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Abstract—Consider a communication link where the last hop is wir eless
and TCP is usedastransport protocol over the end-to-endconnection. We
study the capability of the link layer to hide lossesover the wir elesslink to
TCP in spite of the time varying transmission quality. We focuson link-
layer retransmissionmechanismsand determine their parameter settingin
such a way that a reliable communication link is provided. In particular,
chosena significant QoS metric at the transport layer and fixed its targeted
value, we adapt the maximum number of link-lay er transmissionsto the
characteristics of the wir elesslink sothat the desired QoS at the transport
layer is provided. Resultsshawving the impact of the link-lay er retransmis-
sionson TCP performanceare derived by using analytical modelsbasedon
Mark ovian techniques.

|. INTRODUCTION

One of the most challengingaspectsn telecommunication
networksis to provide userswith thewirelessaccesso Internet.
Indeed,asendsystemsonnectthrougha radio link, userscan
accessdnternet-basedpplicationswhile freely moving overthe
network area;however, the transmissiorguality over the radio
channelariesconsiderablyvertime andmay significantly af-
fectthe performancef protocolssupportingreliabledatatrans-
port, suchas TCP. Considera network scenariowherethe last
hop of a communicationpathis wireless. Wheneer periods
of heavy noisetake place, TCPinterpretsdatalossesassignsof
network congestiorandinitiatesits retransmissiopolicy, 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], [3], [6], [7], [8]-

In this paper we focuson the capability of link layer error
recovery functionsto hide lossesover the wirelesslink to TCP
by adaptingtheir parametesettingto the radio channelcondi-
tions. This approachprovidesa reliable wirelesslink in spite
of the heterogeneousnvironmentsmobileterminalsmayincur,
andit enablesanefficientuseof TCP overwirelessconnections
without any modificationto thetransporiprotocol.

A graphicalrepresentatioof the systemunderstudyis given
in Fig. 1. We focuson a single TCP connectionwherethe re-
ceiver residesat a mobile terminal. Before reachingthe fixed
network accesgoint, hereinafteccalledBaseStation(BS), TCP
segmentstraversethe wired network from which they perceve
an averagedelay D andaveragelossprobability L. At the BS
they rely on the Link Layer (LL) protocolsto getto the TCP
recever throughthe wirelesslink. The systemperformances
evaluatedhroughMarkovian modelsof the protocolsat thelink
layerandof TCP NewRenoat the transportiayer ThelLL and

the TCP modelsare solved by meansof a fixed-pointiterative
procedurd9], [10], assketchedin the lower partof Fig. 1 (see
Sec.lI-B for furtherdetails).

Selecteda significant QoS (Quality of Service)metric and
fixedthecorrespondingargetedvalue,ouranalyticalframeavork
providesthe LL parametesettingthatfulfills the QoSrequire-
mentsasthe characteristic®f the fading processchange. We
take thelossprobability of the TCP datasggmentsastargetQoS
index andderivethevalueof maximumnumberof transmissions
atthelink layerthatprovidesthedesiredQoSastheerrorproba-
bility andthe correlationof thefadingprocessoverthewireless
link vary. The effect of varyingthe maximumnumberof trans-
missionsat the link layer is evaluatedat the transportlayer in
termsof throughputof the TCP connection.

Il. MODEL OF THE LINK LAYER

ThelLL recevesfrom thetransporiayerthe dataseggmentsto
betransmittedthe so-calledService Data Units (SDUSs). At the
LL, aSDUis sggmentednto N smallerdataunits,theLL data
units, which arestoredin a buffer while waiting to be transmit-
ted. Due to error probability of the radio channel,a dataunit
transmissiommayfail. In the caseof failure,thetransmissiorns
repeatedintil a maximumnumber M,., of attemptss reached.
After M, failedtransmissionsa LL dataunit is discardecand
all the otherunitsbelongingto the sameSDU areremovedfrom
the buffer. Thus,attheLL a SDU is lost assoonasoneof the
LL dataunitscomposinghe SDU fails M,. transmissions.

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



andtheradiochannel.

Thetraffic arrival procesf the SDUsto theLL is assumed
to be Poissondistributedwith rateequalto A. We will discuss
laterhow thearrival processs relatedto higherlayerprotocols,
andto TCPin particular

We modelthetransmissiomuffer asaM/G/1 queuejn which
customersepresenSDUs. Assumingthatthebuffer is properly
dimensionedsothatthelossprobability dueto buffer overflow
is negligible, we consideiinfinite buffer capacity

In orderto accuratelydescribethe SDU servicetime, taking
into accounboththe SDU segmentatiorandthechannebeha-
ior, we developadiscrete-timeMarkov chain(DTMC) modelof
a SDU service.Sincea SDU is composedf N LL dataunits,
the SDU servicetime consistsof N phases.The durationof a
phasedependsn the channelstatusbecausehe transmission
of a LL dataunit may fail andbe repeated.The SDU service
time terminategandthe SDU is removed from the buffer) ei-
therwhenall N dataunits have beensuccessfullydeliveredto
therecever (i.e., the N servicephaseshave beensuccessfully
completed)or whenonelLL dataunit is discardedbecauseahe
maximumnumberof transmissiontiasbeenreached.

Theradiochannels modeledasa Gilbert channel[11], with
two statesgood andbad, thatrepresenthe stateof the channel
during the transmissiortime of oneLL dataunit. The transi-
tion probabilitiesbetweerthe two statesdependon the steady-
statedataunit error rate, denotedby ¢, andon the normalized
Dopplerfrequeng, fp|7|. The steady-statelataunit errorrate
canbewritten asa function of thefadingmamin £ asfollows:
e =1 — e~ '/F. Clearly, highvaluesof F' represengoodchan-
nel conditionswhile low valuesof fadingmarmgin correspondo
ahigh dataunit errorrate. The correlationpropertiesof thefad-
ing processlependnthenormalizedopplerfrequeng: when
fp|7|is small(< 0.1), theprocesss very correlatedslow fad-
ing), while for fp|r| > 0.2 two samplef the processareal-
mostindependen(fastfading)[11].

IntheDTMC, thetimeis slottedaccordingo thetransmission
time of a LL dataunit, which is constantandequalto A. We
assumehat the sendehasknowledgeof the transmissiorout-
comeof aLL dataunit transmissiomnright afterits completion.
As shawvn by simulationresults(not presentedherefor the lack
of room), this assumptiordoesnot have a relevantimpacton
systemperformance.We also assumehat acknavledgements
andnegative acknavledgementsirealwayscorrectlyreceved.

The DTMC stateis definedby thevector

5=(c¢,r,u)

where

« cisthechannektatec € {good, bad};

« r identifiesthe currenttransmissiorattemptfor the LL data
unit thatis undertransmissiont variesbetweenl and M,.;

« u isthesequenc@umberof theLL dataunit thatis currently
being transmitted;u canassumeall integer valuesbetweenl
andN.

Let P (5,d) denotethe probability that the chain movesin
one-steffrom sourcestates to destinatiorstated. Probabilities
P (3,d)’sarederivedfrom thebehavior of the channel By em-
ploying standardechniquesywe computethe steady-statprob-

ability vectorTl, = {r.(3)}, wherer,(3) denoteghe steady-
stateprobability of s.

FromT1I,, we derive the meanand coeficient of variationof
the SDU servicetime, E[S] andCs, respectiely. Thesevalues
areemployedin the analysisof the M/G/1 queue.By denoting
the traffic intensityby p = AE[S], the averagebuffer waiting
time E[T,,] andqueueingime E[T'] aregivenby the Pollaczek-
Khintchin formulas,

(1+C%)

BT = i)y

E[T] = E[Ty] + E[S].

An othermeasurenecessaryo evaluatethe performanceof
the systems theaverageservicetime for the SDUsthataresuc-
cessfullydelivered,E[S;]. From E[S;] we computethe queue-
ing time of a SDUwhichis notlostas

(1+C%)

Q = E[Tu] + E[S;] 50— p)

+ E[S,]-
1)

Q=E[Slp
The probabilitythata SDU is lostattheLL is givenby

P= S P ne) 2)
P L

wherel is thesetof transitionsfrom s to d, which causdosses.

A. Modd of the TCP transmitter

In orderto evaluatethe performanceof the TCP connection
representeth theupperpartof Fig. 1, we employ theMarkovian
modelof TCP NewRenoproposedn [12].

The typical bursty natureof mary applicationswhich adopt
TCP astransportprotocolis modeledassuminghat the trans-
mitter hasan on/off kind of behaior. The time spentin each
stateis a randomvariablewith negative exponentialdistribu-
tion; themeanvaluesareT ¢ = 1/a and7,,, = 1/5. Whenin
off state theapplicationis idle; while in on statethe application
hasdatato transmitand setsup a TCP connection. The be-
havior of anactive TCP connections describedquitein detail
in our modelintroducingstatesin the CTMC which represent
thosemechanism®f the protocolhaving a relevantimpacton
the performance.ln the modeldevelopmentthe TCP window
sizeis measuredh sggmentdnsteadof bytesandsegmentshave
all thesamesize,whichis equalto the Maximum SegmentSize
(MSS). The dynamicsof the window size growth are obsened
with atime granularityequalto the averageround-triptime.

Let usfocuson the CTMC statespace.A partfrom the off
stateof the application,the statespacecan be partitionedin
threesets. The setSy collectsall the statescorrespondingo
thebehavior of the TCP transmittewhenno lossoccurs,

Sy = {s = (w,Wy)}

wherew denoteshe currentwindow size and variesbetween
1 andthe maximumallowed window size W,,. W, represents
the window size growth mode (either slow startor congestion
avoidance). W; = 1 standsfor congestionavoidancemode;
whenW, is largerthan1 thewindow growsin slow startmode
up to the valueW,. For simplicity, in slow startmodewe only



considerthosevaluesof W, that the window may take in the
exponentialgrowth; i.e.,the powersof 2.

ThesetSr comprisesll the statescorrespondindo the fast
recovery and fast retransmitmechanismswvhich TCP imple-
mentsin orderto recoveraloss,

{s = (w)}

wherew denoteghewindow sizeduringfastretransmitandfast
recovery procedures.

Finally, statesn the setSt describethe protocolwaiting for
atimeoutexpirationafteralossoccurred,

St ={s = (W)}

whereW; denoteghe valueassumedby the thresholdafterthe
timeoutexpiration. The statespaceis thenS = {off} U Sy U
Sr UST.

For the sale of brevity we do not provide transitionratesbe-
tweenall stateswe insteadshov only an exampleof transition
ratebetweerstatesn Sy . Considerastates = (w, W;) € S,
the window sizeis equalto w andthe protocolis in slow start
modewith thresholdequalto W;. If noneof the w segments
of thewindow is lost, the window size doublesafter roughly a
round-triptime. To representhis behaior, the transitionrate
out of s hasto be equalto theinverseof the averageround-trip
time andthe destinatiorstateis d = (2w, W;) with probability
equalto the probability that no segmentis lost. The resulting
transitionratefrom s tod is,

Sr =

s=(w,Wy) € Sy = d= (2w, Wy) € Sn : (1-P)».

1
RTT
where P, is the total segmentloss probability at the transport
layer. Similarly, all the othertransitionratesarecomputed.For
furtherdetailssee[12].

The steady-stat@robabilitiesr(s)’s of the CTMC are de-
rived by using standardechnigues.Fromthe 7, (s)’s the per
formanceof TCP canbe computed. In particular the average
numberof segmentsgeneratedn the time unit, giventhat the
applicationis on, is givenby

Ton w

= = — T
Ton + Toff sESNUSE RTT ’

A (s)- 3)

This value will be usedasinputin the LL model, aswill be
explainedin the next section.

B. System performance

Thesystemperformanceanbederivedby combiningtheLL
andTCP models.

The TCPmodelbehaior is determinedy theaverageround-
trip time andthe segmentlossprobability; boththesevaluescan
be derived from the LL model. The TCP model, in its turn,
outputsthe averagegeneratedraffic which canbe fed into the
LL model. The systembehavior is derivedby meansof a fixed
point iterative procedurein which the two modelsinteractby
exchangingthreevalues:i) sgmentloss probability (from LL
to TCP),ii) sggmentdelays(from LL to TCP);iii) input traffic
atthe LL of the wirelesslink (from TCPto LL). This kind of

iterative approachbasedon coupling of differentmodelswas
alreadyusedfor the studyof TCPtraffic in awired ernvironment
in [9], [10]. The interactionbetweenthe two modelsis also
shavn in thelower partof Fig. 1.
Let usnow focuson thethreeexchangecarameters.
Theaverageround-triptime percevedby TCPis givenby

RTT=2D+Q+ A

whereD isthedelaydueto thewired network, @ isthequeueing
delayattheLL asin (1), andA takesinto accounthetransmis-
sion of TCP ACKs over the uplink channel(it is assumedhat
TCPACKsdonotqueueattheLL andareneverlost).

Besideslossesin the wired portion of the connection, TCP
segmentsare proneto lossesn the wirelesslink; the total seg-
mentlossprobability P; is

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

whereL is the probability thatthe seggmentis lost in the wired
network and P is givenby (2).

We assumehat segmentsarrive at the LL buffer according
to a Poissonprocesswith rateasin (3). Evenif the sggment
generatiorprocessat the transmitteris far from being Poisson
distributed, when the network is large, the randomnessntro-
ducedby the network makesthearrival processattheLL buffer
closerto beingPoissordistributed.

I1l. NUMERICAL RESULTS

Resultsare obtainedin the context of 3G wirelesssystems
[13]. Accordingto the 3GPPspecificationgThird Generation
PartnershipProject),while deriving our resultswe considetthat
A is equalto 10 msandthe peakdatarateis equalto 384 Kbps.
Thus, the LL dataunit size resultsin 384 Kbps- 0.01 s =
480 bytes. We considera MSS equalto 1,000 bytes, so that
eachTCPsegmentis dividedinto N =3 LL dataunits. TheTCP
maximumwindow sizeis equalto 20 sggmentsandtheaverage
on andoff periodsof theapplicationareequalto 1 s. We assume
thattheaveragedelay D percevedby segmentsn traversingthe
network is equalto 100 ms, while we neglectlossesdueto the
wired network.

We first focuson the systemperformancevhenthe normal-
ized Dopplerfrequeng is constantand equalto 0.1 while the
averageerrorprobability e varies.

Dependingon the targetedSDU loss probability which the
systemintendsto guarantedo higherlayers,the settingof LL
must be adaptedo changesn the channelcondition. In par
ticular, in orderto guarantee given SDU loss probability, the
numberof allowed transmissiorattemptsper dataunit mustin-
creasewith the error probability on the channel.This is shavn
in Fig. 2. Of course the smallerthe loss probability guarantee,
thelargerthevalueof M,..

The costof SDU loss probability guaranteds paid in terms
of delay perceved by the SDUs. Fig. 3 shows the average
SDU queueingdelay underthe samesystemconditionsasin
Fig. 2. For comparisorpurposesye alsoreportthe throughput
thatis obtainedwhenthe maximumnumberof transmissiorat-
temptsattheLL is fixedto 3. In this caseanerror probability
e = 0.095 correspondgo a sggmentloss probability equalto
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Fig. 3. MeanqueueingdelayversusLL dataunit error probabilityfor different
valuesof thetarget SDU lossprobabilityandfor M, = 3.

0.013,while e = 0.45 correspond$o a lossprobability equalto
0.43. Thus,asthe channelconditionsgetworse,the SDU loss
probabilitygrows andthe averagequeueingdelaydecreases.

Theeffectof LL parametersn higherlayerprotocolscanbe
obsenedin Fig. 4, whereTCP throughputis shavn for differ-
entvaluesof errorprobabilitye. M,. is againchosersothatthe
targetedsegmentlossprobabilitiescanbe guaranteedParame-
ter settingswhich correspondo large delayandlossprobability
malke TCP behaior lessaggressie and TCP dynamicsslower;
thus, TCPthroughputresultssmaller Fig. 4 shavsthatthe TCP
throughputthat we achieve is muchlower thanthe throughput
obtainedwhenthe maximumnumberof transmissionss varied
accordinglyto the statusof thewirelesschannel.

We now fix theerrorprobabilitye to 0.4andassestheimpact
of losspatternonsystenperformancdy lettingthenormalized
Dopplerfrequeny fp|7| vary. Givene, smallvaluesof fp|7|
correspondo long burstsof consecutie losses. Fig. 5 shovs
thevalueof M, neededo guarantealifferenttarget SDU loss

TCP throgghput [kbps]
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Fig.4. TCPthroughputversud.L datauniterrorprobabilityfor differentvalues
of thetarget SDU lossprobabilityandfor M, = 3.
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probability as fp|7| increases.As expected,loss patterncan
have adramatidmpacton systemperformancewhenlossesare
bursty, largevaluesof M,. areneeded.

Provided that the SDU loss probability is arounda tamget
valueandgiventheaverageerrorprobabilitye, losspatterndoes
not have aremarkablémpacton averageSDU queueingdelay
which arealmostconstanias fp|7| varies(plots arenot shavn
herefor the sale of brevity). Losspatterns,nstead,influence
the coeficient of variationof the servicetime, ascanbe seenin
Fig. 6.

Finally, Fig. 7 shawvs the TCP throughputasthe normalized
Doppler frequeny varies, for different targetedsegmentloss
probabilities.Spikesin thetwo lower curvesaredueto thefact
that differentvaluesof fp|r| are associatedhe samenumber
of transmissiorattemptswhich correspondo slightly different
segmentloss probabilities. Obsene that TCP throughputdoes
notvary significantlyas fp|7| changeslin fact, TCPthroughput
is mainly determinedby averagelossesanddelays. Choosing
M, sothat SDU loss probability is guaranteedelov a given
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target value, both lossesand averagedelay resultto be almost
constantand TCP throughputdoesnot vary.

V. CONCLUSIONS AND FUTURE WORK

We studiedthe performanceof TCPwhenthelasthop of the
end-to-endconnectioris wirelessandlink-layerretransmissions
areusedto shieldthe TCP sendeifrom lossesover the wireless
channel. By using Markovian modelsof the link layer error
recovery schemeandof TCR we determinedhe link-layer pa-
rametersettingwhich providesthe desiredQoSat the transport
layer. Theanalysisvascarriedoutfor differentvaluesof theer-
ror probabilityandof the correlationof the fadingprocessver
the wirelesschannel. Resultsshoved that by properly select-
ing the maximumnumberof transmissiorattemptsat the link
layerasthe fadingerror probability varies,the TCP throughput
greatly increaseswith respectto the casewherea fixed num-
ber of transmissionsattemptsis performed. Moreover, fixed
the fading error probability, constantTCP throughputcan be

achieved asthe correlationof the fadingprocessvaries,by set-
ting the maximumnumberof link-layer transmissionst a suit-
ablevalue.

Furtherresearchwill focuson the study of the TCP perfor
mancewhenservicedisruptionsdueto handof proceduresre
takeninto accountandserviceswith differentvaluesof bit-rate
areconsidered Also, the possibility to exploit link layererror
recovery functionsto satisfy QoS constraintsor otherkind of
applicationswill beexplored.
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