [s] !"=?>'@ ~ :�!0# %�& ).
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Figure14: Meandelay :s; of up- anddownlink (correlated
transmissionerrors)againstratioof RQCHto Up-PDUslot
length ØE!0# %'& for 1stmultimediascenario.�

Uplink ATM cells are transmittedat the end of a sig-
nalling period. The transmissionof downlink cell
batchesof video sourcescausesan additionaldelayof
CBR uplink cells of up to onemaximumperiodlength
comparedto downlink CBR cells. This happensinY_*`, % of time.

�
For low rateCBRconnectionsanarriving uplink cell al-
waysencountersanemptysendbuffer. Thus,thetermi-
nal alwayshasto requestcapacityvia theRQCHwhich
increasesdelays.Largevaluesof

Z [s] !"=?>'@ resultin long
signalling periodsand causelarge accessdelays. ForZ [�] !"=?>�@Ü(ÞÝX*�ß'3X,xß'à-3 the maximumallowed transmis-
siondelayof voiceservicescannotbemet.

�
Whena transmissionerror of a CBR cell occurred,the
retransmissionwill nothappenbeforethenext signalling
period.During phaseswith high offeredload(e.g.,dur-
ing thetransmissionof avideoimage)all signallingperi-
odsareof maximumlength.With too large

Z [s] ! =?>'@ re-
transmissionscannotbeexecutedin time. This explains
thelargecell lossesfor

Z\[�] ! =?>�@\(_à`3 .
In ATM systemsmeetingthe maximumtransferdelayof
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Figure12: Complementarydistribution functions(cdf) of transmissiondelaysandcell lossratiosfor theCBRconnectionsof
the1stmultimediascenario.

ATM cells of real-timeservicesis more importantthana
slightly improvedchannelefficiency. Thus, å\æ�ç"è"é?ê'ë�ìîí-ï
is reasonable.AlthoughtheQoSof CBRconnectionscould
be met with å æ�ç"è"é?ê�ëñð í-ï , we chooseå æ�ç"è"é?ê�ë ìòí`ó .
Thisprovidesadditionalspacewithin thePeriod-Ctrl-PDU
for messagesof mobility andnetwork management.

2. Ratio ô è0õ ö'÷ of RQCHto Up-PDUslot length

RQCH-PDUsonly carryprotocolcontrol information(ca-
pacity requests,acknowledgments). Thus, the length

of their slots directly affects the protocol overhead ø .
The ratio of the RQCH to Up-PDU slot length ôEè0õ ö'÷ ðù æxúRû�ü7ýsè0õ ö'÷2þ ùEÿ�� ý���� ÿ ýsè$õ ö'÷ dependson the implementa-
tion of the modem. Basedon the 1st scenariothe impact
of ô<è0õ ö�÷ on theprotocoloverheadø andon themeandelay
of ATM cells ù�� is investigated.

Thediagramin Figure13 shows a linear relationbetweenôEè$õ ö'÷ and ø . For the chosenvalue of ô<è0õ ö�÷ ð ó�� í 	 the
amountof ø�
0ô è0õ ö�÷�ð ó��Wí 	�
�� ø�
0ô è0õ ö�÷ºð ó 
�� í�� 	�� of
channelcapacityis occupiedby RQCH slots independent



of the selectedchannelmodel. The diagramin Figure14
considersthe correlatederror modelandshows the influ-
enceof signallingtraffic onmeancell delays.As expected,
increasingô è$õ ö'÷ influencesdelaysof low priority datacon-
nectionssignificantlystrongerthandelaysof high priority
voiceandvideoconnections.

3. Transmissionof capacityrequestsover theRQCH

The transmissionof capacityrequestsaffects the cell de-
lay not only by its signallingtraffic but alsoby thedelayed
notificationof the scheduleraboutnew arrivals. However
the delayednotification only lengthenscell delaysif the
scheduleris informedaboutan urgentcell after the ideal
transmissionmomentof the cell is exceededwhich is de-
terminedby theservicestrategy 5.
The simulationenvironmentenablesthe measurementof
thisadditionalaccessdelayby connectingtheschedulerdi-
rectly to the buffers in the terminals,in order to provide
perfectknowledgeaboutbuffer occupancies.This estab-
lishesa lowerboundfor cell delays.
The diagramsof Figure15 show the cell delaysof uplink
cells for the voice and video connectionsof the 1st sce-
nario and the primary rate ISDN connectionof the 2nd
scenario.The diagramscomparethe complementarydis-
tribution function (cdf) of cell delayswith perfectknowl-
edgeaboutbuffer occupancies(perfectuplink) with thecdf
obtainedwhenRQCHsignallingis executed(realuplink).
Theresultsallow furtherinterpretations:

Voiceconnections(1stscenario): The distancebetween
the cdfs of perfect and real uplink indicatesthat the
transmissionof capacityrequestsaddsa significantbut
not themainshareto cell delays.Themainshareresults
from theperiod-orientedtransmissionwith theuplink at
the endof periods. Notice that the deterministicinter-
arrival time of CBR cells of 6ms is significant larger
thantheir maximumallowed transmissiondelay ù�� é?ê�ë
of 2ms. Hence,thetransmissionof eachuplink cell has
to be introducedby a capacityrequestvia the RQCH.
Nevertheless,only a small shareof delaysis causedby
theRQCHsincetheRQCHaccessprotocolis optimized
for shortdelays.

Primary rate ISDN connections(2nd scenario): The
cell delaysof this 2Mbps CBR connectionarecaused
by similar effects as observed for low rate voice con-
nections. The impact the RQCH is the same, but
successive erroneoustransmissionsmay lead to higher
delays. However, dueto the highermaximumallowed
transmissiondelaycomparedto voice connections,cell
discardingdoesnot occurwithin thevisible scale.

Videoconnections(1st scenario): All ATM cells of a
batcharrival of video connectionshave the samedue
dateand are served successively. Their cell sequence

5With respectto theservicestrategy a theoreticalperfecttransmission
sequenceof bufferedATM cellscanbederivedfrom theexactknowledge
aboutbuffer occupancies.Realdistributedsystemscanonly approximate
this sequence.

is only interruptedby voice cells, MAC signalling or
acknowledgments.With respectto cell delaysthe sig-
nalling of capacityrequestsaftera batcharrival aswell
astheperiod-orientedtransmissionschemeareof minor
influence.Thus,thecurvesfor perfectandrealuplink in
Figure15 nearlyhave thesamerun.

9. CONCLUSIONS

The paperhas presenteda performanceevaluation of a
completeprotocolstackfor anATM air interfaceunderre-
alistic traffic andchannelmodels. The simulationresults
demonstratedthe necessityfor a joint evaluationof MAC
andARQ protocols.Only sucha joint modelallowsto take
thefollowing effectsinto account:� Capacityreservation for transmissionof acknowledg-

ments� Randomaccessnotonly for transmissionof capacityre-
questsbut alsofor acknowledgments� Efficiency and stability of MAC and ARQ protocols
whenconsideringfaulty protocolsignalling

It hasbeenshown that the protocolstackenablesthe ob-
servanceof QoSfor typical broadbandmultimediaappli-
cations. It offersa high efficiency alsoon very unreliable
mobileradiochannelswith 2.5%packeterrors!Thefunda-
mentalapproachof theprotocolstackto implementa dis-
tributed ATM multiplexer at the air interfaceenablesthe
flexible andeasyimplementationof any new ATM func-
tionality as it is currently under discussionat the rele-
vantstandardizationbodies(e.g.,ABR flow control,early
packet discarding,guaranteedframerateGFR, new AAL
type2 with mini cells).
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