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In general, the users of wirelessATM
terminals requestthe samefunctionality and quality
of service as usersof wired terminals. Theseuser re-
quir ementscan be transformed into the demand for
building an ATM multiplexer around the air interface
which is characterizedby a radio channel inside. The
main differencebetweenthis virtual ATM multiplexer
around the air interface and a fixed ATM multiplexer
is thedistribution of the multiplexing function between
wirelessterminals and the basestation. For the uplink
this requires a frequent notification of the ATM cell
schedulerin the basestation about the statusof the in-
coming buffers inside the wirelessterminals. This pa-
per focuseson different methodsfor transmitting ca-
pacity requestmessages(alsodesignatedasreservation
request)over the uplink.

I . INTRODUCTION

After the successof the asynchronoustransfermode
(ATM) in the areaof multimedianetworks, demandfor
thetransparentintegrationof wirelessATM terminalsinto
fixed ATM networks hasincreased[1]. In general,the
usersof wireless(W) ATM terminalsrequestthe same
functionality and quality of service (QoS) as usersof
wired terminals. Theseuserrequirementscan be trans-
formedinto thedemandfor building a(virtual) ATM mul-
tiplexer aroundtheair interfacewhich is characterizedby
a radio channelinside[2]. At the ATM air interfacein-
sidethis virtual ATM multiplexer, the physicallayerand
partsof theATM layerarereplacedby awirelessphysical
layeraswell asanadditionaldatalink layerconsistingof
a logical link control (LLC) anda mediumaccesscontrol
(MAC) sublayer(Fig. 1). Possibleapplicationsof sucha
W-ATM systemareW-ATM LANs, cellularmobileradio,
andradioin thelocal loop(RLL) networks.

The MAC protocolat theATM air interfacehasto re-
alize thestatisticalmultiplexing of ATM cells in thespe-
cific scenariowhichis characterizedby thecompetitionof
wirelessterminalswhich arehardto coordinate.Theter-
minalshave to sharethecommonradiochannelcapacity
fairly andaccordingto their negotiatedQoS.The virtual
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Figure1: Protocolstackof thevirtual ATM multiplexer at
theATM air interface.

ATM multiplexer of oneradio cell, consistingof several
wirelessterminalsanda centralbasestation,canbemod-
eledasadistributedqueueingsystem(Fig. 2). As in fixed
ATM multiplexerswith low datarates(e.g.,50,000cells/s
percarrier ����� Mbit/s [3]), theobservanceof thenegoti-
atedQoSfor eachvirtual channel(especiallyof real-time
orientedCBR and VBR services)is only possibleif an
ATM cell schedulerbasedon staticor dynamicpriorities
is employed.Thus,theassignmentof slotsto virtual chan-
nels(VC) by theMAC protocolhasto becontrolledby a
centralinstance.In thesystemconsidered,theATM cell
scheduleris runningin thebasestation.Statisticalmulti-
plexing of ATM cellson a TDMA channelis usedwith a
slot length ��� �"!$# ableto carryoneATM cell togetherwith
thenecessaryoverheadof thephysicallayerfor synchro-
nization,forwarderrorcorrection(FEC),guardtime, etc.
[4].

The MAC protocolconsideredis calledDSA++ (Dy-
namicSlotAssignment).Thesignalingframestructure(in
[4] designatedassignalingperiod)with its differentburst
typesaswell asthesignalingproceduresfor slot reserva-
tionsonuplink anddownlink havebeenintroducedin [4].
Although the DSA++ protocolwasoriginally developed
for a frequency division duplexing system,it canalsobe
usedfor a time division duplexing systemwithout major
modifications(Fig. 3). This paperfocuseson the trans-
missionof capacityrequestsfromwirelessterminalsto the
ATM cell schedulerof thebasestation.
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Figure2: ModelingtheMAC layerof a W-ATM network
asadistributedqueueingsystem.

II . REQUIREMENTS OF THE ATM CELL SCHEDULER

TheATM cell schedulerof thevirtual ATM multiplexer
aroundtheair interfaceexecutesa servicestrategy to de-
terminefor eachslot theterminalwhich shall transmitor
receive an ATM cell. Staticpriorities areusedbetween
ATM serviceclasses(CBR ' VBR ' ABR ' UBR).
Within theCBRandVBR classestherelativeurgencydis-
cipline[5] is considered,wheretheprioritiesof ATM cells
dependontheirwaitingtimeandtheirconnection-specific
QoSrequirements.Underthis strategy theprobabilityfor
cellsbeinglate(exceedingtheir duedates)is minimized.
The schedulingof ABR cells canbe combinedwith the
executionof ABR flow control.

The main differencebetweenthe virtual ATM multi-
plexer anda fixedATM multiplexer is thedistribution of
themultiplexing functionbetweenwirelessterminalsand
the basestation. This requiresa frequentnotificationof
theschedulerin thebasestationaboutthestatusof thein-
comingbuffersinsidethewirelessterminals,whichis per-
formed by transmittingcapacityrequestmessages(also
designatedasreservation request)over theuplink. There
arethefollowing constraints:

In-Time Signaling.: To guaranteethe requiredmaxi-
mum delay ��(*),+$- of real-time-orientedservicesthe sig-
nalingof new arrivalshasto beperformedin time.

Low SignalingOverhead.The signalingoverheadhas
to beminimized,sincesignalingof capacityrequestsand
transmissionof ATM cellsareusingthesameradiochan-
nel.

downlink ATM cells
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transceiver
/
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signaling frame signaling framesignaling frame
time
/
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Figure3: Signalingframestructureof DSA++ MAC pro-
tocol.

The complex problem of signaling capacityrequests
canbedividedinto following aspects:

0 Codingthestatusof theincomingbuffers0 Determiningfrequency andtimesof transmissionof ca-
pacityrequests0 Transmissionmodeof capacityrequests

The procedurefor coding the statusof the incoming
buffers in wirelessterminalsis adjustedto the different
servicestrategies(oneperserviceclass)in theATM cell
scheduler. Noticethattheschedulerdistinguishesbetween
virtual channels,whereastheMAC protocoldistinguishes
betweenterminals.Thus,thecapacityrequirementsof all
virtualchannelsof thesameterminalhaveto becombined,
at leastfor all virtual channelsof thesameserviceclass.
This furtherreducesthesignalingoverhead.

Sincefor eachserviceclassaspecificcodingalgorithm
isused,thetermdynamicparametershasbeenintroduced.
It representsagenericdatastructureconsistingof approx-
imatelytwo bytes.It is usedin contrastto thestatic(con-
nectionspecific)ATM traffic descriptorsandQoSparam-
eters[6] anddescribesthe dynamicbehaviour of the ca-
pacityrequirementsof a terminal.Eachterminalhasaset
of dynamicparameters,onefor eachserviceclass.When
transmittinga capacityrequestmessage,a terminalsends
thedynamicparametersof the serviceclasswith highest
priority, for which therequestof capacityis required.

SinceVBR ATM cells are served by the relative ur-
gency strategy, their dynamicparameterscontainthedue
dateof themosttime-criticalATM cell togetherwith the
numberof furthercellswith comparableurgency. In gen-
eral, the sameprocedureappliesto CBR. But dueto the
deterministicinterarrival timesof CBRcells,thebasesta-
tion doesnothave to beinformedaboutthearrival of each
new cell. Instead,the basestationcanestimatethe time
of the next arrival, presumingthat thearrival time of the
previous cell hasbeentransmittedtogetherwith the cell
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[2]. Only in thecaseof a faulty estimationdoesthewire-
lessterminalhave to transmitanexplicit capacityrequest
in order to resynchronizethe estimationalgorithm. The
dynamicparametersof theABR serviceclasscontainthe
numberof waiting ABR cells in orderto avoid overflow
of theABR buffers.

Themostefficient transmissionof dynamicparameters
happenspiggybacked to otherpackets(e.g.,ATM cellsor
acknowledgments),whereasthe unattachedtransmission
in shortburstsleadsto a considerableoverheadbecause
of guardtime andsynchronizationsymbols. Thus there
are the following possibilitiesfor transmittingdynamic
parameters:

0 Piggybacked to ATM cells or other long messagesin
normalbursts0 Piggybacked to acknowledgmentsor othershortmes-
sagesin shortbursts0 Unattachedin shortbursts

Thetransmissioncanbeperformedin reservedslotsor
in specialrandomaccessslots. In order to reducethe
amountof informationlost in caseof a collision,only the
transmissionof shortburstswith randomaccessis useful.

In thefollowing it is assumedthatdynamicparameters
aretransmittedpiggybacked to ATM cellswhenever pos-
sible. If a terminalwantsto initiate their transmissionby
itself, it hasto userandomaccessin shortslots. Further-
more,thebasestationmaypoll thedynamicparametersof
aspecificterminalby assigninga shortslot.

A terminalmayinitiate thetransmissionof its dynamic
parametersfor two reasons:

1. If it did not requestfurther capacitywhen transmit-
ting its dynamicparameterslast time, it hasto signal
thenext arrival to thebasestationin orderto be taken
into considerationappropriatelyby the schedulingal-
gorithm. This kind of terminal,which doesnot request
furthercapacity, is saidto be in contentionmode. The
otherterminals,which did requestfurthercapacityand
thuswill beconsideredby thescheduler, arein reserva-
tion mode.

2. If a terminal is operatingvirtual channelsof different
serviceclasses,the situationmay occur that it did re-
questcapacityfor a low-priority class(e.g.,ABR) and
that a cell of a higher priority class(e.g., VBR) ar-
rivesafterward. Althoughtheterminalis in reservation
mode,the schedulerwill considerit with too low pri-
ority. Thus,thetransmissionof thenew VBR dynamic
parameterspiggybacked to an ABR cell may happen
too late. Thereforeit is usefulthat the terminaltrans-
mits its VBR dynamicparametersin randomaccess.

If thetransmissionof dynamicparametersfails,atermi-
nal is assumedto bein reservationmodealthoughthebase
stationis consideringit to bein contentionmode.To guar-
anteestability of theprotocol,theterminalhasto beable
to detectsuchsituations.Thiscaneasilyberealizedif the
latestscheduledpriority of a signalingframeis signaled
by thedownlink signalingburst.By comparingthesched-
uled priority with its own requirements,a terminalmay
detectthatit hasnotbeenconsideredby theschedulerand
will retransmitits dynamicparametersimmediately.

I I I . CONTENTION-FREE TRANSMISSION OF CAPACITY

REQUESTS

In contention-freeW-ATM MACprotocolsthedynamic
parametersare always transmittedby polling (or piggy-
backedto ATM cells).This reducesthecomplexity of the
MAC layer, sincecomplex collisionresolutionalgorithms
arenot to be implemented.Wirelessterminalsareonly
allowedto transmittheir dynamicparametersafteranex-
plicit or implicit invitationby thebasestation,but they can
no longerinitiate thetransmissionby themselves. There-
fore, eachstationhasto bepolledat leastaftera specific
interval, thelengthof which dependson thevirtual chan-
nelwith theshortestmaximumdelayoperatedby this ter-
minal.

It hasto benotedthatevenin contention-freeMAC pro-
tocolsa specificnarrowbandchannelwith randomaccess
for registrationof new terminalsis necessary. It canbe
realizedin combinationwith a beaconandpagingchan-
nelby superimposingthesignalingframestructurewith a
superframestructure.

In this paperwe considera polling algorithmwith im-
plicit reservation of poll slots. This hastheadvantageof
a low signalingeffort at thedownlink for slot reservation
messagesresultingin areducedsignalingoverhead.In ev-
ery frame,eachterminalwill have at leastonepossibility
for transmittingits dynamicparameters.This is normally
performedpiggybacked to ATM cells. If a terminalis not
allowed to transmitan ATM cell in a frame,a shortpoll
slotwill beassignedto it at theendof theframe.If theter-
minalsarenumberedby continuous,increasingidentifiers

DS P
2
1 P P PU5U5U5U1U1 3

2
4
3

6
4

DS: downlink signaling
5

U#: uplink ATM cell of terminal #
P#: poll of capacity request of terminal #

downlink ATM cells

Figure4: Exampleof implicit reservation of poll slotsat
theendof asignalingframe.
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from afinite identifierspace,1 anexplicit signalingof poll
slot reservationsis notnecessary. Figure4 givesanexam-
pleof slot reservationsin asignalingframethatis opened
by a downlink signalingburst containingoneannounce-
mentmessagefor eachdownlink ATM cell slot andone
reservation messagefor eachuplink ATM cell slot. This
burstis followedby thedownlink ATM cell bursts.Ahead
of theuplink ATM cell bursts,a transceiver turnaroundin-
terval is inserted.The frameis finishedby the poll slots
andanothertransceiver turnaroundinterval.

In SectionV theperformanceof thisMAC protocolwill
beevaluatedandcomparedwith acontention-basedMAC
protocol.

IV. CONTENTION-BASED TRANSMISSION OF

CAPACITY REQUESTS

The usageof randomaccessgives terminalsthe pos-
sibility to initiate the transmissionof their dynamicpa-
rametersby themselves. This hasa considerableadvan-
tagefor burstyandreal-time-orientedVC, especiallywith
VBR and narrowbandCBR services. When employing
randomaccess,a stableand fast algorithm for collision
resolutionis necessary. Polling is usedto supportrandom
accessby polling theterminalswhoseprobabilityof suc-
cessis higherthanthethroughputof randomaccess[7].

The framestructureof the DSA++ protocolgivesrise
to following constraintsfor randomaccess[7]:

0 Theresultin a randomaccessslot is broadcastedto the
wirelessterminalsasfeedbackmessageinsidethenext
downlink signalingburst. Thus, thereis the situation
with delayedfeedbackasdescribedin [8].0 Eachframecanprovide nearlyany numberof random
accessslots. Themaximumnumberis only limited by
thesizeof adownlink signalingburst,becauseit hasto
carrythenecessarysignalingmessages.

Dueto theurgency of thetransmissionof dynamicpa-
rameters,the randomaccessis not to be optimizedfor
throughput,but for shortdelays.Critical arethedelayed
feedbacks,becausea secondrandomaccessof the same
terminal is only useful if the feedbackof the first access
hasbeenevaluatedbefore.Therefore,dedicatedshortened
framesmay be usedto enablefast transmissionof feed-
backs[4]. In our protocol a maximumframe length is
definedby thenumberof reservationmessagesin adown-
link signalingburst. This burst hasthe samelengthasa
downlink ATM cell burst(approx.53bytes),but dueto its
importancefor protocolstability its contentsareprotected
by a specialFEC.Thus,we assume20 reservation mes-
sagesperdownlink signalingburst. Eachreservationof a

1E.g.,assignedby thebasestationduringa registrationprocedure.

randomaccessslot aswell aseachfeedbackmessagere-
placesa reservationmessagefor anATM cell slot. Thus,
framesareautomaticallyshortenedwith increasingnum-
berof randomaccessslots.

Delaysin randomaccessarealsoinfluencedby theused
collisionresolutionalgorithm.Weconsideranunblocking
adaptive identifiersplittingalgorithm[8] thattakesadvan-
tageof theknown numberof stationsin contentionmode,
sinceonly registeredterminalsareallowed to requestca-
pacity. This algorithmhasbeenanalyzedin [9], whereit
is calledtheprobingalgorithm.

At the beginning of eachframethe probingalgorithm
divides the identifier space(of size 6 ) into a variable
number7 of consecutive intervalsandassignsonerandom
accessslot to eachinterval. The 8 th interval startswith ter-
minal 9;: andendingwith terminal 9;:=<?>A@�B , with 9 >DC �
and 9;E C 6F@GB . It containsH�: C 9I:J<?>K@L9;: terminals.
Thedownlink signalingburstsignalstheinterval division
to the terminalsby transmittingthe start identifier 9;: of
eachinterval. Furthermore,it is possibleto poll specific
terminalsin dedicatedshortslots. Suchterminalsarenot
allowedto sendin randomaccessslots.

Thewidth of eachinterval is determinedby considering
the probability MN�PORQ*S�T U that terminal 9 will sendin a ran-
domaccessslot. For terminalsin reservationmodeMN�PORQ*S�T U
is zero.For terminalsin contentionmodethebasestation
approximatesMV� ORQ*S�T W bymodelingthearrival processof the
next ATM cellsby a simplePoissonprocesswith param-
eter X U . With this modelMN�PORQ*S�T U correspondsto theproba-
bility of atleastonearrival at terminal9 duringtheinterval7Y�Z�"!$#V@[7I� + � #*� ORQ*S�T U sincethelasttransmissionof its dynamic
parameters(in shortslotsor piggybacked to ATM cells),
with 7Y�Z�"!$# beingthetime of theconsideredrandomaccess
slotat theendof thesignalingframe,

MN�PORQ*S�T U C B\@^] U`_�a�bdcfe @gX U`_ih 7Y�Z�"!$#j@k7I� + � #�� O;Q�S�T U�lRm (1)

Theparameter] U is setto 1 andwill beexplainedlater.
Thewidth of eachinterval is calculatedby maximizingHD: undertheconstraint

6�: C
U=nporq$s`>t
Uvu`Uwn MN�PORQ*S�T U,xzy (2)

With the parametery the probability of a successful
transmissioncan be adjusted. The analysisin [9] has
shown that y �{B�|"} correspondsto binarysplitting andy �~��|p� to ternarysplitting. With highersplitting order,
shorterdelaysarereached,which is paid for by a lower
efficiency of randomaccess.

At the endof a framethe resultsof accessesareused
to correct the estimationof MV� ORQ*S�T U . If no or one trans-
missionhappenedin aslot (error-freefeedbackassumed),
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7�� + �Z#��PORQ*S�T U is setto 7�� �"!$# and ] U is setto B for all involved
stations. If a collision occurredin the slot belongingto
the 8 th interval, thenumber6��;!$� �wT : of involvedterminalsis
estimatedby

6��;!$� �=T : C 6f: B\@ h B�@�6f: ��H�:RlI� nPs`>
B�@ h B�@�6�: ��H�:RlI� n @�6f: h B\@k6f: ��HD:;lI� n s`>

(3)
The estimationis basedon the assumptionof a bino-

mial distribution of 6f: . This is not an exact model,but
a sufficient approximation.We correctthe estimationofMV� ORQ*S�T U by adjusting] U :

] C HD:r@�6��;!$� �wT :
H�:r@�6f: (4)

] UPT Q*OR� C ] _ ]�UPT !$�"S (5)

After asuccessfulor notransmissionin aslot, ] U of the
terminalsin therelevantinterval is resetto 1.

The above approximationrequiresa specialtreatment
of terminalsthatareinvolvedin acollisionfor severalsig-
nalingperiods.To avoid high delays,terminalsthathave
not beeninvolved in a collision beforeare not allowed
to enteran interval containingterminalsthat arecollided
morethanonce. Furthermore,a collided terminal is not
allowedto enteraninterval, whosesize HD: is greaterthan
or equalto the sizeof the interval of the previous frame
to which theconsideredcollidedterminalbelonged.This
forcesa decreasein interval sizesduringanongoingcol-
lision resolutioncycle.

Thecorrectdeterminationof theparameterX U is a dif-
ficult task,sinceit cannotbederived from theATM traf-
fic descriptors[6]. An adaptive algorithmbasedon traffic
measurementsseemsto beanadequatesolution.

V. SIMULATION RESULTS

The performanceof the two consideredprotocolsfor
the transmissionof capacityrequestmessageshasbeen
evaluatedby stochasticsimulations. We considereda
TDD air interface(maximum20reservationmessagesper
downlink signalingburst)with anoveralldatarateaccord-
ing to 50,000ATM cells per second(uplink and down-
link together)resultingin a slot lengthfor transmittingan
ATM cell ���Z�"!$# C ����� s. Sincethe lengthof a shortslot��� ��!�� #��Z�"!$# hasa considerableinfluenceon systemperfor-
mance,we parametrizedit by ���Z�*!�� #�� �"!$# C ��� �*!��Z#*� �"!$#������ � !$# .
If not statedotherwise,�*� �*!��Z#*� � !$# C } is assumed.This
seemsto bea realisticvalue,takinginto accounttheover-
headfor thetrainingsequenceif anequalizeris employed,
or for synchronizationsymbolsif multicarriermodulation
is used.

The lengthof a simulationrun hasbeencontrolledby
prescribinga relative error supportedby the LRE algo-
rithm [10], which considerscorrelationsbetweenmea-
suredvalues.Therelative errorof all resultsis lower than
5%.

Threesimulationscenarioshave beenconsidered.

A. Scenariowith SymmetricPoissonLoad

Thefirst scenarioassumes10terminalswith onevirtual
channel(VC) each.Theloadresultsfrom Poissonsources
andis equallydistributedbetweentheVCs on uplink and
downlink. Thediagramsin Fig. 5 containtheaveragede-
lay of ATM cells ��( aswell asthe averageframelength� �

over theoverall load ��X . Here ��( , � �
and ��X are

normalizedto ��� �"!$# . The signalingeffort �`�`� Q�� andeffi-
ciency �
�V� Q*� (probabilityof success)of thetransmission
of capacityrequestsin shortslotsaregivenby Fig. 6. In
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Fig. 7 themeannumberof signalingframes6 �
till asuc-

cessfultransmissionin randomaccessandastheaverage
delay ��(*TZ¦V§V¨�© C 6¬ª _ ��� �"!$# in randomaccessis shown.��(�T ¦N§`¨�© is measuredfrom thefirst accessto a shortran-
dom accessslot till the receptionof a positive feedback.
Thewidth parametery of theprobingalgorithmhasbeen
variedfrom 0.8to 1.4.

It canbe seenthat lower valuesof y lead to shorter
delaysin randomaccess,but reducetheefficiency �i�`� Q*� .
Thefasterrandomaccessreducestheaveragedelayof up-
link ATM cells, andthe lower efficiency �
�`� Q*� together
with thehighersignalingeffort �`�`� Q*� increasestheaver-
agedelayof downlink ATM cells. The value y C B�|�
seemsto be a goodcompromisebetweendelaysandef-
ficiency. Thecontention-freeprotocolproducesa consid-
erablyhighersignalingoverhead�®�V� Q*� thantheprobing

algorithm. This resultsin a longeraverageframelength���
andthusproduceshigherdelaysof ATM cellson up-

link anddownlink.
Thesimulationshaveshown thatmostsignalingframes

areshortenedbecauseof not enoughATM cells to bede-
livered. Thus, an increaseof the numberof reservation
messagesperdownlink signalingburstby reducingits er-
ror protectionis notuseful.

B. Scenariowith AsymmetricPoissonLoad

In the secondsimulationscenario,the Poissonload of
the first scenariois asymmetricallydivided betweenthe
VCs. VC( 9 ) hasa loadof X U C ��X`��� Uv<?> on uplink and
downlink each.Figure8 shows theaveragedelayof ATM
cells ��( over theoverall load ��X aswell asthecomple-
mentarydistribution function(CDF)of delaysperVC for
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a load � X C ��|J³�¶ with the probingalgorithm. It can
be seenin the CDF that with the probing algorithm all
downlink cellssuffer thesamedelay, but thatthedelaysof
the uplink cellsgrow with decreasingX U , sincetheprob-
ability of first requestingcapacitybeforetransmittingan
ATM cell increases.By comparingthemeandelayswith
thedelaysof thesymmetricscenariooneseesthatasym-
metric load leadsto a considerableperformanceloss of
thecontention-freeprotocol.Figure9 shows thattheeffi-
ciency of polling hasdecreasedrapidlycomparedto sym-
metric load,leadingto a highersignalingeffort �`�`� Q�� of
thecontention-freeprotocol.

C. MultimediaScenario

The last simulationscenarioconsidersmore realistic
sourcemodelsof a multimediaapplication. The simu-

Table1: Parametersof MultimediaScenario
Service ATM class · p. VC #WT Load ¸�¹»ºN¼¾½~¸Y¹¿ºV¼¾½»À»¸$Á=Â Ã¾Ä
Voice CBR 64kbps 4 3% 2 ms 100
Video VBR 1 Mbps 2 22% 20 ms 1000
Data ABR 460kbps 10 50% Undef. Undef.

lation model is accordingto [7]. The parametersof the
simulationscenarioaresummarizedin Table1.

Thescenariohasbeenusedto evaluatetheinfluenceof
thelength ���Z�"!$#¿���*�Z�*!�� #*�Z�"!$# of shortslotson delays.In Fig-
ure10themeandelayof ATM cellsfrom differentservice
classesis shown for theprobingalgorithmwhenvarying�*� �*!��Z#*� � !$# . It can be seenthat increasing���Z�*!�� #�� �"!$# leads
to shorterdelays,but only a slightly furtherimprovement
canbeexpectedwith �*� �*!��Z#*� �"!$#Å'z¶ .
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Figure 10: Resultsof multimedia scenario: meande-
lays Ð�Ñ of ATM cells for probingalgorithmwith different
lengthsof shortslots Ð�Ò Ó�Ô�Õ Ö*ÒZ×"Ô$Ö�ØÙÐ�Ò × Ô$Ö¿Ú�Û*Ò Ó�Ô�Õ Ö*ÒZ×"Ô$Ö .

The comparisonof the MAC protocolshasbeenper-
formed with Û*Ò Ó�Ô�Õ Ö*ÒZ×"Ô$Ö�Ø Ü . The complementarydis-
tribution functionsof delaysof ATM cells from all ser-
vice classesare comparedin Fig. 11. Delays are al-
wayshigherwith thecontention-freeprotocolbecauseof
thelargersignalingoverheadfor transmittingcapacityre-
quests.Only the delaysof uplink CBR cells areshorter
with thecontention-freeprotocolsincefor eachcell first a
capacityrequesthasto be transmitted,which maybe in-
volved in a collision, whenusingthe probingalgorithm.
But dueto guaranteedmaximumdelaysduring collision
resolutionswith the probing algorithm, no CBR uplink
cellsaretoo late.
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