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Abstract— Wirelessaccessto Internet requires that information
integrity is preserved while transmitting data over the radio chan-
nel. ARQ schemesand TCP are often usedas error-control tech-
niques at the link layer and at the transport layer, respectively. In
this paper, westudy the interactions betweenan ARQ protocol and
TCP when a data traffic connectionincludes both wired and wire-
lesslinks. By usingstandard Mark ovian techniques,weanalyzethe
impact of different parameters setting of the ARQ schemeand of
the radio channelconditionson the TCP performance.

I . INTRODUCTION

Wirelessaccessto Internetis experiencinga greatdeal
of popularity;everycellulartelephony systemis evolving
into the wirelessInternet,andproductsproviding Inter-
net accessto short-rangedevices,suchasBluetoothter-
minals,arebeingdeveloped.As a consequence,new is-
suesneedto besolvedat thevariouslayersof theprotocol
stack.In thispaper, wedealwith theproblemof informa-
tion integrity while packet traffic is transmittedoverend-
to-endconnections,which includeboth wired andwire-
lesslinks.

In order to provide a reliablepacket transfer, TCP is
often usedfor end-to-enderror control at the transport
layer. TCP, however, performspoorly overwirelesslinks
sinceit considerspacketlossesdueto theradiochannelas
congestionlossesandinvokescongestioncontrolmecha-
nismsthatsignificantlyreducethethroughput[1], [2], [3],
[4], [5], [6]. To avoid suchperformancedegradation,link
layer solutionscanbe usedto obtain local datareliabil-
ity andmake the wirelesslink appearto TCP asa more
reliablelink, althoughwith a longerandvariabledelay.

We consider an ARQ (Automatic RepeatreQuest)
schemeat thelink layer, andTCPNewRenoat thetrans-
port layer. We developdetailedanalyticalmodelsof the
two protocols,which are basedon standardMarkovian
techniques.The TCP model includesthe descriptionof
an on-off traffic sourcegeneratingdata segments;seg-
mentsare fragmentedinto several dataunits at the link
layer, wherethe ARQ modelhandlestheir transmission
over theradiochannel.Thepacket errorprocessover the
wirelesslink is representedby a two-stateMarkov chain
[7]. Themodelsof theARQ schemeandTCParesolved
by meansof a fixed-pointprocedure.This approachal-

lowsusto createaflexible andaccurateanalyticalframe-
work for thejoint studyof theARQ schemeandTCP, and
to get useful insightsin the interactionbetweenthe two
protocols.

While deriving the systemperformance,we focuson
the 3G (Third Generation)network scenario[8], andon
datatraffic services.Basedon theQoSmetricstypical of
datatraffic, we derive resultsin termsof throughputand
traffic lossprobability at the transportlayer asthe radio
channelconditionsandtheARQ parametersvary.

I I . INTERACTION BETWEEN THE ARQ PROTOCOL

AND THE TCP

Thesystemunderstudyis sketchedin Fig. 1. A single
TCPconnectionis consideredwherethereceiver resides
at a mobile terminal. Beforereachingthe fixed network
accesspoint, hereinaftercalled BaseStation(BS), TCP
segmentstraversethewirednetwork from whichthey per-
ceive anaveragedelay � andaveragelossprobability � .
At the BS they rely on the Link Layer (LL) protocolsto
getto theTCPreceiver throughthewirelesslink.

At the LL, a TCP segmentis divided into � LL data
units which are storedin a buffer whosecapacityis �
TCP segments.The transmissionof a LL dataunit over
thewirelesschanneltakesatimeinterval equalto � . Due
to errorprobabilityof theradiochannel,adataunit trans-
missionmayfail. In caseof failure,thetransmissionis re-
peated;a maximumnumber�	� of attemptsperdataunit
is allowed. After � � failedtransmissions,a LL dataunit
is discardedtogetherwith all theotherunitsbelongingto
the sameTCP segment. Thus,at the LL a segmentcan
be lost with probability 
�� becausethereis not enough
roomin the buffer to accommodateall theLL dataunits
in which thesegmentis divided,or with probability 
 � if
oneof thedataunitsfails �	� transmissions.

Theaverageround-triptimeperceivedby TCPis given
by 
�������� ���������
where� is thedelaydueto thewirednetwork, � includes
thequeueingdelayat theLL andthetransmissiontimeof
a TCP segmentover the wirelesschannel,and � takes
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Fig. 1. Sketchof thesystemunderstudy.

into accountthetransmissionof TCPACKs over theup-
link channel(it is assumedthatTCPACKs do not queue
at the LL andarenever lost). Moreover, TCP segments
areprone,not only to lossesin the wired portion of the
connection,but alsoto thetwo additionalcausesof losses
at the LL. Then,a TCP segmentis lost with probability
 , 
 ������� ��� �"! �#�$� 
��%! �#��� 
&�'!
where � is theprobability that thesegmentis lost in the
wired network.

Themodelwe proposeis basedon the ideaof decom-
position. The systemis divided in two partswhich are
studiedin isolationapproximatingtheir reciprocalinter-
action.

On theonehand,theTCPtransmitteris modeledby a
continuous-timeMarkov chain (CTMC); the interaction
with the restof the systemis describedby meansof the
segmentlossprobabilityandtheaverageround-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
and it is assumedthat segmentsarrive at the LL buffer
accordingto a Poissonprocess.

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

The main approximationsintroducedin the develop-
mentof the decompositionalapproachconcernthe seg-
ment arrival processat the LL buffer, and the loss pro-
cessanddelaydistribution at theTCP layer. Even if the
segmentgenerationprocessat the transmitteris far from
beingPoisson,whenthenetwork is largetherandomness
introducedby thenetwork makesthearrivalprocessatthe
LL buffer closerto Poisson.Correlationbetweensegment
lossesandthemomentsof theround-triptimedistribution
higherthan1 arenottakenintoaccountin theTCPmodel.
Instead,meanvaluesonly areconsidered.

A. Model of the TCP transmitter

For theCTMC model,whichdescribestheTCPbehav-
ior, we employ theapproachproposedin [11].

In orderto describethe typical bursty natureof many
applicationswhich adoptTCP as transportprotocol,we
assumethatthetransmitterhasanon/off kind of behavior.
Thetimespentin eachstateisarandomvariablewith neg-
ative exponentialdistribution; the meanvaluesare

� �)(%(
and

� �+* . Whenin off state,theapplicationis idle; while
in on statetheapplicationhasdatato transmitandsetsup
aTCPconnection.Thebehavior of anactiveTCPconnec-
tion is describedquite in detail in our modelintroducing
statesin the CTMC which representthosemechanisms
of the protocol having a relevant impact on the perfor-
mance.In themodeldevelopment,theTCPwindow size
is measuredin segmentsinsteadof bytesandsegments
have all the samesize,which is equalto the Maximum
SegmentSize(MSS).The dynamicsof the window size
growth areobservedwith a time granularityequalto the
averageround-triptime.

Let usfocuson theCTMC statespace.A partfrom the
off stateof the application,the statespacecanbe parti-
tionedin threesets.Theset ,&- collectsall thestatescor-
respondingto the behavior of the TCP transmitterwhen
no lossoccurs,

,&- � �'. ���0/21+354 !+�
where

/
denotesthe currentwindow sizeandvariesbe-

tween1 andthemaximumallowedwindow size
376

.
354

representsthewindow sizegrowthmode(eitherslow start
or congestionavoidance).

354$�8�
standsfor congestion

avoidancemode;when
394

is larger than1 the window
growsin slow startmodeupto thevalue

354
. For simplic-

ity, in slow startmodewe only considerthosevaluesof3 4
that thewindow maytake in theexponentialgrowth;

i.e., thepowersof 2.
The set ,&: comprisesall the statescorrespondingto

the fast recovery and fast retransmitmechanismswhich
TCPimplementsin orderto recovera loss,

,&: � �'. �;�0/ !)�
where

/
denotesthe window sizeduring fastretransmit

andfastrecoveryprocedures.
Finally, statesin theset ,=< describetheprotocolwait-

ing for a timeoutexpirationaftera lossoccurred,

,=< � �'. �>�?354 !+�
where

354
denotesthe value assumedby the threshold

after the timeout expiration. The state spaceis then, � �
off �A@B, - @C, : @C, < .



For the sake of brevity we do not provide transition
ratesbetweenall states,we insteadshow only an exam-
ple of transitionrate betweenstatesin ,&- . Considera
state

. �D�0/21+354 !FEG,&- , thewindow sizeis equalto
/

andthe protocol is in slow startmode. If noneof the
/

segmentsof thewindow is lost, thewindow sizedoubles
after roughlya round-triptime. To representthis behav-
ior, the transitionrateout of

.
is setto the inverseof the

averageround-triptime so that theaveragetime spentin.
is equalto the round-triptime; the destinationstateisH �I�?�J/F1+354 ! with probability equalto the probability

thatno segmentis lost. Theresultingtransitionratefrom.
to

H
is,. ���K/F1+3 4 !AEL, -NM H �>�O�P/F1)3 4 !AEL, -�Q�
R�$� � ��� 
2!#SUT

Similarly, all theothertransitionratesarecomputed.
Thesteady-stateprobabilitiesVXW � . ! ’sof theCTMC are

derived by usingstandardtechniques.From the V W � . ! ’s
the performanceof TCP can be computed. In particu-
lar, theaveragenumberof segmentsgeneratedin thetime
unit, giventhattheapplicationis on, is computedby

Y � � �+*� �Z*[� � �)('( \]+^`_`a�bc_`d
/
���� V W � . !

where
/

is thewindow sizein state
.
. This valueis used

asinput in theLL model.

B. The ARQ scheme model

We develop a discrete-timeMarkov chain (DTMC)
modelof theARQ scheme,in whichthetimeis slottedac-
cordingto thetransmissiontimeof aLL dataunit. Weas-
sumethat thetransmitterhasknowledgeof thetransmis-
sionoutcomeof aLL dataunit transmissionright afterits
completion;asshownby simulationresults(notpresented
herefor thelackof room),thisassumptiondoesnothavea
relevant impacton systemperformance.We alsoassume
thatacknowledgmentsandnegativeacknowledgmentsare
alwayscorrectlyreceived.

In thedevelopmentof themodelthefollowing aspects
have to be considered:the arrival processof dataseg-
mentsfrom theupperprotocollayersto thelink layer, the
transmissionbuffer, andtheradiochannel.

The traffic arrival processof the datasegmentsto the
LL is assumedto be Poissonwith rateequalto

Y
. Be-

ing MSSthedatasegmentsizeand �fege theLL dataunit
size, eachdatasegment is fragmentedinto � LL data
unitswith � �ih ��jkj&lP� emeon . We representthesegment
fragmentationby consideringthat dataarestoredin the
transmissionbuffer assegmentsandthe serviceof each

segmentconsistsof � phases.Eachservicephasecorre-
spondsto the serviceof oneLL dataunit; dependingon
the channelstatusthe servicecanbe repeatedfor a total
numberof transmissionsnot largerthan � � . A dataseg-
ment is removed from the LL queueeitherwhenall �
LL dataunitshave beensuccessfullydeliveredto the re-
ceiver (i.e., the � servicephaseshave beensuccessfully
completed)or oneLL dataunit is discardedbecausethe
maximumnumberof transmissionshasbeenreached.

Theradiochannelis modeledasa Gilbert channel[7],
with two states,good andbad, that representthestateof
thechannelduring the transmissiontime of oneLL data
unit. The transitionprobabilitiesbetweenthe two states
dependonthesteady-statedataunit errorrate,denotedbyp , andon thenormalizedDopplerfrequency.

In order to model the systembehavior, the following
dynamicshave to be described:i) the buffer occupancy,
ii) thechannelstate,iii) thenumberof transmissionsper
LL dataunit, iv) the sequencenumberwithin the TCP
segmentof theLL dataunit currentlyundertransmission.

Accordingly, let theDTMC statebedefinedby thevec-
tor . �;�?q'1+rP1 sP1Zt !
whereu q

is the transmissionbuffer occupancy in numberof
TCP segments;

q
canassumeall integer valuesbetween

0 and � ;u r
is thechannelstate,

r E �wvoxPx H 1)qzy H � ;u s
is the numberof transmissionsassociatedto the LL

dataunit that is currently transmitted;
s

canassumeall
integervaluesbetween1 and � � ;u t

is the sequencenumberwithin the TCP segmentof
the LL dataunit that is currently transmitted;

t
canas-

sumeall integervaluesbetween1 and � .
Let 
|{ . 1 H~} denote the probability that the chain

movesin one-stepfrom sourcestate
.

to destinationstateH
. Probabilities 
 { . 1 H } ’s are derived from the behav-

ior of the channeland the traffic arrival process,which
areindependentof therestof thesystem.By employing
standardtechniques,we computethe steady-stateproba-
bilities VX� � . ! , whereV�� � . ! denotesthesteady-stateprob-
ability of

.
. FromvaluesVX� � . ! ’s,wederivethefollowing

performancemetrics.
Let 
�� bethetheprobabilitythatadatasegmentis lost

at the LL due to buffer overflow, and let 
�� be the the
probability thata datasegmentis lost becausefor oneof
thecorrespondingLL dataunitsthemaximumnumberof
transmissionshasbeenreached.Denotingby � theaver-
agenumberof segmentsarriving at theLL buffer during
a time slot, i.e., � � Y � , wehave


 � � �
� \��

� 
 { . 1 H } V�� � . ! (1)
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Fig. 2. TCPthroughputversuserrorprobabilityof aLL dataunit.

where� � is thesetof transitionsfrom
.

to
H
, whichcause

lossesdueto thebuffer overflow; and


 � � �
� �#��� 
 � ! \ �

� 
 { . 1 H } VX� � . ! (2)

where � � is thesetof transitionsfrom
. ���#��1w��1 � � 1�� ! toH ���#��1w��1w��1w� ! describinga segmentdiscardingdueto the

maximumnumberof allowedtransmissions.
Throughputat thetransportlayercanbecomputedas� � Y �#��� �f! � ��� 
 � ! � ��� 
 � !XT (3)

By denotingthe meanservicetime of a datasegment
successfullytransferedover the radio channelby ��� � ]Z� ,
themeandelaythatadatasegmentsuccessfullydelivered
to thereceiverexperiencesat theLL canbewrittenas

��� � � � ��� �2� �� �#�$� 
 � ! ����� � ] � 1 (4)

where ��� �2� � is the meannumberof segmentsin theLL
buffer. We have

��� �2� � � \
]+^`_��

�OqU��� ! � VX� � . ! (5)

with ,=� beingthe setof states
.

suchthat
. ���Oq'1w��1w��1w� !

(
�[��qR� � ).

I I I . NUMERICAL RESULTS

Resultsareobtainedin thecontext of 3G wirelesssys-
tems[8]. Thus, while deriving our resultswe consider
that � is equalto 10 ms andthe peakdatarate is equal
to 384 Kbps. We have �k�J� ���`�`�9���g�m���m  T  m���	��~�` 

bytes. We considera MSS equalto 1,000bytes,so
that eachTCP segment is divided into � �

3 LL data
units. The TCP maximumwindow size is assumedto
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Fig. 3. Averageround-triptime versuserror probability of a LL data
unit.

be equalto
�` 

segments,andthe averageon andoff pe-
riods of the applicationto be equalto 500 ms. We as-
sumethat theaveragedelay � perceivedby segmentsin
traversingthenetwork is equalto 5 ms,while we neglect
lossesdueto the wired network. In showing the system
performanceaschannelconditionschange,weconsidera
constantnormalizedDopplerfrequency equalto 0.2 and
avaryingsteady-stateerrorrate.

In Fig. 2 theTCPthroughputis shown versustheprob-
ability p that a LL dataunit transmissionfails, whenthe
buffer capacityis equal to 10 segmentsand for differ-
ent valuesof �	� . Obviously, asthe channelconditions
worsen,the TCP performancedeteriorates.Caseswith
smallervaluesof � � , have a slightly larger throughput.
This is dueto the smallerqueueingdelayintroducedby
the LL buffer whena larger numberof segmentsis dis-
cardedbecause� � is reached;small delayskeep the
round-triptimesmallandmaketheTCPbehavior bemore
aggressive.

This behavior is confirmedby resultsin Fig. 3, which
shows the averageround-trip time at the transportlayer
under the samesystemconfigurationas consideredin
Fig. 2. Observe how remarkablethe differencein the
round-triptime is for differentvaluesof � � , whenerror
probability p is large.

In Fig. 4 thesegmentlossprobabilities
 � and 
 � due
to the link layer areplotted. As expected,
 � decreases
with increased�	� while 
�� exhibits theoppositebehav-
ior. In fact, lower valuesof 
&� imply higherbuffer oc-
cupancy and,hence,largerbuffer overflow probabilities.
This plot suggeststhat, fixed the requiredlossprobabil-
ity 
�� , anoptimalvaluefor �	� canbefoundastheradio
channelconditionsvary. For instance,fixed the desired
 � to

�% o¢�£
, a maximumnumberof transmissionsperLL

dataunit between7 and10 canbeselectedwhen p is less
then 0.35, while for

  T ��¤N� p �¥  T ¤ a value between
10 and15 shouldbe chosen.Optimizing the maximum
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Fig. 4. TCPsegmentlossprobabilities§c¨ and §o© versuserrorproba-
bility of aLL dataunit.

numberof transmissionsperdataunit reducestheenergy
consumptionin receiving modeat themobileterminal,as
well astheaverageroundtrip time (seeFig. 3).

In Fig.5, 
 � and
 � areshownasfunctionsof thebuffer
capacitywhen � � �

10. For low valuesof 
 � , lossproba-
bility is dominatedby buffer overflow; in thesecases,loss
probabilitycanbesignificantlyimprovedby enlargingthe
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 schemeandTCP by developinganalyticalmodels
basedon standardMarkovian techniques.We studiedthe
systemperformanceasthechannelconditionsvariedand
for differentvaluesof themaximumnumberof transmis-
sionsperdataunit at thelink layerin thecontext of a 3G
network scenario.

Furtherresearchwill focusonthestudyof theTCPper-
formancewhenusersmobility is taken into accountand
ontheuseof aschemethatcombinesFECandARQ tech-
niques.
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