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Abstract—Consider a communication link where the last hop is wireless
and TCP is usedastransport protocol over the end-to-endconnection.We
study the capability of the link layer to hide lossesover the wirelesslink to
TCP in spite of the time varying transmission quality. We focuson link-
layer retransmissionmechanismsand determine their parameter setting in
such a way that a reliable communication link is provided. In particular,
chosena significant QoSmetric at the transport layer and fixed its targeted
value, we adapt the maximum number of link-layer transmissionsto the
characteristicsof the wirelesslink sothat the desired QoSat the transport
layer is provided. Resultsshowing the impact of the link-layer retransmis-
sionson TCP performancearederived by usinganalytical modelsbasedon
Mark ovian techniques.

I . INTRODUCTION

One of the most challengingaspectsin telecommunication
networksis to provideuserswith thewirelessaccessto Internet.
Indeed,asendsystemsconnectthrougha radio link, userscan
accessInternet-basedapplicationswhile freely moving over the
network area;however, the transmissionquality over the radio
channelvariesconsiderablyover time andmaysignificantlyaf-
fect theperformanceof protocolssupportingreliabledatatrans-
port, suchasTCP. Considera network scenariowherethe last
hop of a communicationpath is wireless. Whenever periods
of heavy noisetakeplace,TCPinterpretsdatalossesassignsof
networkcongestionandinitiatesits retransmissionpolicy, which
may seriouslydegradethroughput[1]. To avoid suchperfor-
mancedegradation,link layer solutionscan be usedto obtain
local datareliability andmake the wirelesslink appearto TCP
asamorereliablelink, althoughwith alongerandvariabledelay
[1], [2], [3], [4], [5], [6], [7], [8].

In this paper, we focuson the capabilityof link layer error-
recovery functionsto hide lossesover thewirelesslink to TCP
by adaptingtheir parametersettingto the radiochannelcondi-
tions. This approachprovidesa reliablewirelesslink in spite
of theheterogeneousenvironmentsmobileterminalsmayincur,
andit enablesanefficientuseof TCPoverwirelessconnections
without any modificationto thetransportprotocol.

A graphicalrepresentationof thesystemunderstudyis given
in Fig. 1. We focuson a singleTCP connectionwherethe re-
ceiver residesat a mobile terminal. Beforereachingthe fixed
network accesspoint,hereinaftercalledBaseStation(BS),TCP
segmentstraversethewired network from which they perceive
an averagedelay � andaveragelossprobability � . At the BS
they rely on the Link Layer (LL) protocolsto get to the TCP
receiver throughthe wirelesslink. The systemperformanceis
evaluatedthroughMarkovianmodelsof theprotocolsat thelink
layerandof TCPNewRenoat the transportlayer. TheLL and

the TCP modelsaresolved by meansof a fixed-pointiterative
procedure[9], [10], assketchedin the lower partof Fig. 1 (see
Sec.II-B for furtherdetails).

Selecteda significantQoS (Quality of Service)metric and
fixedthecorrespondingtargetedvalue,ouranalyticalframework
providestheLL parametersettingthat fulfills theQoSrequire-
mentsasthe characteristicsof the fadingprocesschange.We
takethelossprobabilityof theTCPdatasegmentsastargetQoS
index andderivethevalueof maximumnumberof transmissions
atthelink layerthatprovidesthedesiredQoSastheerrorproba-
bility andthecorrelationof thefadingprocessover thewireless
link vary. Theeffect of varyingthemaximumnumberof trans-
missionsat the link layer is evaluatedat the transportlayer in
termsof throughputof theTCPconnection.

I I . MODEL OF THE LINK LAYER

TheLL receivesfrom thetransportlayerthedatasegmentsto
betransmitted,theso-calledService Data Units (SDUs).At the
LL, a SDU is segmentedinto � smallerdataunits,theLL data
units, which arestoredin a buffer while waiting to betransmit-
ted. Due to error probability of the radio channel,a dataunit
transmissionmayfail. In thecaseof failure,thetransmissionis
repeateduntil a maximumnumber, ��� , of attemptsis reached.
After ��� failed transmissions,a LL dataunit is discardedand
all theotherunitsbelongingto thesameSDUareremovedfrom
thebuffer. Thus,at theLL a SDU is lost assoonasoneof the
LL dataunitscomposingtheSDU fails ��� transmissions.

In orderto developa modelof theLL, the following aspects
have to be considered:the arrival processof SDUs from the
upperprotocollayersto the link layer, the transmissionbuffer,
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Fig. 1. Sketchof thesystemunderstudy.



andtheradiochannel.
Thetraffic arrival processof theSDUsto theLL is assumed

to be Poissondistributedwith rateequalto � . We will discuss
laterhow thearrival processis relatedto higherlayerprotocols,
andto TCPin particular.

Wemodelthetransmissionbuffer asaM/G/1 queue,in which
customersrepresentSDUs.Assumingthatthebuffer is properly
dimensioned,sothat thelossprobabilitydueto buffer overflow
is negligible, weconsiderinfinite buffer capacity.

In orderto accuratelydescribetheSDU servicetime, taking
into accountboththeSDUsegmentationandthechannelbehav-
ior, wedevelopadiscrete-timeMarkov chain(DTMC) modelof
a SDU service.Sincea SDU is composedof � LL dataunits,
the SDU servicetime consistsof � phases.The durationof a
phasedependson the channelstatusbecausethe transmission
of a LL dataunit may fail andbe repeated.The SDU service
time terminates(andthe SDU is removed from the buffer) ei-
ther whenall � dataunits have beensuccessfullydeliveredto
the receiver (i.e., the � servicephaseshave beensuccessfully
completed)or whenoneLL dataunit is discardedbecausethe
maximumnumberof transmissionshasbeenreached.

Theradiochannelis modeledasa Gilbert channel[11], with
two states,good andbad, thatrepresentthestateof thechannel
during the transmissiontime of oneLL dataunit. The transi-
tion probabilitiesbetweenthe two statesdependon thesteady-
statedataunit error rate,denotedby 	 , andon the normalized
Dopplerfrequency, 
���
 ��
 . Thesteady-statedataunit error rate
canbewritten asa functionof thefadingmargin � asfollows:	�������������� � . Clearly, high valuesof � representgoodchan-
nel conditions,while low valuesof fadingmargin correspondto
ahigh dataunit errorrate.Thecorrelationpropertiesof thefad-
ing processdependonthenormalizedDopplerfrequency: when
 � 
 ��
 is small( !#"%$&� ), theprocessis very correlated(slow fad-
ing), while for 
'��
 ��
)(�"*$ + two samplesof the processareal-
mostindependent(fastfading)[11].

In theDTMC, thetimeis slottedaccordingto thetransmission
time of a LL dataunit, which is constantandequalto , . We
assumethat the senderhasknowledgeof the transmissionout-
comeof a LL dataunit transmissionright after its completion.
As shown by simulationresults(not presentedherefor thelack
of room), this assumptiondoesnot have a relevant impacton
systemperformance.We alsoassumethat acknowledgements
andnegativeacknowledgementsarealwayscorrectlyreceived.

TheDTMC stateis definedby thevector- ��.0/214321�5�6
where7 / is thechannelstate,/98�:<;>=2=2?@1BADC>?*E ;7 3 identifiesthe currenttransmissionattemptfor the LL data
unit thatis undertransmission;3 variesbetween1 and ��� ;7 5 is thesequencenumberof theLL dataunit thatis currently
being transmitted; 5 can assumeall integer valuesbetween1
and � .

Let FHG - 1 ?>I denotethe probability that the chainmoves in
one-stepfrom sourcestate- to destinationstate? . ProbabilitiesF G - 1 ? I ’s arederivedfrom thebehavior of thechannel.By em-
ploying standardtechniques,we computethesteady-stateprob-

ability vector J9KL�M:<NOKO. - 6 E , where NOKO. - 6 denotesthesteady-
stateprobabilityof - .

From J K , we derive themeanandcoefficient of variationof
theSDU servicetime, PRQ S)T and UWV , respectively. Thesevalues
areemployedin theanalysisof theM/G/1 queue.By denoting
the traffic intensityby XY�Z�*PRQ S)T , the averagebuffer waiting
time P[Q \^]�T andqueueingtime PRQ \_T aregivenby thePollaczek-
Khintchin formulas,

PRQ \ ] T`�aPRQ S)TbX G �dceUgfV I+_.��_�hX%6 PRQ \�T`�#PRQ \ ] T>ciP[Q S)Tj$
An othermeasurenecessaryto evaluatethe performanceof

thesystemis theaverageservicetimefor theSDUsthataresuc-
cessfullydelivered,PRQ S�k4T . From PRQ S�kBT we computethequeue-
ing timeof a SDU which is not lost as

l �mPRQ \ ] T>cePRQ S k T l �mPRQ S)TbX G �dceU fV I+�.n�_�hX%6 cePRQ S k Tj$
(1)

Theprobabilitythata SDU is lost at theLL is givenby

Fo� �X prq FsG - 1 ?>I^N`K@. - 6 (2)

wheret is thesetof transitionsfrom - to ? , whichcauselosses.

A. Model of the TCP transmitter

In orderto evaluatethe performanceof the TCP connection
representedin theupperpartof Fig.1,weemploy theMarkovian
modelof TCPNewRenoproposedin [12].

The typical bursty natureof many applicationswhich adopt
TCP astransportprotocol is modeledassumingthat the trans-
mitter hasan on/off kind of behavior. The time spentin each
stateis a randomvariablewith negative exponentialdistribu-
tion; themeanvaluesare \ off ���2u2v and \^w4xR���yu2z . Whenin
off state,theapplicationis idle; while in on statetheapplication
hasdatato transmitand setsup a TCP connection. The be-
havior of anactive TCP connectionis describedquite in detail
in our model introducingstatesin the CTMC which represent
thosemechanismsof the protocolhaving a relevant impacton
the performance.In the modeldevelopment,the TCP window
sizeis measuredin segmentsinsteadof bytesandsegmentshave
all thesamesize,which is equalto theMaximumSegmentSize
(MSS).Thedynamicsof thewindow sizegrowth areobserved
with a timegranularityequalto theaverageround-triptime.

Let us focuson the CTMC statespace.A part from the off
stateof the application,the statespacecan be partitionedin
threesets. The set {}| collectsall the statescorrespondingto
thebehavior of theTCPtransmitterwhenno lossoccurs,

{}|a�H: - ��.�~�1 ���46 E
where ~ denotesthe currentwindow sizeandvariesbetween
1 andthe maximumallowedwindow size ��� . � � represents
the window sizegrowth mode(eitherslow startor congestion
avoidance). ������� standsfor congestionavoidancemode;
when ��� is largerthan1 thewindow grows in slow startmode
up to thevalue � � . For simplicity, in slow startmodewe only



considerthosevaluesof ��� that the window may take in the
exponentialgrowth; i.e., thepowersof 2.

Theset { � comprisesall thestatescorrespondingto thefast
recovery and fast retransmitmechanismswhich TCP imple-
mentsin orderto recovera loss,

{ � �s: - �o.0~�6BE
where~ denotesthewindow sizeduringfastretransmitandfast
recoveryprocedures.

Finally, statesin theset {�� describetheprotocolwaiting for
a timeoutexpirationaftera lossoccurred,

{ � �H: - ��.�� � 6 E
where ��� denotesthevalueassumedby thethresholdafter the
timeoutexpiration. The statespaceis then {��Z: off E���{}|a�{ � �[{ � .

For thesake of brevity we do not provide transitionratesbe-
tweenall states,we insteadshow only anexampleof transition
ratebetweenstatesin {}| . Considera state- ��.�~�1 ��� 6�8�{}| ,
the window sizeis equalto ~ andthe protocol is in slow start
modewith thresholdequalto � � . If noneof the ~ segments
of thewindow is lost, the window sizedoublesafter roughlya
round-trip time. To representthis behavior, the transitionrate
out of - hasto beequalto the inverseof theaverageround-trip
time andthedestinationstateis ?��M.�+2~�1B� � 6 with probability
equalto the probability that no segmentis lost. The resulting
transitionratefrom - to ? is,

- ��.�~�1B���46�8[{}|���?���.�+2~�1B���46�8[{}|o� �� \�\ .�����F���6 ] $
where F�� is the total segmentlossprobability at the transport
layer. Similarly, all theothertransitionratesarecomputed.For
furtherdetailssee[12].

The steady-stateprobabilities NO��. - 6 ’s of the CTMC arede-
rived by usingstandardtechniques.From the NO�^. - 6 ’s the per-
formanceof TCP canbe computed.In particular, the average
numberof segmentsgeneratedin the time unit, given that the
applicationis on, is givenby

��� \ wBx\ wBx c�\ w ��� p
kB '¡'¢�£>¡'¤ ~� \�\ NO�^. - 6 $ (3)

This value will be usedas input in the LL model, as will be
explainedin thenext section.

B. System performance

Thesystemperformancecanbederivedby combiningtheLL
andTCPmodels.

TheTCPmodelbehavior is determinedby theaverageround-
trip timeandthesegmentlossprobability;boththesevaluescan
be derived from the LL model. The TCP model, in its turn,
outputsthe averagegeneratedtraffic which canbe fed into the
LL model. Thesystembehavior is derivedby meansof a fixed
point iterative procedurein which the two modelsinteractby
exchangingthreevalues: i) segmentlossprobability (from LL
to TCP), ii) segmentdelays(from LL to TCP); iii) input traffic
at the LL of the wirelesslink (from TCP to LL). This kind of

iterative approachbasedon coupling of different modelswas
alreadyusedfor thestudyof TCPtraffic in awiredenvironment
in [9], [10]. The interactionbetweenthe two modelsis also
shown in thelowerpartof Fig. 1.

Let usnow focuson thethreeexchangedparameters.
Theaverageround-triptime perceivedby TCPis givenby� \�\¥��+���c l cY,

where� is thedelaydueto thewirednetwork,
l

is thequeueing
delayat theLL asin (1), and , takesinto accountthetransmis-
sion of TCP ACKs over the uplink channel(it is assumedthat
TCPACKsdo not queueat theLL andarenever lost).

Besideslossesin the wired portion of the connection,TCP
segmentsareproneto lossesin thewirelesslink; the total seg-
mentlossprobability F}� is

F}�¦�o�_�§.������W6D.��_��F�6
where � is theprobability that the segmentis lost in the wired
network and F is givenby (2).

We assumethat segmentsarrive at the LL buffer according
to a Poissonprocess,with rateas in (3). Even if the segment
generationprocessat the transmitteris far from beingPoisson
distributed, when the network is large, the randomnessintro-
ducedby thenetwork makesthearrival processat theLL buffer
closerto beingPoissondistributed.

I I I . NUMERICAL RESULTS

Resultsare obtainedin the context of 3G wirelesssystems
[13]. Accordingto the 3GPPspecifications(Third Generation
PartnershipProject),while deriving our resultsweconsiderthat, is equalto 10msandthepeakdatarateis equalto 384Kbps.
Thus, the LL data unit size results in ¨�©�ª Kbps «O"*$ "*� s �ª�©�" bytes. We considera MSS equalto 1,000bytes,so that
eachTCPsegmentis dividedinto �¬� 3 LL dataunits.TheTCP
maximumwindow sizeis equalto +'" segments,andtheaverage
on andoff periodsof theapplicationareequalto 1 s. Weassume
thattheaveragedelay � perceivedby segmentsin traversingthe
network is equalto 100ms,while we neglect lossesdueto the
wired network.

We first focuson the systemperformancewhenthe normal-
ized Doppler frequency is constantandequalto 0.1 while the
averageerrorprobability 	 varies.

Dependingon the targetedSDU loss probability which the
systemintendsto guaranteeto higherlayers,the settingof LL
mustbe adaptedto changesin the channelcondition. In par-
ticular, in orderto guaranteea givenSDU lossprobability, the
numberof allowedtransmissionattemptsperdataunit mustin-
creasewith theerrorprobabilityon thechannel.This is shown
in Fig. 2. Of course,thesmallerthe lossprobabilityguarantee,
thelargerthevalueof � � .

The costof SDU lossprobability guaranteeis paid in terms
of delay perceived by the SDUs. Fig. 3 shows the average
SDU queueingdelay under the samesystemconditionsas in
Fig. 2. For comparisonpurposes,we alsoreportthethroughput
that is obtainedwhenthemaximumnumberof transmissionat-
temptsat theLL is fixedto ¨ . In this case,anerrorprobability	��­"%$ "'®°¯ correspondsto a segmentlossprobability equalto
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Fig. 2. Maximum numberof transmissionattemptsversusLL dataunit error
probabilityfor differentvaluesof thetargetSDU lossprobability.
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Fig. 3. MeanqueueingdelayversusLL dataunit errorprobabilityfor different
valuesof thetargetSDUlossprobabilityandfor ³µ´�¶�· .

0.013,while 	��a"%$ ª°¯ correspondsto a lossprobabilityequalto
0.43. Thus,asthe channelconditionsgetworse,the SDU loss
probabilitygrowsandtheaveragequeueingdelaydecreases.

Theeffectof LL parameterson higherlayerprotocolscanbe
observed in Fig. 4, whereTCP throughputis shown for differ-
entvaluesof errorprobability 	 . � � is againchosensothat the
targetedsegmentlossprobabilitiescanbeguaranteed.Parame-
tersettingswhichcorrespondto largedelayandlossprobability
make TCPbehavior lessaggressive andTCPdynamicsslower;
thus,TCPthroughputresultssmaller. Fig. 4 showsthattheTCP
throughputthat we achieve is muchlower thanthe throughput
obtainedwhenthemaximumnumberof transmissionsis varied
accordinglyto thestatusof thewirelesschannel.

Wenow fix theerrorprobability 	 to 0.4andassesstheimpact
of losspatternsonsystemperformanceby lettingthenormalized
Dopplerfrequency 
���
 ��
 vary. Given 	 , small valuesof 
���
 ��

correspondto long burstsof consecutive losses.Fig. 5 shows
the valueof � � neededto guaranteedifferenttargetSDU loss
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Fig. 5. Maximumnumberof transmissionattemptsversusnormalizedDoppler
frequency for differentvaluesof thetargetSDU lossprobability.

probability as 
���
 ��
 increases.As expected,loss patterncan
haveadramaticimpactonsystemperformance;whenlossesare
bursty, largevaluesof � � areneeded.

Provided that the SDU loss probability is arounda target
valueandgiventheaverageerrorprobability 	 , losspatterndoes
not have a remarkableimpacton averageSDU queueingdelay,
which arealmostconstantas 
 � 
 ��
 varies(plotsarenot shown
herefor the sake of brevity). Losspatterns,instead,influence
thecoefficientof variationof theservicetime,ascanbeseenin
Fig. 6.

Finally, Fig. 7 shows the TCP throughputasthe normalized
Doppler frequency varies, for different targetedsegment loss
probabilities.Spikesin thetwo lower curvesaredueto thefact
that differentvaluesof 
���
 ��
 areassociatedthe samenumber
of transmissionattempts,which correspondto slightly different
segmentlossprobabilities. Observe that TCP throughputdoes
notvarysignificantlyas 
���
 ��
 changes.In fact,TCPthroughput
is mainly determinedby averagelossesanddelays. Choosing� � so that SDU loss probability is guaranteedbelow a given
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target value,both lossesandaveragedelayresult to be almost
constant,andTCPthroughputdoesnot vary.

IV. CONCLUSIONS AND FUTURE WORK

We studiedtheperformanceof TCPwhenthelasthopof the
end-to-endconnectionis wirelessandlink-layerretransmissions
areusedto shieldtheTCPsenderfrom lossesover thewireless
channel. By usingMarkovian modelsof the link layer error-
recovery schemeandof TCP, we determinedthe link-layer pa-
rametersettingwhich providesthedesiredQoSat thetransport
layer. Theanalysiswascarriedout for differentvaluesof theer-
ror probabilityandof thecorrelationof thefadingprocessover
the wirelesschannel. Resultsshowed that by properlyselect-
ing the maximumnumberof transmissionattemptsat the link
layerasthefadingerrorprobabilityvaries,theTCPthroughput
greatly increaseswith respectto the casewherea fixed num-
ber of transmissionsattemptsis performed. Moreover, fixed
the fading error probability, constantTCP throughputcan be

achievedasthecorrelationof thefadingprocessvaries,by set-
ting themaximumnumberof link-layer transmissionsat a suit-
ablevalue.

Furtherresearchwill focuson the studyof the TCP perfor-
mancewhenservicedisruptionsdueto handoff proceduresare
takeninto accountandserviceswith differentvaluesof bit-rate
areconsidered.Also, thepossibility to exploit link layererror-
recovery functionsto satisfyQoSconstraintsfor otherkind of
applicationswill beexplored.
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