End-to-endReliability in UMTS :
TCPover ARQ

A-F. CantonandT. Chahed
Institut NationaldesTelecommunications
9rueC. Fourier- 91011EVRY CEDEX- France
Phone+33160764693- Fax+33160764291

{anne-florence.allouche,tijaohahed @int-evry.fr

Abstract

Thefocusof this papetis end-to-endeliabletransmissiofin UMTS environmentwhereTCR areliabletranport
protocoldesignedo retransmitinformationin caseof loss, is presentat the mobile stationaswell asthe wired
portion of the network. The mobile andwirelessportion of the network, characterizedby significanterrorfigures,
relieson ARQ to detectand retransmitcorruptedframes. In this work, we proposean analyticalmodelfor the
operationof TCP over ARQ. We investigateseveral error patternscorrespondingo random,slow andfastfading
channelsOurresultsquantifythe enhancegerformancef TCP over ARQ in termsof throughputasa functionof

bothlossanderror.
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|. INTRODUCTION

TCPis undeniablythe transporfprotocolmostcommonlyusedto carry a significantamount
of elasticlnternettraffic which needgeliability. As such, TCPhasbeendesignedpptimizedand
tuned,in wired networks setting,to reactto pacletloss,the soleindicationandconsequencef
congestionAs faraswirelessandmobilenetworksareconcernedthisassumptiomoesnothold
arnymore;in thosemedia,erroris significantandis moreresponsibldor servicedegradatiorthan
loss. ARQ, alink-level error detectionand correctionmechanismis recommendedto enforce
reliability in forthcomingUMTS standards.For the purposeof end-to-endreliability where

TCPis presenin mobile andwirelessportionsof the network, both TCPandARQ, with quite
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similar retransmissiormechanismsthe former againstloss and the latter againsterror, may
indeedenterinto conflict andcauseservicedegradationmainly in termsof throughput. Thisis
why, the objectve of this work is to analyticallyquantify the TCP over ARQ protocolstackor
anend-to-endeliability of elasticinternetflows.

Several works on the analyticalcharacterizatiorof TCP have recentlybeencarriedout [1],
[2], [3], andfocusedmainly on TCPthroughputasa functionof lossratein wired networks. In
particularin [1], asimplemodelfor theanalyticalcharacterizationf thesteady-statéhroughput
of abulk TCP transferis proposed.TCP retransmissiommechanismsre eitherdueto a time-
outor triple-duplicateACKs, which, in turn, arecausedy paclet lossin awired ervironment.
Adding awirelessmobile portionto this settingwith its significanterrorfigures,will inevitably
trigger TCP retransmissionimechanismsgainsterror, and not only lossin this case. Error in
thiswirelessportionfollows somegenericpatternsandis handeledy ARQ. In [5] for instance,
a one-steptwo-stateMarkov chainis usedto model error on a fading channel. This takes
into accountthe correlationthat may exist betweendifferentinstancesof error  The system
evaluationconsider®nly the ARQ mechanismin termsof throughputanddoesnotincludeany
interactionswith higher norlowerlayers.Thework in [6] simulategheoperationof TCPin the
presencef correlatecerrors;no mentionhoweveris madeof ARQ. ARQ andits relationshipto
TCPisinvestigatedn [8] and[7]; againthesestudiesrely on simulationsonly.

In this paper we proposean analyticalmodelfor the steady-statéhroughputof a bulk TCP
transfer in a wirelessmobile settingwhereTCP is preseniat the mobile stationandthe wired
portionof the network andARQ is active at thewireless,mobile portion of the end-to-endpath.
Our mathematicamodelis basedn the onedevelopedin [1]; it howevertakesinto accounthe
interferencebetweenARQ attheradiolink level and TCP at the higheraswell aswired level.
In this contet, we investigateseveral scenarios.First, we analyzethe end-to-endbehaior of
TCPin themobileandwired portionsof the network in theabsencef ARQ. Next, we consider
theTCPover ARQ performanceHerein,we studythedifferenterrorpatternsattheair channel;
thosepatternscanbe eitherindependenbor lightly or heavily correlated.Our resultsshow that
theend-to-engperformanceof TCPin amobile,wirelesssettingis enhancedby the presencef

ARQ asthelattertakesin chage all the error detectionandcorrectionpart of the work which
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permitsTCP to ultimately act transparentlyon an errorfree medium. The benefitof ARQ on
end-to-engerformanceas evenmoresignificantin the caseof heavily correlatecerrorsasis the
slow fadingchannekase.

Theremainderof this paperis organisedasfollows. In Sectionll, we describeour end-to-end
modelingfor TCP over ARQ, in a wired network with a wireless,mobile portion. In Section
lll, we focuson the error schemegpresentin the air channelfor the casesof independenas
well ascorrelatedbit errors. In SectionlV, we derive an analyticalcharacterisatioior TCP
throughputasa function of error andlosstaking into accountthe mobile, wirelessportion of
the network, assuminghat ARQ operationdoesnot disturb TCR In SectionV, we studythe
interactionbetweenT CP andARQ), calculatethe probabilitythat ARQ entersinto conflict with
TCPfor thecase®f fastaswell asslow fadingchannelsNumericalapplicationsanddiscussion

of theresultsaregivenin SectionVI. SectionVIl eventuallyconcludeghepaper

II. A MODEL FOR TCP CONGESTION CONTROL OVER ARQ

A. End-to-end Model

We considera TCP connectionbetweentwo hostssuchthatthe first link on the end-to-end
path from senderto recever is a wireless,radio link. Sucha scenariois commonin mobile

communicatiorandis illustratedin figure1.
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Fig.1. End-to-endSystem

As seenfrom thefigure, the modelhastwo portions: a radio, mobilelink anda wired, fixed

network. At the source,mobile host and at the basestation, two error control schemesare
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mountedndependentlyn differentlayers: ARQ atthedatalink layerandTCP atthetransport
layer. At thefixed,recever side,apeerTCPentityis present.

For a connectionsupportinga bulk TCP transfer i.e., a flow with a large amountof datato
send,suchasFTP transferswe focuson the end-to-endeliability asofferedby both TCP and
ARQ andassumehat:

(1) On the wirelesslink, thereis no paclet lossbut somepaclkets may be corruptedunder
adwerseradiolink conditions.In our study we considertwo modelsfor the bit errorpatternson
theradiolink: independenandcorrelated.

(2) Onthewired network, paclketsmaygetlostwhencongestioroccurs.

B. ARQ

We considera classicalGo-back-NARQ schemeasdescribedn [12], with ARQ sourceat
the mobile stationand ARQ recever at the basestation. The ARQ sendersegmentsthe TCP
sgmentinto constant-sizéARQ framesandsendsthemin an orderedfashion,to the limit of
N framesat oncewith no needfor an acknavledgment. The recever sendsan AC' K 4, for
every correctlyrecevedframewhichmakes NV slide onthe subsequerframes.If no AC K 4rg
concerningrames is recevedafterthe V — 1 following frameshave beensent thesendetimes
out, goesbackto framei: andretransmitsall N framesin orderfrom framei. Therecever does
notaccepwut-of-orderframes.

In any case ARQ tramissionsandretransmissionsitroducelateng in processindgramesand
sendingthemthroughthe air channel. ARQ operatessmoothlyexceptin the presencef cor
ruptedframes.Theunderlyingassumptioris thattimefor ARQ framesprocessings comparable
to theRoundTrip Time (RTT) for ARQ, RT T arq-

Let usnotethatwe assumehatno errorgetsinsertedin the AC' K 4. This canbejustified
by the factthe up- anddownlinks are physicallyindependentadwerseradio conditionsmay be

presenttthe uplink from mobile stationto basestationandnot at the downlink.



C. TCP

We consideitheRenoversionof TCR asdescribedn [11]. Let W denotethe TCPcongestion
window size. TCP performsslow startandcongestioravoidance In orderto keepthingssimple,
we do not considerFastRetransmitand FastRecwery. Furthermoreaswe modelthe steady
stateof a bulk TCP transfer we assumehat TCP is alwaysin congestioravoidance. Hence,
W isincreasedy 1/W eachtime an AC' Kr¢p is receved. In fact,we assumehat TCP sends
one cumulatve ACK¢p for b consecutre TCP sggments,keepingtrack of the model and
terminologyadoptedn [1]. Packetlossis detectedn oneof two ways,eitheruponreceptionof
atriple-duplicateAC K¢ p (denotecby TD in [1]), or uponexpirationof a Time-Out(denoted
by TO). In caseof aTD, W is decreasedy half, while uponexpirationof aTO, I is decreased
to 1.

To keeptrack of the modeldevelopedin [1], the behaior of TCP is modeledin termsof
rounds:a roundstartswith the back-to-backransmissiorof W paclketsandendswith the re-
ceptionof thefirst AC Kr¢p correspondingo oneof the W pacletssent. We assumehatthe
processingime for a TCPis negligeablewith respecto RT1Tr¢p. Underthis assumptionthe
durationof aroundis equalto RTTrcp andis independenof 1/. Moreover, we assumehat
thelossbehaior is bursty; i.e., pacletlossesarecorrelatedwvithin a back-to-backransmission.
Hence,whena paclet is lost, all remainingpacletsin the sameroundarelost aswell. Fur
thermore underthe assumptiorthatroundsareseparatedy one R7'7r¢p, lossin oneroundis
independenof lossin otherrounds. Let 7, denotethe TCP time-outandlet p denotethe loss
ratein thewired portionof the network.

Theexpressionn [1] for the steady-stat@ CPthroughputjn awired context only, asafunc-

tion of lossprobability p is the following:

1

Th(p) =
RTTrepy/22 + Tymin(1,31/22)p(1 + 32p?)

(1)




D. TCP over ARQ

Sofar, we consideredhe independenbperationof both TCP andARQ. We now turn to the

operationof TCPover ARQ asillustratedby themodelin Figure?2.

Source Destination
TCP ARQ

Fig.2. TCPover ARQ Block Diagram

We assumehatthe TCP segmentsizeis fixedasis the ARQ framesize. One TCP segmentis
hencedividedinto n ARQ framesthataretransmittedover the radiolink; we assumehatn is
aninteger. RTTr¢p is theroundtrip time seenfrom the TCP layerandincludesthetime spent
in the ARQ layer. To keeptrackof theabove mentionedresultfor TCPandparticularlyEqgn. 1,
whichis itself basedon the modelfoundin [1], we have to first ensurehatthe so-calledmodel
canbekeptasis andsecondve haveto derive RT'Trcp asafunctionof the ARQ parameteras
well.

Thefirst actionis thusto validatethe notion of TCP roundsin our presentcontect. Let us
recall that the notion of TCP roundsrelies on the negligeableeffect of TCP processingime
comparedo RTTrcp. ARQ introducedateng, in termsof frameprocessingtransmissiorand
if needbe, retransmission.This cumulatve delayintroducedby ARQ is neverthelesgart of
RTTrcp andshallnotintroduceary deficieng to the notion of TCP rounds. In otherwords,
whenthe delayintroducedby ARQ grows unboundedlyall it will causeis a prematurer O at
the TCP module. Thisin turn will causelV to be setto 1 andthe notion of roundsis keptas
is. It is importantto understandhat ARQ andits consequentielay are merely an extra delay
elementseenfrom the TCP layerwhich is the layerunderstudy Froma TCP perspectie, [1]
only mentionsa lower limit on RTTr¢p in the definitionandvalidationof the TCP rounds;no
upperlimit is mentioned.This assumptiorshallbe verified heretoo. The secondaction,which

is RT'Trcp asafunctionof ARQ parameteraswell asthelossprobabilityatthewired portion



of thenetwork, is derivedin thefollowing analyticalsections.

Il1. ERROR SCHEME IN THE AIR CHANNEL

Therearetwo major error patternsin the air channel. Errors may happenin a completely
independenmanneror in a correlatedashion;alow degreeof correlationcorrespondso afast

fadingchannewhereasa high figure correspond$o a slow fadingone.

A. Case of independent bit errors

Let BER (F'ER) denotethebit (frame)errorrate.
FER=1-(1—- BER™
m beingsizeof the ARQ frame.

B. Case of correlated bit errors

Accordingto [5], the patternof errorsfollows a first-order Markov modelwith transition

matrix:

M = [ © 1 W
[r o]
wherec is the probability of correlatedsuccesss probabilityof correlatecerror, ¢ probability of
erroraftersuccessndr probability of successiftererror 1/r is theaveragdengthof oneburst
of errors.r andgq take largervaluesfor fastfadingthanfor slow fadingchannels.
Rayleighfadingis dueto multi-pathinterference Mobiles moving at high speedexperience
fastfading, whereasslow fadingis typical at low speed. Modulation and codingtechniques,
interleaving schemesndcorrelationreceversaremeansusedto reducefading. In UMTS set-
ting, the selectionof W-CDMA for the air interfaceallows furtherthe useof fastpower control
to reducefadingeffects. The matrix parameterslependessentiallyon the following factors:i.
mobile velocity, ii. carrierwavelengthjii. bit processingate,iv. framelengthandv. efficiency

of correctiontechniques.



V. SILENT ARQ

We now considerthe casewhereARQ doesnot disturb TCR i.e., doesnot causea premature
TO nor TD; it only introduceslateng. We considerb-tupletsof TCP paclets and their bn
constituingARQ frames. EachTCP round endsuponreceptionof one cumulatve AC Krcp

referringto thefirst b-tupletTCP pacletsin the congestiorwindow of sizelV.

A. Case of independent bit errors

Thecaseof independenandidenticallydistributedbit errorsis asubsebf thecorrelatederror

casewith transitionmatrix:

1-FER FER
1-FER FER

We henceturn directly to the caseof correlatederror.

B. Case of correlated error

In themobile,wirelesscontet, RT'T'rcp, accountingor bothair channelandwired network,
is a combinationof the RTT of the wired network, herebydenotedoy RT'T,,;.., andthe RTT
correspondingo the air channel,herebydenotedby RTTsrg. Let D4ro denotethe fixed
componentof the delay at the ARQ entity and which quantifiesthe time for processingone
ARQ frame.

Correlatederrorsare equialentto periodsof bursty errorswith error burst sizeequalto the
numberof corruptedrames.To keeptrackof themodelin [1] andparticularlytheindependence
of rounds,pacletsandlosseswhich mathematicallycorrespondo a renaval processthe error
periodsshouldbe containedinside one paclet. The latter should be delimited by error free
frameswhich is the casebecausén the erroredperiod,thereis no possibility for startor ending
of aTCP paclet.

During thetransmissiorof bn consecutie frames,we now investigatehe probability of hav-
ing U = u burstyerrorperiods their lengthandits impacton ARQ retransmissioandlateng.
For Go-back-NARQ, whena frameis corrupted(thefirst of V), the remainingframesarenot

acceptedventhoughthey areerrorfree. Let 7 bethe numberof consecutie erroredframesin
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a burstyerroredperiod. Bursty, consecutre corruptionmay be distinguishedrom the caseof a
singleframeerrorasfollows. For a singleframeerror, the corruptedframe correspondso the
startof acycle of N framesandresultsin thedropof next N — 1 framesandretransmissiomf
all N frames.In the consecutre corruptioncase thefirst frameout of N is indeedcorrupted,;
however, if thenext frameis alsocorruptedthiswill notcauseawice retransmissionf N frames
but justone N retransmissiof all corruptedandcorruption-freedrames.

Formally, thereexistsa K suchthat (K — 1)V < Z < KN. Thenext consecutre frames
startingfrom 7 arealsolostupto K N. Indeed, N framesareretransmittedi” times. Let U
denotethe numberof erroredperiods,of length K N. We modelthe erroredperiodsas peri-
odsof time thatgetinsertedinto the back-to-backransmissiorof ARQ frames,causingerror,
retransmissioanddelay

For the good transmissiorof b TCP segments,theremustbe nb good ARQ frames;other
framessentat ARQ level maygetcorruptedanddiscardedr discardedn acycle of NV frames.
The corruptedframescorrespondo the periodsof bursty errors. Let us considertwo 'consec-
utive’ goodframesin the setof correctframes,i.e., bursty errorsget insertedbetweenthem.
Theconditionnalprobability of having a setof consecutre corruptedramesbetweerthesetwo
correctframesis givenby ¢, asstatedn Subsectionll-B.

Indeed,two consecutre framesin the setof correctframesare separatedy a bursty-error
periodunderthe following condition: the framesentjust after the first of the two goodframes
is corrupted;this happenswith conditionnalprobability . Giventhatthe two goodframesof
interestareconsecutre in the setof correctframes,this conditionis equivalentto the presence
of a burst. It is importantto note that the periodsof bursty error arei.i.d. with respectto
the ensembleof correctframes;the correlationlies in the consecutre corruptedframeswithin
a bursty error period. Now if every bursty-errorperiod containsonly one erroredframe, this
bringsusbackto thei.i.d. errorpattern.

Therecanbeatmostbn—1 periodsof burstyerrorsinsertednto theback-to-backransmission

of bn correctframes.Hence the probabilityof having U = u periodsof errorinsertedn thebn
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ARQ framesis givenby:

Next, insidetheith periodof error, theeventZ of consecutie errors,with (K — 1)N < Z <

KN, is givenby:
P(K = k) = s®UNp  gh=DN+L oy ghN=Lp — g=1IN (] 6N)
This causesT'T’r¢p to have thefollowing expression:

U
RTTTCP = RTTwire + anARQ + RTTARQ -+ NDARQ Z Kl

i=1
ThemeanRTTrcp is thusgivenby:

U
E(RTTrep) = RTTyire + nbD arg + RTTarg + NDARQE(Z K;)

i=1

SinceU andK areindependentwe have,

E(RTTrcp) = RTT,ire + nbDapg + RTTarg + NDaroE(U)E(K)

1
(k—1)N
Z ks (1—sN)= [~
and
E(U) = q(nb—1)
Thus,
q(nb—1)
E(RTTTCP) RTTwZTe + TLbDARQ + RTTARQ + NDARQli

Hence thethroughputof TCP asa functionof both probability of lossp andcorrelatederror

parameterg ands is

Th(p,q,s)= 1 (2)

(RTTyjire +nbD A pQ+RTTARQ+ND ARQ L5 q(”b 1> )\ 2B+ Tomin(1,34/ 228 )p(1432p2)
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andthe expressionof the throughputas function of both probability of lossp andi.i.d. error

parametel’ ER is

Th(p,FER)= 1 (3)

) FER(nb—1) 2bp . 3bp 2
(RTTwzre+"bDARQ+RTTARQ+NDARQ W) T+Tom1n(1,3 T)p(1+32p )

V. INFLUENCE OF ARQ oN TCP

Simple Go-back-NARQ cannotcausea TD. TD is causedby the absenceof a paclet at
destination,dueto lossor error, andthe receiptof next paclets which themseles causethe
sendingof duplicate ACKs requestingthe lost sggment. Go-back-Ndoesnot acceptout of
orderpacletswhich consequentlgannotcauselD atthe TCPdestinatiorandhencel D is only
causedy lossatthewired network level.

A TO at the TCP senderhappensvhenthe timer expiresbeforethe receiptof an ACK ac-
knowledgingthe pacletthatit sent. The ACK is not sentbackby therecever becausét did not
receve ary paclet (implicitly, we assumeACKs arenot lost). This meangthateithera paclet
is lostor severelydelayed ARQ mayplay arole in thedelaycomponent{we assumemplicitly
thatARQ correctsall errors).We theninvestigatéhe delaycomponenaddedoy ARQ andiden-
tify its rolein thetotal RT'Tr¢p, its magin for asilentARQ andthe conditionon thetriggering
ofaTO.

Let M bethetotalnumberof ARQ framesneededo getanerrorfree TCPsggment,ncluding
theoriginal n framesplustheretransmittecnesbecaus®f error. Thetotal delaycausedy the
transmissiorof M ARQ framesis :

RTTrcp = MDjrg + RT'TArg + RT Tyire

This delaycomponentnfluencesTCPwhenit becomedargerthanor equalto 7,,. Let M* be
thecritical valueof M which satisfiegheequality RTTrcp = T, andis equalto:

B T, — RTTapg — RTTyire
D aro

M~

At this point, we investigatethe profile of M in orderto establishthe likelihoodthat ARQ
triggersa TO at TCR i.e., the probability of M beingequalto M*. Let usrecallthatthevalue

of T, is well tunedto matchthe behaior andthusthe valueof RTTr-p in the caseof wired
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network. Let V' denotethe numberof error periodsthatgetinsertedwithin the transmissiorof
oneTCPsament,.e.,within asetof n correctARQ frames.Following thesamereasoningsin
SectionlV, for V' = v periodsof burstyerrorswithin thetransmissiorof oneTCP segment,with
ith burstyerrorof lengthK; = k;, fori = 1, ..., v, thisaddsa delaycomponentorresponding
to the transmissiorof A = N Y7 , k; additionnalframes. A TO is thentriggeredoff when A
reachescritical value A* = M* — n.

Recall that the distribution of K is givenby P(K = k) = s®DN(1 — V). Thisis a
decreasindunctionof &, with limit value0, asshovn in Figure3. This function canbe heary
tailed correspondingo slow fadingchannelsall the moretruefor large valuesof s. Moreover,
the probability of having an error period,givenby ¢, is large for fastfadingandsmall for low

fadingchannels.

Distribution of K
T
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P(K=k)
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o e
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k

Fig. 3. Distributionof K for (IN=4, s=0.05)and(/N=4, s=0.95)

Hence,a fastfading channelshall experiencemary error periodswith a shorterror burst
sizewhereasslow fadingchannelsarecharacterizedby rareerror periodswith long error burst
size.Hence,in caseof fastfading,the distribution of the error periodsandtheir lengthappears
asrelatively uniform andregular over time whereasat the sametime scales,n caseof slow
fading,the errorperiodsseemmorerandom.Thus,thetriggeringof aTCP TO by ARQ canbe

neglectedin the caseof fastfadingchannels.On the contrary slow fadingchannelsontritute
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to this eventasshowvn next.

Letusassumehata TO is triggeredoff whenabursty error periodbecomewery large com-
paredto the meanvalueof K, andlet us considerthatthe otherbursty error periodsbelonging
to the transmissiorof the tagetted TCP segmentjust add a delay componentassumedo be
constantandequalto the meanvaluefor A, denotedby A. Sincewe arein a slow fadingcase,
g is smallandthe presencef anerror periodbecomestself arareeventasq decreasesyhich
justifies our assumption.A TO is triggeredoff if the lengthof the large bursty error period

reacheghecritical value A* — A, correspondingdo thecritical value

A — A M*—n—A

Underthis assumptionyithin thetransmissiorof one TCP segment,theevent’a TO is trig-
geredoff by ARQ’ is equivalentto the event’a bursty error period of length larger than K*
getsinsertedoetweenary two consecutie framesof the setof correctframes’. Hence,we can
approximatehe probability of having a TO triggeredoff by ARQ by:

Prob(ARQ triggersoff aTO) ~ Q(—>1)
n _
where
K* )
P(K>K")=1—-PK<K")=1- Zs(kfl)N(l B sN) _ NK
k=0
andhence,

Prob(ARQ triggersoff a TO) ~ - z ; sNET

VI. NUMERICAL APPLICATION

TheTCPparameterfor thefixedportionof thenetwork areinspiredfrom [1] whereRTT,,;,.. =
0.2s, b = 10 and7, = 0.4. The ARQ paramaterswren = 10, N = 10, RTTro = 0.005 and
D 4ro = 0.001 asinspiredfrom [9], [5] and[13] for anair channelwith anaverageF'E'R equal
t0 0.01.

For a stationaryprocess,F' 'R andthe matrix parametersrerelatedasfollows: FER =

q+‘j_5. As FER < 1,s < 1, andq < 1, the former equality mathematicallyimposesthat ¢
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rangesfrom 0 to lflng andthat s rangesfrom 0 to 1. We focuson the pairsof (¢, s) values

shavn in Tablel., correspondingo F'ER = 1.10~2 (whereCase(5) modelsarandomchannel)

1) (2) 3) 4) (5)
g 5.107* 2.107% 7.107* 9.5.107% 1.10°2

s 9.5.107Y 8.107' 3.107t 5.1072 1.1072

TABLE |

A. Effect of the air channel

We first supposahatno ARQ entitiesare mountedandwe examinethe degradationof TCP
throughputon the end-to-endpath, in the presencef the air channel. On the air channelthe
averagepaclet errorrate PER seenby TCPis: PER = 1 — (1 — FER)™. Onthe end-to-
endpathfrom sendetto recever, TCP seesa global averagepacletlossrateequalto 1 — (1 —
PER)(1 —p) =p+ PER — p x PER. TCPthroughputs asgivenin Eqgn. 1. if thewireless
portionof the pathdid not exist.

Figure4 shavsthe TCPthroughputversusp for bothcases.

TCPthroughputs considerablydecreasedy the introductionof the air componenbecause
of a muchhigherlossratedueto lossin the wired portion aswell aserrorin the air channel.
Indeed eachcorruptedsegmentis understoodtthe TCPlayerasa congestionndicationwhich
triggersoff congestioravoidancemechanismthus,eachtime a corruptedsegmentis detected
attherecever, the sendereducedhe sizeof congestiorwindow W by half andthe throughput
thusdecreases.

TCP throughputas a function of both probability of lossp and probability of paclet error
PERIis

Th(p,PER)= .
RTTTCP\/2b(p+PER—p*PER)+Tomin(113\/3b(p+PER—p*PER))(

p+PER—p+xPER)(14+32(p+PER—p+PER)2)

(4)
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TCP throughput vs p on wired network only and on complete network
70 T T

"wired_network_only" —-—
"network"” -+-

Throughput

Fig. 4. Effectof theair channel

B. TCP only versus TCP over ARQ

We examinetherole of the ARQ layerin comparingthe throughputwith no ARQ layerin a
network with pacletlossratep + PER — p * PER andthe throughputwith ARQ layerin a
network characterizedy /' R ontheair channelandp onthewired part.

Figure5 shavsthethroughputversusp for bothcases.

TCP throughput vs p with and without ARQ layer
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Fig.5. Effectof the ARQ layer
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Thepresencef ARQ layerconsiderablymprovesTCPthroughput.The ARQ layerreduces
the lossrateseenby TCP layerto p. The price for this decreasedbssrateis that ARQ adds
lateng in processindARQ framessothat RTT’;¢ p is higher;but it is worth spendingnoretime
atthewired portionbecauseasTCP doesnot have to dealwith corruptedsegments JV doesget
reducedby half only whencongestiorreally occurson the wired partof network andthusthe

throughpuis notwasted.

C. Effect of the error pattern

We examinethe effect of the error patternandcomparethe resultsfor caseq1), (2), (3) and

(4).
We first have to checkthe validity of the assumptiorof “silent ARQ”, i.e. ARQ doesnt

disturb TCR it only introducedatengy. We computethe valuesof M*, A, K* andProb(ARQ
triggersoff aTO), herebydenotedProb(TO), for caseg1) and(2), shavn in Tablell.

errorpattern A K* Prob(TO)

(1) 04 4 31077
) 06 4 1012
TABLE Il

NotethatsinceA = N Y0, k;, A= NE[K|E[V] = —x¢N(n —1). M* = 160 andARQ

is well silent.

C.1 Effectof thecorrelation

We compargheperformancef arandomchanneto theperformancef acorrelated-corruption
one.Figure6 shavsthethroughputor caseg2) and(5).

We obsene thatthe throughputis higherin caseof correlatederrors;this may be dueto Go-
back-NARQ, i.e. atleastN framesare retransmittedvhenerror occurs,what mustbe more

accuratéaf errorshappenn acorrelatednanner
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TCP throughput vs p for correlated and independent errors
40 T T
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Fig. 6. Independenandcorrelatederrors

C.2 Effectof the matrix parameters

Figure7 shavsthethroughputor caseg1), (2), (3), (4).

TCP throughput vs p for correlated errors

Throughput
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Fig. 7. Fadingchannels

TCP throughputis all the more increasedas fading getsslower. Recall that the average
lengthof bursty error periods,measuredn numberof erroredframes,is givenby ﬁ Thus,if

s = 8.107! (respectiely s = 5.1072), this averagelengthof bursty error periodsis equalto 5
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(respectiely 1). Hence,aswe considerGO-BACK-10 ARQ), a bursty error periodin case(2)
will have the sameeffect onthe numberof retransmittedramesasasingleframein errorin (4),
i.e. therewill be 10 retransmittedramesin both casesAs error periodshappermmoreoftenin
case(4), thethroughputs decreaseth this case.

Now, case(1) (s = 9.5.107!) givesan averagelengthof error periodsequalto 20 and GO-
BABK-10 ARQ performsevenatbestin this case.This tells usthatthe smallernumberof error

periodsis moresignificantthantheirincreasedength.

VIlI. CONCLUSION

In this paper we presentedan analyticalmodelfor the steady-statehroughputof TCP on
a heterogeneousnd-to-endpath, composedf both wirelessandwired portions,ARQ being
active at the formerand TCP at the latter aswell asthe mobile station,asshall be the casein
forthcomingUMTS standardsOur TCP modelrefersto theonedeveloppedn [1], andcaptures
the effect of the presencef ARQ underTCP on thewirelessportion of the network andleads
to anexpressiorof TCPthroughputasafunctionof bothlossrateatthewired portionanderror
parameterattheair channel.

We havefirst shovn that TCPthroughpuis highly degradedby the additionof awirelesslink
characterizedby significanterrorrate. Then,we examinedthe benefitbroughtby the mounting
of ARQ entitieson the wirelesspartof the pathandwe foundthatthe actionof ARQ consider
ably enhance§ CPthroughputithe reasorbehindthis is thatdetectingand correctingerrorsat
thelink level preventsthemfrom uselessitriggeringTCP congestioravoidancemechanismin
the presencef ARQ, TCP workstransparentlyon an errorfree wirelessmediumandthe cor
rectionof errorsattheair channejustaddsa delaycomponentn theroundtrip time seenfrom
TCPlayer. Eventulally we comparedifferentlevels of correlationfor the error patternat the
air channelandwe foundthatthe benefitof ARQ is all the moresignificantthanthe correlation
degreeis higher;the reasormay be thatwe have consideredsO-BACK-N ARQ which should
be moreefficientin errorcorrectionwhenerrorsaregatheredn bursts.

Futurework remains.First, we have assumedhat ARQ doescorrectall errors.In fact, ARQ
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doesnot correctall errors; TCP hasyet to dealwith a small percentag®f non-correcteckrrors
onthe air channel.Secondjn this work, we focusedon Go-Back-NARQ. It mightaswell be
completedby a furtherwork on Selectve RepeatARQ insteadwhereout-of sequence&orrect
ARQ framesare not rejected. Furthermore ARQ hasa timer that expires upon a maximal
numberof unsuccessfutetransmissiondeadingto the loss of thoseframes. This introduces
lossontheair channelwhich maybeinterestingo investigatan afuturework in connectiorto

lossatthe TCP/IPlayers.
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