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Abstract—In this paper the packet delay statisticsof a fully re-
liable Selective-RepeatARQ schemeis investigated. The sender
transmits packetswhoseerror processis characterizedby means
of a two-stateDiscreteTime Mark ov Channel (DTMC). At the re-
ceiver thesepacketsare checked for errors and ACK/NACK mes-
sagesare sent back to the senderaccordingly. It is assumedthat
the feedbackmessageis known with no errors at the transmitter� channel slots (round-trip delay) after the packet transmission
started. An appropriate Mark ov modelhasbeenpreviously devel-
opedin order to find the exactstatisticsof the delaysexperienced
by ARQ packets. In this work, in order to reducethe computa-
tional complexity of such analysis,an approximate model is pre-
sented. The resultsobtained fr om the approximate approachare
shown to be in excellentagreementwith the onesderived fr om the
exactanalysis.

I . INTRODUCTION

Reliabledatatransmissionovererror-pronechannelsrequires
mechanismsto recover from errors, which may occur with
higher probability than the applicationcan tolerate. In usual
protocol stacks,error control is performedat multiple levels,
e.g.,at thephysicallayerby errorcorrectioncodes,at thedata-
link layerby ARQ techniques,aswell asat thetransportlayer
by TCP. In orderto cut theright tradeoff betweendatareliabil-
ity, latency, andefficient bandwidthusage,error control tech-
niquesmustbe carefully designedandtheir performancewell
understood.Thestudyof ARQ errorcontroltechniquesin wire-
lesssystemshasnot enjoyed greatpopularity in recentyears
comparedto, e.g., error correctioncoding strategies. This is
mainly dueto the type of applicationenvisionedin thesesys-
tems,i.e., voice and circuit-switcheddata,wherestrict delay
guaranteesareprovided.With theextensionof packetdataand
Internetservicesover wirelesslinks, the increaseddelaytoler-
anceof many applicationsandprotocolsleadsto a paradigm
shift, whereerrorrecoveryby retransmissionmaybemoreeffi-
cientthanprotectingall dataa priori by meansof costlyFEC.

The key point, whenARQ solutionsare consideredis that
they directly interactwith higher level, by determiningboth
delay/jitter performanceand error probability of higher level
packets. For thesereasons,their correctconfigurationis key
in achieving the neededhigher level QoS.Hence,an accurate
studyof thedelivery delayprocessat theARQ level is pivotal
in orderto understandthe interactionbetweenthehigherlevel
performanceandthelink layerretransmissionprocess.

In ARQ, thetransmittersendspackets(PDUs)consistingof
payloadanderror detectioncodes.At the receiver side,based
on the outcomeof the error detectionprocedure,acknowledg-
mentmessagesaresentbackto thetransmitter(ACK or NACK,
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accordingto the result of error detection). The senderper-
formspacket retransmissionsbasedon suchacknowledgments.
In general,ARQ protocolsarevariantsof the following basic
schemes:stop-and-wait (SW), go-back-N(GBN) and selec-
tive repeat(SR).In this paperwe considertheSRscheme(the
mostefficient),wherepacketsaretransmittedcontinuously, and
only negatively acknowledgedpackets are retransmitted,i.e.,
retransmissionsareselectively triggeredby NACK messages.
We observe that,whentheround-tripdelaygoesto zeroall the
mentionedschemesbecomeidentical.Accordingto [1] and[2]
wereferto this situationasideal SRARQ scheme.

In the presenceof the ARQ protocol,we cansubdivide the
overallPDU delayin threecontributions.Thefirst is dueto the
queueingdelayin the sourcebuffer, i.e., the time betweenthe
PDU releaseby higher levels andthe instantof its first trans-
missionover the channel.Thesecondcontribution is the time
betweenthe first transmissionandthe correctreceptionof the
PDU (only dependson the channelbehavior). The last delay
is due to the time spentin the receiver re-sequencingbuffer.
In fact, even if the sendertransmitspackets in order, due to
randomerrorsandconsequentretransmissions,they canarrive
out of sequence.Hence,correctly received PDU with higher
identifier mustwait in the receiver re-sequencingbuffer until
all thePDUswith lower identifierhavebeencorrectlyreceived.
This last termis themostcomplicatedbecause,by considering
a taggedPDU, it dependson errorsexperiencedby all PDUs
sentin the sameround-trip in which the taggedonehasbeen
transmittedfor thefirst time. Thesequantitieswill be referred
to asqueueingdelay, transmissiondelayandre-sequencingde-
lay, asusuallydonein theliterature[2]. In addition,we define
deliverydelayasthesumof thesecondandthird term. In this
work we focuson thecomputationof this lastterm.

Several studies have been performed on the delay per-
formance of the SR protocol over a wireless channel
[1][2][6][7][8][ 9][10]. In [6] Konheimderivedtheexactdistri-
bution of PDU delayswith finite round-tripdelay, but consid-
eringan i.i.d. errorprocess.Rosberg andSidi in [9] analyzed
thejoint distributionof transmitterandreceiverbuffer occupan-
ciesoverastaticchannel.In [10] Zorzi andRao,consideredthe
idealSRscheme,andprovedtheeffectivenessof Markov model
by meansof comparisonwith a simulatedfadingprocess.The
time varyingchannelhasbeeninvestigatedfor thefirst time by
Fantacciin [1], wherethe ideal SRschemeis considered.This
approachleadsto an analyticallower boundon delayperfor-
mancewith respectto thesituationof a finite round-tripdelay.
In [2] Kim andKrunz accountedfor a time varyingchannel,a
finite round-tripdelayanda Markovian traffic source.Here,a
meananalysisis developedfor all theARQ delaycontributions,
in thecomputationof thesourcequeueingdelaythe ideal SRis
consideredandthemeanre-sequencingdelayis obtainedfrom
anapproximateapproachandby consideringHeavytraffic con-
dition.



We studythedelayperformanceof a fully reliableSRARQ
scheme,in thepresenceof a timevaryingchannel[3][4][5] and
of a finite round-trip time. In [13] an exact analysisfor the
computationof the delivery delaystatisticsof SR-ARQpack-
ets is presented,which accountsfor a finite round trip delay
and for a time varying channel. The complexity of suchap-
proachgrows exponentiallywith the roundtrip time value. In
thispaper, anapproximateapproachwith verylimited complex-
ity (linear in theround-tripdelay)is developedin orderto find
thedeliverydelaystatisticsof SR-ARQpackets;its accuracy is
demonstratedby comparisonwith theresultsin [13].

The remainingpart of the paperis organizedasfollows: in
SectionII theARQ policy andthechannelmodelaredescribed,
in SectionIII theapproximateapproachfor thecomputationof
the delivery delaystatisticsis presented,in SectionIV results
are reportedand finally, in SectionV, someconclusionsare
given.

I I . MODEL FOR ARQ QUEUEING AND TRANSMISSION

PROCESSES

We considerapairof nodes,saya transmitteranda receiver,
that communicatedatapackets througha noisy wirelesslink
andusea fully reliableLink Layerprotocol(unlimitedretrans-
missionattempts)to counteractchannelimpairments. In the
forwarddirectiondatapackets(ARQ PDUs)flow, while in the
backwardoneonly ACKsandNACKsflow (ACKsandNACKs
areassumederror free). Moreover, we assumethatboth trans-
mitter andreceiver have unlimited buffer sizeand they adopt
thefollowing Selective-RepeatARQ protocol(ageneralization
of theprotocoldescribedin [11]) at theLink Layer.

The sendercontinuouslytransmitsnew PDUsin increasing
numericalorderaslongasACKsarereceived.After eachPDU
reception,thereceiverchecksfor packeterrorsandreplieswith
an ACK/NACK accordingly. Whenthe genericPDU is trans-
mitted,sayPDU � , thesendermustawait anACK messagefor
thatpacketuntil afterit finishesthetransmissionof upto �����
subsequentPDUs(new or retransmitted),�
	���	� , where� is the round-trip delay ( � is commonlyreferredto in the
literature[12] asthe ARQwindowsize). At this point, PDU �
mustberetransmitted(in thecaseof NACK) or anew PDUhas
to besent(in thecaseof ACK). Thetime is slottedandtheslot
time correspondsto a singlePDU transmission.The wireless
channelis characterizedby meansof a two-stateDiscreteTime
Markov Chain(DTMC). Let � and � denotesuccessfulander-
roneousPDUtransmissionin agivenslot, respectively, andlet:������������������������������ (1)

be the channeltransitionprobability matrix. The steady-state
channelerrorprobabilityis givenby:� � �������� �"!#����� (2)

while the averageerror burst lengthis given by $ � �%'&)( . We
defineas

�
* � + the � -steptransitionprobabilitymatrix,computed
asfollows: �
* ��+ �,�.-/��� ����� * � + �0�1� * � +����� * � + ���2� * � + � (3)

Moreover, we considera HeavyTraffic condition,i.e., once
a PDU is correctlytransmitted,a new oneis alwayspresentin

the sourcebuffer. This assumptionis justified by taking into
accounta TCP file transfer(FTP-like sessionor video/audio
continuousdatastreaming)aspacket sourceat the transmitter.
The reliableARQ completelyavoids TCP timeouts(whenthe
channelerror is not too large) andthe TCP level, after filling
the bandwidth-delayproduct,behavesasa continuouspacket
source(the TCP window size is not decreasingbecauseerror
recovery is never triggered).

As a last observation, wherethe HeavyTraffic assumption
is not verified, the delivery delaycomputedwith our modelis
an analyticalupperbound. Also in this case,our approachis
usefulasa worstcaseanalysis.

I I I . APPROXIMATION OF THE DELIVERY DELAY STATISTICS

In orderto computethestatisticsfor a singlePDU transmit-
ted usdingSelective RepeatARQ, we developa modelwhich
tracksthe successfuldelivery stateof the PDU of interest(re-
ferred as tagged PDU), as well as all previous PDUs. Sup-
posethatthetaggedPDUis transmittedfor thefirst time in slot3 � � . This implies thatall previousPDUs(i.e., thosewhose
identifieris smallerthanthetaggedPDU) excludingthe �4�5�
PDUstransmittedin slots � through �6�7� havebeensuccess-
fully received,andthat in slot � a successfulltransmissionoc-
curred;in any othercasein slot � wewouldhavearetransmis-
sion. In moredetail,in SelectiveRepeatARQ whenapacket is
transmittederroneouslyat time

3
it is alwaysscheduledfor re-

transmission� slotsapart(time
3 ! � ), only afterit successfull

transmissiontheslot it occupiesis releasedandcanbeusedfor
a new packet transmission.Therefore,a new transmissionin a
givenslot implies thata correcttransmissionoccurred� slots
earlier. ThetaggedPDU is finally releaseduponcorrectrecep-
tion of all PDUstransmittedin slots � through � . Note also
that all PDUstransmittedfor the first time during slot

398 �
musthavea largerid thatthetaggedPDU,andthereforedonot
affect its delivery process.We canthenignoreall futurePDU
arrivalsin ourstudy.

Theproblemto besolvedis thereforeto find thetime it takes
for all PDUstransmittedin slots � through � to beeventually
received correctly, given that a correctPDU transmissionoc-
curredin slot � . Thestatisticsassociatedwith this timequantity
is calleddeliverydelaystatistics.Considertheevolution of the
systemafterslot � . If slot � containedanerroneoustransmis-
sion,a retransmissionwill be scheduledin slot � ! � . If this
retransmissionis successfull,thenslot � ! � will be marked
asresolved, otherwiseit will bemarkedasunresolved(with the
effectof a furtherretransmissionin slot :;� ! � andsoon until
success).In [13] an exactanalysishasbeenpresented,whose
maindrawbackis that its complexity growsexponentiallywith� (in this analysisthestateof eachslot � through� is tracked
until all theseslotsareresolved).Hence,for largevaluesof the
roundtrip delay, thecomputationof theexactstatisticsbecomes
bothmemoryandtime expensive.

In this Section,we proposea simpleapproximateapproach
that allows to reducethe computationalcomplexity enabling
the computationof the statisticsfor large � . In more detail,
insteadof trackingthe exact positionof eachunresolvedslot,
weproposeto analyzetheresolvingprocesssimplyby tracking
thenumberof remainingslotsto beresolved.

To do that, we subdivide the time in roundsof � slotsand
we build a Markov chainin which the stateis representedby<>=?*?@ + �A*)BDC;*)@ +�EGF *)@ +H+ , @>I � where

BDCJ*)@ + and F *?@ + arethe
numberof unresolvedslotsin round

@
andthechannelstatein

thelastslotof round
@
, respectively. ThisMarkov chainevolves

roundby round,i.e., � slot at a time. Round � correspondsto



thefirst round,i.e., theonecomprisingslots � through � . As
mentionedK above,weconsiderthatthetaggedPDU is transmit-
tedfor thefirst timeat time � , andthatat time � thechannelis
constrainedto bein thegoodstate,otherwisetheslot in position� wouldbeoccupiedby a retransmission.

Notethat,in thisMarkov chain,theknowledgeaboutthepo-
sition of unresolvedslotsis completelyignored. Moreover, in
orderto keeptrackof errorsandcorrections,we arbitrarily as-
sumethatall unresolvedslotsaredeterministicallyplacedat the
endof eachround.Thissimpleapproximationruleallowsusto
neglecttheexactpositionof eachunresolvedslotandto achieve
a computationalcomplexity linearin � .

Let L -NM *PO E B + , �GERQ
SUTV�WEX�;Y betheprobabilitythatthereare
O

successfulslotsin TV�WEZ�[EZ\X\Z\�E B �,�;Y andthat thechannelstate
is Q at time

B
, given that the channelstatewas � at time � .L -]M *PO E B + canbecomputedrecursively asfollows(see[14]):L -]M *PO E B + � L - � *RO �^�[E B �^�V+ �0� M ! L - � *RO E B �5�'+ ��� M !! _ -)` M _ *RO + _ *?B + (4)

where L -]M *PO E B + � � for negative valuesof either
O

or
B

,_ -NM � � if � � Q and zero otherwise,and _ *PO + � _'a ` � . A
closedform for that functioncanbe found in [15]. Moreover,
let b -]M *PO E B + betheprobability that thereare

O
successfulslots

in T[�[EZ\Z\X\�E B Y andthatthechannelstateis Q at time
B

, giventhat
thechannelstatewas � at time � . It is straightforwardto relateb -]M * c E c + to L -NM *Hc E c + by noting that b � � * Q[E B + � L � � * Qd�e�fE B +
and b ��� * Q[E B + � L �1� * Q ! �[E B + , whereasin theothertwo cases
( � � Q � � and � � Q � � ) they arethesame.

Now, let g � M *?h E @ + betheprobability to have
h

( �i	 h 	,� )
unresolvedslotsin round

@
andthat thechannelin thelastslot

of round
@

is Q giventhatthechannelin slot � wascorrect.This
functioncanbecomputedin a recursiveway asfollows:

g � M *?h E @ + �kjlm ln
b � M * �4� h E��o+ @p� �qra�s C r-)tvu � ` ��w g � - *PO E @ �^�V+yx -]M *PO � h E O + @ 8 �

(5)
where,

x -]M *?z E O + ��jlm ln b
-]M *?z E O + O
� �r{ tvu � ` ��w � - { * �4� O + b { M *Pz E O + Od| � (6)

wherethefunction x -NM *?z E O + is usedto computetheprobability
of resolving

z
slotsover

O
in round

@
, andthatthechannelstate

in thelastslot or round
@

is Q giventhatthechannelstatein the
last slot of the previous round(

@ �}� ) was � , andthat all un-
resolvedslotsaredeterministicallygroupedat the endof each
round. Note that the recursive expression(Eq. (5)) is initial-
ized(round

@i� � ) by exploiting theknowledgeof thechannel
at time � andcomputingthe meanprobability to have

h
erro-

neoustransmissions1 in any orderin thatround.Moreover, the
probability to have

h
unresolvedslots, �d	 h 	e� , at theend

of round
@
,
@ 8 � ( g � M *Ph E @ + ) is obtainedby consideringthe

probability to have
O

( g � - *RO E @ �~�'+1E h 	 O 	�� ) unresolved
slotsafter

@ �^� roundsandthatexactly
O � h

of theseslotsare
resolvedin round

@
( x -]M *PO � h E O + ). Finally, theseprobabilities

aresummedover
h 	 O 	^� andover ��S�T'�0EZ�fY to accountfor�

Note that eacherroneoustransmissionthroughslot � to � correspondsto
anunresolvedslot.

all theadmittedvaluesof unresolvedslotsandchannelstatesat
the endof round

@ �}� . Observe that the probability to be in
state

<U=P*?@ + ��<>=���*)BDC E2F.+ , ��	 BDC 	,� , F�S�TV�WEX�;Y , @
I �
is givenby g �G� *)BDC E @ + .

Now, let uswrite thetimeindex
3
as

3 ��� � !�� , where
�iI �

and �9	 � 	~� arethenumberof full roundsandthenumber
of slots in the currentroundcoveredby

3
, respectively. With

this decomposition,the currentroundis round
� ! � , whereas

thepreviousoneis round
�
.

In thefollowing, theapproximateprobabilityto haveadelay
equalto

3
is computedin two ways,dependingon theassump-

tion madeaboutthepositionof thelastunresolvedslot in round�
. More in detail,thenumberof slots,

h
( ��	 h 	,� ), thatare

yetto beresolvedattheendof round
�

is computedby meansof
the function g � M *Ph E � + . Theseunresolvedslotsareconsidered
to begroupedin a singleburst, i.e., thereareno isolatedunre-
solvedpositions.In thefirst approach,the lastunresolvedslot
of suchburst is alwaysconsideredto be in position

*)� ! �V+�� ,
i.e., all unresolvedslotsaredeterministicallyconstrainedto be
at theendof theround.In thesequel,wereferto thiscorrecting
strategy asBurst at the End (BE). In the secondcase,instead,
we admit that the burst of unresolved slots can be cyclically
shifted.This strategy is calledShiftedBurst (SB).

Before starting with the detailed description of the ap-
proachesjust introduced,let us define the function � as the
probability that thechannelin the last slot of round

�
is Q and

thatexactly
h

( ��	 h 	�� ) slotsareyet to be resolvedat the
endof round

�
andthat these

h
slotsareall resolved in round� ! � (currentround)given that the last unresolved slot is in

position � ,
h 	^��	5� . Formally:� * Q[E h E �0� ��+ � g � M *?h E � + � M � * ��� h ! �V+ � CG� ��2� (7)

This function is usedin what follows to computetheproba-
bility of resolvinga burstaccountingfor its length(

h
), thepo-

sition occupiedby its lastelement( � ) andthe channelstateat
theendof thecurrentround(Q ). In thefollowing we reportthe
detaileddescriptionof thetwo approaches:� (BE) The delivery delaystatisticsis computedin the fol-

lowing way:

���v� 3y� � jllllm lllln
�� rM1tvu � ` �2w qr C s � � * Q[E h E �0� �#+�� � � � h � �>�� ��� rM1tvu � ` �2w qr C s � � * Q[E h E �0� �#+ h � � �

(8)
where

3 �A� � !�� , with
��I � and ��	 � 	4� . The

function � ��c �
is definedasfollows, � � B � � � for

B�I � ,
whereas� � B � � � for

B�| � ,
B

integer.
Specifically, the probability to have the first passage
throughstates

* �0E2F.+ in round
� ! � , i.e.,

3 S�T � � !�fEX\Z\X\1E � � ! �>Y is computedby consideringall the un-
resolved slots inheritedfrom round

�
to be placedat the

endof round
� ! � . Moreover, this probability is subdi-

videdamongslots
� � !�� ,   � SUT[�[EZ\X\Z\1E��>Y by assuming

thatthefinal unresolvedslot is distributedby meansof the
function ¡ * � � h + that is the approximate2 probability that
theburstendsin position � giventhatit consistsof

h
slots.¡ * � � h + is givenasfollows:¢

The approximationconsistsin the assumptionthat eachslot hasthe same
probabilityto bethefinal one.



¡ * � � h + � jlm ln
� � |5h�J£V� h 	�� | �h £J� � � � (9)

To sumup, in this approachwe first resolve all the unre-
solved slots inheritedfrom the previous round by deter-
ministically groupingit at the endof the round(the last
unresolvedslot is alwaysin position � of round

� ! � ).
By thiswayweobtaintheprobabilityto resolve theinitial
window in any positionof the currentround. After that,
we subdivide suchprobability amongslots in the current
round by consideringthe last unresolved slot to be uni-
formly distributedbetweenposition � through� .� (SB)In thisapproach,wealsoconsiderthattheunresolved
slotsinheritedfrom round

�
aregroupedin a singleburst,

but unlike in BE, we resolve suchburst by considering
thatthepositionof its lastelementis uniformly distributed
(with probability �J£V� ) betweenposition � through � of
thecurrentround.With thisassumptionthedeliverydelay
statisticscanbewrittenas:

�¤�v� 3y� � jlllllllllm llllllllln

�� rM1tvu � ` ��w qr C s � � * QfE h E �0� � + � � � � h � �>�� ��� rM1tvu � ` ��w qr C s �p¥ � * Q[E h E �0� �#+ !r¦V§ C � = * Q[E h E �0� ¨ +�© � � �
(10)

where,� = * Q[E h E �0� ¨ + � g � M *?h E � + � M �2� ¦ � ��2� ����� * �6� h ! �'+ � C2� ¦ � ��2�
(11)

With Eq. (10), we compute,for each � S�T[�[EZ\Z\X\1EH�UY in
round

� ! � , theprobabilityto resolve theburstgiventhat
its last slot is in position � , where � I�h

. Thus, when� IAh
, we guaranteethat the first slot of the burst is in

position ª with ª I � . In thiscase,wecorrecttheburstof
unresolvedslotsby meansof the function � * QfE h E �0� �«+ by
letting3 � � � .
In the case � � � instead, the contributions of � -
cyclically shifted versionsof the burst are also consid-
ered.In moredetail,wesplit the

h
-sizedburstin two parts

wherethefirst part is composedby the
¨

slotsin positionT[�fEX\Z\X\�E ¨ Y , whereasthe secondpart is composedby theh � ¨
slotsin position TX��� h ! ¨ ! �fEX\Z\Z\GE��>Y . Thesecontri-

butionsareresolvedby meansof thefunction � =R* Q[E h E �0� ¨ + .� = is usedto evaluatetheprobabilitythatthechannelin the
last slot of round

�
is Q andthat exactly

h
( �#	 h 	�� )

slotsareyet to beresolvedat theendof round
�

andthat
these

h
slotsareall resolvedin round

� ! � (currentround)
giventhatthey aresubdividedin two bursts,wherethefirst
oneoccupiespositionsT[�[EZ\Z\X\1E ¨ Y andthesecondoccupies
positionsTX�4� h ! ¨ ! �fEX\Z\X\1EH�UY .

To sumup, in bothpresentedapproaches,we considerthat the
slots that areyet to be resolved aregroupedin a singleburst.
In the BE approach,we first computethe resolvingprobabil-
ity consideringthe burstdeterministicallyplacedat the endof
the roundand thenwe subdivide this contribution amongthe¬

Thesamefunctionhasbeenusedin theBE approach,but with ¯®�� .

1e-05

0.0001

0.001

0.01

0.1

0 20 40 60 80 100 120

P
d[

t]°

t

exact iid
BE iid
SB iid

Fig. 1. Comparisonbetweenapproximationandexact statistics,�6®�±�² ,³ ®�²'´N� , iid channel.

1e-06

1e-05

0.0001

0.001

0.01

0.1

1

0 20 40 60 80 100 120

P
d[

t]°

t

exact b=7
BE b=7
SB b=7

Fig. 2. Comparisonbetweenapproximationandexact statistics,�6®�±�² ,³ ®�²'´N� , correlatedchannelwith µ¶®�· .

possiblepositionsin a uniform way. In the SB approach,in-
stead,thelastslotof theburstis consideredasuniformly placed
(with probability �V£J� ) directly at theevaluationof theresolv-
ing probability.

IV. RESULTS

In orderto betterclarify theresultspresentedin thisSection,
let usrememberthatwhatwe call

� � � 3y�
is theprobabilityto re-

solvetheinitial window (PDUstransmittedin slot � through� )
in a givennumberof slots(

O�I � ). Thetaggedpacketdelivery
delay, instead,is thenumberof slotselapsedbetweenthe first
transmissionof thetaggedpacket andtheinstantin which it is
releasedby the receiver re-sequencingbuffer. The two delays
above only differ for the sumof pathdelayandphysicallayer
processing(thatarebothconstantterms).In thefollowing, we
will refer to

� � � 3y�
asthetaggedpacket delivery delaystatistics

by keepingin mind this difference.
The delivery delaystatistics(

� � � 3y�
) hasbeencomputedac-

cordingto theanalysispresentedin [13], for variousvaluesof
thechannelerrorprobability, � , andchannelburstiness,$ . Let
usfocuson thecomparisonbetweentheexactanalysisandthe
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approximateapproachespresentedin SectionIII. Thiscompar-
ison is reportedin Figs. 1 and 2 for an iid and a correlated
channel( $ �ÃÂ

), respectively. In general,theapproximateap-
proachesarein goodagreementwith theexactstatistics.

Theonly regionwheretheapproximationsfail is for uncorre-
latedchannelandatlow delays.In aniid channel,in fact,errors
do not occurin burst, andso the approximationmadein Sec-
tion III thatunresolvedslotsaredisposedin aburstywayin this
casedoesnot hold. However, theeffect of this approximation
vanishesvery quickly as the delay increasesandthe approxi-
mationbecomesvery closeto the exactcurve. In the iid case,
both BE andSB approachesgive the sameresults. Whenthe
channelis correlated(Fig. 2), instead,the statisticsobtained
from BE andSB are in goodagreementwith the exact curve
for any valueof thedelay. TheBE approachoverestimatesthe
delivery delay statisticsat the beginning of eachround. The
SBapproach,instead,appearsto underestimatetheexactstatis-
tics for any valueof thedelay. Moreover, theestimateobtained
from BE degradesas the delay (

3
) increasesuntil, for a very

large
3
, all pointsin the roundarealignedover a straightline.

SB, instead,givesa goodapproximationalso for large values
of

3
. The pointsderivedusingSB arethe closestto the exact

curve, except for
3 � �y� , � I � , wherethe bestestimateis

givenby BE.For whatconcernsthecomplementarycumulative
delaydistribution ( ÄZÄ1Å�ª � 3y�

), (Figs. 3-4) BE givesthe bestesti-
matefor any valueof $ . Moreover, in theindependentcase,the
burstassumptiononly resultsin a smalldiscrepancy regarding
the first round. For any other valueof

3
, exact statisticsand

approximationmatchalmostperfectly. In the correlatedcase
( $ �ÆÂ

), the BE approachgives the bestcomplementarycu-
mulativedelaydistributionestimate.Fromtheobtainedresults,
we canconcludethat the estimateof the delivery delaystatis-
tics is reasonablyaccuratefor any $ , so approximatemethods
couldeffectivelybeusedin realsystemsenablingafastandless
memoryexpensive computationof delaydistributionsalsofor
largevaluesof � .

V. CONCLUSIONS

In this paperwe studiedthedelivery delayperformanceof a
Selective RepeatARQ schemeover a two-stateDiscreteTime
Markov Chain.By presentinga simpleapproximateapproach,
we successfullyavoid a burdensomeanalysis(whosecomplex-
ity dependsexponentiallyon the roundtrip delay). Thestatis-
tics obtainedusing this approximateanalysisare in excellent
agreementwith exactcurveswhile keepingthecomplexity lin-
ear in � . The approximatedistributionsandtheir main char-
acteristicsarecomparedfor severalvaluesof thechannelerror
probabilityanderrorcorrelationagainstexactcurves.
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