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

1. INTRODUCTION

Modern broadbandmultimedia telecommunicationnet-
workshaveto supporttwo classe®f servicessynchronous
servicedik e telepholy anddataservicedik e Internet. The
asyntironoustransfermode(ATM) is ableto supportboth
classesvith auniguenetwork structure.

Wirelesslinks areanimportantnetwork elementdueto the
high installationcostsof cable-basednfrastructurein the
backboneandin the local loop of the useraccess.In cel-
lular radio systemghey furthermoreenablemovability or
mobility of userterminals. This explainsthe growing de-
mandfor the transparenintegrationof wirelessATM (W-
ATM) terminalsinto fixed ATM networks. Possibleappli-
cationsof W-ATM systemarewirelesdocalareanetworks
(W-ATM LAN), cellularmobileradioandradioin thelocal
loop (RLL) networks.

In this papemwe considera W-ATM LAN correspondingo
the HIPERLAN type2 systemthatis currentlyunderstan-
dardizationby the ETSI-ProjectBroadbandRadio Access
Networks(BRAN) [1]. The systemenablesslow mobile
wirelessATM terminalsaccesgo a fixed ATM infrastruc-
turein alimited locationarea(50m cell range).lt operates
ona25Mbpstimedivisionduplex channeln anunlicensed
frequeng bandat5.2GHz.
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In generaltheusersat W-ATM terminalsrequesthesame
functionalityandquality of service(QoS)asusersof wired
terminals.The seamlesgxtensionof ATM to wirelesster
minalsrequiresstatisticaimultiplexing of ATM cellsonthe
air interface.A radiocell of aW-ATM systemwith its ter
minalsandtheservingbasestationcanbeviewedasform-
ing a distributed ATM multiplexer aroundthe air interface
which is characterizedy a radio channelinside [2]. For
the air interfacean additional protocol stackis necessary
It containsa radio physicallayer, with the modembelow
the ATM layer, anda datalink controllayer (DLC). The
DLC consistsof mediumaccessontrol (MAC) andlogi-
cal link control (LLC). It belongsto the ATM layer that
realizeghe statisticalmultiplexing of ATM cells.

The MAC protocolis requiredto coordinatethe compe-
tition of terminalsfor the sharedradio channel. The ap-
proachfor the MAC protocolpresentedheretakesinto ac-
countthatthe performancef ATM networksis mainlyin-
fluencedoy theintelligenceof the ATM cell multiplexingin
ATM network nodesModernATM multiplexersapplyser
vice stratgiesthat optimize the resourceallocationbased
on short-termdemandof virtual channelgVC) andtheir
negotiatedQoS.The MAC protocolis centrallycontrolled
by the basestationand realizesthe transmissiororder of
ATM cellsgivenby the servicestrateyy.

This paperdescribeghe protocolstackfor the ATM air in-
terface. It focuseson two algorithms,onefor transmission
of acknavledgmentsand one for resolutionof collisions
during the transmissiorof capacityrequestsover the up-
link. Theperformancef the completeprotocolstackwith
MAC andLLC protocolsis evaluatedunderrealistictraffic
and channelmodelsby meansof an integratedstochastic
simulationmodel.

2. MAC AND LLC ProTocoL FOR THE ATM AIR IN-
TERFACE

Thevirtual ATM multiplexer aroundthe air interfaceem-
ploys an ATM cell schedulethat executesa servicestrat-
egy to determinethe transmissionorder of ATM cells.
Staticpriorities are usedbetweenATM servicecatayories
(CBR> VBR > ABR > UBR). An exceptionarehighrate
CBR connectionge.g.,2 Mbps primary rateISDN) which
are sened with the priority level for the VBR cateory.

Within the CBR and VBR cateyoriesthe relative urgency
discipline [3] is consideredwherethe priorities of ATM
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Figurel: Structureof DLC layerwith MAC andLLC scheduler

cells dependon their waiting time and their connection-
specificQoSrequirementsUnderthis stratgy the proba-
bility for cellsbeinglate (exceedingheirduedates)s min-
imized. For ABR serviceghe algorithmsappliedfor fixed
ATM multiplexersare used(e.g., weightedfair queueing
[4]), while the UBR servicecategory requiresfair resource
sharing.

The scheduleis implementedvithin the DLC layeratthe
air interface. The following constraintshave to be consid-
ered:

e ThescheduledistinguishedbetweenrATM servicecate-
goriesandVCs. The MAC protocolcontrolsthe access
of the terminalsandthe basestationto the sharedradio
channel.

e The schedulemwithin the basestationhasno directac-
cesgo theoccupang of the sendbuffersof thewireless
terminals. A specialsignallingprotocolis necessaryn
orderto transmitthe capacityrequest®f terminalsto the
basestation.

e The unreliablebehaiour of the radio channelrequires
additionalmethoddor errorrecovery. Automaticrepeat
reques{ARQ) protocolshave to beused.

e CorventionalARQ protocolsareableto transmitinfor-
mation(l) frames(i.e., theinformationfield containsan
ATM cell) togethemwith piggybacledacknavledgments
or shortsupervisoryframeswhich containonly acknawl-
edgments.In caseof asymmetrictraffic it is oftenim-
possibleto transmitacknavledgmentspiggybacled to
I-frames (ATM cells). Hence,it is necessaryhat the
schedulerconsiderghe transmissiorof ATM cells and
acknavledgments.

Thescheduleris dividedinto two parts,Figurel. Thelower
partbelongsto the MA C layeranddecideswhich terminal
is permittedto transmitor hasto receve anATM cell. The
upperpartbelongsto the LLC layer. It selectgheVC that
is allowedto transmitor receie after the MAC scheduler
haschoserntheterminal.

The LLC sublayerin terminalscontainsan entity for each
priority level of theservicestrategyy with thesendbuffersof
the correspondingervicecateyory. The basestationcon-
tains mirrors of the terminal entities eachestimatingthe
occupany stateof the sendbuffersin 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) andinterpreting(in the basesta-
tion) capacityrequestmessagesyhich aretransmittedas
RQCH-PDUgReQuesCHannelProtocolDataUnit).

The MAC scheduleusests own sendbuffer statesandthe
capacityrequestof terminals,which are estimatecby the
mirror instancesjn orderto determinethe resenation of
slots. Theterminalsarenotified aboutthe slot resenations
by meansof a signallingprotocolcalled DynamicSlot As-
signmentDSA++. It organizegheradio channelasa se-
guenceof time slotsandmakesuseof the four PDU types
definedin Tablel.

Tablel: PDUsof the DSA++ protocol.

type direct. content
Period-Ctrl-PDU down MAC signalling,e.g.,slotreserations
Down-PDU down ATM cell + ack.
Up-PDU up nx (ATM cell + ack.) + cap.request
RQCH-PDU up ack.+ cap.request

ack.:acknavledgment
cap.requestcapacityrequesimessage

For the simulationdaterin this paperwe assumenly one
ATM cell per Up-PDU, tgot = 20 us for a Period-Citrl-
PDU, Down-PDU or Up-PDU andtg, /4 = 5 pus for an
RQCH-PDU.This correspondso the figurescurrentlyun-
derdiscussiorfor HIPERLAN type 2.

In orderto co-ordinateéhechannebccessthe DSA++ pro-
tocol groupsslotsin so-calledsignalling periods Figure2.
During sucha signalling period new capacityrequestsar
rive at the basestationand are saved in the mirror enti-



time
| signalling period | signalling period | signalling period |—>

transceiver
/ mwm
downlink ATM cells . uplink ATM cells .

; PXPL
. PRI AL
. A
. =7 signallifg of
1,0 signal |ng o)
/‘/ reservation reqUeStS

Figure?2: Signallingperiodsof DSA++ MAC protocol.

ties. At theendof a periodtheslotresenationsfor the next
periodarecalculatedandsignalledto the terminalswith a
Period-Ctrl-PDUon the downlink that startsthe next pe-
riod. The Period-Ctrl-PDUcontainsthe numberof slots
in the periodandfor eachslot its length(numberof ATM
cells)andtheassociatederminal. A signallingperiodmay
containa variablenumberof shortslotsfor RQCH-PDUs.
The accesgo the RQCH slotsis performedwith random
accesaunder control of the RQCH protocol describedn
sectior4.

The LLC sublayeralsoexecuteghe service-specifidRQ
protocols.A sufiicientbit errordetectioncapabilityfor de-
tecting faulty ARQ framesis assumedhat is combined
with forward error correction(FEC) to reducethe bit er-
ror ratio of the physicalchannel. The ARQ instancesare
locatedat the sendbuffersin the entitiesof the LLC sub-
layer. Theduedate-basedchedulingpf ATM cellsrequires
oneARQ instanceper VC with real-timeconstraints.Ac-
knowledgmentscan be transmittedpiggybacled to ATM
cells, capacityrequestgon uplink) or Period-Ctrl-PDUs
(on downlink), cf. section3. The acknavledgmentpig-
gybacled to ATM cells may belongto a different ARQ
instanceghanthe ATM cells, sincethe instancewith the
mosturgentATM cell doesnot necessarilhaveto transmit
themosturgentacknavledgment.Furthermoreit is possi-
ble to transmitseveral acknavledgmentsf oneor differ-
entARQ instancesimultaneouslynsteadof an ATM cell
(bundledack).

Two typesof ARQ protocolsaredeployed atthe ATM air
interface:

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

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

The SR/D-ARQprotocolhasbeendescribedn [2] andis
ableto adaptthe effort for errorrecovery to the quality of
servicerequirementggiven by the maximumdelay 74«

attheair interfacé andmaximumcell lossratio, CLR) for
eachVC. This adaptabilityis achievzed by the following
means:

e The numberof retransmissionsf an ATM cell is con-
trolled dependingon its due date (time of arrival +
7—dmax)'

e It is permittedto discard ATM cells which have ex-
ceededheirduedate.

The numberof retransmissiongs controlledby the ATM
cell scheduler It triesto transmitan ATM cell aslong as
its duedatehasnot beenexceededwhich will resultin the
discardingof the cell. The realnumberof retransmissions
dependson the priorities inside the scheduleras well as
the currentchannelload. The due date-basedcheduling
prefersretransmissions.

Discardingof obsoleteATM cellsatthe air interfaceis ad-
vantageousn short-termcongestionsituations[3]. The
waiting time of thefollowing cellsandthe probability that
furthercellsareexceedingheir duedatesarereduced.

3. ACKNOWLEDGMENT STRATEGY

Celldelaysandthroughpuhighly dependnhow acknawl-

edgmentaregenerate@ndtransmitted Theresenationof

capacityfor transmissiorof acknavledgmentss only done

by the ARQ instancef the basestation. The acknawl-

edgmentof uplink cells happensaccordingto the stateof

the receie instancesn the basestation. The urgeng for

acknavledgingdownlink cellsis derivedfrom the sendin-

stance®f the basestationby takinginto accounthe num-

berandpriority of unacknavledgedcells.

ARQ instancegeneratacknaviedgmentsn thefollowing

order:

1. Negative acknavledgment

2. Discard message or positive acknavledgmentas an-
swerto polling (alternating)

3. Positve acknaviedgment

The following methodsfor transmissionof acknavledg-

mentsareavailable,Figure3.

Downlink:

1. Upto 6 acknawledgmentsn a Period-Ctrl-PDU

2. Piggybacledto anATM cell in aDown-PDU

3. Up to 24 acknavledgmentsin a Down-PDU (bundled
ack)

Uplink:

4. Piggybacledto anATM cellin anUp-PDU

5. Upto 24 acknavledgmentsn anUp-PDU (bundledack)

6. In apolled(resened)RQCH-PDU

7. In anRQCH-PDUtransmittedn randomaccess

Transmissiorof acknavledgmentss performedby thefol-

lowing tasks:

1The ATM traffic contractspecifiesno maximumdelay7y,,,, atthe
air interface. With themaximumtransferdelaymaxCTD specifiedn the
ATM traffic contracttheassumptiorof 74,,,. = 0.1 maxCTD seemgo
beuseful.

2A discardmessagénformstherecever thatthe sendeihasdiscarded
anATM cell, whichtherecever is requestindor retransmission.
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e EachPeriod-Ctrl-PDUtransportsup to 6 downlink ac-
knowledgments.Thoseacknavledgmentsare preferred
thathavenocorrespondind\TM cellsto bepiggybacled
in aDown-PDU

¢ Urgentacknavledgmentsncreasehe priority of corre-
spondingATM cellsin orderto be piggybacledin are-
senedslot.

e |f the basestationexpectsan urgent acknavledgment
from a terminalthathasno ATM cell to transmit,it re-
senesa shortRQCH slot to the terminalto piggyback
the acknavledgmentto an RQCH-PDU.If several ac-
knowledgmentsare expectedfrom the sameterminal,
e.g.,if several VCs are operatedn parallel, a slot for
anUp-PDUis resened.

If aterminalwantsto transmitanurgentacknavledgment,
it hasto sendanRQCH-PDUin arandomaccesslot. Due
to possiblecollisionsandresultingdelaysthis is only used
in exceptionalsituations.

4. SIGNALLING OF CAPACITY REQUESTS

Thegoalof signallingcapacityrequestover the uplink by
meansof the RQCH protocolis the sufficient information
of the ATM cell schedulein the basestationaboutthe oc-
cupangy stateof the sendbuffersin terminals. The RQCH
protocolhasto solve thefollowing requirements:

In time signalling: To guaranteghe required maximum
delayrymax Of real-timeservicesthe signallingof new
arrivalshasto be performedn time.

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

Sufficient coding of capacity demand: A too vaguecod-
ing of the occupang stateof sendbuffersmayleadto a
wasteof channekapacityif moreslotsareresenedthan
necessary It may alsoincreasedelaysif too few slots
areresened.

The RQCH protocolhasto take into accounthefollowing
aspects:

e Codingtheoccupang stateof sendbuffers
e Determiningfrequeny andtimesof signallingevents
e Transmissiomrmethodof capacityrequests

The procedurefor codingthe occupanyg stateis adjusted
to thedifferentservicestratgyies(oneper servicecateory
or priority level) in the ATM cell scheduler Since the
MA C protocoldistinguishebetweerterminalsvhereashe
scheduledistinguishedetweenVCs, the buffer statesof

all VCs in a terminal of the samepriority level arecom-
binedand codedto a genericdatastructureof 2 byte size
calleddynamicparametes®. Thecapacitydemancf ater-
minal is expressedy a group of dynamicparameteiob-
jects,with oneobjectperpriority level. Whentransmitting
a capacityrequesta terminalchooseghe dynamicparam-
etersof thelevel of highestpriority with bufferedcells.

VBR, high rate CBR: Since VBR cells are sened by a
duedate-basedtratay, their dynamicparametergon-
taintheresidualife time (timeinterval till duedate,log-
arithmiccoding)of themosturgentcell togethemwith the
numberof furthercellswith comparablairgeng.

Low rate CBR: Thedynamicparametersfthe CBR ser
vice category are codedanalogousto VBR. An opti-
mizedproceduremay usethe deterministicinter-arrival
time of CBR cellsin orderto extrapolatethearrival time
of the next cell. The dynamicparametersre usedto
synchronizghebasestationonthearrival processn ter-
minals. After a faulty extrapolationa terminal hasto
transmitits dynamic parametersexplicitly to the base
station.

ABR: Thedynamicparameter®f the ABR servicecate-
gory containthe numberof buffered cells and may be
usedto control ABR flow control.

UBR: Thedynamicparameter®f the UBR servicecate-
gory containthe numberof bufferedcells.

The DSA++ protocolofferstwo transmissiormethodsor
dynamicparameters:

o Piggybacledto ATM cells
e With RQCH-PDUsn shortslotswith randomaccesr
polledby thebasestation

The transmissionhappensdependingon the resenation
stateof aterminal. Figure4 showvsthe correspondingtate
transitiondiagram. StatelDLE correspondg$o an empty
sendbuffer so that no capacityrequestis to be send. Af-

terthearrival of an ATM cell theterminalchangedo state
REQUEST (transition[]) andtriesto transmitits dynamic
parameterin ashortRQCH slot. After a successfutrans-
missionthe terminal entersstate RESER/ATION (transi-
tion [1) andwill be sened by the scheduleraccordingto

the urgeng of its ATM cells. With the transmissiorof an
ATM cellin areseredslotthescheduleis informedabout
the newestcapacitydemandby meansof the piggybacled

3Thename‘dynamicparametersindicatesthe dynamiccharacteristic
of thecapacitydemandsn contrasto thestatictraffic descriptorandQoS
parameters.



Figure4: Reserationstatesof terminals.

dynamic parametergtransition [1). If no further capac-
ity is required,no dynamicparametergaretransmittedand
thebasestationrecognizeshattheterminalhasreturnedo
statelDLE (transition[]).

A specialcaseis the parallelexistenceof VCs of different
servicecatayories. If aterminal did requestcapacityfor
a low priority servicecategory (e.g.,UBR) andthusis in
stateRESER/ATION, the arrival of an ATM cell of a high
priority cateyory (e.g.,VBR) may modify the capacityde-
mandsuchthatthe terminalis not ableto wait for the next
resenedslotin orderto piggybackthe newestdynamicpa-
rameterson an ATM cells. Insteadit goesbackto state
REQUEST (transition[]) andforcesthe retransmissiormf
its dynamicparametergverthe RQCH.

The MAC instancein the basestationtracksthe resena-
tion stateof all terminalsin orderto estimatehe numberof
terminalsthatwill sendin aRQCHslotfor randomaccess.
By receving dynamicparameterghebasestationis ableto
detectthe statetransitionsL], [1 and[]. But it cannotde-
tectthe transitionsto stateREQUEST. Due to a corrupted
transmissiorof dynamic parametershe basestationmay
miss a terminal’s transitionto stateRESER/ATION. The
terminalhasto be ableto detectthis andto returnto state
REQUEST For this purposesachPeriod-Ctrl-PDUsignals
the priority valueof the latestscheduledATM cell. A ter
minal comparesghis value with its own capacitydemand
andthusis ableto realizethatit hasnot beenconsidered
despiteits sufficient high urgeng. In this caseit concludes
on the lossof its lasttransmitteddynamicparametersaind
forcestheir retransmission.

5. RQCH RANDOM ACCESS PROTOCOL WITH FAST
COLLISION RESOLUTION

The RQCH protocolgivesterminalsthe possibility to initi-

atethetransmissiorof their dynamicparameterdy them-
seles. Sinceit employs randomaccessa stableandfast
algorithmfor collision resolutionis necessaryThe period
structureof the DSA++ protocol givesrise to following
constraintgor randomaccess.

e Theresultin arandomaccesslot is broadcastedo the

terminalswith feedbackmessagénsidethe next Period-
Ctrl-PDU. Thus,thereis thesituationwith delayedeed-

backasdescribedn [5].

e Eachperiodcanprovide nearlyany numberof random
accessslots. The maximumnumberis only limited by
the size of the Period-Ctrl-PDU becauset hasto carry
thenecessargignallingmessages.

Due to the urgeng of the transmissiorof dynamicpara-
meters, the random accessis not to be optimized for
throughput,but for shortdelays. Critical arethe delayed
feedbackssincea secondrandomaccesf the sameter-
minal is only usefulif the feedbackof the first access$has
beenevaluatedbefore. Therefore dedicatedshortenedig-
nalling periodsareusedto enablefasttransmissiorof feed-
backs.A maximumperiodlengthof theDSA++ protocolis
definedoy thenumberof resenationmessagem a Period-
Ctrl-PDU. This PDU hasthesamdengthasa Down-PDUs
(~53byte), but dueto its importancefor protocolstability
its contentis protectedoy a specialFEC. Thus,we assume
NRresmax = 20 resenationmessageperPeriod-Ctrl-PDU.
Eachresenation of a randomaccessslot aswell aseach
feedbackmessageaeplacesa resenation messagdor an
ATM cell slot. Thus, periodsare automaticallyshortened
with increasinghumberof randomaccesslots.

Delaysin randomaccessare also influencedby the used
collision resolutionalgorithm. The algorithm proposedn

thefollowing is anonblockingadaptve identifier splitting
algorithm[5] thattakesadvantageof the known numberof

terminalsin contentiormode(notin stateRESER/ATION),

sinceonly registeredterminalsare allowed to requestca-
pacity This algorithmhasbeenanalysedn [6], whereit

is calledthe probingalgorithm It usestheuniqueterminal
identifiersthatareassignedo terminalsduring a registra-
tion procedure.

At thebeginningof eachsignallingperiodtheprobingalgo-
rithm dividestheidentifierspacgof size V) into avariable
numbert of consecutie intervals andassignsone RQCH
slotto eachinterval. Thelth interval startswith terminali;

andendswith terminali;;1 —1, with4; = O andi; = N —1.

It containsK; = 4;41 — i; terminals.The Period-Ctrl-PDU
signalstheinterval divisionto theterminalsby transmitting
the startidentifier¢; of eachinterval.

Thewidth of eachintervalis determinedy consideringhe
probability psena ; that terminals will sendin an RQCH
slot. For terminalsin stateRESER/ATION psend,; IS zero.
For all otherterminalsthe basestationapproximate®send, i
by modellingthe arrival procesf the next ATM cell by a
simplePoissorprocesaith parametep;. With this model
Dsend,; COrrespondso the probability of atleastonearrival
atterminali duringtheinterval tsot, — tiast send,; Sincethe
last transmissiorof its dynamicparametergin an RQCH
slotor piggybacledto ATM cells),with ¢4 beingthetime
of theconsideredRQCHslot,

Dsend,i = 1-C;- exp [_)\z : (tslot — tlast send,i)] (1)

Theparameter; is setto 1 andwill be explainedlater.



Thewidth of eachinterval is calculatedby maximizing K,
underthe constraint
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With theparametei¥ theprobability of asuccessfulrans-
missioncanbeadjusted Theanalysidn [6] hasshavn that
W = 1.4 correspondso binary splittingand W = 0.9 to

ternarysplitting. With higher splitting order, shorterde-
laysarereachedwhichis paidfor by a lower efficiency of

randomaccess.

At theendof aperiodtheresultsof accesseareusedo cor-

recttheestimatiorof pgenq,;. If NOOr onetransmissiomap-
penedn aslot (errorfreefeedbackassumed)tiast send,i 1S
setto ty. andC; is resetto 1 for all involvedterminals.If

acollisionoccurredn theslotbelongingto thelth interval,
thenumberN,qn1, of involvedterminalsis estimatedy

1—(1—Ny/K)t

1-(1-N/K)S =N, (1= Ny/K) !

(3)
The estimationis basedon the assumptiorof a binomial
distribution of V;. Thisis not an exactmodel,but a suffi-
cientapproximation.\We correctthe estimationof pgend,;
by adjustingC;:

Neong = N

Kj — Neouy
— T feolll 4
C K — N, 4)
Cinew C-Cioma 5)

After a successfubr no transmissiorin a slot, C; of the
terminalsin therelevantinterval is resetto 1.

To guarantedimited delays,two further rules are neces-
sary:

e After the secondcollision terminalsare not allowed to
bein thesamegroupwith uncollidedterminals.

e During an ongoing collision terminals have to be in-
cludedin groupswith decreasingize.

The correctdeterminatiorof the parameted; is a difficult
task sinceit cannotbe derived from the ATM traffic de-
scriptors.An adaptve algorithmbasedon traffic measure-
mentsseemdo be an adequatesolution but is for further
study

Finally, the extensionsof the signallingschemeavoidsthe
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 additionallist is
signalledwith eachPeriod-Ctrl-PDUthat containsthe ter-
minal identifiersof polled terminals. If the probingalgo-
rithm createsa group that containsonly one terminal, it
pollstheterminalandtriesto combinetheadjacengroups.
Figure5 givesanexamplefor the distribution of terminals
ongroups.lt shavsasequencef 16 periodsfor ascenario
with 20 registerederminals.

groups and accesses of 1st and 2nd period
. s s ]
2. [ . s ]

L . 1@EEC ‘||

groups of 3rd period without polling

S = 1= .||
groups of 3rd period with polling

Figure 6: Examplefor the polling of a single terminal
within agroup(cf. Figure5 for abbreviations).

6. INTEGRATED STOCHASTIC SIMULATION MODEL FOR
PARAMETRIZATION AND PERFORMANCE EVALUA-
TION OF THE ATM AIR INTERFACE

The performanceof the protocolstackat the ATM air in-
terface highly depend=on the parameteisettingof MAC
and ARQ protocols. Due to the mutualdependenciebe-
tweenthemechanismef SR/D-ARQ,RQCHandDSA++
protocols partly with contraryeffects,the appropriateset-
tings canonly be determinedvhenconsideringthe whole
protocolstackunderrealisticervironmentalconditions.
Thesimulationmodelis basednaneventdrivenstochastic
computersimulationaccordingo [7, 8].

The behaiour of the physicalchannelis modelledby an
errorfree transmissionand by two error models, which
provide uncorrelatedandomerrorsand correlatederrors
basedon a Gilbert model. The parametrizatiorof the er
ror modelsconsidersanindoor mobile radio channelwith
a meanpaclket error ratio of 2.5% for both error models.
The modelscorrespondo extreme casesof the complex
behaiour of realisticradiochannels.

The protocol overheadO is definedto O = 1 — ppax,
basedon the maximum achiezable throughputp,., that
only considerssuccessfullydelivered ATM cells. Trans-
missionerrorsareincludedin O in orderto take into ac-
counttheeffectsof erroneousignalling.

Pmaz 1S Measuredsfollows: with a giventraffic scenario
a furtherterminalwith a UBR connectionis addedthatis
alwaysableto sendanATM cell andfills upall emptyslots.
Due to the static priorities in the schedulerthis doesnot
effectthe performanceof CBR andVBR services.

The lengthof a simulationrun hasbeencontrolledby pre-
scribing a relative error supportedby the LRE algorithm
[9], which considerscorrelationsbetweenmeasuredral-
ues.Therelative errorof all presentedesultsis lowerthan
5%.

7. PARAMETRIZATION OF PROBING ALGORITHM IN
DSA++ PROTOCOL

Theoptimalvaluefor W of the probingalgorithmis deter
minedby asimulationmodelof the DSA++ protocol.Only
errorfreetransmissioris consideregothatno ARQ proto-
col hasto beexecuted.Theinfluenceof transmissiorerrors
on collisionresolutionss consideredaterin this paper

The simulation scenarioassumeslO terminalswith one
bidirectional VC each. The load is resultingfrom Pois-
sonsourcesandis equallydistributedbetweerthe VCs on



terminals ——m—p

0 1 2|3 4 5|6 7 9 10 11 12 13 14|15 16 17 18 19
1ls . s .|s . . S . Ils s s s|. s
2fs s S . . . s . . . .S S|S S s s
3 @mmE . s . .. . s!s . [AMPBEIFE s I[E s .

g 4smmmmsi . - . ]s 1= s @[ ]
L s5|(EMKss. . . s . . s .[__ l ]
8_63.IEIIEI...S s s s s . . s
o 7 __1Is s I's sisis @ 1
%SI:IS-- B mE s ]
s o~ 1. s N s . . . S
‘5 10 s s s s . s s 'S s . .
11|'s S S S Sis s|/. . MAMMEP s . s . . . s
12 ([P [ s [B [P [P [E s s s s s -
B . TAls . . s @B s SIS Il . |
14|, s s . . s |s s [Pl [P s s| . s
Ermes sl . . 1s . s . sl . s M@ . s
wB s EmE s s [__. . s B [P s s s

terminal not sending

1st access (terminal with new arrival)
repeated access of collided terminal
polled terminal not sending

polled terminal sending

Ml wn o -

group with 3 terminals,
successful transmission

group with 2 terminals
collision

[ group with 2 terminals,

no transmission

Figure5: Examplefor distribution of terminalson groupswith the probingalgorithmfor 16 periodsanda scenariowith 20

terminals.
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Figure 7: Signalling effort Spynp of the transmissiorof
capacityrequestsn RQCHslotsagainsioverallload " .

uplink anddownlink. Theoverallload " X is variedfrom
0to 1. Figure7 shavsthesignallingeffort Spynp andFig-
ure 8 the efficiency ppynp (probability of successpf the
transmissiorof capacityrequestover the RQCH. In Fig-
ure 9 themeannumberof signallingperiodsN p till asuc-
cessfultransmissioris shovn for W betweer0.4and1.4.
Figure10 shavsfor W = 1.0 thethresholdNg of delays
(measuredh multiplesof slotlengthy.t) thatis exceeded

\\ 1
AN—>

Figure8: Efficienty ppynp (probability of successpf the
transmissionof capacityrequestan RQCH slots against
overallload} A.

by a certainfractionof capacityrequests.

It canbeseerthatlowervaluesof W leadto shorterRQCH
delaysbut reducegheefficiency ppynp. ThefasterRQCH
reducesthe delay of uplink ATM cells and the lower ef-
ficiengy ppynp togetherwith the higher signalling effort

4The maximumdelayfor high load E A is limited to the maximum
period lengthof 19.257514¢ (19 ATM cell slotsof length 71,4 andone
RQCHslotof length7gj¢ /4).
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Figure9: Meannumberof signallingperiodsN p till suc-
cessfultransmissiorover RQCHagainstboverallload > .
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Figure10: ThresholdNg of delays(measuredn multiples
of slotlengthr ) thatis exceededy a certainfraction of
capacityrequestdor W = 1.0 (dottedcurvesare statisti-
cally not proven).

Spynp increaseshe delayof downlink ATM cells. W =
0.8 seemsto be a good compromisebetweendelaysand
efficiency.

8. PERFORMANCE EVALUATION OF THE ATM AIR IN-
TERFACE

This sectionpresents detailedperformancesvaluationof
the whole protocolstackbasedon the two realistic multi-
mediascenariosn Table2 and 3. The scenarioxonsider
terminalsthatoperateonebidirectionalVC of the specified
serviceclassandtraffic modeleach.

The voice servicecorrespondgo a 64kbps PCM codec,

Table2: Parameter®sf the 1stmultimediascenario.

Service Cateory A H#WT > Load Tamax Tdmax/Tslot
Voice CBR 64kbps 4 3% 2ms 100
Video VBR 1Mbps 4 44%  30ms 1500

Data UBR 460kbps 4 20%  Undef. Undef.

Table3: Parametersf the 2nd multimediascenario.

Service Catgory A #WT D Load Tymax Tdmax/Tslot
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 connectiorbelongsto CBR servicecatgory
but is servicedwith the VBR priority level of the schedulersince
the higherCBR priority level only servicedow rate CBR connec-
tions(e.qg.,64kbps).

Table 4: Parametersettingsof protocol stackfor perfor
manceevaluation.

max.No. resenationsSNgesmax IN Period-Ctrl-PDU 20

max.No. acknavledgmentsn Period-Ctrl-PDU 6
Ratio of UP-PDU/RQCH:slotlengthrg)ey 4
GroupweightW of probingalgorithm 0.8

thevideoserviceis accordingto [10], andthe dataservice
is modelledby a Poissorsource.

If not otherwisementioned the parametessettingsin Ta-
ble 4 areused.

1. MaximumnumberNgesmax Of reservationsn signalling
period

Themaximumnumberof resenationmessagein a Period-
Ctrl-PDU for Down-PDUs,Up-PDUsandRQCH-PDUsas
well asrandomaccesdeedbackss givenby the parameter
NResmax- 10 studythe influenceof Ngesmax, it iS varied
betweenl6 and64. For simplificationthe dependeng of
NResmax from the structureandsizeof a Period-Ctrl-PDU
is neglected. To avoid the closing of ARQ windows [2],
theirmaximumsizeis setto 2 Ngesmax-

Higher valuesof Nresmax @llow longer signalling peri-
odsandleadto lessfrequenttransmission®f Period-Ctrl-
PDUs. Having in mind the above simplification, this re-
ducesthe protocoloverheadD. Longersignallingperiods
furthermorereducethe acknavledgmenttraffic sincethe
piggybacled transmissionof acknavledgmentsbecomes
moreprobable.

The video sourcescausebatch arrivals which result in
phasesvith very highload. Theexpectechigh dependeng
of the protocoloverheadO on Ngesmax IS Provenby the
simulationresultsin Figure11. O decreasesontinuously
with increasingVgesmax With similarbehaiour for thedif-
ferentchanneimodels.

Theresultsshav that uncorrelatecerrorsleadto a higher
effective errorratio andthusto a higherprotocoloverhead
thancorrelatederrors. The reasonis the lossof a Period-
Ctrl-PDU, which causeghata terminalcannotidentify its
slot resenations. With correlatederrorsit is very likely
thatthetransmissiorin theresenedslotswould have failed
too. With uncorrelateerrorsatransmissiorin theresened
slotswould have beenpossiblebut couldnottake placedue
tothemissedesenationmessageThisincreasesheeffec-
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Figure13: Protocoloverhead) againstratio of RQCHto
Up-PDUslotlengthrg, for 1stmultimediascenario.

tive pacleterrorratio.

The resulting protocol overheadfor the 2nd scenariois
slightly lower thanwith the 1stscenariosincethe 2 Mbps
CBR connectionallows the piggybacled transmissiorof
all acknavledgmentsn contrastto the video connection,
wheremostuplink acknavledgmentsare sendin RQCH-
PDUs.

Shortersignallingperiodsenhancehe flexibility of proto-
cols andshortenresponsdimes: The schedulerconsiders
new arrivals earlier, the collision resolutionis speededip
anderroneougacletsareretransmittedaster Thus,large
valuesof Nresmax h@ve a negative influenceon transmis-
siondelaysof real-timeservices.This mostly affectsCBR
connectionsvhichdemandrerysmallmaximumdelays.In
Figure 12 the delaysof up- anddownlink CBR cells con-
tinuouslyincreasewith higher Nresmax- The curvesgive
riseto following conclusions:

o CBRconnectionaresenedwith highestpriority, sothat
in caseof errorfreetransmissiortheir downlink cell de-
laysarecausednly by the period-orientedransmission
which considershew arrivalsnot beforethe next period.
Themaximumdelayis determinedy the maximumpe-
riod length(~ NResmax * Tslot)-

_ 4300 ‘ ‘
Td correlated errors ‘
Toor | 250 || 2% voice PR
—oo Video o o
200 | 2= data . . o

0 0.2 0.4 0.6 0.8 1

I slot

Figure14: Meandelay7, of up-anddownlink (correlated
transmissiorerrors)againstatioof RQCHto Up-PDUslot
lengthr¢ for 1stmultimediascenario.

e Uplink ATM cells are transmittedat the end of a sig-
nalling period. The transmissionof downlink cell
batchesof video sourcescausesan additionaldelay of
CBR uplink cells of up to one maximumperiodlength
comparedto downlink CBR cells. This happensin
~ 20% of time.

e Forlow rateCBR connectionanarriving uplink cell al-
waysencounteran emptysendbuffer. Thus,thetermi-
nal alwayshasto requestapacityvia the RQCHwhich
increaseslelays.Largevaluesof Ngesmax resultin long
signalling periodsand causelarge accessdelays. For
NResmax = 32,40, 64 the maximumallowed transmis-
siondelayof voice servicesannotbe met.

¢ Whena transmissiorerror of a CBR cell occurred,the
retransmissiowill nothapperbeforethenext signalling
period. During phaseswith high offeredload (e.g.,dur-
ing thetransmissiomf avideoimage)all signallingperi-
odsareof maximumlength. With toolarge Nresmax €-
transmissiongsannotbe executedn time. This explains
thelargecell lossedor Ngesmax = 64.

In ATM systemsameetingthe maximumtransferdelay of
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Figure12: Complementarylistribution functions(cdf) of transmissiordelaysandcell lossratiosfor the CBR connection®f

the 1stmultimediascenario.

ATM cells of real-timeservicesis moreimportantthana
slightly improvedchannekfficiency. Thus, Ngesmax < 24
is reasonableAlthoughtheQoSof CBR connectiongould
be metwith Nresmax = 24, We Ch00S€NResmax < 20.
This providesadditionalspacewithin the Period-Ctrl-PDU
for messagesf mobility andnetwork management.

2. Ratiorg; of RQCHto Up-PDU slotlength

RQCH-PDUsonly carry protocolcontrolinformation(ca-
pacity requests,acknaviedgments). Thus, the length

of their slots directly affects the protocol overheadO.
The ratio of the RQCH to Up-PDU slot length oy =
TRQCH—slot / TUp—PDU—slot dependson the implementa-
tion of the modem. Basedon the 1st scenariothe impact
of rg0¢ ONtheprotocoloverheadD andonthe meandelay
of ATM cells7, is investigated.

Thediagramin Figure 13 shavs alinear relationbetween
rsiot @nd O. For the chosenvalue of r5; = 0.25 the
amountof O(rgos = 0.25) — O(rgor = 0) = 2.5% of
channelcapacityis occupiedby RQCH slotsindependent



of the selectecchannelmodel. The diagramin Figure 14

considerghe correlatederror model and shows the influ-

enceof signallingtraffic on meancell delays.As expected,
increasingrsot, influencesdelaysof low priority datacon-
nectionssignificantly strongerthandelaysof high priority

voiceandvideoconnections.

3. Transmissiorof capacityrequest®verthe RQCH

The transmissiorof capacityrequestsaffectsthe cell de-
lay notonly by its signallingtraffic but alsoby thedelayed
notificationof the scheduleaboutnew arrivals. However
the delayednotification only lengthenscell delaysif the
scheduleiis informed aboutan urgentcell after the ideal
transmissiormomentof the cell is exceededwhich is de-
terminedby the servicestrateyy °.

The simulationervironmentenablesthe measurementf

thisadditionalaccesslelayby connectinghescheduledi-

rectly to the buffersin the terminals,in orderto provide
perfectknowledgeaboutbuffer occupancies.This estab-
lishesalower boundfor cell delays.

The diagramsof Figure 15 show the cell delaysof uplink

cells for the voice and video connectionf the 1st sce-
nario and the primary rate ISDN connectionof the 2nd
scenario. The diagramscomparethe complementarydis-
tribution function (cdf) of cell delayswith perfectknowl-

edgeaboutbuffer occupanciegperfectuplink) with the cdf

obtainedwhenRQCH signallingis executed(real uplink).

Theresultsallow furtherinterpretations:

Voiceconnections(1stscenario): The distancebetween
the cdfs of perfectand real uplink indicatesthat the
transmissiorof capacityrequestsaddsa significantbut
notthe mainshareto cell delays.Themainshareresults
from the period-orientedransmissiorwith the uplink at
the end of periods. Notice that the deterministicinter-
arrival time of CBR cells of 6ms is significantlarger
thantheir maximumallowed transmissiordelay 74«
of 2ms. Hence thetransmissiorof eachuplink cell has
to be introducedby a capacityrequestvia the RQCH.
Neverthelesspnly a small shareof delaysis causedoy
theRQCHsincetheRQCHaccesgrotocolis optimized
for shortdelays.

Primary rate ISDN connections(2nd scenario): The
cell delaysof this 2Mbps CBR connectionare caused
by similar effects as obsened for low rate voice con-
nections. The impact the RQCH is the same, but
successie erroneoudransmissiongnay leadto higher
delays. However, dueto the highermaximumallowed
transmissiordelay comparedo voice connectionscell
discardingdoesnot occurwithin thevisible scale.

Video connections(1stscenario): Al ATM cells of a
batcharrival of video connectionshave the samedue
dateand are sened successiely. Their cell sequence

Swith respecto the servicestratgy a theoreticaperfecttransmission
sequencef bufferedATM cellscanbederived from the exactknowledge
aboutbuffer occupanciesRealdistributedsystemsanonly approximate
thissequence.

is only interruptedby voice cells, MAC signalling or
acknavledgments.With respectto cell delaysthe sig-
nalling of capacityrequestsaftera batcharrival aswell
asthe period-orientedransmissiorschemeareof minor
influence.Thus,the curvesfor perfectandrealuplink in
Figurel5 nearlyhave the samerun.

9. CONCLUSIONS

The paperhas presenteda performanceevaluation of a
completeprotocolstackfor an ATM air interfaceunderre-
alistic traffic and channelmodels. The simulationresults
demonstratedhe necessityfor a joint evaluationof MAC
andARQ protocols.Only suchajoint modelallowsto take
thefollowing effectsinto account:
e Capacityresenation for transmissionof acknavledg-
ments
¢ Randomaccessotonly for transmissiorof capacityre-
questshut alsofor acknavledgments
¢ Efficiengy and stability of MAC and ARQ protocols
whenconsideringaulty protocolsignalling
It hasbeenshawn that the protocol stackenablesthe ob-
senanceof QoS for typical broadbandmultimediaappli-
cations. It offersa high efficiency alsoon very unreliable
mobileradiochannelsith 2.5%pacleterrors! Thefunda-
mentalapproactof the protocolstackto implementa dis-
tributed ATM multiplexer at the air interfaceenablesthe
flexible and easyimplementationof any nev ATM func-
tionality as it is currently under discussionat the rele-
vant standardizatiomodies(e.g.,ABR flow control, early
paclet discarding,guaranteedrame rate GFR, new AAL
type 2 with mini cells).
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