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Abstract

Thepaperdealswith datatransfertechniquesat thelink
layer, which havebeenspecifiedin 3GPPto preservein-
formationintegrity over the wirelesslink. We considerthe
acknowledgedtransfermode, which implementsa selective
ARQ protocol. We enhancethe 3GPP specificationwith
a control mechanismof the transmitteractivity that allows
thesystemto saveradio resourcesaswell asenergy in the
caseof bad channelconditions. In this way, we can ob-
tain a significantenergy savingat the expenseof the pro-
videdQoS.By developinga Markovian modelof the ARQ
scheme, westudytheprotocolbehavioraschannelcharac-
teristicschangeandwefinda trade-off betweentraffic QoS
andenergyefficiency.

1. Intr oduction
Recently, a greateffort hasbeendoneto providea com-

mon standardfor next generationwirelessnetworks. The
Third GenerationPartnershipProject (3GPP)is currently
producing technical specificationsfor a third generation
mobilesystembasedonbothanevolvedGSMnetwork and
novel radio accesstechnologies[4]. Besidesoffering all
GSM features,3GPPspecificationbasedsystemswill offer
advancedmultimediaapplications,mobileInternetservices,
anddatacommunicationwith ratesashigh as2Mbps.

We focuson the informationtransfertechniquesspeci-
fied in 3GPPat thelink layer.

Severalpapersdealingwith ARQ(AutomaticRepeatRe-
quest)schemeshaveappearedin theliterature.Performance
analysisof ARQ protocolshasbeenpresentedin [2, 6]. In
[7], the authorshave studiedthe trade-off betweenenergy
constraintsand averagetraffic delay that can be achieved
by dynamicallyadaptingARQ schemesto channelfading
characteristicsandtraffic QoS(Qualityof Service).Energy
efficiency at the datalink layer hasbeenaddressedalsoin
[1, 8], wherethebehavior of ARQ protocolsis studiedwhen
transmissionsin the presenceof disadvantageouschannel
conditionsareavoided. A similar approachis usedin [3],

wherechannelconditionsand packet deadlineconstraints
determinewhethertransmissionsaredeferred,aswell asthe
besterror-correctingcodeto select.

In this paperwe build anARQ schemeconfigurationby
properly applying the control mechanismsdefinedin the
3GPPRadioLink Control(RLC) specification[4]. Wepro-
videananalyticalmodelof thebehavior of theARQ scheme
andwe estimateits impacton typical QoSparametersfor
loss-sensitiveservicessuchasdatafile transfer. Besidesthe
traditionalQoSmetricsfor datatraffic, theenergyefficiency
of theARQ schemeis evaluated.

2. The ARQ Protocol
The referencenetwork scenarioassumedin the 3GPP

specificationof theRLC (RadioLink Control)protocol[4]
consistsof amobilestationandanaccesspointto theterres-
trial corenetwork, communicatingwith eachotherthrough
the radio channel.Mobile stationandaccesspoint canbe
eithertransmitteror receiverentities.

According to [4], we denoteby PDU (Protocol Data
Unit) the dataunit exchangedbetweenthe RLC layer and
the MAC layer, and by STATUS PDU the dataunit used
by the receiver entity to sendfeedbackinformation to the
transmitter.

Wefocusontheacknowledgedmode,whichimplements
aselectiveARQ protocol.In acknowledgedmode,whenthe
receiverhasto requesttheretransmissionof missingPDUs,
it sendsto thetransmittera STATUS PDU carryinga nega-
tiveacknowledgement.Uponthereceptionof anegativeac-
knowledgement,thesenderretransmitsonly thePDUsthat
havebeenindicatedasmissingby thereceiver. Retransmis-
sionsalwayshavehigherpriority thandataunitstransmitted
for thefirst time. Thesendercancheckonthereceiver’ssta-
tus by polling the receiver. The receiver mustreply to the
sender’spoll with a STATUS PDU,otherwisethetransmit-
ter keepson polling thereceiveruntil it receivesa reply.

We considerthat the loss of a PDU is detectedeither
becausean out-of-sequencedataunit is deliveredor none
dataunit is receivedby a certaintime-outvalue.We denote
by � thenumberof PDUstransmittedduringthetimedelay



betweentheendof aPDUtransmissionandthereceptionof
theSTATUSPDU notifying thatthePDU waslost.

Weenhancethe3GPPspecificationwith acontrolmech-
anismof thetransmitteractivity to let thesystemsaveradio
resourcesaswell asenergy in thecaseof badchannelcondi-
tions.WhenthesenderreceivesaSTATUSPDU carryinga
negativeacknowledgement,it detectsthattheradiochannel
conditionsarebad.At thispoint,two differentmodesof op-
erationarepossible:greedyor savingmode.In thecaseof
greedymode,thesenderretransmitsthemissingdataunits
at onceandthengoeson with the informationtransfer. In
thecaseof saving mode,thesenderstopstransmittingPDUs
andstartspolling the receiver to probethe channelstatus;
the senderstartsretransmittingall missingdataunits only
when the receiver repliesto the poll. A similar approach
wasemployedalsoin [1, 8].

Observethattheenergy costof pollsandSTATUSPDUs
arenegligible comparedto thecostof transmittingPDUs.

At thecostof ahigherenergyconsumption,greedymode
is morereactivethansaving modeto changesin thechannel
conditions,andthereforeis ableto provide betterQoS.In
orderto dynamicallytrade-off betweentheneedsof provid-
ing QoSandsaving energy, we introducea controlmecha-
nismon thesendersuchthat if thenumberof PDUsin the
transmissionbuffer is lessthan a given threshold ��� , the
senderoperatesin saving mode,otherwiseit entersgreedy
mode.

3. A Model of the ARQ Scheme
We consideranasymmetrictraffic pattern,with thenet-

work accesspoint transmittinginformation to the mobile
station;thus,with referenceto theARQ schemedescribed
above,theaccesspoint actsassenderwhile themobilesta-
tion actsas receiver. (Notice however that the proposed
modelcanrepresentthereversesituationaswell.)

We develop a discrete-timeMarkov chain (DTMC)
modelof the system,in which the time is slottedaccord-
ing to the PDU transmissiontime � . The model focuses
onthefollowing aspectsof thesystem:thetraffic generator,
whichmodelsthearrival processof PDUsto theRLC layer,
thetransmissionbuffer, andtheradiochannel.

Thetraffic generatoris modeledasadiscrete-timeon-off
processwith timegranularityequalto thePDUtransmission
time, � . During on periods,the traffic generatoris active
andonePDU is generatedevery time slot; whereasduring
off periods,thegeneratoris idle andnoPDUsaregenerated.

Traffic sourcesarecharacterizedby the averageoff pe-
riod, � off, andby the traffic loadnormalizedto thesystem
capacity, � . The averageon period, � on, is thenequalto��� off 	�

��� ��� . The parametersof the traffic generatorare
theprobabilitythatthegeneratorswitcheson duringa time
slot, ����� 	 � off, andthe probability that it switchesoff,� ��� 	 � on.

The radiochannelbehavior is representedby a Markov
model[8] with two states,goodandbad, representingthe
stateof the channelduring the transmissiontime of one
PDU. We denotethetransitionprobability from stategood
to statebad by � andfrom statebad to stategoodby � ; �
and � dependon thesteady-statedataunit error rate � , and
onthenormalizedDopplerfrequency. Thesteady-statedata
unit errorratecanbewrittenasafunctionof thefadingmar-
gin � asfollows [8]: ��� ���������! #" . Clearly, high values
of � representgoodchannelconditions,while low values
of fadingmargin correspondto a highdataunit errorrate.

In constructingthe ARQ model,the following assump-
tions are introduced: i) there is not a maximumnumber
of retransmissionsperPDU; ii) STATUS PDUsarealways
correctlyreceived; iii) mobilestationsconsumea constant
levelof powerin receivingmode;thus,modelingthebattery
behavior we canneglectthecapacity-rateeffect [5].

3.1 Analytical Model

WedescribetheDTMC modelfor thecasewith � equal
to 1. In orderto modelthesystembehavior, the following
dynamicshave to be carefully described:i) the PDU gen-
erationprocess,ii) the buffer occupancy, iii) the working
modeof thetransmitterandiv) thechannelstate.

Accordingly, let theDTMC statebedefinedby thevector$ � 
&%('#)*'#+,'!+#�-'#./'!.*� � where0 % is thestateof thetraffic generator, which is eitherac-
tive,denotedby 1 , or idle, denotedby 2 , %4365 1 ' 287 ;0 ) is the buffer occupancy in numberof PDUs, ) can
assumeall integervaluesbetween0 and 9 ;0 + is the stateof the transmitter, either active or idle;
whenactive, thetransmitteris sendingPDUsover the
radio channel;the transmitteris idle when it hasno
PDUs to transmitor when, being in saving mode,it
hasdetectedbadchannelconditions,+:3;5 1 ' 2�7 ;0 in slot < thevalueof +#� denotesthestatethatthetrans-
mitterassumedin slot < �=� , + � 365 1 ' 287 ;0 . is thechannelstate,.�3>5?%A@/@/BC'#)EDFB 7 ;0 in slot < thevalueof .*� denotesthestatethatthechan-
nelassumedin slot < �G� , . � 365?%A@/@/B8',)EDFB 7 .

Observe that, in orderto properlytake into accountthe
delaybetweenthetransmissionof a PDU andits acknowl-
edgement( �H� � ), theintroductionof somememoryabout
the pasthistory of the systemis necessary;therefore,we
introducedthevariables+#� and .*� .

Let IKJ $ ' BML denotetheprobability that thechainmoves
in one-stepfrom sourcestate $ to destinationstate B . In



determiningprobabilitiesI�J $ ' BFL ’sobservethatthebehav-
iors of thechannelandof thetraffic generatorareindepen-
dentof therestof thesystem;thus,their stochasticdescrip-
tion canbe a-priori specifiedby input parameters.On the
contrary, changesin the transmittermodeandin thebuffer
occupancy canbedeterministicallyderivedfrom theactual
stateof thesystemandfrom thechannelandgeneratorbe-
havior. Hence,wewrite thefollowing expressions

I J $ ' B L �NI 5O%QP/%�RTSU%WV 7YX?I 5Z.[PW.?R\S].?V 7YXZ^ J $ ' B L
with $ � 
_% R '#) R '#+ R '!+#�R '#. R '!.*�R �
and B � 
&% V '#) V '!+ V '!+ �V '#. V '!. �V �

where0 I 5Z%4P`%�RTSU%WV 7 is theprobability that thetraffic gen-
eratorchangesfrom %�R to %WV , with %�Ra'
%WVb3>5 1 ' 287 ;0 I 5*.[PW.?RTS].OV 7 is the probability that the channel
statechangesfrom .?R to .OV , with .?Ra'#.OVc3>5?%A@/@/B8',)EDFB 7 ;0 ^�J $ ' BAL is anindicator, whichis equalto 1 if stateB is a
possiblesuccessorof state$ ; andequalto 0 otherwise.

As already mentioned, I 5?%4PW% R Sd% V 7 andI 5*.�P�. R Se. V 7 are independentof the state of the
system. Changesin the state of the traffic generator
determinechangesin thevalueof % ,I 5?%QP 2 S 1c7[�f� and I 5?%QP 1 S 287[� �-g
Thevalueof . changesaccordingto thetwo-statemodelof
thechannel,

I 5*.�P`%F@/@/BhSi)EDFB 7���� and I 5*.�PM)EDFBhSU%A@/@/B 7[�f� g
The statevariables+#� and ./� are,by definition, deter-

minedby thevalueof + and . in thepreviousslot,sothatfor
eachtransitionwehave + �V � + R and . �V � . R .

Changesin thevalueof + and ) dependdeterministically
on the channeland generatorbehavior, as well as on the
currentstate.

Let usfirst focuson thesaving modeof thetransmitter.
Since �d� � , the transmitterchoosesits working mode

accordingto the mostrecentestimateof the channelstate,
which is the valueof .*� . If duringslot < , while the trans-
mitter is activeandsendingaPDU,aSTATUSPDUarrives
notifying that the PDU sentin slot < �j� is missing,then
thetransmittercompletesthecurrentPDUtransmissionand
switchesto idle at thebeginningof slot <lk � . Thus,in sav-
ing modefrom states$ with + ��1 and .*� � )EDFB thechain
movesto stateswith + V �f2 .

Onthecontrary, if thetransmitteris idle in slot < , it sends
a shortpoll messageat the beginning of slot < , receivesa
STATUS PDU still in slot < andswitchesto active at the

beginningof slot <\k � . Thesearethetransitionsfrom states$ with + �N2 and . � %F@/@/B , to stateswith + V �N1 .
Whenin greedymode,the transmitteris alwaysactive.

Therefore,stateswith + �f2 and )�mon arenot possible.
The buffer dynamicsare governedby the PDU gener-

ation processandby the successfultransmissionof PDUs
over the radio channel. In particular, PDUsaregenerated
oneperslot whenthetraffic generatoris active (stateswith% �p1 ) andthey aresuccessfullytransmittedif the trans-
mitter is active andthechannelis good.A successfulPDU
transmissionin slot < ��� is notifiedduring slot < andre-
movedfrom thebuffer only at thebeginningof slot <qk � ;
i.e.,duringa transitionfrom $ to B a PDU is removedfrom
the buffer if +#� �p1 and ./� � %F@/@/B . We adoptthe con-
ventionthat at the beginning of a slot, the generationof a
new PDU precedesthe removal of a PDU from the buffer.
This implies, for example, that the transition from state
_%(' 9 ' 1 ' 1 '#./'
%A@/@/B � to state 
_%(' 9 �K�W' 1 ' 1 '!. V '!. � corre-
spondsto aPDU lossandto a successfultransmission.

By employing standardtechniques,we compute the
steady-stateprobabilityvector rN� 5as-
 $ �#7 , wheres-
 $ � de-
notesthesteady-stateprobabilityof $ .

Notice that the modelcanbe extendedto take into ac-
countvaluesof � which aregreaterthan1. In thesecases,
thestatedefinitionhasto includetheinformationaboutthe
transmitterandthechannelstatefor thepast� timeslots.

4 QoSPerformanceof Data Traffic

In this section,we employ theproposedmodelto assess
theimpactof theARQ schemeon theQoSof loss-sensitive
datatraffic servicessuchasdatafile transfer.

In Sec.3 we describedthedynamicof thetraffic gener-
ator asindependentof the systemperformance.However,
an accuratedescriptionof the systemfor dataserviceshas
to take into accounttheimplicit feedbackwhich thesystem
performancehason the traffic generator. In particular, the
traffic generatoris goingto beactiveuntil all thePDUscor-
respondingto thecurrentfile aresuccessfullytransferred.

We take this phenomenoninto accountin the following
way. Neglecting lossesdue to the wired network, we as-
sumethat all PDUswhich are lost dueto buffer overflow,
have to beregenerated.Let t bethenumberof PDUscor-
respondingto a file to betransferred,andlet also Ivu bethe
probability that a PDU is lost, due to buffer overflow. At
steady-stateweexpect: � on 
w�\� Ixuy� 	 �z�Nt .

While t is a-priori specified,both � on and Ixu depend
on the systemperformance.We derive themby meansof
a fixed-pointprocedure.Furthermore,in order to have an
even more realistic descriptionof a datatraffic source,in
lossstateswe forbid that the generatorswitchesto the off
state. In thesecases,in fact, the generatorhasat leastone
dataunit to regenerate.



In the caseof data traffic, performanceof the ARQ
schemecanbeexpressedin termsof PDU lossprobability,
throughput,andenergy consumption.

The PDU loss probability Ixu is the probability that a
PDUcannot beaccommodatedin thebuffer,

I u � �� { | } IjJ $ ' BFL�s-
 $ �
where ~�u is thesetof transitionsfrom $ to B , which cause
lossesand � is thenormalizedtraffic load.

Throughput,� , canbecomputedbysummingtheproba-
bilities of thestatesin whichasuccessfulPDUtransmission
occurs;similarly, includingtheunsuccessfultransmissions,
the averagenumberof total PDU transmissions,� , is the
sumof theprobabilitiesof all statesin whichatransmission
is attempted.Then, the averagenumberof transmissions
perPDU is �K��� 	 � .

By assumingthatthereceiver listensto thechannelonly
during the sender’s transmissions,the energy consumed
per data unit at the mobile station in receiving mode is�Y� ���\�!���h� , with �\�!� beingthe power consumptionin
receiving mode.
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Figure 1. Data traffic loss probability as a
function of threshold �y� . Anal ytical and sim-
ulation results are compared.

4.1 Numerical Results

We assumethat the averagesizeof the file to be trans-
ferredovertheradiochannelis equalto 4 MB, thepeakrate
is equalto 384Kbps,while theaverageloadis avaryingpa-
rameterof the system.ThenormalizedDopplerfrequency
of theradiochannelis equalto 0.2,andthepowerconsumed
in receiving modeis normalizedto thetransmissionpower
andis assumedto beequalto 0.25.

We first validateour modelby comparinganalyticalre-
sultsto simulationresults.Themain objective of the vali-
dationis to assessthe impactof the fixed-pointprocedure
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Figure 2. Data traffic loss probability as a
function of fading margin � and for diff erent
values of threshold �y� .
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Figure 3. Relative energy consumption at the
mobile station as a function of fading margin� and for diff erent values of threshold � � .

introducedin orderto take into accountthefeedbackwhich
thesystemperformancehason thetraffic generator. A syn-
chronoussimulatorwasdevelopedfor theanalyticalmodel
validation.Thesimulatoraccuratelydescribestheproposed
systemconfiguration.It comprisesadetaileddescriptionof
the regenerationmechanismof lost PDUs; while it shares
with theanalyticalapproachall theotherassumptionslisted
in Sec.3.

Analysisandsimulationresultsarecomparedin Fig. 1.
PDU lossprobability, I u , is plottedversusincreasingval-
uesof threshold�y� , with buffer capacity 9���� n PDUs,
traffic load �4� n g�� � , andfadingmargin ��� 1 dB. Analyt-
ical resultsarederivedfor �U� � aswell asfor �U� � ; in
bothcasesthey areaccuratewhencomparedto simulation
predictions.

Dueto thestatespaceexplosionproblem,themodelbe-
comesexceedinglycomplex for � m �

. However, from
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Figure 4. Relative energy consumption at the
mobile station as a function of threshold � �
and for diff erent values of � .

simulationresultswith ���p� it canbe seenthat � does
not have a relevant impacton systemperformance.Thus,
thereis no loosein generalityshowing thefollowing results
for thecase�U� � only. Also, becauseof spacelimitation
andsincelossprobability is typically oneof the mostcrit-
ical performancemetrics,we do not validatethemodelfor
otherperformancemeasures.

Whendesigningasystemwith theobjectiveof providing
QoSguaranteesfor datatraffic, weusuallyaimatsatisfying
constraintson lossprobability. From Fig. 1 observe that,
underthe consideredtraffic scenario,changesof the value
of � � turn into changesof thelossprobabilityover a range
of morethanoneorderof magnitude.Theselectionof small
valuesof � � which provide small valuesof Ivu , however,
maynot alwaysbea gooddesigningchoicesinceit results
in largeenergy consumption.

Fig. 2 shows the impact of fading margin � on the
loss probability for different valuesof �y� , 9��i� n , and��� n g � � . As expected,thefadingmargin hasa remarkable
impacton Ixu . Again, � � canbe chosenso that given the
channelconditions,the desiredlossprobability is guaran-
teed.For example,knowing thatthefadingmargin is going
to be no smallerthan4 dB we canprovide lossprobabil-
ity guaranteesbetween1e-2and5e-4only by changingthe
valueof �y� .

As alreadymentioned,the choiceof �y� trades-off be-
tweenQoS performanceandenergy consumption.Fig. 3
reportsthe relative energy consumptionper PDU, i.e., the
differencebetweenenergy consumptionperPDU in greedy
and in saving mode at the receiver, normalizedwith re-
spectto theenergy consumptionperPDU in greedymode.
Therelative energy consumptionis plottedasa functionof
fadingmargin � and for differentvaluesof threshold�y� .
For low valuesof � , a significantreductionin energy con-

sumptionis obtainedwhensaving modeis appliedsincethe
numberof unsuccessfultransmissionsperformedin greedy
modeis quite high. We observe that up to 16% improve-
ment in energy consumptioncanbe achieved by properly
choosing� � .

Fig.4 showstherelativeenergyconsumptionperPDUas
a functionof thetraffic load � . Curvesareobtainedfor fad-
ing margin �K�N� dB andfor differentvaluesof thethresh-
old. An improvementin energy consumptionis achieved
by usingsaving modefor any valueof traffic load,andthe
benefitof saving modegrowsasthetraffic loadincreases.

5 Conclusions

In this paperwe presenteda configurationof the ARQ
protocoldefinedin 3GPPspecifications,andwe introduced
a controlmechanismof the transmitteractivity. The trans-
mitterentersgreedyor saving modedependingonthevalue
of a thresholdon the buffer occupancy. A Markov model
was developed to study the systemperformanceas the
channelfading conditionsvary. Resultsderived for loss-
sensitive traffic showedthat,by changingthebuffer thresh-
old, a trade-off betweenloss probability and energy con-
sumptioncanbefound.
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