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Abstract

Thefocusof thispaperis end-to-endreliabletransmissionin UMTS environmentwhereTCP, areliabletranport

protocoldesignedto retransmitinformationin caseof loss, is presentat the mobile stationaswell as the wired

portionof thenetwork. Themobileandwirelessportionof thenetwork, characterizedby significanterrorfigures,

relieson ARQ to detectandretransmitcorruptedframes. In this work, we proposean analyticalmodel for the

operationof TCPover ARQ. We investigateseveralerrorpatternscorrespondingto random,slow andfastfading

channels.Ourresultsquantifytheenhancedperformanceof TCPoverARQ in termsof throughputasa functionof

bothlossanderror.
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I . INTRODUCTION

TCPis undeniablythetransportprotocolmostcommonlyusedto carrya significantamount

of elasticInternettraffic whichneedsreliability. As such,TCPhasbeendesigned,optimizedand

tuned,in wired networkssetting,to reactto packet loss,thesoleindicationandconsequenceof

congestion.As faraswirelessandmobilenetworksareconcerned,thisassumptiondoesnothold

anymore;in thosemedia,erroris significantandis moreresponsiblefor servicedegradationthan

loss. ARQ, a link-level errordetectionandcorrectionmechanism,is recommendedto enforce

reliability in forthcomingUMTS standards.For the purposeof end-to-endreliability where

TCPis presentin mobileandwirelessportionsof thenetwork, bothTCPandARQ, with quite
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similar retransmissionmechanisms,the former againstloss and the latter againsterror, may

indeedenterinto conflict andcauseservicedegradationmainly in termsof throughput.This is

why, theobjective of this work is to analyticallyquantify theTCPover ARQ protocolstackor

anend-to-endreliability of elasticInternetflows.

Several works on the analyticalcharacterizationof TCP have recentlybeencarriedout [1],

[2], [3], andfocusedmainly on TCPthroughputasa functionof lossratein wired networks. In

particular, in [1], asimplemodelfor theanalyticalcharacterizationof thesteady-statethroughput

of a bulk TCPtransferis proposed.TCPretransmissionmechanismsareeitherdueto a time-

out or triple-duplicateACKs, which, in turn,arecausedby packet lossin a wired environment.

Addingawireless,mobileportionto thissettingwith its significanterrorfigures,will inevitably

trigger TCP retransmissionmechanismsagainsterror, andnot only lossin this case.Error in

thiswirelessportionfollowssomegenericpatternsandis handeledby ARQ. In [5] for instance,

a one-step,two-stateMarkov chain is usedto model error on a fading channel. This takes

into accountthe correlationthat may exist betweendifferent instancesof error. The system

evaluationconsidersonly theARQ mechanism,in termsof throughput,anddoesnot includeany

interactionswith higher, nor lower layers.Thework in [6] simulatestheoperationof TCPin the

presenceof correlatederrors;nomentionhowever is madeof ARQ. ARQ andits relationshipto

TCPis investigatedin [8] and[7]; againthesestudiesrely onsimulationsonly.

In this paper, we proposeananalyticalmodelfor thesteady-statethroughputof a bulk TCP

transfer, in a wirelessmobilesettingwhereTCP is presentat themobilestationandthewired

portionof thenetwork andARQ is activeat thewireless,mobileportionof theend-to-endpath.

Our mathematicalmodelis basedon theonedevelopedin [1]; it however takesinto accountthe

interferencebetweenARQ at theradio link level andTCPat thehigheraswell aswired level.

In this context, we investigateseveral scenarios.First, we analyzethe end-to-endbehavior of

TCPin themobileandwiredportionsof thenetwork in theabsenceof ARQ. Next, weconsider

theTCPoverARQ performance.Herein,westudythedifferenterrorpatternsat theair channel;

thosepatternscanbeeitherindependentor lightly or heavily correlated.Our resultsshow that

theend-to-endperformanceof TCPin amobile,wirelesssettingis enhancedby thepresenceof

ARQ asthe latter takesin chargeall theerrordetectionandcorrectionpartof thework which
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permitsTCP to ultimately act transparentlyon an error-free medium. The benefitof ARQ on

end-to-endperformanceis evenmoresignificantin thecaseof heavily correlatederrorsasis the

slow fadingchannelcase.

Theremainderof thispaperis organisedasfollows. In SectionII, wedescribeourend-to-end

modelingfor TCP over ARQ, in a wired network with a wireless,mobile portion. In Section

III, we focuson the error schemespresentin the air channelfor the casesof independentas

well ascorrelatedbit errors. In SectionIV, we derive an analyticalcharacterisationfor TCP

throughputasa function of error andlosstaking into accountthe mobile, wirelessportion of

the network, assumingthat ARQ operationdoesnot disturbTCP. In SectionV, we studythe

interactionbetweenTCPandARQ, calculatetheprobabilitythatARQ entersinto conflict with

TCPfor thecasesof fastaswell asslow fadingchannels.Numericalapplicationsanddiscussion

of theresultsaregivenin SectionVI. SectionVII eventuallyconcludesthepaper.

I I . A MODEL FOR TCP CONGESTION CONTROL OVER ARQ

A. End-to-end Model

We considera TCP connectionbetweentwo hostssuchthat the first link on the end-to-end

path from senderto receiver is a wireless,radio link. Sucha scenariois commonin mobile

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

As seenfrom thefigure, themodelhastwo portions:a radio,mobile link anda wired, fixed

network. At the source,mobile host and at the basestation, two error control schemesare
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mountedindependentlyin differentlayers: ARQ at thedatalink layerandTCPat thetransport

layer. At thefixed,receiverside,apeerTCPentity is present.

For a connectionsupportinga bulk TCPtransfer, i.e., a flow with a large amountof datato

send,suchasFTPtransfers,we focuson theend-to-endreliability asofferedby bothTCPand

ARQ andassumethat:

(1) On the wirelesslink, thereis no packet lossbut somepacketsmay be corruptedunder

adverseradiolink conditions.In our study, weconsidertwo modelsfor thebit errorpatternson

theradiolink: independentandcorrelated.

(2) On thewired network, packetsmaygetlost whencongestionoccurs.

B. ARQ

We considera classicalGo-back-NARQ schemeasdescribedin [12], with ARQ sourceat

the mobile stationandARQ receiver at the basestation. The ARQ sendersegmentsthe TCP

segmentinto constant-sizeARQ framesandsendsthemin an orderedfashion,to the limit of�
framesat oncewith no needfor an acknowledgment.The receiver sendsan 	�
������� for

everycorrectlyreceivedframewhich makes
�

slideon thesubsequentframes.If no 	�
��������
concerningframe� is receivedafterthe

�����
following frameshavebeensent,thesendertimes

out,goesbackto frame � andretransmitsall
�

framesin orderfrom frame� . Thereceiver does

notacceptout-of-orderframes.

In any case,ARQ tramissionsandretransmissionsintroducelatency in processingframesand

sendingthemthroughthe air channel.ARQ operatessmoothlyexceptin the presenceof cor-

ruptedframes.Theunderlyingassumptionis thattimefor ARQ framesprocessingis comparable

to theRoundTrip Time(RTT) for ARQ, ����������� .

Let usnotethatwe assumethatno errorgetsinsertedin the 	�
������� . This canbejustified

by thefact theup- anddownlinks arephysicallyindependent;adverseradioconditionsmaybe

presentat theuplink from mobilestationto basestationandnotat thedownlink.
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C. TCP

WeconsidertheRenoversionof TCP, asdescribedin [11]. Let  denotetheTCPcongestion

window size.TCPperformsslow startandcongestionavoidance.In orderto keepthingssimple,

we do not considerFastRetransmitandFastRecovery. Furthermore,aswe modelthe steady

stateof a bulk TCP transfer, we assumethat TCP is alwaysin congestionavoidance.Hence,

 is increasedby
�"!  eachtime an 	�
��#%$'& is received. In fact,we assumethatTCPsends

one cumulative 	�
��#%$'& for ( consecutive TCP segments,keepingtrack of the model and

terminologyadoptedin [1]. Packet lossis detectedin oneof two ways,eitheruponreceptionof

a triple-duplicate	�
��#%$'& (denotedby TD in [1]), or uponexpirationof a Time-Out(denoted

by TO). In caseof aTD,  is decreasedby half, while uponexpirationof aTO,  is decreased

to 1.

To keeptrack of the modeldevelopedin [1], the behavior of TCP is modeledin termsof

rounds:a roundstartswith the back-to-backtransmissionof  packetsandendswith the re-

ceptionof thefirst 	�
���#%$'& correspondingto oneof the  packetssent.We assumethat the

processingtime for a TCPis negligeablewith respectto �����)#%$'& . Underthis assumption,the

durationof a roundis equalto ������#*$'& andis independentof  . Moreover, we assumethat

thelossbehavior is bursty, i.e.,packet lossesarecorrelatedwithin a back-to-backtransmission.

Hence,whena packet is lost, all remainingpackets in the sameroundare lost aswell. Fur-

thermore,undertheassumptionthatroundsareseparatedby one ���+��#%$'& , lossin oneroundis

independentof lossin otherrounds.Let ��, denotetheTCPtime-outandlet - denotethe loss

ratein thewired portionof thenetwork.

Theexpressionin [1] for thesteady-stateTCPthroughput,in awired context only, asa func-

tion of lossprobability - is thefollowing:

��.0/1-'243
�

������#%$'& 57698:<; ��,>=?�A@B/ �DC"E : 698F 2G-H/ � ; EJI - 5 2 (1)
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D. TCP over ARQ

Sofar, we consideredthe independentoperationof bothTCPandARQ. We now turn to the

operationof TCPoverARQ asillustratedby themodelin Figure2.

Destination
ARQ

Source
TCP

Fig. 2. TCPoverARQ Block Diagram

WeassumethattheTCPsegmentsizeis fixedasis theARQ framesize.OneTCPsegmentis

hencedivided into @ ARQ framesthataretransmittedover theradio link; we assumethat @ is

aninteger. ������#*$'& is theroundtrip time seenfrom theTCPlayerandincludesthetime spent

in theARQ layer. To keeptrackof theabovementionedresultfor TCPandparticularlyEqn.1,

which is itself basedon themodelfoundin [1], we have to first ensurethattheso-calledmodel

canbekeptasis andsecondwehaveto derive ������#*$'& asa functionof theARQ parametersas

well.

The first actionis thusto validatethe notion of TCP roundsin our presentcontext. Let us

recall that the notion of TCP roundsrelieson the negligeableeffect of TCP processingtime

comparedto ������#*$'& . ARQ introduceslatency, in termsof frameprocessing,transmissionand

if needbe, retransmission.This cumulative delay introducedby ARQ is neverthelesspart of

�����)#%$'& andshall not introduceany deficiency to thenotion of TCProunds. In otherwords,

whenthedelayintroducedby ARQ grows unboundedly, all it will causeis a prematureTO at

the TCP module. This in turn will cause to be setto 1 andthe notion of roundsis kept as

is. It is importantto understandthat ARQ andits consequentdelayaremerelyan extra delay

elementseenfrom theTCPlayerwhich is the layerunderstudy. Froma TCPperspective, [1]

only mentionsa lower limit on �����)#%$'& in thedefinitionandvalidationof theTCProunds;no

upperlimit is mentioned.This assumptionshallbeverifiedheretoo. Thesecondaction,which

is �����)#%$'& asa functionof ARQ parametersaswell asthelossprobabilityat thewiredportion
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of thenetwork, is derivedin thefollowing analyticalsections.

I I I . ERROR SCHEME IN THE AIR CHANNEL

Thereare two major error patternsin the air channel. Errorsmay happenin a completely

independentmanneror in a correlatedfashion;a low degreeof correlationcorrespondsto a fast

fadingchannelwhereasa highfigurecorrespondsto aslow fadingone.

A. Case of independent bit errors

Let KML�� ( N�L�� ) denotethebit (frame)errorrate.

NL���3 �4� / �4� K�L��O2QP
= beingsizeof theARQ frame.

B. Case of correlated bit errors

According to [5], the patternof errorsfollows a first-orderMarkov model with transition

matrix:

R 3 S TU V
whereS is theprobabilityof correlatedsuccess,V probabilityof correlatederror, T probabilityof

erroraftersuccessandU probabilityof successaftererror.
�D! U is theaveragelengthof oneburst

of errors.U and T take largervaluesfor fastfadingthanfor slow fadingchannels.

Rayleighfadingis dueto multi-pathinterference.Mobilesmoving at high speedexperience

fast fading,whereasslow fading is typical at low speed.Modulationandcoding techniques,

interleaving schemesandcorrelationreceiversaremeansusedto reducefading. In UMTS set-

ting, theselectionof W-CDMA for theair interfaceallows furthertheuseof fastpower control

to reducefadingeffects. Thematrix parametersdependessentiallyon the following factors:i.

mobilevelocity, ii. carrierwavelength,iii. bit processingrate,iv. framelengthandv. efficiency

of correctiontechniques.
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IV. SILENT ARQ

We now considerthecasewhereARQ doesnot disturbTCP, i.e.,doesnotcausea premature

TO nor TD; it only introduceslatency. We considerb-tupletsof TCP packets and their (Q@
constituingARQ frames. EachTCP roundendsuponreceptionof onecumulative 	�
��#%$'&
referringto thefirst b-tupletTCPpacketsin thecongestionwindow of size  .

A. Case of independent bit errors

Thecaseof independentandidenticallydistributedbit errorsis asubsetof thecorrelatederror

casewith transitionmatrix:

R 3
�4� NL�� N�L���4� NL�� N�L��

Wehenceturndirectly to thecaseof correlatederror.

B. Case of correlated error

In themobile,wirelesscontext, ������#%$'& , accountingfor bothair channelandwirednetwork,

is a combinationof the RTT of the wired network, herebydenotedby ���+��W�XZYQ[ , andthe RTT

correspondingto the air channel,herebydenotedby ����������� . Let \]����� denotethe fixed

componentof the delay at the ARQ entity and which quantifiesthe time for processingone

ARQ frame.

Correlatederrorsareequivalentto periodsof burstyerrorswith errorburstsizeequalto the

numberof corruptedframes.To keeptrackof themodelin [1] andparticularlytheindependence

of rounds,packetsandlosses,which mathematicallycorrespondto a renewal process,theerror

periodsshouldbe containedinside one packet. The latter shouldbe delimited by error free

frameswhich is thecasebecausein theerroredperiod,thereis no possibilityfor startor ending

of aTCPpacket.

During thetransmissionof (Q@ consecutive frames,wenow investigatetheprobabilityof hav-

ing ^<3`_ burstyerrorperiods,their lengthandits impacton ARQ retransmissionandlatency.

For Go-back-NARQ, whena frameis corrupted(thefirst of
�

), the remainingframesarenot

acceptedeventhoughthey areerrorfree.Let a bethenumberof consecutiveerroredframesin
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a burstyerroredperiod.Bursty, consecutivecorruptionmaybedistinguishedfrom thecaseof a

singleframeerrorasfollows. For a singleframeerror, thecorruptedframecorrespondsto the

startof a cycle of
�

framesandresultsin thedropof next
�b�c�

framesandretransmissionof

all
�

frames.In theconsecutive corruptioncase,thefirst frameout of
�

is indeedcorrupted;

however, if thenext frameis alsocorrupted,thiswill notcausetwiceretransmissionof
�

frames

but just one
�

retransmissionof all corruptedandcorruption-freeframes.

Formally, thereexistsa � suchthat /G� �d� 2 � e agfh� � . Thenext consecutive frames

startingfrom a arealsolost up to � � . Indeed,
�

framesareretransmitted� times. Let ^
denotethe numberof erroredperiods,of length � � . We model the erroredperiodsasperi-

odsof time thatget insertedinto theback-to-backtransmissionof ARQ frames,causingerror,

retransmissionanddelay.

For the good transmissionof ( TCP segments,theremustbe @i( goodARQ frames;other

framessentat ARQ level maygetcorruptedanddiscardedor discardedin a cycleof
�

frames.

Thecorruptedframescorrespondto theperiodsof burstyerrors. Let usconsidertwo ’consec-

utive’ goodframesin the setof correctframes,i.e., bursty errorsget insertedbetweenthem.

Theconditionnalprobabilityof having asetof consecutivecorruptedframesbetweenthesetwo

correctframesis givenby T , asstatedin SubsectionIII-B.

Indeed,two consecutive framesin the setof correctframesareseparatedby a bursty-error

periodunderthefollowing condition: theframesentjust after thefirst of the two goodframes

is corrupted;this happenswith conditionnalprobability T . Given that the two goodframesof

interestareconsecutive in thesetof correctframes,this conditionis equivalentto thepresence

of a burst. It is important to note that the periodsof bursty error are i.i.d. with respectto

theensembleof correctframes;thecorrelationlies in theconsecutive corruptedframeswithin

a bursty error period. Now if every bursty-errorperiodcontainsonly oneerroredframe,this

bringsusbackto thei.i.d. errorpattern.

Therecanbeatmost (j@ �k� periodsof burstyerrorsinsertedinto theback-to-backtransmission

of (Q@ correctframes.Hence,theprobabilityof having ^l3m_ periodsof errorinsertedin the (Q@
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ARQ framesis givenby:

n /o^l3m_02p3 (Q@ �q�
_ / �p� T 2 69rJs'tjsvu / T 2 u

Next, insidethe �Gwx. periodof error, theevent a of consecutive errors,with /G� �y� 2 �ze a e
� � , is givenby:

n /o�{3l|�2p3 V~}�� s'tj��� U ; V~}�� s'tj�����'t U ;������J; V�� ��s't U 3 V~}�� s'tj��� / �4� V � 2
Thiscauses���+��#%$'& to have thefollowing expression:

�����)#%$'&�3<�����)W�X�YQ[ ; @4(�\]����� ; ���+������� ; � \]�����
�
X9� t

��X
Themean�����)#%$'& is thusgivenby:

Lk/o�����)#%$'&�2p3�������W�X�YA[ ; @i(�\����� ; �����)����� ; � \�����pLk/
�
X9� t

��XG2
SinceU andK areindependent,wehave,

L�/G�����)#%$'&02�3����+��W�XZYQ[ ; @4(�\]����� ; ����������� ; � \]�����pL�/G^�2�L�/G��2

L�/G��243
�
� � t

| V }�� s'tj��� / �4� V � 243
�

�4� V �
and

Lk/o^]2p3 T /�@4(
�q� 2 �

Thus,

Lk/o�����)#%$'&�2p3l���+��W�XZYQ[ ; @i(�\����� ; �����)����� ; � \����� T /1@i(
�q� 2�4� V �

Hence,thethroughputof TCPasa functionof bothprobabilityof loss - andcorrelatederror

parametersT and V is

#%� } 8"� ��� ��� � ��������7 ¢¡�£G¤Q¥~¦�§©¨vª �¬« ¥�����®ª �~« ¥J¯�¨vª �~«0° �±¦²§´³ �´µ� ³¬¶ ¯ µ¸· ¹ §Zº» ¥¬�>¼A½ ¡ ¦x� �9¾ » · » §Zº¿ µ ºÀ� � ¥ » ¹ º ¹ µ (2)
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andthe expressionof the throughputasfunction of both probability of loss - andi.i.d. error

parameterNL�� is

#%� } 8D� Á'Â � � � ��������7 ¢¡¸£G¤Q¥¬¦²§�¨ ª �¬« ¥J����� ª �¬« ¥¯�¨ ª �¬«�Ã~Ä �J�±¦�§Å³ �´µ� ³ Ã~Ä � ¯ µ · ¹ §Zº» ¥¬� ¼ ½ ¡ ¦"� �9¾ » · » §Zº¿ µ ºÀ� � ¥ » ¹ º ¹ µ (3)

V. INFLUENCE OF ARQ ON TCP

Simple Go-back-NARQ cannotcausea TD. TD is causedby the absenceof a packet at

destination,due to lossor error, and the receiptof next packets which themselvescausethe

sendingof duplicateACKs requestingthe lost segment. Go-back-Ndoesnot acceptout of

orderpacketswhichconsequentlycannotcauseTD at theTCPdestinationandhenceTD is only

causedby lossat thewired network level.

A TO at the TCP senderhappenswhenthe timer expiresbeforethe receiptof an ACK ac-

knowledgingthepacket thatit sent.TheACK is notsentbackby thereceiverbecauseit did not

receive any packet (implicitly, we assumeACKs arenot lost). This meansthateithera packet

is lost or severelydelayed.ARQ mayplay a role in thedelaycomponent(weassumeimplicitly

thatARQ correctsall errors).Wetheninvestigatethedelaycomponentaddedby ARQ andiden-

tify its role in thetotal ���+��#%$'& , its margin for asilentARQ andtheconditionon thetriggering

of aTO.

Let Æ bethetotalnumberof ARQ framesneededto getanerror-freeTCPsegment,including

theoriginal @ framesplustheretransmittedonesbecauseof error. Thetotaldelaycausedby the

transmissionof Æ ARQ framesis :

������#*$'&�3lÆ�\]����� ; ����������� ; ������W�X�YA[
ThisdelaycomponentinfluencesTCPwhenit becomeslargerthanor equalto ��, . Let Æ<Ç be

thecritical valueof Æ whichsatisfiestheequality �����)#%$'&È3m��, andis equalto:

Æ Ç 3 �), � ����������� � �����)W�X�YQ[
\]�����

At this point, we investigatethe profile of Æ in orderto establishthe likelihoodthat ARQ

triggersa TO at TCP, i.e., theprobabilityof Æ beingequalto Æ<Ç . Let usrecall that thevalue

of ��, is well tunedto matchthe behavior andthusthe valueof ���+��#%$'& in the caseof wired
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network. Let É denotethenumberof errorperiodsthatget insertedwithin thetransmissionof

oneTCPsegment,i.e.,within asetof @ correctARQ frames.Following thesamereasoningasin

SectionIV, for Éq3mÊ periodsof burstyerrorswithin thetransmissionof oneTCPsegment,with

�Awx. burstyerrorof length ��X43d|¬X , for ��3 �"C �©��� C Ê , this addsa delaycomponentcorresponding

to the transmissionof 	Ë3 � ÌXÅ� t |¬X additionnalframes.A TO is thentriggeredoff when 	
reachesacritical value 	OÇ�3lÆ<Ç � @ .

Recall that the distribution of � is given by
n /G� 3 |�2Í3 V }�� s'tj��� / �]� V � 2 . This is a

decreasingfunctionof | , with limit value0, asshown in Figure3. This functioncanbeheavy

tailedcorrespondingto slow fadingchannels;all themoretruefor largevaluesof V . Moreover,

theprobabilityof having anerrorperiod,givenby T , is large for fastfadingandsmall for low

fadingchannels.

0

0.2

0.4

0.6

0.8

1

1 10 100

P
(K

=
k)Î

k

Distribution of K

"(s=0.05)"
"(s=0.95)"

Fig. 3. Distributionof Ï for ( Ð =4, Ñ =0.05)and( Ð =4, Ñ =0.95)

Hence,a fast fading channelshall experiencemany error periodswith a short error burst

sizewhereasslow fadingchannelsarecharacterizedby rareerrorperiodswith long errorburst

size.Hence,in caseof fastfading,thedistribution of theerrorperiodsandtheir lengthappears

asrelatively uniform andregular over time whereas,at the sametime scales,in caseof slow

fading,theerrorperiodsseemmorerandom.Thus,thetriggeringof a TCPTO by ARQ canbe

neglectedin thecaseof fastfadingchannels.On thecontrary, slow fadingchannelscontribute
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to this eventasshown next.

Let usassumethata TO is triggeredoff whena burstyerrorperiodbecomesvery largecom-

paredto themeanvalueof � , andlet usconsiderthat theotherburstyerrorperiodsbelonging

to the transmissionof the targettedTCP segmentjust adda delaycomponentassumedto be

constantandequalto themeanvaluefor 	 , denotedby Ò	 . Sincewe arein a slow fadingcase,

T is smallandthepresenceof anerrorperiodbecomesitself a rareeventas T decreases,which

justifiesour assumption.A TO is triggeredoff if the lengthof the large bursty error period

reachesthecritical value 	 Ç � Ò	 , correspondingto thecritical value

� Ç 3ÔÓ 	OÇ
� Ò	� Õ�3ÖÓ Æ�Ç � @ � Ò	� Õ

Underthis assumption,within thetransmissionof oneTCPsegment,theevent ’a TO is trig-

geredoff by ARQ’ is equivalent to the event ’a bursty error periodof length larger than �ÈÇ
getsinsertedbetweenany two consecutive framesof thesetof correctframes’. Hence,we can

approximatetheprobabilityof having aTO triggeredoff by ARQ by:

Prob(ARQ triggersoff aTO) × T
n /G�{Ø�� Ç 2
@ �q�

where

n /G�ÖØÙ� Ç 243 �4��n /G� e � Ç 243 �4�ËÚpÛ
� �JÜ

V~}�� s'tj��� / �4� V � 2p3 V � Ú Û
andhence,

Prob(ARQ triggersoff aTO) × T@ �<� V � Ú Û
VI. NUMERICAL APPLICATION

TheTCPparametersfor thefixedportionof thenetworkareinspiredfrom[1] whereRTTW�XZYQ[�3Ý � I V , (O3 � Ý
and ��,3 Ý ��Þ . TheARQ paramatersare @ß3 � Ý

,
� 3 � Ý

, �����������m3 Ý � ÝvÝvà and

\]�����Í3 Ý � ÝvÝ � asinspiredfrom [9], [5] and[13] for anair channelwith anaverageNL�� equal

to 0.01.

For a stationaryprocess,NL�� andthe matrix parametersarerelatedasfollows : N�L��á3
��²�'tjsv� . As N�L�� eâ�"C V eâ�DC

and T
eâ�

, the former equalitymathematicallyimposesthat T
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rangesfrom
Ý

to Á'Â �tjsvÁ'Â � andthat V rangesfrom
Ý

to
�
. We focuson the pairsof / T

C V 2 values

shown in TableI., correspondingto NL���3 � � � Ý sJ5 (whereCase(5) modelsa randomchannel)

.

(1) (2) (3) (4) (5)

T
à � � Ý sJã I � � Ý s : ä � � Ý s : å � à � � Ý s : � � � Ý sJ5

V å � à � � Ý s't æ � � Ý s't E � � Ý s't à � � Ý sJ5 � � � Ý sJ5
TABLE I

A. Effect of the air channel

We first supposethatno ARQ entitiesaremountedandwe examinethedegradationof TCP

throughputon the end-to-endpath, in the presenceof the air channel.On the air channelthe

averagepacket error rate
n L�� seenby TCP is:

n L��Ö3 ��� / �+� NL��O2 r . On the end-to-

endpathfrom senderto receiver, TCPseesa globalaveragepacket lossrateequalto
��� / ���n L��O2¢/ ��� -'2B3�- ; n L�� � -èç n L�� . TCPthroughputis asgivenin Eqn. 1. if thewireless

portionof thepathdid notexist.

Figure4 shows theTCPthroughputversusp for bothcases.

TCPthroughputis considerablydecreasedby the introductionof theair componentbecause

of a muchhigherlossratedueto lossin the wired portion aswell aserror in the air channel.

Indeed,eachcorruptedsegmentis understoodat theTCPlayerasacongestionindicationwhich

triggersoff congestionavoidancemechanism;thus,eachtime a corruptedsegmentis detected

at thereceiver, thesenderreducesthesizeof congestionwindow  by half andthethroughput

thusdecreases.

TCP throughputasa function of both probability of loss - andprobability of packet errorn L�� is

#*� } 8"� & Â � � � ��¢�D� �¢éê · ¹ §Å� ºj¥ê Ä �³Dº Û ê Ä � µ» ¥~�>¼G½ ¡ ¦"� �9¾ » · » §9� ºj¥ê Ä �³Dº Û ê Ä � µ¿ µ � ºj¥ê Ä �³Dº Û ê Ä � µ � � ¥ » ¹ � ºQ¥ê Ä �J³"º Û ê Ä � µ ¹ µ(4)
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Fig. 4. Effectof theair channel

B. TCP only versus TCP over ARQ

We examinetherole of theARQ layer in comparingthethroughputwith no ARQ layer in a

network with packet lossrate - ; n L�� � -ëç n L�� andthe throughputwith ARQ layer in a

network characterizedby N�L�� on theair channeland- on thewired part.

Figure5 shows thethroughputversus- for bothcases.
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Fig. 5. Effectof theARQ layer
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Thepresenceof ARQ layerconsiderablyimprovesTCPthroughput.TheARQ layerreduces

the lossrateseenby TCP layer to - . The price for this decreasedlossrate is that ARQ adds

latency in processingARQ framessothat �����)#%$'& is higher;but it is worthspendingmoretime

at thewiredportionbecause,asTCPdoesnothaveto dealwith corruptedsegments, doesget

reducedby half only whencongestionreally occurson thewired partof network andthusthe

throughputis notwasted.

C. Effect of the error pattern

We examinetheeffect of theerrorpatternandcomparetheresultsfor cases(1), (2), (3) and

(4).

We first have to checkthe validity of the assumptionof “silent ARQ”, i.e. ARQ doesn’t

disturbTCP, it only introduceslatency. We computethevaluesof Æ Ç , Ò	 , � Ç andProb(ARQ

triggersoff aTO), herebydenotedProb(TO), for cases(1) and(2), shown in TableII.

errorpattern Ò	 � Ç Prob(TO)

(1) 0.4 4
E � � Ý s'ì

(2) 0.6 4
� Ý s't´5

TABLE II

Notethatsince 	l3 � ÌX9� t |¬X , Ò	Ù3 � L�í���î©Lkí�ÉMîï3 ttjsv� ¯ T
� /1@ �c� 2 . Æ�ÇB3 �"ð Ý

andARQ

is well silent.

C.1 Effectof thecorrelation

Wecomparetheperformanceof arandomchannelto theperformanceof acorrelated-corruption

one.Figure6 shows thethroughputfor cases(2) and(5).

We observe that thethroughputis higherin caseof correlatederrors;this maybedueto Go-

back-NARQ, i.e. at least
�

framesareretransmittedwhenerror occurs,what mustbe more

accurateif errorshappenin acorrelatedmanner.
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C.2 Effectof thematrixparameters

Figure7 shows thethroughputfor cases(1), (2), (3), (4).
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Fig. 7. Fadingchannels

TCP throughputis all the more increasedas fading getsslower. Recall that the average

lengthof burstyerrorperiods,measuredin numberof erroredframes,is givenby ttjsv� . Thus,if
V 3 æ � � Ý s't (respectively V 3 à � � Ý sJ5 ), this averagelengthof burstyerrorperiodsis equalto 5
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(respectively 1). Hence,aswe considerGO-BACK-10 ARQ, a bursty errorperiodin case(2)

will havethesameeffecton thenumberof retransmittedframesasasingleframein errorin (4),

i.e. therewill be10 retransmittedframesin bothcases.As errorperiodshappenmoreoften in

case(4), thethroughputis decreasedin thiscase.

Now, case(1) ( V 3 å � à � � Ý s't ) givesan averagelengthof errorperiodsequalto 20 andGO-

BABK-10 ARQ performsevenatbestin thiscase.This tellsusthatthesmallernumberof error

periodsis moresignificantthantheir increasedlength.

VII . CONCLUSION

In this paper, we presentedan analyticalmodel for the steady-statethroughputof TCP on

a heterogeneousend-to-endpath,composedof both wirelessandwired portions,ARQ being

active at the former andTCP at the latter aswell asthe mobile station,asshall be thecasein

forthcomingUMTS standards.OurTCPmodelrefersto theonedeveloppedin [1], andcaptures

theeffect of thepresenceof ARQ underTCPon thewirelessportionof thenetwork andleads

to anexpressionof TCPthroughputasa functionof bothlossrateat thewiredportionanderror

parametersat theair channel.

Wehavefirst shown thatTCPthroughputis highly degradedby theadditionof awirelesslink

characterizedby significanterrorrate.Then,we examinedthebenefitbroughtby themounting

of ARQ entitieson thewirelesspartof thepathandwe foundthattheactionof ARQ consider-

ably enhancesTCPthroughput;thereasonbehindthis is thatdetectingandcorrectingerrorsat

thelink level preventsthemfrom uselesslytriggeringTCPcongestionavoidancemechanism.In

thepresenceof ARQ, TCPworks transparentlyon anerror-freewirelessmediumandthecor-

rectionof errorsat theair channeljust addsadelaycomponentin theroundtrip timeseenfrom

TCPlayer. Eventulally, we compareddifferentlevelsof correlationfor theerrorpatternat the

air channelandwe foundthatthebenefitof ARQ is all themoresignificantthanthecorrelation

degreeis higher;thereasonmaybethatwe have consideredGO-BACK-N ARQ which should

bemoreefficient in errorcorrectionwhenerrorsaregatheredin bursts.

Futurework remains.First,we haveassumedthatARQ doescorrectall errors.In fact,ARQ
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doesnot correctall errors;TCPhasyet to dealwith a smallpercentageof non-correctederrors

on theair channel.Second,in this work, we focusedon Go-Back-NARQ. It might aswell be

completedby a further work on Selective RepeatARQ insteadwhereout-of sequencecorrect

ARQ framesare not rejected. Furthermore,ARQ hasa timer that expires upon a maximal

numberof unsuccessfulretransmissions,leadingto the lossof thoseframes. This introduces

losson theair channelwhichmaybeinterestingto investigatein a futurework in connectionto

lossat theTCP/IPlayers.
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