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Abstract— We study the efficacy of using link-layer retransmissionsto
improve TCP performance over lossywir elesslinks. The scenariowe con-
sider is where TCP packetstraversea wir ed network to a basestation, and
thenceover a singlewir elesshop to a stationary receiver Unlike many pre-
vious studies,which rely on simulation, we developan analytical model for
calculating TCP throughput; unlike all previousanalytical studies, we do
not ignore the possibility of acknowledgementpackets (ACKs) being lost
on the reverselink from the wirelessreceiverto the basestation. The an-
alytical model capturesthe performance of four commonTCP algorithms:
OldTahoe, Tahoe,NewRenoand Sack.

Wefind that, for the scenariosstudied,a moderatenumber of link-level
retransmissionscan significantly improve the throughput of TCP and its
resilienceto packetlosseson the forward and reverselinks; increasingthe
number of retransmissiondurther hasrelativelylittle benefit. Wealsoshow
that ACK lossescannot be ignored unlessthe number of retransmissions
permitted is high or errors on the reverselink areinfrequent. Of the TCP
algorithms studied, we find that Sackhasthe bestperformance,closelyfol-
lowed by NewReno; the performance of OldTahoeis very poor. We end
with suggestiondor further work.

|. INTRODUCTION

Wirelessaccessto information systemsand the Internetis
becomingncreasinglywidespreadwith numerousommercial
productsandserviceshecomingavailablein recentyears.Most
applicationswhetherdesignedor useover wired or wireless
networks rely onthe TCP protocolfor reliabletransport How-
ever, TCP is designedfor operationin wired networkswhere
randompacketiossesdueto transmissiorerrorsare nggligible.
It is well-known that TCP performspoorly over wirelesslinks
which suffer from packetlossesdueto the error proneandid-
iosyncraticnatureof the wirelessmedium[2], [3], [4]. TCP
doesnot adaptappropriatelyto losseson wirelesslinks, asit
interpretghe causeasbeingnetworkcongestion.

In this paperwe study how to adaptTCP to wirelesslinks,
particularlyfor the importantscenariowherethe last hop of a
communicatiorpathis wireless. Like previous studies,we fo-
cuson the caseof a single TCP flow becausenodelingthe in-
teractionbetweenmultiple TCP flows is notoriouslydifficult,
andwe wish to concentratefor the moment,on developingin-
sightinto theinteractionbetweerrandompacketiossesandthe
TCPdynamicwindow adjustingnechanismA varietyof strate-
gieshave previouslybeenproposedor adaptingr CPto wireless
links in thescenariovherethelasthopof acommunicatiorpath
is wireless.Thesestratgiesinclude,for example,Indirect-TCR
which modifiesthe end-to-endsemanticsof TCP, and snoop,
whichrelieson network-layerretransmissiongverthewireless
link to localizerecorery; see[2] for adiscussion.n this paper

we considetthe effect of relying simply uponlink-level retrans-
missionsover the wirelesshopto compensatéor wirelesslink
errors. This stratgy doesnot requireary modificationso TCP
anddoesnotaffect the end-to-encdsemanticef TCP

Unlike mary previousstudiesof TCPoverwirelesswhichare
basedon simulation,we develop ananalyticalmodelthat mod-
elsTCPaswell astheeffect of link- layerretransmissionsRe-
centlytherehasbeenincreasednterestin developinganalytical
modelsfor TCP[8], [9], [10]. Theeffectof link layerprotocols
ontheTCPbehaior hasalsobeenstudiedearlier Many of these
studies[2] have beenmainly simulationbasedstudies.On the
otherhand,[7] providesan analyticalframevork for quantify-
ing the performancef TCPoperatingover awirelesslink using
a suitablelink level error recorery mechanism.They consider
TCP TahoeandRenoin sucha scenario.The mainconcernof
this paperis the additionalbuffer requiremenatthewireline to
wirelessinterfacesoasto handlethewirelesschannelossesas-
suminginfinite numberof retransmissionat thelink layer. [5]
concludeghat having independentetransmissiorprotocolsat
thedata-linkandtransportayerlevelsleadsto degradedperfor
mance However, this conclusiorwasreachedasedn analysis
thatdid not takeinto accountthe generougimeoutgranularity
whichis assumedh practicalTCPimplementations.

Like mary of theseprevious analyticalstudieswe assumea
simplelossmodel over the wirelesslink whereeachpacketis
assumedo belost with a certainconstaniprobabilityindepen-
dentof otherpackets.However, we obsere thattheseprevious
studiesassumehatwhile datapacketscanbelost on the wire-
lesslink, acknavledgemenpackets(ACKs) arenot lost. This
assumptionis typically madein orderto simplify the analysis
or the presentatiorof results.We do not makethis simplifying
assumptionandshaow laterthatin severalscenarioshisassump-
tion is notvalid. Further we alsomakelesssimplisticassump-
tionsandalsolook at four differentTCP algorithms.

Ourcontributionsin this papercanbesummarizedsfollows.
We developananalyticalmodelof theperformancef TCPover
wirelesslinks, for the scenariovherethe lasthop of a commu-
nicationpathis wirelessandlink-level retransmissionareused
to recaver from wirelesslink losses. The performancametric
we studyis TCP packetthroughput. This analyticalmodelis
basedon the packet trains modelof TCP operation[1]; in this
paperwe shav how the modelcanbe usedto compactlycap-
ture and presentperformanceesultsfor four differentTCP al-
gorithms: OldTahoe, Tahoe,NewRenoand Sack. In addition,



Wireline Link

[Basestation with Buffer Size

Feedback Channel

Fig.1. Scenario

the analyticalmodelexplicitly considergacketlossedor both
datapackets(i.e., on the forward link) aswell asACKs (i.e.,
on the reverselink), andwe showv thatassumingan errorfree
reverselink is not alwayvalid. We usethe modelto character
ize the conditionsunderwhich suchanassumptiortanbe made
for simplicity in analysiswithout significantlyaffecting there-
sults. We applythe modelto quantitatively estimatehe impact
of modifying the link- level retransmissiorparameter®n the
performancef TCP

Thepaperis organizedasfollows. The systemmodelthatwe
consideris describedn Section2. In section3, we analyzethe
performancef thelink layerschemeonsiderednthedifferent
TCPalgorithms.We usethe concepf packetrainsin orderto
evaluatethe performancef the differentTCP algorithms.Sec-
tion 4 is devotedto applyingthe analyticalmodelto the evalu-
ation of the behaior of differentTCP versionsunderdifferent
scenariogor thelink layer. Finally we concluden section5.

Il. SCENARIO

The systemwe studyin this paperconsistsof a fixed wired
backbonenetwork supportinga wirelessaccessetwork. We
considerascenariovhereafixedhostcomputercalledthe TCP
source, is transmittingpacketdor asingleTCP connectiorover
a communicatiorpath consistingof mary contiguouswireline
links and endingin a single wirelesslink. The wirelesslink
emanatefrom a basestationto a stationaryrecever, calledthe
wireless receiver; seeFig. 1. The basestationimplementsa
reliablelink layer(RLL) protocolstack.

The three commonly-usedARQ protocolsat the link layer
are Stopand Wait, Go Back N and Selectve Repeaf11]. In
this paperwe considerStopand Wait protocoloperatingat the
basestation.We assumehatif the packetcannotbetransmitted
successfullyn N tries, the senderiscardghe packet.We will
shaw that,providedthelink-layer retransmissioparameterare
tunedcorrectly the simple StopandWait protocolcanresultin
significantTCP perfomanceémprovements.

We assumeéhat new packetsare alwaysavailableto be sent
outby the TCP source.Thebasestationis assumedo have two
buffers: onefor holding TCP packetsasthey arrive from the
TCP source,andone for holding link-layer packetshatarein
the processof beingtransmittedor retransmitted.We assume
thatthe sizeof the link layer buffer is greaterthanthe network
layer buffer by at leastthe productof the bandwidthand the
roundtriptime over thewirelesslink. This ensureghatpackets
arenot lost dueto overflow atthelink layerbuffer, thusallow-
ing us to focus on the link-layer retransmissiomparameterV .
We assumehatthe TCP timeoutinterval at the TCP sourceis
large enoughthatif atimeoutoccursthelink-layerbuffer atthe
basestationemptieseforethenext packetarrivesfrom the TCP

source.Thevalueof the TCP timeoutinterval is alsoassumed
to belargerthanthe total round-triptime takenat the basesta-
tion link layerto transmitor retransmita packet,even with the
maximumnumberof retransmissionallowed. This imposesa
constrainton the maximumvaluethat N' canhave. This con-
straintis justified consideringboth the fact that mary current
TCPimplementationsisea coarsdimer asalsothefactthatthe
retransmissionaredoneonly over a singlehopwhile the TCP
timeoutinterval takesnto accountll thelinks in theend-to-end
communicatiorpath.Also, in ary caseN is limited by practical
considerationsln fact, aswe seelater, increasingV beyond a
certainvaluedoesnotimprove the systemperformancesignifi-
cantly

I1l. PERFORMANCE ANALYSIS

In this sectionwe characterizéhethroughpubf the different
TCPalgorithmsoperatingunderthescenarigivenin theearlier
section.Theapproacthatwetakeis to corvertthebit errorrate
(BER) atthelink level onboththeforwardandreversechannels
to a packeterrorrateasseenat the level of the transportayer
We also considerthe effects of the retransmissionat the link
layerontheactualroundtrip time asseerby theTCPlayer Us-
ing thesewe thenusethe approaclof packetrains[1] in order
to characterizéhethroughpubof thedifferentTCP versions.

A. Modeling link level errors

Let e; denotethe BER ontheforward channeknde, denote
the BER onthereversechannel.Let S; andS, denotethelink
layerpacketsizeandthelink layer ACK size.Let the probabil-
ity of alink layer packetbeinglost on the forward channelbe
denotedy p while the probabilityof thelink layerpacketbeing
lostonthereversechannebe denoteddy ¢. We assumehatthe
probability of a packetbeinglostis independenbf the lossor
succes®f theotherlink layerpacketsThenwe have

p = 1—(1—¢)> g=1—(1-¢)"

We point out a subtlefeaturein the operationof TCP with
link-layer retransmissionsvhen errorson the reversechannel
are considered. It is possiblethat a packetreacheghe wire-
lessrecever successfullybut the ACK is lost, andin fact N
consecutie ACKs are lost, so that the basestationlink level
sourceincorrectlyinfersthatthe packethasnot beendelivered,
anddiscardghe packet.However, supposehe next packetsent
by the TCP sourceis deliveredcorrectlyandthe corresponding
TCP ACK is alsocorrectlyreceved within N tries. SinceTCP
ACKs arecumulative, the TCP sourceis ableto infer from the
ACK thatthe previous packetwassuccessfullyeceved by the
wirelessrecever, andneednot beretransmittedventhoughthe
link layeratthe basestationhasdeemedt to belost.

Giventhis featureit is difficult to obtaina simpleexpression
for the exact probability of a TCP packetbeingsuccessful For
simplicity we obtaininsteadexpressiongor the upperandlower
boundsonthelossprobabilityof a packetatthe TCPlevel. The
upperboundcanbeobtainedy assuminghe packeis losteven
whenit reachesherecever successfullyut nolink layerACKs
makeit backto thelink layerTCPsource Hencethe upperlimit



ontheprobabilityof a TCP packetbeinglostis givenby

N
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1)

The lower limit on the probability of a TCP packetbeinglost
canbe obtainedby assuminghatthe TCP packetis successful
wheneer it reachesherecever. Thisamountgdo assuminghat
theacknavledgmentsarenot lost therebyconsideringan error
freereversechannel Notethatif the TCP packetdoesnotreach
the recever thenirrespectve of whathappengo the following
packetghe TCP packethasto beretransmitted Thusthe lower
limit on the probability of a TCP packetbeinglost is given by
p”. We cansimilarly alsocalculatethe averagetime for trans-
mitting a TCP packetsuccessfullypver thewirelesslink.

The behaior of the different TCP algorithmsis analyzed
basednthe concepbf packettrains,which we introducenext.

B. The packet trains model

In thissectionwe definethepacketrainsmodelwhichis used
to capturethe dynamicbehaior of TCPin generalndthe ses-
eral versionsof TCP in particular We assumehe readerhas
somefamiliarity with TCP aswell asthe four TCP algorithms
we considernamelyOldTahoe, Tahoe NewRenoandSack;see
[6] for anintroduction.

In the packettrainsmodelthe operationof a TCP sourceis
describedn termsof time intervals called cycles stages, and
minicycles. Eachcycle divided into stages,and the first and
secondstagesof a cycle aredivided into minicycles. For the
moment,considera minicycle to be the time during which a
completewindow of packetds transmittedoy the TCP source,
and a packet train to be the sequencef suchpackets;a more
precisedefinitionwill be given below. Sincethe window size
of TCP variesas the protocol progressesall minicycles (and
packetrains)arenot of the sameength.

For our purposesthe behaior of a TCP sourceis character
ized by threeattributes: (1) how successie windows of pack-
ets are sentas long asthereare no packetlosses;(2) how a
packetiossis detectedy the TCPsource;and(3) how the TCP
sourceattemptgo recover from packetosses.Thefour TCPal-
gorithmsdiffer mainlyin termsof thesehreeattributes.\We now
describahevariouschoicesavailablefor eachattribute. We will
thendescribethe cyclesfor eachTCP algorithmandhow they
differ.

Successivavindow sizeswithout packetloss Let; denote
thelengthof theith packettrainin thefirst stageof a particular
TCP cycle, for 2 > 0. For all the TCP algorithms,the first
stageof a cycle consistof eitherthe slow start algorithmor the
congestion avoidance algorithmof TCR By definition,in slow
startl; = 2l;_,, fori > 0, andl, = 1. Ontheotherhand,in
congestioravoidancel; = I;_; + 1, forz > 0, andly = W',
whereW’ will be definedshortly!. Thusfor eitherslow start
or congestioravoidance thewindow size,packettrain sizeand
minicycle lengthincreasesnonotonicallyin thefirst stageof a
cycle. Thefirst stageendswhena packetlossis detectedy the
TCPsource.

INote that for simplicity we ignore somecommonvariationslike delayed
ACKsbut thesecanbeincorporatedn theanalysisf desired.

Packetlossdetection Therearetwo meansusedby TCPfor
detectinga packetloss: eitherby a timeout or by receving a
specifiednumberof duplicateacknavledgementgDACKS), or
both. A timeoutoccurswhenan ACK for a particularpacketis
not receved by the TCP sourcewithin a pre-specifiecamount
of time. The DACK mechanisnoperatessfollows. EachACK
receved by the TCP sourcecontainsinformationaboutthe se-
guencenumberof the last packetwhich wasreceved correctly
andin sequencdy therecever (we call this the Last ACK). If
the TCP sourcereceves D + 1 consecutie ACKs whereLast
ACK is thesame(say 7 — 1) it infersthat the packetwith se-
guencenumber; hasbeenlost. Thusthe TCP sourceinfers a
packetlosswhenit receves D DACKSs. Typically, D = 3. The
value of D for ary givenimplementationis called retransmit
threshold.

Packet recovery Oncea packetloss has beendetected,
a TCP sourcerecovers either by reverting to slow start with
lo = 1, or by following a processalledfast recovery described
asfollows. Let W' be the size of the sourcewindow when
the packetloss was detectedby the TCP sourceon the basis
of the receiptof D DACKs. In fastrecovery, the sourcere-
ducesits window sizeto (W'/2) + D. Thenthe first packet
thatwaslostis retransmittedandthe TCP sourcewaitsuntil an
ACK is receved for this packetbeforeretransmittingthe next
packetdeemedo belost. If the TCP sourcerecevesary more
DACKSs while waiting for the ACK of the retransmittegbacket,
thewindow sizeis increasedy 1 for eachDACK receved. Af-
ter (W'/2) DACKSs arereceved, the TCP sourcecantransmita
new packetfor eachadditionalDACK receved,; this procesds
continueduntil all lost packetshave beenrecorered.

Basedon the behaiour of the different TCP algorithms,we
now defineapacket train atthe TCPsourceasfollows. A packet
train startsoncethe TCP sourcerecevesthe ACK for thefirst
successfupacketof the previoustrain. A packettrain endsei-
ther when (1) the TCP sourcehastransmittedthe numberof
packetgustified by the ACKs recevedfor the previoustrain, or
(2)theTCPsourcaecevesD DACKsor (3)asuccessfulimeout
interval is started. A minicycle is the lengthof the time corre-
spondingto a givenpackettrain.

Thepackettrainsmodelmakeswo simplifying assumptions,
whichtendto compensateachother Thefirstis thatduringfast
recovery for NewRenoeachpackettrain only containsretrans-
mitted packetsandhaslengthm,; = 1, for ¢ > 0. The model
ignoresthe fact that new packetsmay alsobe transmitteddur-
ing this stage.The secondassumptions thatthereis no bound
on the numberof packetsthat may be sentoncefast recovery
is completed.In fact mostpracticalimplementationfiave such
a bound.The compensatingatureof theseassumptionsnakes
thepacketrainsmodelveryaccurateaswewill shav by means
of simulationgn SectionlV.

In the analysisthough,we ignorethe fact that on successie
timeoutsthe actualvalue of the timeoutis increasedxponen-
tially by Karn’s algorithm. Furtherfor the purposeof simplify-
ing theanalysiswe alsoassumehatpacketgetransmitteaiur-
ing fastrecorery arenotdropped.This latterassumptioraffects
only the NewRenoandSackTCP sourcesAs aresultour anal-
ysis gives somavhat optimistic valuescomparedo the actual
implementationgluring regimesof high loss probability. We



would alsolike to remarkthatit is very muchpossibleusingour
approactio give uptheseassumptionatthecostof highercom-
plexity. Sincetheseassumptionaffectthe performancenly in
the region of high lossprobability wherethe efficieng of TCP
is alreadyvery low, we choosdo reducecompleity by making
theseassumptionsWe alsoshaw laterby comparingour model
with simulationresultsthatin spiteof theseapproximation®ur
modelmatcheghe simulationresultsvery well.

Thestrengthof the packetrainsmodelliesin thefactthatthe
throughpuof TCP canbecalculatedastheratio of theexpected
numberof packetsn a cycle to the meancycle duration. Fur-
ther, thesetwo quantitiescanin turn be easily calculatedonce
two parameterarecalculated:(1) the numberof trainsin a cy-
cle; and(2) the window size at the startof the cycle, which is
determinedy thewindow sizewhenthepacketdropin thepre-
vious cycle wasdetected.Details of thesecalculationsare not
shavn herefor lack of spaceandcanbeobtainedrom adetailed
versionof this paper

IV. PERFORMANCE EVALUATION

In the previoussectionwe have characterizethe behaior of
differentTCP algorithms.Sinceit is difficult to obtaina closed
form solutionfor thethroughputwe graphthe differentexpres-
sionsgivenin orderto obtainan understanding@f the way the
TCPversionawork overawirelesdink. We considetheeffects
of errorson both the reversechannelandthe forward channel.
We considertwo scenariosA low bandwidth scenario consists
of a 0.8Mbpswirelesslink which is the bottleneclwhile a high
bandwidth scenario consistsof a 4Mbpswirelesslink. Theto-
tal oneway delay over wireline links from the TCP sourceto
the basestations 5mswhile the oneway delay over the wire-
lesslink is 2.5ms. Furtherwe assumea TCP timer granularity
of 500 ms. Thessizeof the buffer at the gatevay is assumedo
be equivalentto the bandwidthdelay productof thelink in the
absencef ary link layerretransmissionslhesizeof eachTCP
packetis 500bytes.The otherparametersamelyD, €1, €3, N,
S; andS; vary overthe differentcasesandarespecifiedwhere
necessary

A. Effectsof errors on the forward channel

We first considerthe effects of errorson the forward chan-
nel on thedifferentTCP algorithms.The BER over thereverse
channelis assumedo befixedate; = 10~%. For eachof the
differentTCPalgorithmswe calculatehelowerlimit andupper
limit onthe performanceThevalueof retransmithresholdhas
beensetto D = 3 in theseevaluations. The resultingfigures
areshowvn in figures2 and 3 for the high bandwidthscenario.
In thesefigureswe plot the BER on the forwardchannebn the
x-axis. Thethroughputormalizedo the bottlenecKink band-
width is shavn on they- axis. Two curvesare shavn in each
figure correspondingo eachof the TCP algorithms. The up-
per curve shaws the upperlimit of the normalizedthroughput.
This is calculatedby assumingthe lower limit on the packet
lossprobability. Thelower curve shaws the lower limit of the
normalizedhroughputThisis calculatedy assuminghemax-
imum valueof the packetlossprobability. (In bothfigures,the
cunesfor NewRenoandSackarealmostcoincident.)

In figure 2 we assumethat the link layer retransmitsevery
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Fig. 3. Effects of errorson the forward channel and no link-level retransmis-
sions

packetatmostN = 5 times. Thedifferencebetweerthe upper
andlower performancdimits in this casds very little. Notethat
theupperperformancdimit is thesameasassuminghatthere-
versechannels errorfree. Thus,in this regime the assumption
of anerrorfreereversechannekcanbe madewithout muchdif-
ferencein the resultsprovidedthe BER on the reversechannel
is notoverly large.

Figure 3 considerghe casewherebythe link layer scheme
doesnotretransmitary packet.TheBER onthereversechannel
is assumedo be 10~%. In this casethe differencebetweerthe
upperandlower limits is quite significant. HenceACK losses
cannotbe ignoredin the analysiswhenthe link layer scheme
doesnot performpacketretransmissions.

B. Effects of errors on the reverse channel

We next considerthe effectsof varying BER on the reverse
channel.In figure 4 we shaw resultsfor the different TCP al-
gorithmsnamelyOldTahoe , Tahoe NewRenoandSack.Onthe
x- axis we plot the BER on the reversechannel. Throughput
normalizedo the bandwidthof the bottlenecKink is plottedon
the y-axis. The BER on the forward channelis assumedo be
€; = 1078, For eachof the TCP algorithmswe considerfour
differentcaseswhere N equalsl, 2,5 and10. (The curve for
NewRenois almostcoincidentwith thatfor Sack.)

We seethat the performanceof the different TCP versions
with N = 1 is very sensitve to the BER on the reversechan-
nelandbecomegquallypoorathighBER.As N increasesthe
throughputfor all TCP versionsmproves. In addition,all TCP
versionshecomemorerobustto the BER on the reversechan-
nel: the normalizedthroughputremainsconstanin spite of the
increasén BER onthereversechannel.n all casesve seethat
the performanceof Sackis the bestwhile the performanceof
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OldTahoeis theworst.

Notethatall thecurvesshawn in thisfigurecorrespondo the
lowerlimit onthe bandwidth.The upperlimit is obtainedvhen
the value of the BER on the reversechannelis zero. Thusfor
thepurpose®f thisdiscussiorthethroughpufor BER = 10~¢
can be regardedas a rough indication of the upperlimit on
throughputperformance As canbe seenfrom the figure a sig-
nificant differencebetweenthe upperlimits and lower limits
arisesfor all the different TCP versionsat all valuesof BER
on the reversechannelwith a valueof N = 1. On the other
handasthe numberof packetretransmissionat the link level
isincreased.e. N is increasedthe performancalifferencebe-
tweenthe upperandlower limits for a given valueof the BER
onthereversechanneldecreasesOf course whenthe BER on
thereversechannels very high, i.e greatethan10~3, thereis a
significantdifferencebetweerthe upperandlower limits which
impliesthatin this regime the effectsof ACK lossescannotbe
negglectedin theanalysis We obsere similar resultsfor thelow
bandwidthscenarialso.

C. Effects of increasing the link layer retransmissions

We next considerthe effect of increasingthe link layer re-
transmissionsWe consideronly TCP Sackand TCP Tahoein
figure5. In this figurethe BER on thereversechannelis taken
as 10~* while we considertwo differentcasesof BER on the
forward channelnamely10=* and10~°. Numberof link layer
retransmissionsV, is plotted on the x axis while asin earlier
figuresthe normalizedthroughpuis plottedonthey axis.

We seethatwhenthe BER on the forward channelis lower,
fewer retransmissionsire necessaryo achiee the maximum
possiblethroughput. Note that we are plotting only the lower
limits of the differentcurvesfor the purposeof clarity in this

figure. As we know from earlierfigures thedifferencebetween
lower andupperthroughputimits is significantonly whenN is

aboutl. As N is increaseeyond a certainpoint thereis no

significantimprovementin the throughput. This certainpoint

thoughdependn the quality of errorson the forward andre-

versechannelscanbeseenfrom figure5.

V. CONCLUSION

In this papemwe have developedananalyticalmodelto study
theefficag/ of a StopandWait link layerretransmissioscheme
on the performanceof four different TCP algorithms. Unlike
previous analyticalstudieswe have consideredhe effect of er
rorsover boththeforwardandreversechannelsFor thescenar
ios studiedwe shaw that:

o Link-level retransmissionscan significantly improve the
throughputof TCP and its resilienceto packetlosseson the
forward andreverselinks, up to a maximumvalue of about5
transmissionger TCP packet,afterwhich increasinghe num-
ber of retransmissionbasrelatively little benefit. (Of course,
themaximumvaluebeyondwhich thethroughpuimprovement
is negligible is a function of the quality of the forwardandre-
versechannels.)

o Without link layer retransmissionthe effect of ACK losses
dueto errorson the reversechannelcannotbe ignored,unless
the bit-errorrateon the reversechannels of the orderof 10~
orless.

We arecontinuingto investigatethe impactof link-layer re-
transmission®n TCP behaior for the scenariowherethe last
hopis wireless.Furtherwork includes:(1) consideringheim-
pactof alternatve link-layer retransmissiorstratgies suchas
Go Back N and Selectve Repeat;(2) investigatingthe effect
of link-level packetfragmentationand(3) taking into account
burstylossesover thewirelesslink.
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