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Abstract—In this paper the packet delay statistics of a fully re-
liable Selective-RepeatARQ schemeis investigated. The sender
transmits packetswhoseerror processis characterized by means
of atwo-stateDiscrete Time Mark ov Channel (DTMC). At there-
ceiver thesepacketsare checked for errors and ACK/NACK mes-
sagesare sentback to the senderaccordingly. It is assumedthat
the feedbackmessagés known with no errors at the transmitter
m channel slots (round-trip delay) after the packet transmission
started. An appropriate Mark ov model hasbeenpreviously devel-
opedin order to find the exactstatistics of 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 from the approximate approachare
shown to bein excellentagreementwith the onesderived from the
exactanalysis.

|. INTRODUCTION

Reliabledatatransmissiomvererrorpronechannelgsequires
mechanismgo recover from errors, which may occur with
higher probability than the applicationcantolerate. In usual
protocol stacks,error control is performedat multiple levels,
e.g.,atthe physicallayerby errorcorrectioncodes atthedata-
link layerby ARQ techniquesaswell asat thetransportayer
by TCP In orderto cuttheright tradeof betweerdatareliabil-
ity, lateng, and efficient bandwidthusage error control tech-
niguesmustbe carefully designedandtheir performancewell
understoodThestudyof ARQ errorcontroltechniquen wire-
lesssystemshasnot enjoyed greatpopularity in recentyears
comparedo, e.g., error correctioncoding strat@ies. This is
mainly dueto the type of applicationervisionedin thesesys-
tems,i.e., voice and circuit-switcheddata, where strict delay
guaranteeareprovided. With the extensionof pacletdataand
Internetservicesover wirelesslinks, the increasedielaytoler-
anceof mary applicationsand protocolsleadsto a paradigm
shift, whereerrorrecovery by retransmissiomay be moreeffi-
cientthanprotectingall dataa priori by meansof costly FEC.

The key point, when ARQ solutionsare considereds that
they directly interactwith higher level, by determiningboth
delayljitter performanceand error probability of higher level
paclets. For thesereasonstheir correctconfigurationis key
in achieving the needecdhigherlevel QoS.Hence,an accurate
studyof the delivery delayprocessatthe ARQ level is pivotal
in orderto understandhe interactionbetweenrthe higherlevel
performancandthelink layerretransmissioprocess.

In ARQ, thetransmittersendspaclets(PDUs)consistingof
payloadanderror detectioncodes.At therecever side,based
on the outcomeof the error detectionprocedureacknavledg-
mentmessagearesentbackto thetransmittef ACK or NACK,
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accordingto the result of error detection). The senderper
formspacletretransmissionbasedn suchacknaviedgments.
In general ARQ protocolsare variantsof the following basic
schemes:stop-and-vait (SW), go-back-N(GBN) and selec-
tive repeat(SR). In this paperwe considerthe SR schemgthe
mostefficient), wherepacletsaretransmitteccontinuouslyand
only negatively acknavledgedpaclets are retransmittedj.e.,
retransmissionare selectvely triggeredby NACK messages.
We obsene that,whentheround-tripdelaygoesto zeroall the
mentionedscheme®ecomedentical. Accordingto [1] and[2]
we referto this situationasideal SRARQ scheme.

In the presenceof the ARQ protocol,we cansubdvide the
overallPDU delayin threecontributions. Thefirst is dueto the
queueingdelayin the sourcebuffer, i.e., the time betweerthe
PDU releaseby higherlevels andthe instantof its first trans-
missionover the channel. The secondcontribution is the time
betweerthe first transmissiorandthe correctreceptionof the
PDU (only dependson the channelbehavior). The last delay
is dueto the time spentin the recever re-sequencindpuffer.
In fact, even if the sendertransmitspacletsin order, due to
randomerrorsandconsequentetransmissionghey canarrive
out of sequence.Hence,correctly receved PDU with higher
identifier mustwait in the recever re-sequencindpuffer until
all thePDUswith lower identifierhave beencorrectlyreceved.
This lasttermis the mostcomplicatecbecauseby considering
ataggedPDU, it dependson errorsexperiencedy all PDUs
sentin the sameround-tripin which the taggedone hasbeen
transmittedfor the first time. Thesequantitieswill be referred
to asqueueinglelay, transmissiordelayandre-sequencinge-
lay, asusuallydonein theliterature[2]. In addition,we define
deliverydelayasthe sumof the secondandthird term. In this
work we focuson the computatiorof this lastterm.

Several studies have been performedon the delay per
formance of the SR protocol over a wireless channel
[11021[61171181[ 91[1Q]. In [6] Konheimderivedthe exactdistri-
bution of PDU delayswith finite round-tripdelay but consid-
eringani.i.d. errorprocess.Rosbeg andSidiin [9] analyzed
thejoint distribution of transmitterandrecever buffer occupan-
ciesoverastaticchannelin [10] Zorzi andRao,consideredhe
ideal SRschemeandprovedtheeffectivenes®f Markov model
by meansof comparisorwith a simulatedfadingprocess.The
time varyingchannehasbeeninvestigatedor thefirst time by
Fantacciin [1], wheretheideal SRschemés consideredThis
approacheadsto an analyticallower boundon delay perfor-
mancewith respecto the situationof afinite round-tripdelay
In [2] Kim andKrunz accountedor atime varying channela
finite round-tripdelayanda Markovian traffic source.Here,a
meananalysids developedfor all the ARQ delaycontributions,
in the computatiorof thesourcequeueingdelaytheideal SRis
considerecaindthe meanre-sequencingelayis obtainedfrom
anapproximateapproactandby consideringHeavytraffic con-
dition.



We studythe delayperformanceof a fully reliableSRARQ
schemein thepresencef atimevaryingchanne[3][4][5] and
of a finite round-triptime. In [13] an exact analysisfor the
computationof the delivery delay statisticsof SR-ARQ pack-
etsis presentedwhich accountsfor a finite roundtrip delay
and for a time varying channel. The compleity of suchap-
proachgrows exponentiallywith the roundtrip time value. In
thispaperanapproximatepproactwith verylimited complex-
ity (linearin theround-tripdelay)is developedin orderto find
thedelivery delaystatisticsof SR-ARQpaclets;its accuray is
demonstratetdy comparisorwith theresultsin [13].

The remainingpart of the paperis organizedasfollows: in
Sectionll the ARQ policy andthechannemodelaredescribed,
in Sectionlll theapproximateapproachor the computatiorof
the delivery delay statisticsis presentedin SectionlV results
are reportedand finally, in SectionV, someconclusionsare
given.

Il. MODEL FOR ARQ QUEUEING AND TRANSMISSION
PROCESSES

We considera pair of nodessayatransmitteranda recever,
that communicatedata paclets througha noisy wirelesslink
anduseafully reliableLink Layerprotocol(unlimitedretrans-
missionattempts)to counteractchannelimpairments. In the
forwarddirectiondatapaclets(ARQ PDUs)flow, while in the
backwardoneonly ACKsandNACKsflow (ACKsandNACKs
areassumedcrrorfree). Moreover, we assumehatbothtrans-
mitter and recever have unlimited buffer size and they adopt
thefollowing Selectve-RepeaARQ protocol(ageneralization
of the protocoldescribedn [11]) attheLink Layer.

The sendercontinuouslytransmitsnev PDUsin increasing
numericalorderaslongasACKsarereceied. After eachPDU
receptiontherecevercheckdor paclketerrorsandreplieswith
an ACK/NACK accordingly Whenthe genericPDU is trans-
mitted, sayPDU ¢, the sendemustawait an ACK messagéor
thatpacletuntil afterit finishesthetransmissiorof uptom — 1
subsequernPDUs(new or retransmitted)]l < m < oo, where
m is the round-trip delay (m is commonlyreferredto in the
literature[12] asthe ARQwindowsizg. At this point, PDU ¢
mustberetransmittedin the caseof NACK) or anew PDU has
to besent(in the caseof ACK). Thetime is slottedandtheslot
time correspondso a single PDU transmission.The wireless
channeis characterizethy meanof atwo-stateDiscreteTime
Markov Chain(DTMC). Let 0 and1 denotesuccessfuander-
roneousPDU transmissionn agivenslot, respectiely, andlet:

P= ( DPo1 )
P11

be the channeltransitionprobability matrix. The steady-state
channekerrorprobabilityis givenby:
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while the averageerror burstlengthis givenby b = Iﬁ. We

defineasP (i) thei-steptransitionprobabilitymatrix, computed
asfollows:

Moreover, we considera HeavyTraffic condition,i.e., once
aPDU is correctlytransmitted a new oneis alwayspresenin
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the sourcebuffer. This assumptionis justified by taking into
accounta TCP file transfer(FTP-like sessionor video/audio
continuousdatastreaming)aspaclet sourceat the transmitter
The reliable ARQ completelyavoids TCP timeouts(whenthe
channelerroris not too large) andthe TCP level, afterfilling
the bandwidth-delayproduct,behaesasa continuouspacket
source(the TCP window sizeis not decreasindbecauseerror
recoveryis nevertriggered).

As a last obsenation, wherethe Heavy Traffic assumption
is not verified, the delivery delay computedwith our modelis
an analyticalupperbound. Also in this case,our approachis
usefulasaworstcaseanalysis.

I1l. APPROXIMATION OF THE DELIVERY DELAY STATISTICS

In orderto computethe statisticsfor a singlePDU transmit-
ted usdingSelectve RepeatARQ, we develop a modelwhich
tracksthe successfutlelivery stateof the PDU of interest(re-
ferred as tagged PDU), aswell asall previous PDUs. Sup-
posethatthetaggedPDU is transmittedor thefirsttimein slot
t = m. Thisimpliesthatall previous PDUs(i.e., thosewhose
identifieris smallerthanthetaggedPDU) excludingthem — 1
PDUstransmittedn slots1 throughm — 1 have beensuccess-
fully recevved,andthatin slot0 a successfultransmissioroc-
curred;in ary othercasein slotm we would have aretransmis-
sion.In moredetail,in Selectve RepeatARQ whena pacletis
transmittederroneoushattime ¢ it is alwaysscheduledor re-
transmissionn slotsapart(time¢-+m), only afterit successfull
transmissionheslotit occupiess releasedndcanbeusedfor
anew paclettransmissionThereforea new transmissiorin a
givenslotimpliesthata correcttransmissioroccurredm slots
earlier ThetaggedPDU is finally releasediponcorrectrecep-
tion of all PDUstransmittedin slots1 throughm. Note also
thatall PDUstransmittedfor the first time duringslott > m
musthave alargerid thatthetagged®DU, andthereforedo not
affectits delivery process.We canthenignoreall future PDU
arrivalsin our study

Theproblemto besolvedis thereforeto find thetime it takes
for all PDUstransmittedn slots1 throughm to be eventually
receved correctly given that a correctPDU transmissioroc-
curredin slot0. Thestatisticsassociatedvith thistime quantity
is calleddelivery delaystatistics.Considerthe evolution of the
systemafterslotm. If slot1 containedanerroneougransmis-
sion, a retransmissionvill be scheduledn slotm + 1. If this
retransmissioris successfullthenslotm + 1 will be marked
asresolvedotherwiseit will bemarkedasunresolvedwith the
effectof afurtherretransmissiomn slot2m + 1 andsoon until
success)In [13] an exactanalysishasbeenpresentedwhose
maindrawbackis thatits complexity grows exponentiallywith
m (in this analysisthe stateof eachslot 1 throughm is tracked
until all theseslotsareresohed). Hence for largevaluesof the
roundtrip delay thecomputatiorof theexactstatisticdhecomes
bothmemoryandtime expensve.

In this Section,we proposea simple approximateapproach
that allows to reducethe computationalcompleity enabling
the computationof the statisticsfor large m. In more detail,
insteadof tracking the exact positionof eachunresohed slot,
we proposeo analyzetheresolvingprocessimply by tracking
thenumberof remainingslotsto beresohed.

To do that, we subdvide the time in roundsof m slotsand
we build a Markov chainin which the stateis representedy
X'(r) = (ne(r),C(r)), r > 1 wheren,(r) andC(r) arethe
numberof unresolhedslotsin roundr andthe channelstatein
thelastslotof roundr, respectiely. This Markov chainevolves
roundby round,i.e.,m slotatatime. Roundl corresponds$o



thefirst round,i.e., the onecomprisingslots1 throughm. As
mentionedabore, we considerthatthetaggedPDU is transmit-
tedfor thefirst time attime m, andthatattime 0 the channels
constrainedo bein thegoodstate otherwisetheslotin position
m would be occupiedby aretransmission.

Notethat,in this Markov chain,theknowledgeaboutthe po-
sition of unresoledslotsis completelyignored. Moreover, in
orderto keeptrack of errorsandcorrectionswe arbitrarily as-
sumethatall unresohedslotsaredeterministicallyplacedatthe
endof eachround.This simpleapproximatiorrule allows usto
neglecttheexactpositionof eachunresohedslotandto achiese
acomputationatompleity linearin m.

Letg;;(k,n), 4,5 € {0,1} betheprobabilitythattherearek
successfuslotsin {0,1,...,n — 1} andthatthe channelstate
is j attime n, given that the channelstatewasi at time 0.
¢:;(k,n) canbecomputedecursiely asfollows (see[14]):

¢ij(k,n) = ¢io(k —1,n—1)poj + ¢ir(k,n — L)p1;j +
+ 6;;6(k)d(n) 4)
where ¢;;(k,n) = 0 for negative valuesof either k or n,
d;; = 1if ¢ = j andzerootherwise,and (k) = 0. A

closedform for thatfunction canbefoundin [15]. Moreover,
let ;5 (k,n) bethe probability thattherearek successfuslots
in {1, ...,n} andthatthechannektates j attimen, giventhat
thechannelstatewass attime 0. It is straightforwardto relate
®ij(+,7) 10 ¢4 (-, -) by noting that p10(j,n) = ¢10(j — 1,n)
andyo1 (j,n) = ¢o1(j + 1,n), whereasn the othertwo cases
(¢ =j =0andi = j = 1) they arethesame.

Now, let ®y; (e, r) betheprobabilityto havee (1 < e < m)
unresolhedslotsin roundr andthatthe channelin thelastslot
of roundr is j giventhatthechannein slot0 wascorrect. This
functioncanbe computedn arecursve way asfollows:

poj(m — e, m) r=1
m

Yoi@r) =95 3 gk, r - )Riy(k— e, k) 7> 1
k=e ic{0,1}
(5)
where,
vij (g, k) k=m
Rijla, k) = Z pic(m — k)pei(q, k) k<m  (6)
ce{0,1}

wherethefunctionR;; (g, k) is usedto computethe probability
of resolvingg slotsover k in roundr, andthatthechannektate
in thelastslotor roundr is j giventhatthe channektatein the
last slot of the previous round (r — 1) was4, andthatall un-
resolhed slotsare deterministicallygroupedat the end of each
round. Note that the recursve expression(Eq. (5)) is initial-

ized (roundr = 1) by exploiting the knowledgeof the channel
at time 0 and computingthe meanprobability to have e erro-
neoustransmissionsin ary orderin thatround. Moreover, the
probability to have e unresohedslots,1 < e < m, attheend
of roundr, r > 1 (¥;(e,r)) is obtainedby consideringthe
probabilityto have k (¥g;(k,r — 1),e < k < m) unresohed
slotsafterr — 1 roundsandthatexactly k — e of theseslotsare
resohedin roundr (R;;(k — e, k)). Finally, theseprobabilities

aresummedvere < k < m andoveri € {0, 1} toaccountor

! Note that eacherroneougransmissiorthroughslot 1 to m correspondso
anunresoledslot.

all theadmittedvaluesof unresohedslotsandchannektatesat
the endof roundr — 1. Obsene thatthe probability to bein
stateX'(r) = X' = (n,,C),1<n. <m,C € {0,1},r > 1
is givenby Uy (ne,r).

Now, let uswrite thetimeindex t ast = £ém+n, where€ > 0
and1l < n < m arethe numberof full roundsandthe number
of slotsin the currentround coveredby ¢, respectiely. With
this decompositionthe currentroundis round¢ + 1, whereas
thepreviousoneis roundé.

In thefollowing, the approximateprobabilityto have a delay
equalto t is computedn two ways,dependingdn the assump-
tion madeaboutthepositionof thelastunresohedslotin round
&. Morein detail,the numberof slots,e (1 < e < m), thatare
yetto beresolhedattheendof roundé¢ is computedy meanof
the function ¥y;(e, £). Theseunresoled slotsare considered
to be groupedin a singleburst,i.e., thereareno isolatedunre-
solved positions.In thefirst approachthe lastunresohedslot
of suchburstis alwaysconsideredo bein position (¢ + 1)m,
i.e., all unresoledslotsaredeterministicallyconstrainedo be
attheendof theround.In thesequelwe referto this correcting
strat@y asBurst at the End (BE). In the secondcase,instead,
we admit that the burst of unresohed slots can be cyclically
shifted. This strateyy is called ShiftedBurst (SB)

Before starting with the detailed description of the ap-
proachegust introduced, let us define the function p asthe
probability thatthe channelin the lastslot of round¢ is j and
thatexactlye (1 < e < m) slotsareyetto beresolhedatthe
endof round¢ andthatthesee slotsareall resohedin round
& + 1 (currentround) given that the last unresohed slot is in
positionz, e < z < m. Formally:

(7)

This functionis usedin whatfollows to computethe proba-
bility of resolvinga burstaccountingor its length(e), the po-
sition occupiedby its lastelement(z) andthe channelstateat
theendof the currentround(y). In thefollowing we reportthe
detaileddescriptionof thetwo approaches:

« (BE) Thedelivery delay statisticsis computedn the fol-

lowing way:

p(j, e, &lx) = Roj(e, &)pjo(z — e+ 1)pgy "

S S sl tlmuln -] n#m

AR S
1
E Z ZP(J,C,ﬂm)@ n=m
7€{0,1} e=1
(8)
wheret = &m + 5, with & > 0andl < 5 < m. The
=1forn > 0,

functionu[-] is definedasfollows, u[n]
whereas:[n] = 0 for n < 0, n integer
Specifically the probability to have the first passage
through states(0,C) in round ¢ + 1, i.e., t € {{&m +
1,...,&m 4+ m} is computedby consideringall the un-
resoled slotsinheritedfrom round ¢ to be placedat the
endof round¢ + 1. Moreover, this probability is subdi-
videdamongslotsém +n,¥ n € {1,...,m} byassuming
thatthefinal unresohedslotis distributedby meanof the
functionP(z|e) thatis the approximaté probability that
theburstendsin positionz giventhatit consistf e slots.
P(z|e) is givenasfollows:

2The approximationconsistsin the assumptiorthat eachslot hasthe same
probabilityto bethefinal one.
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To sumup, in this approachwe first resolwe all the unre-
solved slots inheritedfrom the previous round by deter

ministically groupingit at the end of the round (the last
unresoledslot is alwaysin positionm of round¢ + 1).

By thisway we obtainthe probabilityto resole theinitial

window in ary positionof the currentround. After that,
we subdvide suchprobability amongslotsin the current
round by consideringthe last unresohed slot to be uni-

formly distributedbetweerposition1 throughm.

« (SB)In thisapproachwe alsoconsideithattheunresohed
slotsinheritedfrom round¢ aregroupedin a singleburst,
but unlike in BE, we resole suchburst by considering
thatthepositionof its lastelemenis uniformly distributed
(with probability 1/m) betweenposition1 throughm of
the currentround. With this assumptiorthedelivery delay

statisticscanbewritten as:
¢ 1 m '
E Z ZP(J;G;EM)U[U_@] 7775m
je{0,1} e=1
1 i .
Pl =40 X 3 |otieighm+
j€{0,1} e=1
p'(j,e,ﬁly)] n=m
\ y<e
(10)
where,

p' (e, Ely) = Toj(e, E)pjoply Poo(m — e+ 1)p85”(111 )

With Eq. (10), we compute,for eachn € {1,...,m} in
round¢ + 1, theprobabilityto resole the burstgiventhat
its last slot is in positionn, wheren > e. Thus,when
n > e, we guarantedhat the first slot of the burstis in
position f with f > 1. In this casewe correctthe burstof
unresolhed slots by meansof the function p(j, e, &|z) by
letting® z = 7.
In the casen = m instead,the contributions of m-
cyclically shifted versionsof the burst are also consid-
ered.In moredetail, we split the e-sizedburstin two parts
wherethefirst partis composedy the y slotsin position
{1,...,y}, whereasthe secondpartis composedy the
e—y slotsin position{m—e+y+1, ..., m}. Thesecontri-
butionsareresohedby meansof thefunctiony’(j, e, £|y).
p' is usedto evaluatetheprobabilitythatthechannein the
lastslot of round¢ is j andthatexactlye (1 < e < m)
slotsareyetto be resohed at the endof round¢ andthat
thesee slotsareall resohedin roundé + 1 (currentround)
giventhatthey aresubdvidedin two bursts,wherethefirst
oneoccupiegositions{1, . ..,y} andthesecondccupies
positions{m —e+y+1,...,m}.
To sumup, in both presentedpproachesye considerthatthe
slotsthat areyet to be resoled are groupedin a single burst.
In the BE approachwe first computethe resolvingprobabil-
ity consideringhe burstdeterministicallyplacedat the end of
the round and then we subdvide this contribtution amongthe

3The samefunctionhasbeenusedin the BE approachput with z = m.
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possiblepositionsin a uniform way. In the SB approach,n-
steadthelastslotof the burstis consideredsuniformly placed
(with probability 1/m) directly at the evaluationof the resolv-
ing probability.

IV. RESULTS

In orderto betterclarify theresultspresentedn this Section,
let usremembethatwhatwe call P;[t] is the probabilityto re-
solvetheinitial window (PDUstransmittedn slot1 throughm)
in agivennumberof slots(k > 0). Thetaggedpacletdelivery
delay instead,s the numberof slotselapsedetweerthe first
transmissiorof thetaggedpaclet andtheinstantin whichit is
releasedy the recever re-sequencinguffer. Thetwo delays
above only differ for the sumof pathdelayandphysicallayer
processindthatareboth constanterms).n the following, we
will referto P,[t] asthetaggedpaclet delivery delaystatistics
by keepingin mind this difference.

The delivery delay statistics(P;[t]) hasbeencomputedac-
cordingto the analysispresentedn [13], for variousvaluesof
the channelerror probability, £, andchanneburstinessp. Let
usfocuson the comparisorbetweerthe exactanalysisandthe
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approximateapproachepresentedn Sectionlll. Thiscompar
ison is reportedin Figs. 1 and 2 for aniid anda correlated
channel(b = 7), respectiely. In generalthe approximateap-
proachesrein goodagreementith the exactstatistics.
Theonly regionwheretheapproximationgail is for uncorre-
latedchannebndatlow delays.In aniid channeljn fact,errors
do not occurin burst, and so the approximationmadein Sec-
tion Il thatunresohedslotsaredisposedn aburstywayin this
casedoesnot hold. However, the effect of this approximation
vanishesvery quickly asthe delayincreasesandthe approxi-
mationbecomesrery closeto the exactcurve. In theiid case,
both BE and SB approachegjive the sameresults. Whenthe
channelis correlated(Fig. 2), instead,the statisticsobtained
from BE and SB arein good agreementvith the exact curve
for ary valueof thedelay The BE approacltoverestimateshe
delivery delay statisticsat the beginning of eachround. The
SBapproachinsteadappearso underestimatéhe exactstatis-
tics for any valueof thedelay Moreover, the estimateobtained
from BE degradesasthe delay (t) increasesuntil, for a very
larget, all pointsin the roundarealignedover a straightline.
SB, instead,givesa good approximationalso for large values
of t. The pointsderived using SB arethe closestto the exact

curve, exceptfor ¢ = im, ¢ > 1, wherethe bestestimateis

givenby BE. For whatconcernghecomplementargumulative

delaydistribution (ccedf[t]), (Figs. 3-4) BE givesthe bestesti-
matefor ary valueof b. Moreover, in theindependentasethe
burstassumptioronly resultsin a smalldiscrepanyg regarding
the first round. For ary othervalue of ¢, exact statisticsand
approximationmatchalmostperfectly In the correlatedcase
(b = ), the BE approachgivesthe bestcomplementancu-

mulative delaydistribution estimate Fromthe obtainedresults,
we canconcludethat the estimateof the delivery delay statis-
tics is reasonablyaccuratefor ary b, so approximatemethods
couldeffectively beusedn realsystem®nablingafastandless
memoryexpensie computationof delaydistributionsalsofor

largevaluesof m.

V. CONCLUSIONS

In this paperwe studiedthe delivery delayperformancef a
Selectve RepeatARQ schemeover a two-stateDiscreteTime
Markov Chain. By presentinga simpleapproximateapproach,
we successfullyavoid a burdensomenalysisiwhosecomplex-
ity dependsxponentiallyon the roundtrip delay). The statis-
tics obtainedusing this approximateanalysisare in excellent
agreementvith exactcurveswhile keepingthe complexity lin-
earin m. The approximatedistributionsandtheir main char
acteristicaarecomparedor severalvaluesof the channelerror
probabilityanderror correlationagainsexactcurves.
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