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Abstract— Wir elessaccesso Inter net requiresthat information
integrity is presewred while transmitting data over the radio chan-
nel. ARQ schemesand TCP are often usedas error-control tech-
nigues at the link layer and at the transport layer, respectiely. In
this paper, we study the interactions betweenan ARQ protocol and
TCP when a data traffic connectionincludes both wired and wire-
lesslinks. By using standard Mark ovian techniques,we analyzethe
impact of different parameters setting of the ARQ schemeand of
the radio channelconditions on the TCP performance.

|. INTRODUCTION

Wirelessaccesdo Internetis experiencinga greatdeal
of popularity;every cellulartelepholy systemis evolving
into the wirelessinternet,and productsproviding Inter-
netaccesdo short-rangalevices, suchas Bluetoothter-
minals,arebeingdeveloped. As a consequenceiew is-
suesneedto besolvedatthevariouslayersof the protocol
stack.In this paperwe dealwith the problemof informa-
tion integrity while paclettraffic is transmittedover end-
to-endconnectionswhich include both wired and wire-
lesslinks.

In orderto provide a reliable paclet transfer TCP is
often usedfor end-to-enderror control at the transport
layer. TCR, however, performspoorly overwirelesslinks
sinceit considerpaclketlosseglueto theradiochannebs
congestiolossesandinvokescongestiorcontrolmecha-
nismsthatsignificantlyreducethethroughpuf1], [2], [3],
[4], [5], [6]- To avoid suchperformancalegradation)ink
layer solutionscanbe usedto obtainlocal datareliabil-
ity and make the wirelesslink appearto TCP asa more
reliablelink, althoughwith alongerandvariabledelay

We consideran ARQ (Automatic RepeatreQuest)
schemeaatthelink layer, and TCP NewRenoat the trans-
port layer. We develop detailedanalyticalmodelsof the
two protocols,which are basedon standardMarkovian
techniques.The TCP modelincludesthe descriptionof
an on-off traffic sourcegeneratingdata sggments; sey-
mentsare fragmentedinto several dataunits at the link
layer, wherethe ARQ modelhandlestheir transmission
overtheradiochannel.The paclket error processverthe
wirelesslink is representethy a two-stateMarkov chain
[7]. Themodelsof the ARQ schemeand TCP aresolved
by meansof a fixed-pointprocedure.This approachal-

lows usto createa flexible andaccurateanalyticalframe-
work for thejoint studyof the ARQ schemeandTCR and
to getusefulinsightsin the interactionbetweenthe two
protocols.

While deriving the systemperformancewe focuson
the 3G (Third Generationnetwork scenarig[8], andon
datatraffic services.Basedonthe QoSmetricstypical of
datatraffic, we derive resultsin termsof throughputand
traffic lossprobability at the transportlayer asthe radio
channekonditionsandthe ARQ parametersary.

Il. INTERACTION BETWEEN THE ARQ PROTOCOL
AND THE TCP

Thesystemunderstudyis sketchedn Fig. 1. A single
TCP connectionis consideredvherethe recever resides
at a mobile terminal. Beforereachingthe fixed network
accesgoint, hereinaftercalled Base Station (BS), TCP
segmentdraversethewired network from whichthey per
ceive anaveragedelay D andaveragelossprobability L.
At the BS they rely ontheLink Layer (LL) protocolsto
getto the TCPreceverthroughthe wirelesslink.

At theLL, a TCP segmentis dividedinto N LL data
units which are storedin a buffer whosecapacityis B
TCP segments. The transmissiorof a LL dataunit over
thewirelesschannetakesatimeinterval equalto A. Due
to errorprobability of theradiochannel adataunit trans-
missionmayfail. In caseof failure,thetransmissioris re-
peateda maximumnumber},. of attemptgerdataunit
is allowed. After M, failedtransmissionsaLL dataunit
is discardedogethemwith all the otherunitsbelongingto
the sameTCP sggment. Thus,at the LL a sggmentcan
be lost with probability P, becausehereis not enough
roomin the buffer to accommodatall the LL dataunits
in which the segmentis divided, or with probability P, if
oneof thedataunitsfails M, transmissions.

Theaverageround-triptime percevedby TCPis given
by

RTT=2D+Q+A

whereD isthedelaydueto thewired network, 2 includes
thequeueinglelayattheLL andthetransmissiorime of
a TCP sggmentover the wirelesschannel,and A takes
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Fig. 1. Sketchof thesystemunderstudy

into accounthe transmissiorof TCP ACKs over the up-

link channel(it is assumedhat TCP ACKs do hotqueue
attheLL andareneverlost). Moreover, TCP segments
are prone,not only to lossesin the wired portion of the

connectionput alsoto thetwo additionalcause®f losses
attheLL. Then,a TCP segmentis lost with probability
P,

P=1-(1-L)(1-F)1-F)

where L is the probability that the segmentis lost in the
wired network.

The modelwe proposeds basedon theideaof decom-
position. The systemis divided in two partswhich are
studiedin isolation approximatingtheir reciprocalinter-
action.

Ontheonehand,the TCP transmitteris modeledby a
continuous-timeMarkov chain (CTMC); the interaction
with the restof the systemis describecby meansof the
segmentlossprobabilityandthe averageround-triptime.
Thesetwo accountfor lossesand delaysintroducedby
the LL protocols. On the otherhand,the LL is studied
by developingadiscrete-timeMarkov chain(DTMC); the
input traffic is derived from the TCP transmittermodel
andit is assumedhat sggmentsarrive at the LL buffer
accordingto a Poissorprocess.

Repeatedlysolving the two models,a fixed-pointpro-
cedureprovidesthe steady-statdehavior of the system.
Similar approache®asedon fixed-pointapproximations
were alreadyemployed for the analysisof TCP in [9],
[10], [11].

The main approximationsntroducedin the develop-
mentof the decompositionabpproachconcernthe seg-
mentarrival processat the LL buffer, andthe loss pro-
cessanddelaydistribution at the TCP layer. Evenif the
segmentgeneratiorprocessat the transmitteris far from
beingPoissonwhenthe network is largetherandomness
introducedby thenetwork makesthearrival processatthe
LL buffer closerto PoissonCorrelationbetweersegment
lossesandthemomentof theround-triptime distribution
higherthanl arenottakeninto accounin theTCPmodel.
Insteadmeanvaluesonly areconsidered.

A. Mode of the TCP transmitter

Forthe CTMC model,which describeshe TCPbeha-
ior, we employ theapproachproposedn [11].

In orderto describethe typical bursty natureof mary
applicationswhich adoptTCP astransportprotocol, we
assumehatthetransmittethasanon/off kind of behavior.
Thetimespentin eachstateis arandomvariablewith neg-
ative exponentialdistribution; the meanvaluesare T, ¢
andT,,. Whenin off state the applicationis idle; while
in on statetheapplicationhasdatato transmitandsetsup
aTCPconnectionThebehaior of anactve TCPconnec-
tion is describedjuite in detailin our modelintroducing
statesin the CTMC which representhosemechanisms
of the protocol having a relevantimpact on the perfor
mance.In the modeldevelopmentthe TCPwindow size
is measuredn segmentsinsteadof bytesand sgments
have all the samesize,which is equalto the Maximum
SegmentSize (MSS). The dynamicsof the window size
growth areobsened with a time granularityequalto the
averageround-triptime.

Letusfocusonthe CTMC statespace A partfrom the
off stateof the application,the statespacecan be parti-
tionedin threesets.ThesetSy collectsall the statescor-
respondingo the behaior of the TCP transmitterwhen
nolossoccurs,

Sy ={s = (w,Wy)}

wherew denoteghe currentwindow sizeandvariesbe-
tweenl andthemaximumallowedwindow sizeWy,. W;
representthewindow sizegrowth mode(eitherslow start
or congestioravoidance).W; = 1 standsfor congestion
avoidancemode; when W; is larger than 1 the window
growsin slow startmodeupto thevalueW;. For simplic-
ity, in slow startmodewe only considerthosevaluesof
W, thatthewindow may take in the exponentialgrowth;
i.e.,thepowersof 2.

The setSr comprisesall the statescorrespondingo
the fastrecovery andfastretransmitmechanismsvhich
TCPimplementsn orderto recoveraloss,

Sk ={s = (w)}

wherew denoteghe window size during fastretransmit
andfastrecovery procedures.

Finally, statesn the setSr describethe protocolwait-
ing for atimeoutexpirationafteralossoccurred,

St ={s = (W)}

where W, denotesthe value assumeddy the threshold
after the timeout expiration. The state spaceis then
S= {Off}USNUSFUST.



For the sale of brevity we do not provide transition
ratesbetweenall stateswe insteadshov only an exam-
ple of transitionrate betweenstatesin Sy. Considera
states = (w, W;) € Sy, thewindow sizeis equalto w
andthe protocolis in slow startmode. If noneof the w
segmentsof thewindow is lost, the window sizedoubles
afterroughly a round-triptime. To representhis beha-
ior, thetransitionrate out of s is setto theinverseof the
averageround-triptime sothatthe averagetime spentin
s is equalto the round-triptime; the destinationstateis
d = (2w, W;) with probability equalto the probability
thatno segmentis lost. Theresultingtransitionratefrom
stodis,

s = (w,Wt) ESy > d= (2w,Wt) €Sy :
1 w
mrr' P
Similarly, all the othertransitionratesarecomputed.
Thesteady-statprobabilitiesr, (s)’sof theCTMC are
derived by usingstandardechniques.Fromthe 7. (s)’s
the performanceof TCP can be computed. In particu-
lar, theaveragenumberof sggmentgyeneratedh thetime
unit, giventhatthe applicationis on, is computedoy
TOTL

Ton + Toff SESNUSF

A —— 7 (8)

wherew is thewindow sizein states. This valueis used
asinputin theLL model.

B. The ARQ scheme model

We develop a discrete-timeMarkov chain (DTMC)
modelof theARQ schemein whichthetimeis slottedac-
cordingto thetransmissioriime of aLL dataunit. We as-
sumethatthe transmitterhasknowledgeof the transmis-
sionoutcomeof aLL dataunittransmissiomight afterits
completion;asshavn by simulationresults(not presented
herefor thelack of room),thisassumptiomoesnothavea
relevantimpacton systemperformance We alsoassume
thatacknavledgmentandnegativeacknavledgmentsre
alwayscorrectlyreceved.

In the developmentof the modelthefollowing aspects
have to be considered:the arrival processof datasey-
mentsfrom the upperprotocollayersto thelink layer, the
transmissiorbuffer, andtheradiochannel.

Thetraffic arrival processof the datasegmentsto the
LL is assumedo be Poissonwith rateequalto A. Be-
ing MSSthedatasggmentsizeand L, ;, theLL dataunit
size, eachdataseggmentis fragmentedinto N LL data
unitswith N = [MSS/L1]. We representhe segment
fragmentationby consideringthat dataare storedin the
transmissiorbuffer as segmentsandthe serviceof each

segmentconsistof N phasesEachservicephasecorre-
spondsto the serviceof oneLL dataunit; dependingon
the channelstatusthe servicecanbe repeatedor a total
numberof transmissionsiot largerthan M,.. A dataseg-
mentis removed from the LL queueeitherwhenall N
LL dataunits have beensuccessfullydeliveredto there-
ceiver (i.e., the N servicephasesave beensuccessfully
completed)or onelLL dataunit is discardedbecauseahe
maximumnumberof transmissionbasbeenreached.

Theradiochannels modeledasa Gilbert channe([7],
with two statesgood andbad, thatrepresenthe stateof
the channelduring the transmissiortime of oneLL data
unit. The transitionprobabilitiesbetweenthe two states
dependnthesteady-statdataunit errorrate,denotedoy
¢, andonthe normalizedDopplerfrequeng.

In orderto modelthe systembehavior, the following
dynamicshave to be described:i) the buffer occupang,
i) the channelstate,iii) the numberof transmissionper
LL dataunit, iv) the sequencenumberwithin the TCP
segmentof theLL dataunit currentlyundertransmission.

Accordingly, letthe DTMC statebedefinedby thevec-
tor

5= (b,c,r,u)
where
« b is the transmissionbuffer occupang in numberof
TCP segments;b canassumeall integer valuesbetween
0OandB;
« cisthechannektatec € {good, bad};
« 7 is the numberof transmissiongssociatedo the LL
dataunit thatis currently transmitted;r canassumeall
integervaluesbetweenl and M;
« u is the sequenceaumberwithin the TCP segmentof
the LL dataunit thatis currently transmitted;u canas-
sumeall integervaluesbetweenl and V.

Let P (5,d) denotethe probability that the chain
movesin one-steffrom sourcestates to destinatiorstate
d. ProbabilitiesP (3,d)’s are derived from the behar-
ior of the channelandthe traffic arrival processwhich
areindependenof the restof the system.By employing
standardechniquesye computethe steady-stat@roba-
bilities 7, (3), wherer . (5) denoteghesteady-statprob-
ability of 5. Fromvaluesr, (3)'s, we derive thefollowing
performanceametrics.

Let P, bethetheprobabilitythata datasegmentis lost
at the LL dueto buffer overflow, andlet P, be the the
probability thata datasegmentis lost becausédor one of
thecorresponding.L dataunitsthe maximumnumberof
transmissionsasbeenreached.Denotingby p the aver
agenumberof sgmentsarriving at the LL buffer during
atimeslot,i.e.,p = AA, we have

P= Y P (5,3 m0) 1)
P
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Fig. 2. TCPthroughputversuserrorprobabilityof aLL dataunit.

whereT, is thesetof transitionsfrom s to d, which cause
lossesdueto the buffer overflow; and

1 N
Pr:m;P(S,d)ﬂL(S) (2)

whereT, is thesetof transitionsfroms = (-, -, M,.,-) to

d = (-,-,1,-) describinga sggmentdiscardingdueto the

maximumnumberof allowedtransmissions.
Throughputatthetransporiayercanbecomputedas

®3)

By denotingthe meanservicetime of a datasegment
successfullytransferedover the radio channelby E[T],
themeandelaythata datasegmentsuccessfullydelivered
to therecever experiencestthelLL canbewrittenas

X=A1-L)1-P,)(1-P).

E[Nq]

B =0 =py

+ E[T], (4)

where E[N,] is the meannumberof sggmentsin the LL
buffer. We have

E[N]= Y (b=1)-m(3)

5€S8,

®)

with S, beingthe setof statess suchthats = (b,-,-,-)
(1<b<B).

II1. NUMERICAL RESULTS

Resultsareobtainedn the context of 3G wirelesssys-
tems[8]. Thus, while deriving our resultswe consider
that A is equalto 10 ms andthe peakdatarateis equal
to 384 Kbps. We have Ly;, = 384 Kbps - 0.01 s =
480 bytes. We considera MSS equalto 1,000bytes,so
that eachTCP segmentis divided into N =3 LL data
units. The TCP maximumwindow size is assumedo
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Fig. 3. Averageround-triptime versuserror probability of a LL data
unit.

be equalto 20 sggments,andthe averageon and off pe-
riods of the applicationto be equalto 500 ms. We as-
sumethatthe averagedelay D percevedby segmentsin

traversingthe network is equalto 5 ms, while we neglect
lossesdueto the wired network. In shaving the system
performancaschannekonditionschangeywe considera
constantnormalizedDopplerfrequeng equalto 0.2 and
avaryingsteady-staterrorrate.

In Fig. 2 the TCPthroughpuis shovn versughe prob-
ability e thata LL dataunit transmissiorfails, whenthe
buffer capacityis equalto 10 sggmentsand for differ-
entvaluesof M,. Obviously, asthe channelconditions
worsen,the TCP performancedeteriorates. Caseswith
smallervaluesof M,, have a slightly larger throughput.
This is dueto the smallerqueueingdelayintroducedby
the LL buffer whena larger numberof segmentsis dis-
cardedbecauselM,. is reached;small delayskeep the
round-triptime smallandmakethe TCPbehaior bemore
aggressie.

This behavior is confirmedby resultsin Fig. 3, which
shaws the averageround-triptime at the transportlayer
under the same systemconfigurationas consideredin
Fig. 2. Obsene how remarkablethe differencein the
round-triptime is for differentvaluesof M,., whenerror
probabilitye is large.

In Fig. 4 the sggmentlossprobabilitiesP, and P, due
to the link layer are plotted. As expected,P, decreases
with increasedV/,. while P, exhibits the oppositebehar-
ior. In fact, lower valuesof P, imply higherbuffer oc-
cupang and,hence larger buffer overflow probabilities.
This plot suggestghat, fixed the requiredloss probabil-
ity P,., anoptimalvaluefor M,. canbefoundastheradio
channelconditionsvary. For instance fixed the desired
P, to 10~3, amaximumnumberof transmissionger LL
dataunit between7 and10 canbeselectedvhene is less
then 0.35, while for 0.35 < ¢ < 0.5 a value between
10 and 15 shouldbe chosen. Optimizing the maximum
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Fig. 4. TCPsegmentlossprobabilitiesP, and P, versuserror proba-
bility of aLL dataunit.

numberof transmissionperdataunit reducegshe enegy
consumptionn receving modeatthe mobileterminal,as
well asthe averageroundtrip time (seeFig. 3).

InFig.5, P, andP, areshovn asfunctionsof thebuffer
capacitywhenM, =10. Forlow valuesof P,, lossproba-
bility is dominatedy buffer overflow; in thesecasesloss
probabilitycanbesignificantlyimprovedby enlagingthe
buffer capacity

IV. CONCLUSIONS AND FUTURE WORK

In this paper we considereddata traffic transmitted
over end-to-endconnectionsincluding both wired and
wirelesslinks. We studiedthe interactionsbetweenan
ARQ schemeand TCP by developinganalyticalmodels
basedon standardVarkovian techniquesWe studiedthe
systemperformancesthe channelconditionsvariedand
for differentvaluesof the maximumnumberof transmis-
sionsperdataunit atthelink layerin the context of a3G
network scenario.

Furtherresearchvill focusonthestudyof theTCPper
formancewhenusersmobility is takeninto accountand
ontheuseof aschemeahatcombines=ECandARQ tech-
niques.
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