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Preface

TheInternethasbecomeacommoninfrastructurethatincludesworldwidenetworkscon-

sistingofmanycomputers.1'hemajorprotocolsintheInternetprotocolsuiteareIP

(lnternetProtocol)forroutinganddelivery,andTCP(TransmissionControlProtocol)for

reliableend-to-endtransmission.Networkprotocolsarenormallydevelopedinlayers,

witheachlayerresponsibleforadifferentfacetofthecommunication.

TheInternethasbeendevelopedtosupportthecharacter-basedtransmissionmainly

usedbyapplicationssuchasa-mailandWWW(WorldWideWeb)browsing.Asthe

bandwidthhasexpandedinrecentyears,multimediaapplicationslikevoiceandvideo

streaminghavebecomemoreattractive.Therefore,Internetusersdesireamultimedia

Internetthatsupportsbothofreal-timecommunicationandnon-real-timecommunica-

tions.Ontheotherhand,thegrowthofmobilenetworkshascreatedanexpectationfor

Internetaccessthroughmobileaccessnetworks.However,TCPmaynotworkwellover

suchnetworks,becauseimprovementofTCPhasaimedonlyatmoreefficientuseofthe

bandwidthofalinkinwirednetworkswhereerrorratesareverylowandpacketlosses

arecausedmostlybycongestion.

Theobjectiveofthisdissertationistostudytransportprotocolsinsuchanemerging

networkenvironment.Inparticular,Ifocusonthethroughputperformanceandflow

controlmechanismsofTCPinsuchnetworks.

Chapter3focusesontheperformanceofTCPinthemultimediaInternet,where
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theamountoflinkbandwidthavailableforTCPconnectionschangeswithchangingthe

amountofCBRtraffic.IfsomeCBRconnectionsjoinalink,theamountofbandwidth

availablefbrtheTCPconnectionwilldecreaseabr叩tlyanddrastically,causingmultiple

packetlossintheTCPconnectionandresultingintimeout.Thatcanleadtothrough-

putdegradationintheTCPconnection.Therefore,IinvestigatewhethertheexistingTCP

variantscanadapttheirwindowflowcontrolmechanisminresponsetochangingavailable

bandwidthsoastouseitefficiently.

Chapter4focusesontheperformanceofTCPinthemobileInternet.Insuchnetworks,

theperformanceofTCPmaybeseverelyaffectedbythehighbiterrorratethatcharac-

terizeswirelesslinks,becauseTCPistunedtoperformwellinwirednetworkswherethe

errorratesareverylowandpacketlossesarecausedmostlybycongestion.Therefore,

IclarifytheperformanceofTCPoverwirelesslinksinwhichSelective-RepeatARQis

performedforrecoveringlostPDUsofLayer2inthelinks.TheARQcancauseout-of-

orderdeliveryofSDUs,whichdecreasesTCPperformance.Hence,Ialsoexaminethe

effectofatimeouttimeremployedtomaintainsequenceintegrity.

InChapter5,Idevelopaneffectivereceiver-basedTCPflowcontrolschemewithout

anymodificationofTCPsendersinthemobileInternet,likeinChapter4.Multiplere-

transmissionbyLayer2ARQcanadverselyincreasethetransmissiondelaytimeofTCP

packets,whichresultsinanunnecessaryincreaseintheRTOofTCP.Furthermore,the

linkbandwidthassignedtoTCPflowscanchangeinresponsetochangingatmospheric

conditionsforeffectiveuseofwirelesslinks.Thus,TCPhastoadaptitstransmissionrate

accordingtothechangingavailablebandwidth.IthereforeproposeaTCPflowcontrol

schemeusingLayer2informationinthewirelesslinkatthemobilestation,anddiscuss

theeffectivenessofthatscheme.

Ihopethatthisdissertationwillbehelpfulforfurtherstudyinthisfield.
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Chapterl

Introduction

TheInternetisacommoninfrastructurethatencompassesworldwidenetworksconsisting

ofmanycomputers.EachnodeontheInternethasauniqueaddressandisconnectedto

othernodesthroughvarioustypesofdatalinkssuchasEthernet,ATM(Asynchronous

TransferMode)andsoon.ThemajorprotocolsintheInternetprotocolsuiteareIP

(lnternetProtocol)forroutinganddeliveryandTCP(TransmissionControlProtocol)for

reliableend-to-endtransmission.Networkprotocolsarenormallydevelopedinlayers,

witheachlayerresponsibleforadifferentfacetofcommunication.Thestandardmodel

istheISO/OSI(lnternationalStandardOrganization/OpenSystemInterconnect)model,

whichdefinessevennetworklayers.AlthoughtheOSImodeliswidelyusedandoften

citedasthestandard,theTCP/IPprotocolsuitehasbeenusedbymostUnixworkstation

vendors.TheTCP/IPmodelisdesignedaroundasimplefive-layerscheme.Thetwo

networkmodelsareillustratedinFig.1.1.

TheInternethasbeendevelopedtosupportcharacter-basedtransmissionthatismainly

usedbyapplicationssuchasa-mailandWWW(WorldWideWeb)browsing.Whatusers

weredemandingduringdevelopmentwashigherspeeddatatransmission.Therefore,the

transportprotocolhasbeenimprovedtousethebandwidthofalinkmoreefficiently.

Inrecentyears,however,thebandwidthisexpanded,makingmultimediaapplica-
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CHAPTER1.-NTRODUCTION

Layer7ApPlication

Layer6PresentationApPlication

Layer5Session

Lのper4TransportTransport

Layer3NetworkIntemet

Layer2DataLinkDataLink

LのperlPhysicalPhysical

OSIModelTCP/IPModel

Figure1.1:LayerModel
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1.1.MULT-MEDIA-NTERNET

tionslikevoiceandvideostreamingmoreattractive.TheresultisthatInternetusersde-

sireamultimediaIntemetthatsupportsbothreal-timecommunications●andnon-rea1-time

communications.Therefore,consideringtransmissiondelaytimeforreal-timecommu-

nicationshasbecomeimportant,andpriorityschedulingschemesarebeingproposedto

provideQoS(QualityofService)assuranceforreal-timecommunications.

Ontheotherhand,thegrowthofmobilenetworkshascreatedanexpectationfor

Internetaccessviamobileaccessnetworks.ThetransportprotocolontheInternethas

beentunedforwirednetworkswherebiterrorratesareverylowandpacketlossesoccur

mostlybecauseofcongestioninthenetworks.However,whenasendertransmitspackets

overawirelesslink,whichcharacteristicallyhashighbiterrorrates,theperformancecan

bedrasticallydegraded.Aschemeforimprovingtheperformanceoverwirelessnetworks

isneeded.

Inthenextsections,Idiscusstheemergingnetworkenvironmentsindetail.

1.1MultimediaInternet

Asmentionedintheprevioussection,theUDP(UserDatagramProtocol)trafficused

byreal-timecommunicationswillbeintermingledwiththeTCPtrafficusedbynon-real-

timecommunicationsinthefuturemultimediaInternet.Thequalityofthereal-timetraffic

severelydependsonitslossrateanddelaytime,whereasthenon-real-timetrafficisrel-

ativelytolerantofthem.TheperformanceofUDPtrafficsharingalinkwithTCPtraffic

isverylikelytodegradebecauseTCPcontrolsflowsoastouseasmuchavailableband-

widthaspossible.Therefore,CBRtrafficshouldhavepriorityoverTCPtrafficbecauseof

itsstringentQoSrequirementinsuchnetworks,andTCPwillhavetousethebandwidth

leftunusedbyCBRtraffic.

InsuchQoSnetworks,alinkisusedbytrafficofseveralclasses,eachofwhichre-

quiresadifferentlevelqualityandisprovidedwithadedicatedbufferoneachnode.

3



CHAPTER1.-NTRODUCTION

Withordinarystaticpriorityscheduling,lowerprioritytrafficsuchasTCPmayneverbe

servedatall,becausethehigherprioritytrafficmaymonopolizethebandwidth,asitua-

tioncalledstarvation.Class-BasedQueueing(CBQ)[FJ95],avariationoftheordinary

priorityscheduling,wasproposedtopreventstarvationoflowerclasstraffic.

1.2MobileInternet

ThegrowthofmobilenetworksandtheInternethavealsomadeservicesthattransmit

data,suchasa-mailandmobilecomputingthroughthemobilenetworksmoreattractive.

Therefore,thenext-generationmobilesystem,calledIMT-2000(lnternationalMobile

Telecommunications-2000)[-MT],hasbeenstandardizedbyITU(lnternationalTelecom-

municationUnion)soastoprovidedatatransmissionthatisfasterthanthecurrentmobile

systemaswellasworld-wideroamingcapability.

Onetechnologyemployedbythe-MT--2000systemistheW-CDMA(Wideband-Code

DivisionMultipleAccess)technologyprescribedby3GPP(3rdGenerationPartnership

Project)[3GPa]forwirelessnetworks.Thecurrentmobilesystemprovidesatransmission

rateof9.6Kb/s,whereasW-CDMAsystemcanprovideamaximumof384Kb/soutdoors

or2Mb/sindoors.Italsousesstrongerrorrecoverytechniquestominimizethedecreased

useofwirelesschannelsduetobiterror.Infact,3GPPemploysFEC(ForwardError

Correction)codingandARQ(AutomaticRepeatreQuest)aserrorrecoveryschemesin

Layer20fwirelessnetworks.

1.30verviewofthisdissertation

Sofar,IhavedescribedachangeinwhatInternetusersdemand.AstheInternetspreads

morewidelyandthebandwidthincreases,userswillexpectmultimediaapplicationssuch

asthestreamingofvoiceandvideo,andmobilecomputingovermobilenetworks .Mul-
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1.3.OVERV肥WOFTHISDISSERTATION

timediaapplicationsrequirestringentQoSregardingperformance.Ontheotherhand,

Internetaccessthroughmobilenetworksmustexcludetheinfluenceoftransmissionerror

overwirelesslinks.Whethertheexistingtransportprotocolworkwelleveninsuchan

emergingnetworkenvironmentisanewtopicforstudy.Here,Iexaminetheperformance

ofthetransportprotocol,focusingontheemergingnetworkenvironment.

InChapter3,IfocusontheperformanceofTCPinthemultimediaInternet.Insucha

network,theamountoflinkbandwidthavailableforTCPconnectionswillvarywiththe

amountofCBRtraffic.IfsomeCBRconnectionsjoinalink,theamountofbandwidth

availableforTCPconnectionswillabruptlyanddrasticallydecrease,causingmultiple

packetlossonTCPconnectionandfurtherresultingintimeout.Thatcanleadtothrough-

putdegradationofTCPconnection.Therefore,IinvestigatewhetherexistingTCPvari-

antssuchasRenoTCP,NewRenoTCP,andSACKTCPcanadapttheirwindowflow

controlmechanisminresponsetochangingavailablebandwidthsoastouseitefficiently.

InChapter4,IfocusontheperformanceofTCPinthemobileInternet.Theperfor-

manceofTCPcanbeseverelyaffectedbythehighbiterrorratecharacteristicofwireless

links,sinceTCPistunedtoperformwellinwirednetworkswheretheerrorratesarevery

lowandpacketlossismostlyduetocongestion.Therefore,Iclarifytheperformanceof

TCPoverwirelesslinksinwhichSelective-RepeatARQisperformedforrecoveringlost

PDUs(ProtocolDataUnits)ofLayer20nthelinks.ARQcancauseout-of-orderdelivery

ofSDUs(ServiceDataUnits),whichdegradesTCPperformance.Hence,Ialsoexamine

,theimpactofthetimeouttimeremployedtomaintainsequenceintegrity.

InChapter5,Idevelopaneffectivereceiver-basedTCPflowcontrolschemewithout

anymodificationofTCPsendersinthemobileInternet,whichareprobablyconnected

towirednetworks,asdescribedinChapter4.MultipleretransmissionsbyLayer2ARQ

canadverselyincreasethetransmissiondelaytimeofTCPpackets,whichwillcauseTCP

toincreaseRTO(RetransmissionTimeOut)unnecessarily.Furthermore,linkbandwidth

assignedtoTCPflowscanchangeinresponsetochangingatmosphericconditionssoas

5



CHAPTER1.-NTRODUCTION

tousewirelesslinksefficiently.TCPthereforehastoadaptitstransmissionrateaccording

tothechangingavailablebandwidth.Therefore,lproposeaTCPflowcontrolschemethat

employsLayer2informationinawirelesslinkatthemobilestation.lalsodiscussthe

effectivenessofthatscheme.

TheresultsdiscussedinChapter3aremainlytakenfrom[KHOO1],Chapter4from

[KIHO],andChaptersfrom[KKOO2].

φ
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Chapter2

Transportprotocol

InthecurrentInternet,therearetwoprotocolsusedmainlyintransportlayer.Oneis

TCP(TransportControlProtocol)[Ste94],aconnection-orientedprotocolthatprovidesa

reliablebytestreamservice;theotherisUDP(UserDatagramProtocol)[Pos80];acon-

nectionlessprotocolthatprovidesasimpledatagramservice.Inthefollowingsections,I

describebothofthesetransportlayerprotocols.

2.1TCP

TCPisareliableend-to-endtransportprotocolusedfbrmanyapplicationsliketelnet,

filetransfer,a-mail,andWWW(WorldWideWeb).Itexecutesflowcontrolusinga

slidingwindowmechanismandtriestomakeeffectiveuseofavailablebandwidth.Its

flowcontrolmechanismissummarizedbelow.

・TheTCPsenderdividesuserdatareceivedfromapplicationsintopacketsandtrans-

mitsthem.

・WhentheTCPsendersendsapacket,itmaintainsatimeouttimerwhichisused

towaitfortheTCPreceivertoacknowledgereceiptofthepacket.IfanACK

7



CHAPTER2.TRANSPORTPROTOCOL

advertisedwindowbyreceiver

sentandsentandcansendcan'tsend

acknowledgednotacknowledgeduntilwindowmoves

Figure2.1:Slidingwindow

(acknowledgment)isnotreceivedintime,thepacketisretransmitted.

・TheTCPreceiversendsanACKwhenitreceivesthepacket,resequencesthepack-

etsifnecessary,anddiscardsduplicatepackets.

TCPreceiveradvertisestheamountofdata(awed:advertisedwindow)thatitcan

bereceivedatatimeaccordingtoitsavailablebufferspace.Considerthecasethata

TCPsendertransmitspacketsuptothelimitationadvertisedbythereceiver.Whenthe

senderandreceiverareconnectedtothesameLAN(LocalAreaNetwork),itcausesno

problems.Ifthereareroutersandlorbottlenecklinksbetweenthesenderandreceiver,

however,theroutersalongthepathmuststorethetransmittedpacketsintheirbuffers .

Thatcanleadtobufferoverflow,whichdegradesthroughput .Topreventthat,slowstart

andcongestionavoidancealgorithmshavebeenproposed[JK88] .Thosealgorithmshave

beenimplementedintheTCPvariantssince4.3BSD-Tahoe .

2.1.1SlidingWindow

TheslidingwindowalgorithmcanbevisualizedasshowninFig .2.1.Thenumbersfrom

Otoginthefigurearethepacketsequencenumbers.Thereceiveradvertisedwindowsize

8



2.1.TCP

SenderReceiver

Ab

ASIIAr

Figure2.2:Self-clocking

'

indicatestheamountofdatathatthereceivercanreceiveatatime,whichisdetermined

bytheavailablebuffersize.Inthiscase,itisfivepackets.TheTCPsenderhasalready

receivedtheACKscorrespondingtopacketsland2,butithasnotyetreceivedtheACKs

forpackets3,4and5.Althoughthepackets6and7canbesentimmediatelyatthistime,

thepacketsofsequencenumber8andhighercannotbesentsincetransmissionislimited

bytheadvertisedwindow.WhentheadvertisedwindowmovestotherightaftertheACK

forpacket3isreceived,packet8canbesent.TCPexecutesflowcontrolwiththissliding

windowalgorithmtopreventtheoverflowofthereceiver'sbuffer.

2.1.2SlowStart

ATCPsenderexecutesflowcontroltouseasmuchavailablebandwidthaspossibleandto

managethetransmissionratesoastopreventoverflowofthereceiver'sbuffer.Atypical

scenario,inwhichabigpipefeedsasmallerpipeisillustratedinFig.2.2.Inthatscenario,

9



CHAPTER2.TRANSPORTPROTOCOL

asendertransmitspacketsusingalltheavailablebandwidthofthebottlenecklink.When

theprocessingdelaytimeatthereceiveristhesameforeachpacket,thespacingofthe

packetsoverthebottlenecklink(Pb)andoverthereceiver'snetwork(P,),andthespacing

oftheACKsovereachnetwork(A�Ab,andAS)becomethesame.Ifthesendertransmits

packetsaccordingtothereceiptoftheACKs,thetransmissionratebecomesasthesameas

thespacingofthepacketsoverthebottlenecklink.Thisiscalledself-clocking.However,

excessivetransmissionofpacketsforself-clockingmaycausecongestioninthenetworks,

whereasinsufficienttransmissionofpacketscannotaccomplishself-clocking.Therefore,

TCPusesaslowstartalgorithm,whichincreasesthetransmissionrategradually.

Theslowstartalgorithmaddsanotherwindowtothesender'sTCP,calledacwnd

(congestionwindow).Whenanewconnectionisestablished,thecwndisinitializedto

onepacket.EachtimeanACKisreceived,thecwndisincreasedbyonepacket.The

sendercantransmitpacketsuptotheminimumofthecwndandawed.Thecwnd`isflow

controlimposedbythesender,whiletheawedisflowcontrolimposedbythereceiver.

Figure2.3showstherelationbetweenthetransmissionofthepacketsandthereceipt

oftheACKs.Thesendersetsthecwndtoonepacketandtransmitsonepacket(ORTT).

WhentheACKcorrespondingtothesentpacketisreceived,thecwndisincrementedfrom

onepackettotwopackets,andtwopacketscanbesent(1R'1°T).Whenbothofthosetwo

packetsareacknowledged,thecwndisincreasedtofourpackets(2RTT).Thisprovides

anexponentialincrease.

2.1.3CongestionAvoidance

Whentrafficarrivesatarouterwhoseoutputcapacityislessthantheamountoftraffic
,

congestioncanoccur.Thecongestioncanleadtooverflowofthebufferattherouter .For

example,whentrafficarrivesonabigpipe(fastLAN)andgetssentoutasmallerpipe

(slowerWAN:WideAreaNetwork),ormultipletrafficinputsarriveatarouterwhose

10



2.1.TCP

OneRoundTripTime

膿買 岡

OnePacketTime

lRT'T

2RTT

3RTT

Figure2.3:Slowstart
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CHAPTER2.TRANSPORTPROTOCOL

capacityislessthanthesumoftheinputs,congestioncanoccur.Theflowcontrolwhich

detectsandavoidssuchcongestioniscalledcongestionavoidance.

Thecongestionavoidancealgorithmassumesthatpacketlosscausedbytransmission

errorisverysmall,thereforepacketlosssignalscongestionsomewhereinthenetwork

betweenthesourceanddestination.Therearetwoindicationsofpacketloss:atimeout

occurringandthereceiptofduplicateACKs.

Congestionavoidanceandslowstartareindependentalgorithmswithdifferentobjec-

tives.However,whencongestionoccurs,thesenderhastoslowdownthetransmission

rate,andtheninvokeslowstart.Theyarethusimplementedtogetherinpractice .

Congestionavoidanceandslowstartrequirethesendertomaintaintwovariables:

acongestionwindow(cwπ4)andaslowstartthresholdsize(∬thresh) .Thecombined

algorithmoperatesinthefollowingway.

1.Whenaconnectionisinitialized,cwndissettoonepacketandssthreshissetto

65535bytes.

2.TheTCPsendertransmitspacketsuptotheminimumofcwndandawed .

3.Whencongestionoccurs,halfofthecurrentwindowsize(theminimumofcwndand

awnd,butatleasttwopackets)issavedinssthresh .Ifthecongestionisindicated

byatimeout,cwndissettoonepacketandslowstartisexecuted .

4.WhenanewACKisreceived,cwndisincreased .Thewayitincreasesdepends

onwhetherslowstartorcongestionavoidanceisperformed .Ifcwndislessthan

orequaltossthresh,slowstartisperformed;otherwisecongestionavoidanceis

performed.Slowstartcontinuesuntilcwndbecomeslargerthanssthresh
,andthen

congestionavoidancetakesover.

(a)Slowstarthascwndbeginatonepacketandincrementbyonepacketevery

timeanACKisreceived.Again,thisprovidesanexponentialincrease
.

12



2.1.TCP

(b)Inthecaseofcongestionavoidance,cwndisincrementedby1/cwndeachtime

anACKisreceived;thatis,itisincreasedbyatmostonepacketeachround

triptime.Thisisanadditiveincrease,asopposedtotheexponentialincrease

ofslowstart.

TCPtriestoincreasethetransmissionraterapidlywithslowstartwhileitisconsidered

thatcongestiondoesnotoccur,andthenincreasetherategraduallywithcongestionavoid-

anceinordertofindtheavailablebandwidthofthenetwork.

Anexampleoftheoperationofslowstartandcongestionavoidanceisshownin

Fig.2.4.ConsiderthatatimeoutfinallyoccursinFig.2.3,andthenssthreshisset

tofourpackets(ORTTinFig.2.4).First,slowstartisperformeduntilcwndbecomes

smallerthanssthresh,andcwndincreasesexponentially(ORTT‐2RTT).Whencwndex-

ceedsssthresh,congestionavoidanceisperformed,andcwndincreasesadditively(3RT°T

‐4RTT) .Ifpacketlossisdetected,cwndisinitializedtoonepacketandssthreshissetto

ahalfofthecurrentwindowsize(SRTT).

2.1.4Timeout

TCPprovidesareliabletransportlayer.Oneofthewaysitprovidesreliabilityistohave

eachendacknowledgethedatapacketitreceivesfromtheotherend.However,data

packetsandacknowledgmentscangetlost.TCPhandlesthisbysettingatimeoutwhen

itsendsadatapacket,andifthedatapacketisnotacknowledgedwhenthetimeouttimer

expires,itretransmitsthedatapacket.

TodecidetheRTO(RetransmissionTimeOut)value,theRTTexperiencedonagiven

connectionmustbemeasured.However,itcanchangeovertime,asroutesmightchange

andnetworktrafficchanges,andTCPshouldtrackthesechangesandmodifytheRTO

accordingly.WhatisneededtoimplementitistokeeptrackofthevarianceintheRTT

measurementsinadditiontothesmoothedRTTestimator.CalculatingtheRTObasedon

13



CHAPTER2.TRANSPORTPROTOCOL

OneRoundTripTime
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2.1.TCP

theboththemeanandvarianceprovidesmuchbetterresponsetowidefluctuationsinthe

RTTsthanjustcalculatingtheRTOasaconstantmultipleofthemean.Themethodof

calculatingRTOcanbeexpressedas

Err=M-A

A←A+gErr

D←D+h(IErrトD)

RTO=A+4D

whereMiseachRTTmeasurement,AisthesmoothedRTT(anestimatoroftheaverage),

andDisthesmoothedmeandeviation.Erristhedifferencebetweenthemeasuredvalue

justobtainedandthecurrentRTTestimator.BothAandDareusedtocalculatethenext

RTO.ThegaingisfortheaverageandissettoO.125.Thegainhisforthedeviationand

issettoO.25.ThelargergainforthedeviationmakestheRTOincreasefasterwhenthe

RTTchanges.

Ifatimeoutandretransmissionoccur,theRTTestimatorcannotbeupdatedwhenthe

ACKfortheretransmitteddatafinallyarrives.ThisisbecauseTCPdoesnotknowto

whichtransmissiontheACKcorresponds.(Perhapsthefirsttransmissionwasdelayed

andnotthrownaway,orperhapstheACKofthefirsttransmissionwasdelayed.)Also,

whenatimeoutoccurs,theRTOisdoubledforeachretransmission,withanupperlimit

of64seconds.Thisdoublingiscalledanexponentialback-offandthealgorithmisknown

asKarn'sAlgorithm[KP87].

2.1.5DuplicateACK‐FastRetransmit

TheTCPreceiversendsconsecutiveacknowledgmentsforthereceiptofdatapackets

backtoTCPsender.Forexample,whentheTCPreceiverreceivesthepacketsuptothe

sequencenumberof20,itsendstheconsecutiveACKrequiringthepacket21toTCP
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sender.Afterthis,ifitreceivespacket22insteadof21,itsendstheACKrequiringthe

unreceivedpacket21again.ThisacknowledgmentiscalledaduplicateACKbecause

itrequiresthesamepacket.ThepurposeofthisduplicateACKistoletTCPsender

knowthatapacketwasreceivedoutoforder,andtotellitwhatsequencenumberis

expected.Therefore,theTCPreceivermustgenerateanimmediateacknowledgment(du-

plicateACK)whenanout-of-orderpacketisreceived.

SincetheTCPsenderdoesnotknowwhetheraduplicateACKiscausedbyalost

packetorjustanout-of--orderpacket,itwaitsforasmallnumberofduplicateACKstobe

received.Itisassumedthatifthereisjustanout-of-orderpacket,therewillbeonlyoneor

twoduplicateACKsbeforethereorderedpacketisprocessed ,whichwillthengeneratea

newACK.IfthreeormoreduplicateACKsarereceivedinarow,itisastrongindication

thatapackethasbeenlost.Then,TCPsenderperformsaretransmissionoftheexpected

packetwithoutwaitingfortheretransmissiontimertoexpire.Thisisthefastretransmit

algorithm.

2.1.6TCPimplementation

Infact,thestandardofTCP/IPimplementationisthe4 .xBSD(BerkeleySoftwareDis-

tribution)systemandtheBSDNetworkingReleasedistributedbytheComputerSystem

ResearchGroupattheUniversityofCaliforniaatBerkeley .ThefirstBSDsystemused

generallywas4.2BSDin1983,andthen4.3BSD-Tahoewasreleasedwithmanyim-

provementsin1988.The4.3BSD-Tahoeincludedslowstartandcongestionavoidance

algorithmsforthefirsttime,anditssourcecodeisopentothepublicastheBSDN
et-

workingRelease.Consequently,itisthebasisoftheTCPusedbymanycomp
utersin

thecurrentlnternet.lnthissection,ldescribeTCPvariantssuchasRenoTCP ,NewReno

TCP,andSACKTCPwhichhaveaddedmanyimprovementsbasedonTahoeTCP
and

aremainlyusedinthecurrentInternet.
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RenoTCP‐FastRecovery

4.3BSD-Renowasreleasedinl990.Themainimprove叩enttoTahoeTCPistheaddi-

tionoftheFastRecoveryalgorithm[Jac90].Inthissection,IexplaintheFastRecovery

algorithm.

Therearetwowaystodetectionlostpacketsasmentionedabove;oneisthetimeout

occurrence,theotheristhereceiptofduplicateACKs.Inthecaseofthetimeoutoccur-

rence,heavycongestionisexpectedbecausetheACKisnotreceivedatall,sotheTCP

senderneedstoreducethetransmissionrateimmediately.Ontheotherhand,whendu-

plicateACKsarereceived,lightercongestionthanforwhenatimeoutoccursisexpected,

sotheTCPsenderdoesnotneedtoreducethetransmissionrateextremely.

In4.3BSD-Reno,whenTCPsenderreceivesthreeduplicateACKs,itexecutesthe

FastRecoveryalgorithmafteraFastretransmitasdescribedbelow,ratherthanexecuting

theslowstartalgorithm.

1.WhenthethirdduplicateACKisreceived,TCPsendersetsssthreshtoahalfofthe

minimumofthecurrentcwndandawnd,andthentransmitsthelostpacket(Fast

Retransmit).cwndissetto(ssthresh+3)packets(threepacketscorrespondsto

thethreeduplicateACKs,whichmeansthatthreepacketsareremovedfromthe

network).

2.EachtimeanotherduplicateACKarrives,cwndisincrementedbyonepacket,and

theTCPsendertransmitsapacketifitisallowedbythenewvalueofcwnd.

3.WhenthenextACKthatacknowledgesnewdataarrives,theTCPsendersetscwnd

tossthresh(thevaluesetinstep1).ThisshouldbetheACKoftheretransmission

fromstep1,0neroundtriptimeaftertheretransmission.Additionally,thisACK

shouldacknowledgealltheintermediatepacketssentbetweenthelostpacketand

thereceiptofthethirdduplicateACK.Afterthisstep,congestionavoidanceis
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performed.

Inshort,thisalgorithmslowsthetransmissionratebyhalfwhencongestionoccurs,and

triestomaintaintherateduringthecongestion.

AnexampleofthisalgorithmisshowninFig.2.5.Inthefigure,thechangingofcwnd

andthewayofsendingpacketseverytimeanACKisreceivedareillustrated.

a)Itisassumedthatcwndiseightpacketsandthepacketofsequencenumberlislost

amongtheeightsentpackets.Atthistime,theACKscorrespondingtopackets2to

8areduplicateACKsrequiringpacket1.

b)WhenthethirdduplicateACKarrives,FastRetransmitisperformed(packetlis

retransmitted).∬threshissettofburpackets(halfofcwnd),andcwndissetto

seven(4+3)packets.

c)WhentheduplicateACKforthepacketsarrives,cwndisincrementedbyoneto

eightpackets.Bythis,thepacketsuptothesequencenumberof8canbesent,but

theirpacketshavealreadybeensent,sonoadditionalpacketscanbesent.

d)WhentheduplicateACKforpacket6arrives,cwndincreasestoninepackets,so

thatpacketgcanbesent.

e)WhentheduplicateACKforpacket7arrives,cwndincreasestotenpackets ,sothat

packet10issent.

f)WhentheduplicateACKforpacket8arrives,cwndincreasestoelevenpackets
,so

thatpacketllissent.

g)WhentheACKfortheretransmittedpacket1(requiringthepacket9)arrives,Fast

Recoveryisterminated.Theleftedgeofcwndadvancestosequencenumbergand

cwndissettothevalueofssthresh(fourpackets).Then,congestionavoidanceis

performedandthepacket12issent.
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cwnd _Isequencenumber

』●,.
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b)123456マ89101112
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e)
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g)

Figure2.5:Fastrecovery
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NewRenoTCP‐ImprovementofFastRecovery

TheFastRecoverydescribedintheprevioussectionworkswellonlyifthenumberof

lostpacketsinawindowisone,asshowninFig.2.5.Inpractice,however,theremay

bemultiplepacketlosseswithinawindow,andFastRecoverycannotworkwell.The

exampleofthatcaseisillustratedinFig.2.6 .

a)Itisassumedthatcwndiseightpackets,thesameasinthecaseofFig.2.5,and

packets1,3and40ftheeightsentpacketsarelost.TheACKscorrespondingto

packet2andpacketssto8areduplicateACKsrequiringpacket1.

b)WhenthethirdduplicateACKarrives,FastRetransmitisperformed(packetlis

retransmitted).ssthreshissettofourpackets(halfofcwnd)
,andcwndissetto

seven(4+3)packets.

c)WhentheduplicateACKforpacket7arrives,cwndisincrementedbyonetoeight

packets.Bythis,thepacketsuptothesequencenumberof8canbesent.However,

thosepacketshavealreadybeensent,sonoadditionalpacketcanbesent
.Although

theFastRecoveryalgorithmtriestokeepsendingfourpackets(halfofcwndwhen

thepacketlossoccurs)inthenetwork,thelossesofpackets2and3cannotbe

detectedinthiscase,sothereareonlytwopacketsinthenetwork .

d)WhentheduplicateACKforpacket8arrives
,cwndincreasestoninepackets,so

thatpacketgcanbesent.

e)WhentheACKfortheretransmittedpacketlarrivesafter1RTTfromstepb)
,Fast

Recoveryisterminated.Then,cwndissettofourpackets
,andcongestionavoidance

isperformed.Theleftedgeofcwndadvancestosequencenumber3
,becausethe

receivedACKrequirespacket3.Atthistime
,packets3to6havealreadysent,and

noadditionalpacketcanbesent.

20



2.1.TCP

a)

b)

C)

d)

e)

f)

g)12356789101112

Figure2.6:Fastrecovery:thecaseofoccurringmultiplepacketlosses
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f)AlthoughtheACKforpacketgarrives,cwnddoesnotincreaseandnopacketcan

besentbecausethereceivedACKisthefirstduplicateACKrequiringpacket3.

g)Sincethereisnopacketbeingtransmittedinthenetwork,theTCPsendermust

waitforthetimeouttimertoexpire.Aftertheretransmissiontimeout,packet3is

retransmitted,andthenslowpacket).

Asmentionedabove,whenmultiplepacketlossesoccurwithinawindow,RenoTCP

cannotmaintaintheexpectedtransmissionrateduringtheFastRecoveryphase;further-

morethereiseverypossibilityofcausingatimeout,whichcanleadtothroughputdegra-

dation.

ThatdrawbackledtotheproposalofNewRenoTCP,whoseFastRecoveryalgorithm

wasmodified[FH99].Thisalgorithmhasanewvariablerecoveり1andworksasdeschbed

below.

1.WhenthethirdduplicateACKisreceivedandTCPsenderisnotalreadyintheFast

Recoveryphase,ssthreshissetaccordingtothefollowingequation.

ssthresh=max(FlightSize/2,2*MSS)

whereFlightsizeistheamountofdatathatissentbutnotacknowledged,andMSS

isthemaximumsegmentsizeofTCP.Inaddition,recoverissettothehighestse-

quencenumbertransmitted(therightedgeofcwnd).Thelostpacketisretransmit-

tedandcwndissettossthresh+3packets.

2.EachtimeanotherduplicateACKarrives,cwndisincrementedbyonepacket,and

apacketissentifallowedbythenewvaluesofcwndandawnd.

3.WhenanACKthatacknowledgesnewdataarrives,itcouldbetheacknowledge-

mentelicitedbytheretransmissionfromstep1,0rthatelicitedbyalaterretrans-

mission.
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(a)IfthisACKacknowledgesallofthedatauptoandincludingrecover,then

theACKacknowledgesalltheintermediatepacketssentbetweentheoriginal

transmissionofthelostpacketandthereceiptofthethirdduplicateACK.The

FastRecoveryisterminatedandcongestionavoidanceisstartedinthesame

wayasinRenoTCP.

(b)IfthisACKdoesnotacknowledgeallofthedatauptoandincludingrecover,

thenitisapartialACK.Inthatcase,theTCPsenderretransmitsthefirst

unacknowledgedpacket.cwndisdecreasedbytheamountofnewdataac-

knowledged,andthenisincrementedbyonepacket.Anewpacketissentif

permittedbythenewvalueofcwnd.Thispartialwindowdeflationattempts

toensurethat,whenFastRecoveryeventuallyends,anamountofdatathat

isapproximatelyequaltossthreshwillbeoutstandinginthenetwork.Fast

Recoveryiscontinuedfromstep2.Also,forthefirstpartialACKthatarrives

duringtheFastRecoveryphase,theretransmittimerisreset.

AnexampleofthisalgorithmforthesamecaseasshowninFig.2.6ispresentedin

Fig.2.7.

a)Itisassumedthatcwndiseightpacketsandpackets1,3,and40ftheeightsent

packetsarelost.TheACKscorrespondingtopacket2andpacketssto8aredupli-

cateACKsrequiringpacket1.

b)WhenthethirdduplicateACKarrives,FastRetransmitisperformed(packetlis

retransmitted).∬threshissettofburpackets(halfofcwnの,andcwndissetto

seven(4+3)packets.Inaddition,thesequencenumberof8isrecordedinrecover.

c)WhentheduplicateACKforpacket7arrives,cwndisincrementedbyonetoeight

packets.Bythis,thepacketsuptothesequencenumberof8canbesent.However,

thosepacketshavealreadysent,sonoadditionalpacketcanbesent.

23



CHAPTER2.TRANSPORTPROTOCOL

cwnd

。、 菱56789、 。 、、 、2、3、4、5、6・7

'Los

。、 エ2561789、 。 、、 、2、3、4、5、6、7

FastRetransmit

。、 、2567§9、 。、、 、2、3、4、5、6、7

。、 譲2'5678轟 、、。 、、 、2、3、4、5、6、7

。、 、2:・ …・ll56789「1、 δ 、、 、2、3、4、5、6、7

,,、2・:　 15678gi董 轟ii莚、 、2、3、4、5、6、7

。、 ・23.、.56789鍛 灘塞i.、鑓 、3、4、5、6、7
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、、 、2356789、 。 、、 鍮 灘 、5、6、7,

」)、23456789、 。 、、 熱3蹴 珈6、7

Figure2.7:Fastrecovery:NewRenoTCP
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d)Whenthed叩licateACKfbrpacket8arrives,cwndincreasestoninepackets,so

packetgcanbesent.

e)WhentheACKfortheretransmittedpacketlarrivesafterlRTTfromstepb),Fast

Recoveryiscontinued,becausetheACKrequirespacket3anddoesnotinclude

recover,andtherequiredpacketisretransmitted.Theleftedgeofcwndmovesto

thesequencenumberof3.Also,sincecwndisdecreasedbytheamountofthenew

acknowledgeddataandthenincrementedbyonepacket,itbecomeseightpackets

andpacket10issent.

f)WhentheACKforpacketgarrives,cwndincreasestoninepackets,andpacketll

issent.

g)WhentheACKfortheretransmittedpacket3arrives,italsodoesnotinclude

recover,sothesameprocessasstepe)isperformed.Packet4isretransmitted,

andtheleftedgeofcwndmovestothesequencenumberof4.cwndbecomesnine

packets(9-1+1),andthenpacket12istransmitted.

h)WhentheACKforpacket10arrives,cwndincreasestotenpacketsandpacket13

issent.

i)WhentheACKforpacketllarrives,cwndincreasestoelevenpacketsandpacket

14issent.

j)WhentheACKfortheretransmittedpacket4,whichincludesrecover,arrives,Fast

Recoveryisterminated.Theleftedgeofcwndmoves.tosequencenumber12and

cwndissettofourpackets(thevalueofssthresh).Thencongestionavoidanceis

startedandpacket15istransmitted.

Asmentionedabove,theFastRecoveryalgorithmofNewRenoTCPcanmaintaintrans-

missionwithouttimeout,evenwhenmultiplepacketlossesoccurinawindow.

25



CHAPTER2.TRANSPORTPROTOCOL

Kind=4]Length=2

Figure2.8:SACKTCPheader:SACK-permittedoption

SACKTCP‐Selective-RepeatARQ

ThepacketretransmissionschememainlyusedbythecurrentTCPvariantsisGo-back-

NARQ.Inthisscheme,whentheTCPsenderdetectsapacketloss,itretransmitsthe

lostpacketandthesubsequentunacknowledgedpackets.Actually,thereasonthatthe

TCPsenderdoesnotretransmitpacketsforwhichcorrectreceptionhasnotbeencon-

firmediseffectiveuseofnetworkbandwidth.SinceTCPusesacumulativeacknowl-

edgementscheme,multiplepacketlossesinawindowcanhaveacatastrophiceffecton

TCPthroughputwhenRenoTCPisused.Asameansofavertingthisproblem,TCPwith

SACK(SelectiveAcknowledgement)option[FF96,MMFR96]isproposedinadditionto

NewRenoTCP,asmentionedprevioussection.

SACKTCPusestheARQschemebasedontheeffectiveSelective-RepeatARQrather

thanonGo-back-NARQ.Itisastrategywhichcorrectsthisbehaviorinthefaceofmulti-

pledroppedpackets.Withselectiveacknowledgements,theTCPreceivercaninformthe

senderaboutallpacketsthathavearrivedsuccessfully,sothatthesenderneedretransmit

onlythepacketswhichhaveactuallybeenlost.

TheselectiveacknowledgementextensionusestwoTCPoptions .Thefirstisanen-

ablingoption,SACK-permitted,whichmaybesentinaSYNpackettoindicatethatthe

SACKoptioncanbeusedoncetheconnectionisestablished .TheotheristheSACK

optionitself,whichmaybesentoveranestablishedconnectiononcepermissionhasbeen

givenbySACK-permitted.

TheSACK-permittedoption,whichisatwo-byteoptionasshowninFig
.2.8,may
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Figure2.9:SACKTCPheader:SACKoption 引
besentinaSYNbyaTCPthathasbeenextendedtoreceivetheSACKoptiononcethe

connectionhasopened.Itmustnotbesentinnon-SYSpackets.

TheSACKoptionasshowninFig.2.9istobeusedtoconveyextendedacknowledge-

mentinformationfromthereceivertothesenderoveranestablishedTCPconnection.It

istobesentbyareceivertoinformthesenderofnon-contiguousblocksofdatathathave

beenreceivedandqueued.Thereceiverawaitsthereceiptofdatatofillthegapsinse-

quencenumberbetweenreceivedblocks.Whenmissingpacketsarereceived,thereceiver

acknowledgesthedatanormallybyadvancingtheleftwindowedgeintheAcknowledge-

mentNumberFieldoftheTCPheader.TheSACKoptiondoesnotchangethemeaning

oftheAcknowledgementNumberField.

ASACKoptionthatspecifiesnblockswillhavealengthof(8n+2)bytes,sothat

the40bytesavailable.forTCPoptionscanspecifyamaximumof4blocks.Itisexpected

thatSACKwilloftenbeusedinconjunctionwiththeTimestampoption[JBB92]usedfor
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RTTM(Round-TripTimeMeasurement),whichtakesanadditional10bytes(plustwo

bytesofpadding);thusamaximumof3SACKblockswillbeallowedinthiscase.

2.1.71ssuesonwirelessnetworks

Asalreadybrieflymentioned,TCPwasdesignedtooperateoverhighlyreliablelinksand

withstationaryhosts.Itassumesallpacketlosstobecausedbynetworkcongestion.

TCPperformswelloversuchnetworksbyadaptingtoend-to-enddelaysandtocon-

gestionofthenetwork.Itmaintainsacongestionwindowwhichadaptstothecurrent

networkconditions.However,whenaTCPsendertransmitspacketsoverwirelesslinks,

whicharecharacterizedbyhighbiterrorrates,theperformancecandecreasedrastically.

ThisisbecauseTCPrecognizespacketlossasaresultofcongestionandreduceitstrans-

missionrate,eventhoughthelossmaybeduetobiterroronawirelesslink.Forexample,

aW-CDMAsystememploysFEC(ForwardErrorCorrection)codingandanARQ(Au-

tomaticRepeatreQuest)mechanismaserrorrecoveryschemesinLayer20fwirelessnet-

workstoreducethedamageduetobiterroronTCPconnections.Theproposedmeansof

improvingTCPoverwirelesslinksaregenerallyclassifiedintothefollowingcategories.

・Splitconnectionschemes

・Proxyschemes

・End-to-endschemes

Splitconnectionschemes

Inthesplitconnectionapproach,theTCPconnectionfromthefixedhostisterminated

atanintermediatehost(e.g.thebasestationofthemobilenetwork) .AseparateTCP

connectionisusedfromtheintermediatehosttothemobilehost.AsthesecondTCP
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connectionoperatesonlyoverthewirelesslink,itcanbehighlyoptimizedforthatenvi-

ronment.

Indirect-TCP(1-TCP)[BB95]wasproposedasoneimplementationofthisscheme.It

maintainstwocompletelyindependentconnectionsbetweenfixedhostandintermediate

host,andbetweenintermediatehostandmobilehost.

However,thisschemehastheproblemthattheend-to-endsemanticisviolated.

Proxyschemes

Fortheproxyapproach,theSnoopprotocol[BSAK95]wasproposed.Itconsistsmainly

ofmodificationsofthenetworklayersoftwareatthebasestation.Thebasestationcaches

thepacketscomingfromthefixedhosttoallowittoretransmitpacketslostduetotrans-

missionerroronthewirelesslink.WhenthebasestationreceivesaduplicateACK,it

retransmitsthelostpacketandtheACKisnotsenttothefixedhost.

Inthisscheme,theend-to-endsemanticispreservedbecausetheACKsaresentto

thefixedhostonlywhenthepackethasbeensuccessfullytransmittedoverwirelesslink.

However,thisschemecannotusetheIPsec,whichencodesthepayloadofanIPdatagram,

becauseitrequiressnoopingintotheheaderofTCPpacketsatthebasestation.

End-to-endschemes

Inthisapproach,itisimportanttodistinguishwhetherpacketlossisduetotransmission

erroroverthewirelesslinkortocongestionofthenetworks.Ifapacketlossisdue

towirelesstransmissionerror,theTCPsenderjustretransmitsthepacketbutdoesnot

decreaseitstransmissionrate.TheTCPsenderexecutesitsflowcontrolonlyifitisdue

tonetworkcongestion.

Forexample,inthecaseofELN(ExplicitLossNotification)[BPSK96],theTCP

senderisinformedbythemobilehostwithaspecialTCPoptionthatapreviouspacket
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hasbeendiscardedduetowirelesstransmissionerror.Also,anintermediatehostcould

addaTCPoptiontotheACKpacketsindicatingthatpacketshavebeendiscardeddue

tonetworkcongestion.Therefore,theTCPsendercandistinguishwhetherpacketlossis

duetotransmissionerrororduetocongestion,andreactappropriately.

However,itisnoteasytoimplementthisscheme,anditrequiresmodificationofmany

hostsontheInternet.

2.2UDP

UDP(UserDatagramProtocol)providesaprocedureforapplicationprogramstosend

messagestootherprogramswithaminimumofprotocolmechanism.Theprotocolis

transactionoriented,anddeliveryandduplicateprotectionarenotguaranteed.Applica-

tionsrequiringorderedreliabledeliveryofstreamsofdatashouldusetheTCPasmen-

tinnedabove.

UDPismainlyusedbyreal-timecommunication,whichattachesmoreimportanceto

real-timeoperationthantoreliability.ThereisCBR(ConstantBitRate)traffic,which

sendsUDPpacketsataconstantrate,asonewayofrealizingthereal-timecommunica-

tion.
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PerformanceComparisonofTCP

ImplementationsinQoSProvisioning

Networks

3.11ntroduction

InthefutureInternet,therealtimecommunicationgeneratingsuchasCBR(ConstantBit

Rate)traffic,whichwillbetransmittedbyUDPdatagram,willspreadwidely.However,

thecurrentInternetsupportsmainlythenon-realtimecommunicationandcannotprovide

QoS(QualityofService)assuranceforrealtimecommunicationsofar.Theperformance

ofCBRtrafficsharingalinkwithTCP(TransmissionControlProtocol)connectionsis

verylikelytodegradeduetoTCPconnectionswhichexecuteflowcontroltoutilizeas

muchavailablebandwidthaspossible[JK88,WS95,APS99,HSSO98].Therefore,in

QoSnetworks,CBRtrafficshouldhavepriorityforitsstringentQoSrequirementover

non-realtimetrafficsuchasTCPconnections,whichwillusetheunusedbandwidthleft

byCBRtraffic.
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IntheQoSnetworks,alinkisusedbytrafficofseveralclasses,eachofwhichre-

quiresdifferentqualityandisprovidedwithadedicatedbufferoneachnode.Asapacket

schedulingmethod,Class-BasedQueueing(CBQ)[FJ95]wasproposedtoavoidstarva-

tionforlowclasstrafficsuchasTCP.ThenweusetheCBQastheQoSschedulerinthis

study.

Inthiscontext,theamountofalinkbandwidthavailableforTCPconnectionswill

changewithchangingamountofCBRtraffic.IfsomeCBRconnectionsnewlyjoina

link,theamountofbandwidthavailableforTCPconnectionswillabruptlyanddrasti-

callydecrease,therebycausingmultiplepacketlossonTCPconnectionandfurtherre-

suitingintimeoutoccurrence.Consequently,thiscanleadtothroughputdegradationof

TCPconnections.TheperformanceofTahoeTCPhasbeenalreadyexamined[FJ95] .

However,theperformanceofotherTCPvariantssuchasRenoTCP,NewRenoTCPand

TCPwithSACKoptionhasnotbeenstudiedyet.RenoTCPisimplementedmainlyon

currentInternetcomputersandNewRenoTCP[FH99]hasbeenproposedtosolvethe

Reno'sproblemsthatthemultiplepacketlossinonewindowcausestimeoutandthrough-

putdegradation.SACKTCP[FF96,MMFR96]employsmoreefficientretransmission

mechanism,i.e.,Selective-RepeatARQ(AutomaticRepeatreQuest)differentfromGo -

Back-NARQusedbyRenoTCPandNewRenoTCP .

OurmajorpurposeistoinvestigatewhethertheyworkwelleveninQoSnetworks

wheretheavailablebandwidthdrasticallychangesfromtimetotime .Inotherwords,

weareinterestedinwhethersomeofthemorallofthemcanadapttheirwindowflow

mechanisminresponsetochangingavailablebandwidthtouseitefficiently.Tothisend,

inthepresentstudy,wewillclarifyhowtheseTCPvariantsbehaveinQoSnetworksby

meansofsimulationsandcomparetheirperformance .
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Figure3.1:SimulationModel

3.2SimulationModel

Inoursimulation,weemploytheCBQasaQoSscheduler.AlinkissharedbysCBR

connectionsand20TCPconnectionsasshowninFig.3.1;CBRconnectionshavepriority.

TheUCB!LBNLハD-NTNetworkSimulatorNSVersion2[NS】isusedfbrthisresearch.

InFig.3.1,NodelisCBQGatewayconnectedtoNode2throughthebottleneck

link,whichisof100Mbpsinbandwidthandof1000kminlength,resultinginsmsec

propagationdelay.30MbpsofthelinkbandwidthisallocatedtoCBRtraffic,and70

MbpstoTCPtraffic.TheCBQGatewayisequippedwithabufferof200packetsin

lengthforeachtraffic,andpacketlosscanoccurinthisCBQGateway.Weherefocusthe

performanceofTCPcongestioncontrolschemeinaverycommonsituationinthecurrent

Internet,i.e.,inabottlenecklinksharedbymanyTCPflows.

Hostscl‐cstransmitCBRtraffictoc6‐c10,andtl‐t20transmitTCPtraffictot21‐

t40.cl‐csareconnectedtoNodelwithlinksof6Mbpsandofsmsecinpropagation
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delay,whicharethesameasthelinksconnectingc6‐c10withNode2.tl‐t40arecon-

nectedwithnodesthroughlinksof100Mbps.Amongthem,alllinksbetweenNode2

andeachoft21‐t40areofsmsecinpropagationdelay.Whenthepropagationdelayofall

TCPconnectionsisthesame,theirwindowflowcontrolisverylikelytobesynchronized

[HSSO98].Thisisverydifferentfromanactualenvironment.Thus,thepropagationde-

layherevariesfrom3to7msecinlinksconnectedwitht1‐t20inordertopreventsuch

synchronization.

Inthissimulation,itisassumedthateachTCPtrafficisusedforfiletransfer,while

eachCBRtrafficisgeneratedbyMPEGvideostreamof6Mbps.TheTCPvariants

employedhereare4.3BSD-Reno,NewReno,andSACKasmentionedabove.CBRtraffic

isassumedtohaveaconstantpacketintervalasaresultofshapingwithahardwareshaper

unlessotherwisenoted.

Thepacketsizeissetat500bytesforbothofCBRandTCP.Wecarryoutsimulation

experimentsfor20seconds.

3.3SimulationResults

Inthissection,wewillshowthecharacteristicsofTCPperformanceinQoSnetworksby

meansofsimulationresults.Inparticular,somevariantsofTCP,whicharecurrentlyor

willbeverycommon,willbeexamined,andthedifferencearediscussed.

BeforeinvestigatingTCPperformanceinQoSnetworks,wegiveresultsofTCPper-

formanceinnetworksaccommodatingonlyTCPconnectionsjustforlatercomparison.

3.3.1TCPperformanceinnetworkswithoutCBRtraffic

WeexaminethetotalTCPthroughputoveralinkusedbyonlyTCPtraffic.Theresulting

performancecanbeconsideredtobeverysimilartothatinthecurrentInternetbecause
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Figure3.2:TotalTCPthroughput:Reno

TCPtrafficisdominantthere.Figures3.2,3.3,and3.4showthethroughputcharacteris-

ticsofRenoTCP,NewRenoTCP,andSACKTCP.Theavailablebandwidthissetat82

Mbpsforcomparisonwiththeresultsinthefollowingsubsections.InFig.3.4,SACK

TCPachievesthemaximumthroughputatalmostalltime.AsshowninFig.3.2and

3.3,RenoTCPandNewRenoTCPalsoprovidegoodperformancealthoughSACKTCP

outperformsthem.

3.3.2TCPtrafficandoneCBRstreamoflargebandwidth

WenowconsiderthecasewhereCBRtraffic,whichrequiresalargebandwidthsuchas

videostreams,andTCPtrafficaresharingthebottlenecklink.Thiscasewillhappenvery
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Figure3.3:TotalTCPthroughput:NewReno
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Figure3.5:TotalTCPthroughput:Reno

oftenorbeverycommoninthefutureInternet.WesupposethatCBRtrafficistransmitted

at30MbpsfromOto6secondandfrom14to20second.Hence,theaveragerateofCBR

trafficis18MbpsoverOto20second,andtheavailablebandwidthforTCPtrafficisthus

82Mbpsonaverage,whichisthesameasthatintheprevioussubsection .Figures3.5,

3.6,and3.7showthetotalthroughputcharacteristicsofRenoTCP,NewRenoTCP ,and

SACKTCP,respectively.TheflowofCBRtrafficabruptlyjoinsat14secondandcauses

thethroughputdegradationtoRenoTCPandNewRenoTCPconnections ,particularly,

whereasSACKTCPisveryrobustagainstchangingavailablebandwidth .

Let'sinvestigatethereasonfortheabovedegradation.Forthispurpose,theaverage

numberofthetimeoutandFastRecoveryoccurrenceperTCPflowisshowninTable3 .1.

TheaveragethroughputoverOto20secondisgivenin"LargeCBR"ofTable3 .3.From
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Table3.1:TheaveragenumberofTimeoutandFastRecoveryperflow

RenoINewRenoISACK

TimeoutII6.110.110.7

FastRecovery26.022.123.3

thetable,wecanseethatNewRenoTCPandSACKTCPsuffermuchfewertimeoutthan

RenoTCP.Furthermore,timeoutrarelyoccursinNewRenoTCP.Timeoutoccurrenceon

someTCPconnectionpreventstherelatedsenderfromtransmittingpacketsforlongdu-

ration,e.g.fewtoseveralseconds.Thisresultsinseverthroughputdegradationasshown

inTable3.3.NewRenoTCPsuccessfullyavoidstimeoutoccurrencebyimprovingwin-

dowflowcontrolmechanism.However,sinceitstillemploysG-back-NARQlikeReno

TCP,itsthroughputislimitedasshowninthetable.Furthermore,SACKTCPachieves

excellentperformance,whereasitsuffersmoretimeoutoccurrencethanNewRenoTCP.

Therefore,weseethatSelective-RepeatARQemployedbySACKTCPisveryeffective

inusingchangingavailablebandwidth.

3.3.3TCPtrafficandmultipleCBRstreams

WenowconsiderthecasethatmultipleCBRstreamsandTCPtrafficaresharingthelink.

WeassumethateachCBRtransferrateis6MbpsandthesumofCBRtransferrates

are30Mbpsinmaximumand18Mbpsonaverage.Therefore,theavailablebandwidth

ofTCPtrafficbecomes82Mbpsonaverage.Figures3.8,3.9and3.10showthetotal

throughputcharacteristicsinthiscasewhereTCPalgorithmsareReno,NewRenoand

SACK.Thetotalthroughputisshownin"MultipleCBR"ofTable3.3.Fromthefigures

andtable,changingCBRtraffichasagreatinfluenceontheperformanceofRenoTCP

andNewRenoTCP,butnotonSACKTCP.

Asintheprevioussubsection,theaveragenumberoftimeoutandfastrecoveryoccur-
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Table3.2:TheaveragenumberofTimeoutandFastRecoveryperflow

RenoINewRenoISACK

TimeoutII5.410.310.5

FastRecovery26.022.324.4

Table3.3:TotalTCPthroughput[Mbps]

RenoINewRenoISACK

TCPon1YII78.4178.6181.O

LargeCBR76.978.280.8

MultipleCBR73.676.980.3

renceperTCPflowisshowninTable3.2.NewRenoTCPexperiencestimeoutandfast

recoverylessoftenthanSACKTCP.Nevertheless,asshowninTable3.3,SACKTCPout-

performsNewRenoTCPduetoeffectiveSelective-RepeatARQemployed,asmentioned

earlier.

Furthermore,fromTable3.3,evenaslongasthetotalaveragebandwidthofCBRis

thesame,multipleCBRstreamswithsmallbandwidthhasagreaterinfluenceonTCP

performancethanasingleCBRstreamwithlargebandwidth.Thismustbebecausemul-

tipleCBRstreamsfrequentlychangestheavailablebandwidthforTCPandTCPcannot

adaptitsflowcontrolverywellinresponsetothefrequentfluctuation.

WhenCBRtrafficdecreases,thebandwidthavailableforTCPtrafficincreases.TCP

canincreaseitscongestionwindowsizeandthencantransmitmanypacketsconsecu-

tively.Ontheotherhand,theincreaseofCBRtrafficinthissituationimmediatelyde-

creasesthebandwidthforTCP,whichcancausemultiplepacketlosswithinonewindow.

Itwillleadtothethroughputdegradation,especiallyinRenoTCP.Thisisbecausethe

multiplepacketlossinonewindowcausesFastRecoverywithinFastRecoveryphase,
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Table3.4:ThefairnessofTCPflows

RenoINewRenoISACK

TCPonlyO.270.240.20

LargeCBRO.290.270.19

MultipleCBRO.170.110.11

whichdecreasescongestionwindowsizeverymuch,andwilloftencausetimeout.In

NewRenoTCP,whichmodifiedthewindowflowcontroltosolvethisRenoTCP'sprob-

]em,themultiplepacketlossinonewindowstillrequiresalotoftimeforrecoveringthe

lostpacketsinFastRecoveryphase,whichinturncausesthroughputdegradation.Fur-

thermore,FastRecoveryphaseincludingmultiplepacketlosshappensmoreofteninthe

caseofmultipleCBRstreamsthaninthecaseofonlyoneCBRstreamoflargebandwidth

becauseoffrequentlychangingbandwidthforTCPintheformer.Fromthesereasons,the

throughputisworseintheformerasshowninTable3.3.

Whenpacketlossoccurs,alltheTCPvariantstreatedherewilluseFastRecovery

scheme.Nevertheless,thepackettransmissionrateissmallinFastRecoveryphase ,so

thatthroughputperformanceisdegradedifFastRecoveryphasecontinuesforalongdu-

ration.Furthermore,themultiplepacketlossinonewindowcausesNewRenoTCPto

requirealotoftimeforrecoveringthelostpacketsbecauseofGo-Back-NARQem -

ployed.Ontheotherhand,SACKTCPemploysmoreefficientSelective-RepeatARQ,

whichretransmitsthelostpacketsselectively,andtakeslesstimeforrecoveringthemthan

RenoTCPandNewRenoTCP.Forthesereasons,SACKTCPcanattainhighthroughput .

Finally,thefairnessofTCPflowsisshowninTable3 .4,whichisdefinedasacoef-

ficientofvariationofthroughput;fairnessofOreferstocompletefairshareofthelink

amongTCPconnections.SACKTCPattainsexcellentfairnessinthroughput .
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Figure3.11:TotalTCPthroughput:TCPonly

3.3.4CoexistenceofRenoTCPwithSACKTCP

Intheprevioussections,wetreatedahomogeneouscaseintermsofthevariantofTCP;

i.e,allof20TCPconnectionswerethesameTCPvariant.Inthatcase,RenoTCPis

theworstandSACKTCPisthebestamongTCPvariantstreatedthere.SACKTCPcan

aggressivelyutilizealmostalltheavailablebandwidth,whileRenoTCPcannotdothat

verywell.WearethusveryinterestedinwhatwillhappenonRenoTCPconnections

whenalinkissharedbyRenoTCPconnectionsandSACKTCPconnections.Therefore,

inthissubsection,wedealwithaheterogeneouscaseoflinksharedby10RenoTCP

connectionsand10SACKTCPconnections.

Figures3.11,3.12,and3.13showthethroughputcharacteristicsofthecaseswhich
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Table3.5:ThetotalTCPthroughput[Mbps]

RenoIISACKIIsum

TCPonly32.340.4%47.659.6%79.9

LargeCBR29.938.3%48.261.7%78.1

MultipleCBR30.339.2%47.160。8%77.4

areTCPonly,LargeCBR,andMultipleCBRastheprevioussubsections.Asshown

inFig.3.11,3.12,and3.13,SACKTCPachievesbetterperformancethanRenoTCPat

almostalltime.TherelatedtotalthroughputperformanceisgiveninTable3.5.Bycom-

paringTable3.5withTable3.3,weseethatthethroughputperconnectioninSACKTCP

islargerintheheterogeneouscasethanthatinthehomogeneouscase,whereasthatof

RenoTCPdegradesintheheterogeneouscase.Inaddition,thetotalthroughputofthe

heterogeneouscaseisbetweenthatofRenoTCPandthatofSACKTCPinthehomoge-

neouscase.Namely,SACKTCPachievesbetterperformanceintheheterogeneouscase

atthecostofRenoTCPperformancedegradation.Nevertheless,fromTable3.5,theratio

ofthetotalthroughputofRenoTCPiskeptapproximatelyat40percentinanycaselisted

there,regardlessofwhetherCBRtrafficexistsornot.

Next,thefairnessofTCPflowsisshowninTable3.6,whichisdefinedasacoefficient

ofvariationofthroughputasmentionedearlier.SACKTCPcanachievefairshareofthe

linkamongTCPconnections.

Fromtheaboveresults,theeffectofcoexistencewithSACKTCPonperformanceof

RenoTCPdoesnotdependupondeploymentofQoSnetworks .

3.3.5Effectoffluc加ationofinterarrivaltimesofCBRpackets

AsmentionedinSect.3.2,weassumedthatCBRtraffichasaconstantpacketinterval

timeasaresultofusingahardwareshaperoffinegranularity .Thislooksanidealmodel
,
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Table3.6:ThefairnessofTCPflows

RenoflowsISACKflowsIIAIlflows

TCPonlyO.250.170.28

LargeCBRO.220.170.30

MultipleCBRO.120.040.23

HardShaperO.67ms
・一一一i

Fluctuation

Burst10ms

15packets

Figure3.14:ThemodeloftheinterarrivaltimesofCBRpackets

buttheinterarrivaltimeofCBRpacketscangenerallyfluctuateinactualnetworks.Inthis

section,weconsiderthecasethattheinterarrivaltimeofCBRpacketsfluctuatesorcanbe

burstysometimesforthefollowingreason.CBRtrafficgoesthroughmultiplegateways,

ineachofwhichCBRpacketscanbeforcedtowait.Thus,interarrivaltimesofpackets

ofsomeCBRstreamwillnotbeconstanttosomegateway.

WetreattwocasesasshowninFig.3.14;oneisthecasewherepacketsarerandomly

delayedinatmostonepacketgenerationintervalofO.67msec.NotethatwhenCBR

packetsof500bytesaretransmittedat6Mbps,theirpacketintervalsbecomeO.67msec.

Anotheristhecasewheresomepacketsarrivebacktobackatthegateway.Here,15

packetsazetransmittedbacktobackinanintervalof10msec.Theformerisindicated

as"Fluctuation",andthelatter"Burst"inTable3.7and3.8.WhenTCPtrafficshares
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Table3.7:TotalTCPthroughput[Mops]

HardShaperFluctuationBurst

RenoII75.OI73.3174.5

NewRenoII77.5177.8177.6

SACKII80.5180.3180.6

Table3.8:ThefairnessofTCPflows

HardShaperHuctuationBurst

RenoIIO.1610.2310.22

NewRenoIIO.1310.1710.21

SACKIIO.1010.1310.16

thelinkwithmultipleCBRstreams(MultipleCBR),thetotalthroughputofTCPtraffic

andthefairnessofTCPflowsintheabovetwocasesareshowninTable3 .7and3.8.

FairnessinTable3.8isdefinedascoefficientofvariationofthroughputasmentioned

earlier.Table3.7and3.8showthatthetotalthroughputisnotaffectedbythefluctuation

oftheinterarrivaltimesofCBRpacketsinparticularinNewRenoTCPandSACKTCP ,

butthefairnesscanbeimprovedbyuseofhardwareshaperoffinegranularity .

3.4Conclusions

Inourresearch,wehaveexaminedtheperformanceofthreeTCPvariantsinQoSnet -

worksbymeansofsimulations.InQoSnetworks,therecanbesometrafficwhichhas

priorityoverTCPtrafficsothatTCPwillusetheunusedbandwidthleftbyhighpriority

traffic;CBRtrafficistreatedhereashighprioritytraffic .Therefore,theamountofavail-

ablebandwid曲 「TCPt・afficcan・hang・tim・t・tim・ ・Wehavethussh・w・h・w山 ・ya。

affectedbychangingavailablebandwidth.Amongthem,RenoTCPdegradesmostdueto
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changingavailablebandwidth.SACKTCPoutperformsothertwoTCPvariantsinQoS

networksaswellasinthecurrentInternet.Moreover,westudiedhowthefluctuationof

interarrivaltimesofCBRpacketsaffectstheperformanceofTCP.Thetotalthroughputof

TCPconnectionsisnotaffectedbyit,butitdeterioratesthefairnessofthroughputamong

them.Nevertheless,SACKTCPisveryrobustagainstit.

SACKTCPworksverywellinQoSnetworksintermsofitsthroughputperformance.
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Chapter4

0ut-of-SequenceinPacketArrivalsdue

toLayer2ARQandItsImpactonTCP

PerformanceinW-CDMANetworks

4.11ntroduction

WiththegrowthofwirelessnetworksandtheInternet,thedatatransmissionserviceover

wirelessnetworksbecomesmoreattractive.InthecurrentInternet,TCP(Transmission

ControlProtocol)[Ste94],whichisareliableend-to-endtransportprotocolintheInternet

Protocolsuite,iswidelyusedinpopularapplicationslikeTelnet,F'TP,andH1'TP.TCPhas

beentunedforwirednetworkswheretheerrorratesareverylowandpacketlossesoccur

mostlybecauseofcongestioninthenetworks.Therefore,TCPperformswelloversuch

networksbyadaptingitstransmissionratetoend-to-enddelaysandpacketlossescaused

bycongestion[JK88].However,whenaTCPsendertransmitspacketsoverwireless

linkscharacterizedbyhighbiterrorrates,theperformanceofTCPcanbedrastically

degraded.ThisisbecauseTCPrecognizespacketlossasaresultofcongestioneven
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ifithappensduetobiterroroverwirelesslinks,andhencereducesatransmittingrate

[CLM99,BKVP97,CZR98].

Ontheotherhand,thenextgenerationmobilesystem,called-MT2000(lnternational

MobileTelecommunications-2000)[-MT],hasbeenstandardizedbyITU(lnternational

TelecommunicationUnion)soastoprovidefasterdatatransmittingservicethanthecur-

rentmobilesystemandworldwideroamingcapability.ThereisW-CDMA(Wideband-

CodeDivisionMultipleAccess)technologyprescribedby3GPP(3rdGenerationPartner-

shipProject)[3GPa]forwirelessenvironmentsasoneofwhat-MT--2000systememploys.

Itprovidesatransmissionrateof384Kb/smaximumoutdoors,andusesstrongerrorre-

coverytechnologiesinordertominimizethedamageoftheutilizationofthewireless

channelsduetobiterror.Infact,3GPPemploysFEC(ForwardErrorCorrection)coding

andARQ(AutomaticRepeatreQuest)mechanismaserrorrecoveryschemesinLayer2

0fwirelessnetworks.Severalalternativesarespecifiedtheretoimplementthemacidthere

aremanyrelatedparameters,whilethechoiceofrecoveryschemesandtheparameteri-

zationarelefttooperators.TheperformanceofTCPover-MT--2000systemhasnotyet

beeninvestigatedclearlyinthatcontextalthoughoneoverwirelessLANandoldIS-99

systemhasbeenexamined,e.g.,in[BPSK96,CBOO,CZ99].

OurmajorpurposeistoinvestigatehowtheperformanceofTCPisaffectedbythe

packetlossescausedbytransmissionerrorsandtheARQmechanismofLayer20ver

wirelesslinksbymeansofsimulations.Retransmissionsshouldbedoneifitisnecessary,

butwesupposethatthemaximumnumberofretransmissionshouldbeusuallylimited .

Furthermore,packetscanarriveattheirdestinationoutoforderduetoSelective-Repeat

ARQemployedinW-CDMA.ThiscanmakeTCPreceiverreturnsomeduplicateac-

knowledgments,therebycausingwastefulretransmissionsevenifnopacketgetslostin

fact.lnordertoavoidit,somemanagementwillbenecessarytokeepsequenceintegrity

ofpacketdeliveryatthereceiver.

Therefore,inthisstudy,wewillextensivelyexaminethe .performanceofTCP;in
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SDuTCPπPSDU

SegmentationReassembly

Figure4.1:SDU/PDUinRLCprotoco1

`

particular,theimpactofthemaximumnumberofallowableretransmissionsonLayer

2,TCPpacketsize,andtheavailablebandwidthonthewirelesslink.Throughthese

simulationresults,wewillshowthatapacketmanagementforsequenceintegrityshould

beexecutedeffectivelytoavoidtheperformancedegradation.Asaresult,wefurtherstudy

aneffectivewayforit,anddiscusssomeappropriateparameterizationfromviewpointsof

boththroughputandtransmissiondelayperformance.

4.2TCPandLayer2inWirelessNetworks

InW-CDMAenvironment,RLC(RadioLinkControl)protocol[3GPc]isstandardizedby

3GPPasLayer2protocol.TheRLCprotocoldividesaSDU(ServiceDataUnit)corre-

spondingtoIPdatagramreceivedfromtheupperlayerintoseveralPDUs(ProtocolData

Unit)of42bytesandtransmitsthemasshowninFig.4.1.ItemploysSelective-Repeat

ARQusingPolling/StatusReportforrecoveringlostPDUs.Thefouralternativeschemes
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oftheSDUdiscardaredefinedin[3GPc].Theyaretimer-baseddiscardwithexplicit

signaling,timer-baseddiscardwithoutexplicitsignaling,discardaftermaximumnumber

oftransmissions,andnodiscardaftermaximumnumberoftransmissions.However,any

valuesarenotrecommendedfortheirrelatedparameters.Inaddition,3GPPspecifiesa

wayofpreservingtheorderofpacketdeliverybykeepingsomePDUswaitinginLayer2

0fthedestinationiftheirprecedingPDUssufferbiterrorandthusarebeingtransmitted.

Ifthisfunctiondefinedin[3GPb]isnotused,out-of--orderdeliverywilloccur.Therefore,

wefocusthemaximumnumberofallowableretransmissionsonLayer2ARQandthe

effectofkeepingsequenceintegrityofpacketdelivery.

IntheInternet,Tahoe,Reno,NewReno[FH99],andSACK[MMFR96]areusedas

TransportProtocol.TahoeTCPistheoldestimplementationandhasthemostsimple

algorithm.Itusesafastretransmitmechanismtorecoverlostpackets.RenoTCPhas

moreeffectiveflowcontrolbymakinguseofafastrecoverymechanism.NewRehoTCP

hasbeenproposedtoresolveReno'sproblemthatthethroughputperformanceisdegraded

duetomultiplepacketlossesinonewindow.Thatisimplementedmostlyoncurrent

Internetcomputers.SACKTCPemploysamoreefficientretransmissionmechanism,

i.e.,Selective-RepeatARQdifferentfromGo-Back-NARQusedbyotherTCPvariants.

WewillemployNewRenoTCPinthisresearchbecauseitismainlyusedinthecurrent

Internet.

Recently,severalschemesimprovingtheperformanceofTCPforwirelessnetworks

havebeenproposed.Forexample,ithasbeenexaminedthattheperformanceofTCPcan

beimprovedifTCPcandistinguishpacketlossduetobiterroroverwirelesslinksfrom

thatduetonetworkcongestionoverwirednetworks[SF98].Theschemestoenableitsuch

asELN(ExplicitLossNotification)[BPSK96],EBSN(ExplicitBadStateNotification)

[BKVP97],andELNR(ExplicitLossNotificationtotheReceiver)[MV97]areproposed,

butareverydifficulttoimplement.Furthermore,theIndirect-TCP(1-TCP)whichsplitsa

TCPconnectionintoaconnectionoverwiredlinkandoneoverwirelesslinkisproposed
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Figure4.2:SimulationModel

tochoosethesuitableTCPalgorithmsforeachofwiredandwirelesslinks.However,

usingtheschemebreakstheend-to-endmodeloftheTCPconnection.Therefore,we

focustheperformanceofTCPvariantswithoutanyadditionalschemes,asusedonthe

Internet,overwirelessenvironment.

4.3SimulationModel

Inthissection,wedescribethesimulationmodelusedhere.WeusetheV-NTNetwork

SimulatorNSVersion2[NS]afterweaddedsomemodificationsforLayer2ARQscheme

overwirelesslinksforourresearch.

Inoursimulation,oneTCPsourcetransmitspacketsoverfromwiredlinktowire-

lesslinkasshowninFig.4。2.Onewiredlinkis10Mblsinbandwidthandlmsecin

propagationdelaylikeinLAN(LocalAreaNetwork).Anotherwiredlinkis1.5Mb/sin

bandwidthand10msecinpropagationdelaylikeinWAN(WideAreaNetwork).The

wirelesslinkis64,144,0r384Kb/sinbandwidthand70msecinpropagationdelayin-

cludingtheprocessingdelayinthebasestation(BS)andthemobilestation(MS).TheBS

inFig.4.2includesRNC(RadioNetworkController).Weassumethewirelesslinksuffers

abursterrorcausedbyRayleighFading[ASS98].Morespecifically,usersarewalking
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Table4.1:ThetransportblocksizeandtheTTIforeachlinkbandwidth

LinkbandwidthTransportblocksizeTransmissionTimeInterval(TTI)

【Kb!s]【bit]【msec]

withmobileterminals,whichresultinginthetwo-pathfadingchannelwithDopplerfre-

quencyofsHz.Also,apowercontrolisperformed.ThephysicallayerencodesLayer

2PDUsinaTransmissionTimeInterval(TTI)
,andbiterrorisoccurredintheTTI.The

transportblocksizeandtheTTIforeachlinkbandwidtharesummarizedinTable4
.1.

TheaverageerrorratesofLayer2consideredhereare1 .8,4.1,and8.6percentinFER

(FrameEnorRate)withFECforlinkbandwidthof64Kb/s,1.9,3.5,and8 .1percentfor

thatof144Kb/s,and1.2,2 .6,and5.9percentforthatof384Kb/s .Itisassumedthatthe

ACK(Acknowledgment)andNACK(NegativeACK)inLayer2areerror -free .

Inthissimulation,itisassumedthatTCPtrafficisusedforgreedyfiletransfer
.The

TCPvariantemployedhereisNewRenoasmentionedabove
.TheTCPpacketsizeisset

to256,512,1024,and1500bytes ,andtheLayer2PDUsizeissetto42bytes;theheader

is2bytesandthepayloadis40bytes .

Eachnodeisequippedwithabufferofinfinitecapacity
,andpacketlossthusdoesnot

occurinanynode.ThisallowsustofocusontheperformanceofTCPoverwi
relesslinks.

Wecarryoutsimulationexperimentsfor80seconds
,anddiscusstheaveragethroughput

performanceofTCP.
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4.4SimulationResults

Inthissection,wewillshowthecharacteristicsofTCPperformanceinwirelessnetworks

bymeansofsimulationresults.OnLayer2,ifaPDUsuffersbiterrorwhichcannotbe

recoveredbyFEC,itwillberetransmittedbySelective-RepeatARQ.Itmayhappenthat

somePDUneedsmultipleretransmissions,sothatanumberofretransmissionsperPDU

areallowed,whilethemaximumnumberisdetermined.

Therefore,insubsection4.4.1,wewillfirstdiscusstheeffectofthemaximumnumber

ofallowableretransmissions.IntheSelective-RepeatARQemployedonLayer2,packets

caninherentlyarriveoutoforderattheirdestination.Thiscancauseretransmissionin

TCPalthoughanypacketinfactdoesnotgetlost.This血rtherresultsinthroughput

performancedegradationofTCP.Insubsection4.4.2,wewillthustreattheissuerelated

tohowtokeepsequenceintegrityofpacketarrivalsatthedestination,andexaminean

effectivesolutiontotheissue.

4.4.1FundamentalfeaturesofLayer2ARQ

Inthissection,weconsiderthecasethattheSelective-RepeatARQisusedasLayer2

ARQandtheassembledSDUissentuptotheupperlayerassoonasitarrivesatthe

mobilestation.Consequently,TCPpacketscanarriveoutoforderattheirdestination.

First,weexaminetheaveragethroughputperformanceofTCPwhenthemaximum

numberofallowableretransmissionsonLayer2variesfromzerotofive.Fig.4.3shows

thethroughputcharacteristicsof64Kb/sinbandwidthofthewirelesslink.TheTCP

packetsizeissetto512bytes.Fromthefigure,Layer2ARQimprovestheperformance

ofTCP,anditcanachievethebestperformanceofTCPinparticularwhenthenumber

ofallowableretransmissionsislargerthan1.Therefore,inthefollowingresults,wewill

dealwiththecasethatthemaximumnumberofallowableretransmissionsissetto5.

Next,weexaminethethroughputperformanceofTCPinthecasethattheTCPpacket
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sizeissetto256,512,1024,0r1500bytes.Fig.4.4showstheaveragethroughputperfor-

manceofTCPoverawirelesslinkof64Kb/s.Fromthisfigure,largerTCPpacketscan

attainbetterthroughputperformancewhenLayer2ARQisemployed.Thisisbecause

Layer2ARQgetsridofanadverseeffectoftransmissionerroroverwirelesslinksfor

TCP.

Lastly,wesummarizethethroughputperformanceofTCPoverwirelesslinksofa

differentbandwidthinFig.4.5.Inthesimulations,retransmissionsareperformedatmost

fivetimesperPDUifnecessary.TheTCPpacketsizeis1500bytes.Fromthisfigure,a

largerbandwidthleadstolessimprovement;e.g.,theachievablethroughputisapproxi-

m・t・lyl60Kbノ ・(40P・ ・cent)・v・ ・ali・k・f384Kb1・fo・FER・f5・gP・ ・cent・v・nifth・

ARQisemployed.
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Figure4.5:Theeffectoflinkbandwidth

Wewilldiscussthereasonandsolutionforthisprobleminthefollowingsubsection.

4.4.2Theeffectofpacketmanagement

Let'sinvestigatethereasonfortheabovephenomenonoccurringoveralinkofalarger

bandwidth.Forthispurpose,weshowhowthecwnd(congestionwindowsize)ofTCP

ischanginginFig.4.6.Fromthisfigure,itcanbeseenthatthecwndcannotincrease

monotonously,butisoscillatedveryfrequentlyoveranarrowrangeofsmallvalues.This

isbecausepacketscanarriveoutoforderatthemobilestationduetotheSelective-Repeat

ARQinLayer2.ThiscausestheTCPreceivertosendduplicateACKsbacktotheTCP

sender,whichinturnretransmitsthepacketassociatedwiththeACKalthoughthepacket
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Figure4.6:cwndofTCP(FER=5.9°lo)

isnotlostinfact.Atthetune,itscwndisreducedtohalfofit.Moreover,theTCP

performanceisheavilydegradedwithFER,inparticular,onthelinkofalargebandwidth.

SupposethatsomePDUislost.ItwillbeverylikelythatmultiplePDUsfollowingit

arrivewithoutanylossbeforetheretransmissionofthelostPDUsucceeds.Thatwill

happenmorefrequentlyasthebandwidthislargerbecausemorePDUscanbesentfor

somedurationtakenbytheretransmission.ThispreventsTCPfromefficientlyutilizing

thewirelesslinkofalargebandwidth.

Therefore,itisnecessarythattheorderofpacketdeliveryispreserved.Todothis,

weconsiderthecaseofpreservingtheorderofpacketdeliveryinthemobilestationwith

Selective-RepeatARQ.SomeLayer2PDUsarekeptwaitinginLayer20fthemobile

stationuntilthetimeouttimerexpires,andtheIPdatagramissentuptotheupperlayer
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Figure4.7:Theeffectofpacketmanagementinthemobilestation

inorderifalloftheprecedingPDUstransmittedarriveatthemobilestationwithinthe

WaitingTimeoutvalue(WT).

Fig.4.7showstheaveragethroughputperformanceofTCPinthecasethattheWaiting

Timeoutvalue(WT)variesfromOmsecto3000msec;thecasethattimeoutvalueisO

msecindicatesthatpacketsarenotreorderedinthemobilestation .Table4.2showshow

manypacketsarrivedoutoforderandhowmanytimestheTCPretransmissionoccurred

inthesimulations.Fromthefigureandthetable,itcanbeseenthatthelargerWTvalue

ofreorderingpacketsachievestheexcellentthroughputperformanceofTCPbecauseof

avoidingwastefulretransmissioncausedbytheout-of--orderpacketdelivery .

Next,weconsiderthebuffersizesofthemobilestationandthebasestationrequired

forreorderingpackets.Fig.4.8showsthemaximumqueuelengthofTCPpacketswaiting
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Table4.2:ThenumberofoutoforderandTCPretransmissionoccurrence

WTvalueTbtalpacketOutofOrderTCPTimeoutTCPFastRecovery

OII11991182115.2%II1167

15011159615013.1%IIO142

30011170012211.3%IIOI34

6001118311910.5%IIO115

15001119811110.1%IIOI5

20001120851010.0%IIOIO

30001120851010.0%IIOIO

inthemobilestationduringthesimulation.And,Fig.4.9showsthemaximumqueue

lengthofTCPpacketsinthebasestation.Fromthesefigures,thebuffersizesneededfor

reorderingpacketsinbothofthemobilestationandthebasestationincreasesastheWT

valueincreasesforanyFER.

Lastly,wehavemadesimulations1000timesineachofwhichafileof500Kbytes

likeatypicalwebpageistransmittedoverawirelesslinkof384Kb/ssufferedfrom

differenterrorpatterns.Fig.4.10showsthetransmissiondelaytimewhentheFERsare

1.2,2.6,and5.9percent.Fromthisfigure,asaWTvalueincreases,thetransmission

delaytimeincreases,inparticularforFERof5.9percent.WhenFERisrelativelylarge,

itmayhappenthatLayer2ARQcannotrecoverpacketsdamagedbybiterrorwitha

limitednumberofretransmissions.Thiswillleadtopacketlosses,andwillkeepTCP

receiverswaitingduringalongtimeifalargetimeouttimerisemployed.Moreover,

somelostpacketscausethetimeoutinTCP,bywhichTCPperformancewillbefurther

degraded.Fig.4.11showshowthecwndofTCPisupdatedwhentheWTvalueis2000

msecandFERis5.9percent(seeFig.4.10forthecorrespondingTCPperformance).

ThefigureillustratesthatduplicateACKscausedthefastrecovery,andfurthertimeoutin
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TCPbecausepacketlossunfortunatelyoccursagainduringthefastrecoveryphase.This

leadstoalargetransmissiondelaytime,sothatthecharacteristicsoftransmissiondelay 　
timecanbedegradedasshowninFig.4.10.Incontrast,thelargerWTvaluecanattain

betterthroughputperformanceofTCPasmentionedabove.Therefore,thereisatrade-off

betweenthethroughputandthetransmissiondelaytimeperformance,resultinginchoice

ofanadequatetimeoutvalue.

Finally,letusstudytheimpactofpacketlengthagain.AswehaveseeninFig.4.4,the

throughputperformanceisgettingbetterwiththeincreaseofpacketlength.Allpackets

canberecoveredtherewithalimitednumberofretransmissionsinallthecases.Onthe

otherhand,whenFERisverylarge,packetsof1500bytescansufferfromlargetransmis-

siondelaytimeasshowninFig.4.12.Thisisbecauselongerpacketsmorelikelycontain

Layer2PDUsdamagedbybiterrorsothatsomeofthemfurthermaynotberecovered

withalimitednumberofretransmissions.Therefore,thereexistsadequatepacketlength

intermsofachievablethroughputandtransmissiondelaytime.Intheobtainedfigures,

packetsof1024bytesorsocanberecommended.

4.5Conclusions

Inourresearch,wehaveextensivelyexaminedtheperformanceofTCPoverwireless

networksof-MT--2000bymeansofsimulations.Inwirelessnetworks,thepacketlosses

occurduetothebursterrorscausedbyRayleighFading.Wehavethusshownhowthe

TCPperformanceisaffectedbyboththepacketlossescausedbytransmissionerrorsand

ARQmechanismofLayer20versuchnetworks.Furthermore,packetscanarriveattheir

destinationoutoforderduetoSelective-RepeatARQemployedinWCDMA .Thiscan

makeTCPreceiverreturnsomeduplicateacknowledgments,therebycausingwastefulre-

transmissionevenifnopacketgetslostinfact.Therefore,wehavestudiedaneffective

wayofmanagingpacketsforsequenceintegritytoimprovetheperformanceofTCP ,and
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discussedsomeappropriateparameterizationfromviewpointsofbothachievablethrough-

putandtransmissiondelayperformance.

First,throughoursimulations,withLayer2ARQ,TCPcanachievebetterthroughput

performancewithpacketsoflargersize.ThisisbecauseLayer2ARQgetsridofan

adverseeffectoftransmissionerroroverwirelesslinksforTCP.Next,Layer2ARQis

lesseffectiveinimprovingthethroughputperformanceofTCPonthelinkofalarger

bandwidth.However,thereorderingpacketsforkeepingsequenceintegrityofpacket

arrivalsatthemobilestationimprovesthethroughputperformanceofTCPevenifthe

linkbandwidthislarge.Thetimeouttimerisemployedtoquitwaitingforsuccessful

retransmissiononLayer2.ThelargerWaitingTimeoutvalue(WT)needsthereorder

bufferoflargersizeinboththebasestationandthemobilestations,andcanalsodegrade

thetransmissiondelaytimeforTCPpacketswhenFERisrelativelylarge .Inaddition,we

havestudiedtheimpactofpacketlengthwhenFERisrelativelylarge .Inthatcase,itcan

happenthatlongpacketsresultsinlargetransmissiondelay.
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Chapter5

TCPFIowControlUsingLinkLayer

InformationinMobileNetworks

5.11ntroduction

WiththegrowthofmobilenetworksandtheInternet,thedatatransmittingservice,i.e.,

e-mail,webbrowsing,mobilecomputing,etc.,overwirelessnetworksbecomesmoreat-

tractive.Therefore,thenextgenerationmobilesystem,called-MT--2000(lnternational

MobileTelecommunications-2000)[-MT],hasbeenstandardizedbyITU(lnternational

TelecommunicationUnion)soastoprovidefasterdatatransmittingservicethanthecur-

rentmobilesystemandworldwideroamingcapability.ThereisW-CDMA(Wideband-

CodeDivisionMultipleAccess)technologyprescribedby3GPP(3rdGenerationPart-

nershipProject)[3GPa]forwirelessnetworksasoneofwhatIMT-2000systememploys.

Thecurrentmobilesystemprovidesatransmissionrateof9.6Kb/s,whereasW-CDMA

systemcanprovidethemaximumof384Kb/soutdoors.Italsousesstrongerrorrecovery

technologiesinordertominimizethedamageoftheutilizationofthewirelesschannels

duetobiterror.
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Ontheotherhand,TCP(TransmissionControlProtocol)[Ste94],whichisareliable

end-to-endtransportprotocolintheInternetProtocolsuite,iswidelyusedinpopularap-

plicationslikeTelnet,FTP,andHTTPinthecurrentInternet.TCPhasbeentunedfor

wirednetworkswherebiterrorratesareverylowandpacketlossesoccurmostlybecause

ofcongestioninthenetworks.Therefore,TCPperformswelloversuchnetworksby

adaptingitstransmissionratetoend-to-enddelaysandpacketlossescausedbyconges-

tion[7K88].However,whenaTCPsendertransmitspacketsoverwirelesslinkscharac-

terizedbyhighbiterrorrates,theperformanceofTCPcanbedrasticallydegraded.This

isbecauseTCPrecognizespacketlossasaresultofcongestionevenifithappensdueto

biterroroverwirelesslinks,andhencereduceitstransmissionrate[CLM99].WCDMA

systemthusemploysFEC(ForwardErrorCorrection)codingandARQ(AutomaticRe-

peatreQuest)mechanismaserrorrecoveryschemesinLayer20fwirelessnetworksin

ordertoreducethedamageduetobiterroronTCPconnections.

Nevertheless,ARQcannotguaranteethatpacketarrivesinsequenceatthemobile

stations,sothatsomewaitingtimerisusedtokeepsequenceintegrityofpacketdelivery.

Thelargertimerallowsmultipleretransmissionssothatitcanattainalargerthroughput,

whereasitincreasesthepacketqueuelengthatthebasestationaswellasRTOofTCP

senders.Infact,thebuffersizeofthebasestationisfinite,sothatthebufferoverflowcan

occurifthequeuelengthbecomestoolong,andlargeRTOwillkeepTCPsenderswaiting

forACK(Acknowledgment)forlongdurationifpacketsreallygetlostinthebufferof

routersonwirednetworksorthebasestation.Therefore,itisverylikelythatTCPcannot

executeflowcontroleffectivelyinwirelessnetworks.

OurmajorgoalofthisstudyistodevelopaTCPflowcontrolachievingstableand

goodthroughputperformanceinthiscontext,andrequiringnomodificationonTCP

senders,whichwillbelikelyconnectedwithwirednetworks.Forthisend ,wefocus

awayofemployinginformationonadatalink,i.e.,wirelesslinks ,atthemobilestation

forTCPflowcontrol,andproposethereceiver-basedTCPflowcontrolusingtheinfor -
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mation.TheTCPreceivercankeepthecongestionwindowwithinalimitedrangeina

wayofsendingACKwithadvertisedwindowsizebasedontheinformationfromLayer

2,insteadofusualavailablebuffersize.

A-TCP(Adaptive-TCP)[SJKOI],whichisaTCP-awarelink-layersolutionlikeSnoop

protocol,hasbeenproposedbaseduponsimilarconcept,whereasitneedsper-connection

stateofTCPaccommodatedatthebasestationbecauseitusestheavailablebuffersizeat

thebasestationinsteadofthatofthemobilestationforTCPflowcontrol.However,the

mechanismofTCPflowcontrolproposedheredoesnotrequireanyadditionalschemes

intheintermediatenodesincludingthebasestationexceptforalittlemodificationtothe

mobilestation.WewillinvestigatetheperformanceofproposedTCPinwirelessnetworks

bymeansofsimulationsandshowthatthereceiver-basedTCPflowcontrolcanmoderate

theperformancedegradationundertheconditionthatFER(FrameErrorRate)onLayer

2ishigh.

5.2TCPoverwirelessenvironments

Inthissection,wewillintroducethewirelessenvironmentsandTCPflowcontrolwewill

focusinthisresearch.WeexplainW-CDMAsystemasoneofwhat-MT-2000system

employs,andbothoforiginalTCPflowcontrolandproposedone.

5.2.1W-CDMA

InW-CDMAenvironment,RLC(RadioLinkControl)protocol[3GPc]isstandardized

by3GPPasLayer2protocol.TheRLCprotocoldividesaSDU(ServiceDataUnit)

correspondingtolPdatagramreceivedfromtheupperlayerintoseveralPDUs(Protocol

DataUnit)of42bytesandtransmitsthemasshowinFig.5.1.ItemploysSelective-Repeat

ARQ・ ・i・gP・11i・glst・t・ ・R・p・ 繭rrec・ve血g1・ ・tPDu・ ・Th・f・u・alt・m・ti…ch・m・ ・
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PhysicalLaver

Figure5.1:SDU/PDUinRLCprotocol

oftheSDUdiscardtopreventthedelayrequiredforrecoveringSDUfromdivergingto

infinityaredefined[3GPc].Theyaretheschemesoftimer-baseddiscardwithexplicit

signaling,timer-baseddiscardwithoutexplicitsignaling,discardaftermaximumnumber

oftransmissions,andnodiscard.WehaveintroducedtheschemesoftheSDUdiscard

aftermaximumnumberofaninitialtransmissionandretransmissionscausedbybiterror

onLayer2intothisresearch.

Inaddition,3GPPspecifiesawayofpreservingtheorderofpacketdeliverybykeep-

ingsomePDUswaitinginLayer20fthemobilestationiftheirprecedingPDUssuffer

biterrorandthusarebeingtransmitted[3GPb].Furthermore,W-CDMAcanprovidea

384Kb/smaximumtransmissionrate,whereasinfactthetransmissionratemaychange

frequentlyduetoairconditions.
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5.2.2TCPflowcontrol

ATCPsenderexecutesflowcontroltoutilizeasmuchavailablebandwidthaspossi-

ble.TCPhastwowindowsforitsflowcontrol;oneisthesender'scongestionwindow

(cwnのandtheotheristhereceiver'sadvertisedwindow(awη の.Thecwηdisincreased

ordecreasedaccordingtotheconditionsofcongestioninthenetworks .Theawndrepre-

sentsthecapacityofreceiver'sbufferandisdynamicallyinformedbythereceiver .The

sender'stransmissionrateisthesmalleroneoftwowindows .Ingeneral,itisdetermined

bythecwndforthereasonthatthereceiverusuallyhasthebufferofalargercapacity

thannetworkcapacity,i.e.,anavailablebandwidth.Thecwndiscontrolleddynamically

toadapttothecurrentconditionsofcongestioninthenetworksonthebasisofthespac-

ingoftheACKscorrespondedtothebandwidthofthebottlenecklink.However,inthe

wirelessnetworks,thespacingoftheACKsandthebandwidthofwirelesslink:change

frequently.Accordingly,thereisthepossibilitythatthecwndisnotcontrolledsuitably,in

otherwords,thesender-basedTCPflowcontrolisnotexecutedeffectivelyinthewireless

networks.

Therefore,wewillproposethereceiver-basedTCPflowcontrolusingsomeinforma-

tiononwirelesslinkconditionswhichcanbeobtainedfromLayer2atthemobilestation.

TheTCPreceiverinformsthesenderofthecurrentavailablebandwidthofawirelesslink

in.awayofsendingACKwiththeawndbasedontheinformationfromLayer2,instead

ofusualavailablecapacityofitsbuffer.Consequently,theTCPreceivercankeepatrans-

missionratewhichisthesmalleroneofthecwndandtheawndwithinalimitedrange,

i.e.,anavailablebandwidthofthewirelesslink.ThisschemecanmakeuseoftheIPsec

whichencodesthepayloadofIPdatagramduetokeepingtheend-to-endmodelofthe

TCPconnection.However,thesplitconnectionschemesandthesnoopschemessuchas

theIndirect-TCP(1-TCP)[BB95]andA-TCP[SJKO1]cannotuseitbecausetheyarein

needofsnoopingintotheheaderofTCPsegmentsatthebasestation.
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Figure5.2:Simulationmodel

5.3Simulationmodel

Inthissection,wedescribethesimulationmodelusedhere.WeusetheVINTNet-

workSimulatorNSVersion2[NS]afterweaddedsomemodificationsforLayer2ARQ

schemesoverwirelesslinksforourresearch.

Inoursimulation,oneTCPsourcetransmitspacketsfromawiredlinktoawireless

linkviabasestationasshowninFig.5.2.Thewiredlinkis1.5Mb/sinbandwidthand

50msecinpropagationdelaylikeinWAN(WideAreaNetwork),andthewirelesslink

is384Kb/sinbandwidthandsmsecinpropagationdelayincludingtheprocessingdelay

inbasestationandmobilestation.Weassumethatthewirelesslinksuffersabursterror

causedbyRayleighFading[ASS98].Morespecifically,usersarewalkingwiththemobile

station,whichresultinginthetwo-pathfadingchannelwithDopplerfrequencyofsHz .

Apowercontrolisalsoperformed.TheaverageerrorratesofLayer2consideredhereare

1.2,2.6,and5.9percentinFER(FrameErrorRate)withFEC.Wealsoassumethatthe

ACKandNACK(NegativeACK)areerror-free.

Inthissimulation,itisassumedthatTCPtrafficisusedforgreedyfiletransfer,which

keepsthetransmittingdataofinfinityatthesender.Theproposedschemecanapplyto
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TCPvariantsusedinthecurrentInternetsinceitdoesnotrequireanymodificationstothe

existingflowcontroloftheTCPvariants.TheTCPvariantsemployedherearethusTahoe,

Reno,NewReno[FH99],andSACK[MMFR96].TahoeTCPistheoldestimplementation

andhasthemostsimplealgorithm.Itusesafastretransmitmechanismtorecoverlost

packets.RenoTCPhasmoreeffectiveflowcontrolbymakinguseofafastrecovery

mechanism.NewRenoTCPhasbeenproposedtomoderateReno'sproblemthatthe

throughputperformanceisdegradedduetomultiplepacketlossesinonewindow,anditis

usedmostlyinthecurrentInternet.SACKTCPemploysamoreefficientretransmission

mechanism,i.e.,selective-RepeatARQdifferentfromGo-Back∠NARQusedbyother

TCPvariants.

TheTCPsegmentsizeissetto1500bytes,andtheLayer2PDUsizeissetto42bytes;

theheaderis2bytesandthepayloadis40bytes.InLayer2,theSelective-RepeatARQ

isemployed,whichthemaximumnumberofallowableretransmissionsissettofive.The

basestationkeepssomePDUswaitingfortheWaitingTimeoutvalue(WT)topreserve

sequenceintegrityofpacketdelivery,anditchangesfromOmsecto1000msec.Thebase

stationisequippedwithabufferwhosecapacityis15packets,andpacketlossthusoccurs

thereduetocongestion.Wecarryoutsimulationexperimentsfor80seconds,anddiscuss

theaveragethroughputperformanceofTCP.

5.4Simulationresults

Inthissection,wewillshowthecharacteristicsofTCPperformanceinwirelessnetworks

bymeansofsimulationresults.WewillfirstdiscusstheperformanceofproposedTCPin

wirelessnetworkswherealinkbandwidthisconstantly384Kb/s.Next,wewillexamine

whethertheproposedTCPiseffectivefromviewpointsofthethroughputperformance

whenthebandwidthofawirelesslinkchangesdynamically.
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5.4.1TheperformanceofproposedTCP

First,weconsideranidealawndvalue.Touseeffectivelyanavailablebandwidth,TCP

needstosetuptheawndlargerthanthecapacityofthebottlenecklink,i.e.,thebandwidth-

delayproductofthewirelesslink.OnLayer2,theretransmissionofthelostPDUsis

executedduetobiterror.ThedelaythusequalstheworsttimeTrequiredtotransmitone

TCPsegmenttothemobilestationoverawirelesslink.ItcanbeexpressedasEq.(5.1)if

thetransmissiondelaytimeoftheACK(HACK)onLayer2isignored.

TCPsegmentsizeT
=+2*propagationdelay

]inkbandwidth

*themaximumnumberofallowableretransmissions.(5.1)

UsingthisT,theidealawndvaluecanbegivenby

linkbandwidth*T

idealawedニ,(5.2)TCP
segmentsize

Ifthelinkbandwidthis384Kb/sandtheTCPsegmentsizeis1500bytes,theidealawnd

valueis9.6packets.

Now,weexaminetheaveragethroughputperformanceofTCPwhenWTonLayer

2variesfromOmsecto1000msec.Fig.5.3(a)and(b)showthethroughputcharacter-

isticsoforiginalandproposed(awed=10packets)TCPrespectively.Weconsiderthe

casethatthebandwidthofthewirelesslinkisconstantly384Kb/sandNewRenoTCPis

employed.Thethroughputofthey-axisisnormalizedtothebandwidthofthewireless

link.Fromthesefigures,thelargerFERdecreasesthethroughputperformanceofTCP.

ThethroughputofTCPisoutofproportiontotheWTvalue,andthusitisnecessaryto

setupWTvaluetoadapttheFERtoachievegoodperformancewhentheoriginalTCPis

employed.However,theproposedTCPcanattainexcellentthroughputperformancewith

alargerWTvalue.

ToinvestigatetheoptimumvalueofWTthatmaximizesthethroughputofTCP ,the

throughputperformanceofTCPisshowninFig.5.4whenFERis2 .6percent.TheTCP
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segmentsizeissetto512and1500bytes.Fromthisfigure,theoptimumvaluesofWT

aredifferentforeachTCPsegmentsize;itis100msecforTCPsegmentsizeof512bytes

and300msecforthatof1500bytes.Thesevaluesequalapproximatelytheworsttime

requiredtotransmitoneTCPsegmenttothemobilestationoverawirelesslink,which

isgivenbyEq.(5.1).UsingEq.(5.1),theoptimumvaluesofWTareapproximately210

msecfortheTCPsegmentsizeof1500bytesand100msecforthatof512bytes.A

largerWTthananoptimumvaluecancausethethroughputdegradationofTCPwhen

originalTCPisemployed.Thisisbecausethemobilestationwastesalongtimedetecting

theoccurrenceofpacketdiscardsduetotheoverflowofthebasestation'sbufferasWT

increases.ThisleadsthetimeoutinTCPflowcontrol.FromFig.5.4,itcanbeseenthatit

isnecessarytousetheWToftheabovevaluetoimprovethethroughputperformanceof

theoriginalTCP.However,thisvalueusuallychangesduetoairconditions.Ontheother

hand,theproposedTCPdoesnotdependontheWTvalueandachievesbetterthroughput

performancethanthatoftheoriginalTCPinawiderangeofWTvalues.Inthefollowing,

wewilldealwiththecasethattheWTvaluesaresuitablysetto300msecforthelink

bandwidthof384Kb/sand1000msecforthatof64Kb/s.

Next,Fig.5.5showstheaveragethroughputperformanceofTCPfordifferentTCP

variantsemployed.WecanseethattheproposedmechanismappliedtoeveryTCPvari-

antimprovesthethroughputperformanceandthereisnodifferenceofthroughputper-

fbmanceamonganyTCPalgo舳ms』'hisisbecauseitcanrestrainthebufferoverflow

ofthebasestationbypreventingthetransmissionratefromovergrowingtotheavailable

bandwidthofwirelesslinkusingawnd.Inthefollowing,wewillfocusonNewRenoTCP,

whicharemainlyusedonthecurrentInternet.

Fig.5.6showstheaveragethroughputperformanceofTCPasafunctionofawnd

whentheWTvalueissettotheoptimumvalueforthelinkbandwidthof64Kb/sand

384Kb/s.Forreference,italsoshowstheresultswhentheWTvalueissettonotopti-

mumvalue(i.e.WT=1000msec).TheTCPsegmentsizeissetto1500bytes.From
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Table5.1:ThenumberofTCPretransmissions

awndII64Kb/sII384Kb/s

[packeqTimeoutDup.ACKTimeoutDup.ACK

311010110fo

411010110fo

sII112110fO

61111411010

711111211010

811111311010

911111311010

1011111311010

11111113110119

12111113110127

13111113110127
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thisfigure,theoptimumvaluesofawndare4packetsforthelinkbandwidthof64Kb/s

andlOpacketsfbrthatof384Kb/s(WT=300msec).「Cable5,1showsthenumberof

TCPretransmissionoccurrencesbytimeoutandduplicateACKsinthatcase.Fromthe

figureandthetable,itcanbeseenthattheoptimumvalueofawedisdeterminedbythe

maximumvaluethattheretransmissionofTCPdoesnothappen,i.e.,thebufferoverflow

doesnotoccuratthebasestation.Iftheawndissettolargerthantheoptimumvalue,the

throughputperformanceofTCPdegradesduetoTCPretransmissionoccurrence.Fu曲er-

more,forawiderangeoftheawnd,thethroughputperformanceofTCPdoesnotchange.

Itishelpfultoeasyoperation.

Lastly,Fig.5.7showstheaverageandmaximumvalueoftheRTT(RoundTripTime)

observedbyTCP.Fromthisfigure,theproposedTCPcankeepbothoftheaverageand
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maximumvaluessmallerthanthatoftheoriginalTCP.Consequently,theproposedTCP

candecreasetheRTO(RetransmissionTimeout)ofTCPcalculatedbasedontheRTT.

5.4.2Theadaptabilitytothefluctuationofthelinkbandwidth

Next,inthissubsection,weexaminewhetherproposedTCPeffectivelyadaptstothe

environmentwherethebandwidthofthewirelesslinkchangesdynamically.Weconsider

thecasethatthebandwidthofthewirelesslinkfluctuatesbetween384and64Kb/sat

intervalsof10secondsasshowninFig.5.8.

First,Fig.5.9showstheaveragethroughputperformanceofTCPwhenWTvalueof

Layer2variesfromOmsecto1000msec.NewRenoTCPisemployedastheprevious
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subsection,andFERconsideredis2.6percent.TheproposedTCPhastwocasesinthis

figure;oneisthecasethattheawndvalueiskepttheoptimumvalue(10packets)forthe

bandwidthof384Kb/sevenifthelinkbandwidthlowersto64Kb/s,whichisshownas

awnd:constant.Theotheristhecasethattheawedvalueadaptivelychangesaccordingto

thelinkbandwidth(10packetsfor384Kb/s,4packetsfor64Kb/s),whichisshownas

awnd:adaptive.Fromthisfigure,theproposedTCPcanattainthegoodthroughputper-

formanceevenifthelinkbandwidthchangesdynamically。Fu曲ermore,adaptingawnd

tothelinkbandwidthfluctuatedcanimprovethethroughputperformanceofTCP.

Lastly,weexaminetheeffectofthebuffersizeatthebasestationonthethroughput

performanceofTCPwhenFERis2.6percentasshowninFig.5.10.Inthisfigure,con-

stantmeansthecasethatthelinkbandwidthisconstantandchangingmeansthecasethat
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oneischangingasshowninFig.5.8.TheproposedTCPemployedhereisadaptivewhich

adaptsawedtothelinkbandwidthfluctuated.Fromthisfigure,theproposedTCPcanat-

tainthegoodthroughputperformanceifthebasestationequipsthebufferwhosecapacity

istheawedvalue(=10packets)atleast.Ontheotherhand,theoriginalTCPneedsthe

bufferofalargercapacityatthebasestationtoimprovethethroughputperformance.

5.5Conclusions

Inourresearch,wehaveproposedreceiver-basedTCPflowcontrolinwhichthereceiver

sendsbackACKwithawndbasedontheinformationofwirelesslinkconditionswhich

canbeobtainedfromLayer2atthemobilestation,andinvestigatedtheeffectivenessof

theproposedTCPoverwirelessnetworksofIMT--2000bymeansofsimulation.First,

fromoursimulations,thethroughputperformanceoftheoriginalTCPextremelydepends

ontheWaitingTimeoutvalue(WT)whichisrequiredbySelective-RepeatARQatthe

Layer2tokeepsequenceintegrityofthepacketdelivery.However,theproposedTCP

doesnotdependontheWTvalueandcanachievebetterthroughputperformancethan

thatoftheoriginalTCP.Furthermore,theproposedTCPcandecreasetheaverageand

maximumvaluesofRTTobservedbyTCPandcausethatthedifferenceoftheTCP

algorithmsdoesnotaffectthethroughputperformance.Next,theproposedTCPcan

attaintheexcellentthroughputperformanceevenifthebandwidthofthewirelesslinkis

changingdrastically.Furthermore,adaptingawedvaluetothelinkbandwidthfluctuated

canimprovethethroughputperformanceofTCP.Lastly,theproposedTCPcanattainthe

goodthroughputperformanceifthebasestationequipsthebufferwhosecapacityisthe

awedvalueatleast,thatisitneedssmallercapacityofthebufferatthebasestationthan

theoriginalTCP.
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Chapter6

ConcludingRemarks

Thisdissertationhasexaminedtransportprotocolsintheemergingnetworkenvironment;

of"themultimediaInternet"and"themobileInternet".Inparticular,TCP(Transmis-

sionControlProtocol)hasbeenevaluated,focusingonitsoverallperformance'insuch

networks,bymeansofsimulationexperiments.

InChapter2,twomainprotocolsusedintransportlayer,TCPandUDPwerede-

scribed.TCPflowcontrolmechanisms,whichuseaslidingwindowalgorithmwithslow

startandcongestionavoidancealgorithms,andthehistoricalprocessofthedevelopment

ofTCPvariantswereexplained.TheTahoeTCP,RenoTCP,NewRenoTCP,andSACK

TCPwereintroducedasTCPvariantsusedinthecurrentInternetthathaveimproved

flowcontrolmechanisms.Inparticular,theFastRetransmitandFastRecoveryalgo-

rithmsusedforefficientuseofnetworkbandwidthwhennetworkcongestionoccurswere

discussed.TheissuesthatTCPencounterswhenusedoverwirelessnetworksbecauseit

wasdesignedtooperateoverhighlyreliablelinksandwithstationaryhostswereidenti-

fled.SchemesforimprovingTCPoverwirelessnetworksbypreventingthethroughput

degradationduetobiterrorsinTCPconnectionswereproposed.Theyareclassifiedinto

splitconnectionschemes,proxyschemes,andend-to-endschemes.

InChapter3,theperformancesofTCPvariantsinthemultimediaInternetwerein-
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vestigatedandcompared.InsuchQoSnetworks,CBRtrafficcanhavehigherpriority

thanTCPtraffic,sothatTCPwillusetheunusedbandwidthleftunusedbyhighpriority

traffic.Therefore,theamountofbandwidthavailableforTCPtrafficcanchangetimeto

time.SimulationresultshaveshownthatSACKTCPoutperformstheotherTCPvari-

antsinQoSnetworksaswellasinthecurrentInternet.Investigationoftheeffectofthe

fluctuationintheinterarrivaltimesofCBRpacketsontheperformanceofTCPrevealed

thatthetotalthroughputofTCPconnectionsisnotaffectedbyit,butitdoesreducethe

fairnessofthroughputamongthoseconnections.Nevertheless,SACKTCPisveryrobust

againstthatproblem.

InChapter4,theperformanceofTCPinthemobile.lnternetwasalsoexamined.In

wirelessnetworks,packetlosscanbecausedbythebursterrorsthatresultfromRayleigh

fading.Thus,theperformanceofTCPcanbeseverelyaffectedbythehighbiterrorrate

thatischaracteristicofwirelesslinks,becauseTCPistunedtoperformwellinwirednet-

workswheretheerrorratesareverylowandpacketlossoccursmostlyduetocongestion.

Toavoidthatdegradation,3GPPemploysFECcodingandARQmechanismsaserror

recoveryschemesinLayer20fwirelessnetworks.Thiscancausepacketstoarriveat

theirdestinationoutoforderbecauseoftheSelective-RepeatARQalgorithmemployed

inW-CDMA.Hence,theeffectoftheARQmechanismsofLayer2andaneffective

wayofmanagingpacketsforsequenceintegritytoimprovetheperformanceofTCPover

suchnetworkswerestudied.Simulationresultsshowedthat,withLayer2ARQ ,TCP

canachievebetterthroughputperformancewithpacketsoflargersize.However,Layer2

ARQislesseffectiveinimprovingthethroughputofTCPonlinksoflargerbandwidth .

Nevertheless,thereorderingofpacketsformaintainingsequenceintegrityofpacketar-

rivalsatthemobilestationimprovesthethroughputperformanceofTCP ,evenifthelink

bandwidthislarge.

InChapter5,Areceiver-basedTCPflowcontrolschemeforthemobileInternetwas

proposed.Inactualenvironments,thelinkbandwidththatisavailabletoTCPflowscan
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changeinresponsetochangingatmosphericconditionsforefficientuseofwirelesslinks.

TCPthushastoadaptitstransmissionrateaccordingtothechangingavailablebandwidth.

Therefore,areceiver-basedeffectiveTCPflowcontrolschemethatdoesnotinvokeany

modificationofTCPsenderswasproposed.Underthisscheme,theTCPreceiverinforms

thesenderofthecurrentavailablebandwidthonthewirelesslink.Consequently,theTCP

receivercanmaintainthetransmissionratewithintheavailablebandwidthofthewireless

link.SimulationresultsshowedthattheproposedTCPcanachievethroughputperfor-

mancethatisbetterthanthatoftheoriginalTCPwithoutdependenceonLayer2con-

figuration.Furthermore,theproposedTCPcanattainexcellentthroughputperformance,

evenifthebandwidthofthewirelesslinkchangesdrastically.

Inthisdissertation,Ihaveconsideredsomeissuesontransportprotocolintheemerg-

ingnetworkenvironment.However,thefollowingissuesremainforfuturework.Al-

thoughIhavepresentedthecaseofjustoneTCPflowwithasimplenetworktopology,

inactualnetworks,therearemoreflowsincomplextopologies.Itisthereforenecessary

tostudythecharacteristicsofmultipleTCPflowsinamultihopnetworktopologyand

schemesforprovidingQoSassuranceoverwirelessnetworksinfuturework.
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