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Abstract

Thepaperdealswith datatransfertechniquesat thelink
layer, which havebeenspecifiedin 3GPP to preservein-
formationintegrity over the wirelesslink. We considerthe
adcknowledgdtransfermode which implements selective
ARQ protocol. We enhancethe 3GPP specificationwith
a control metanismof the transmitteractivity that allows
the systento saveradio resoucesaswell asenegyin the
caseof bad channelconditions. In this way, we can ob-
tain a significantenegy savingat the expenseof the pro-
vided QoS.By developinga Markovian modelof the ARQ
scheme we studythe protocol behavioras channelcharac-
teristicschange andwefind a trade-of betweertraffic QoS
andenepgy efficiency

1. Intr oduction

Recently a greateffort hasbeendoneto provide acom-
mon standardfor next generatiorwirelessnetworks. The
Third GenerationPartnershipProject (3GPP)is currently
producingtechnical specificationsfor a third generation
mobilesystembasedn bothanevolved GSM network and
novel radio accesgechnologieq4]. Besidesoffering all
GSM features 3GPPspecificatiorbasedsystemswill offer
adwancednultimediaapplicationsmobilelnternetservices,
anddatacommunicatiorwith ratesashigh as2Mbps.

We focus on the informationtransfertechniquesspeci-
fiedin 3GPPatthelink layer.

Severalpaperglealingwith ARQ (AutomaticRepeaRe-
guestlschemesaveappeareth theliterature.Performance
analysisof ARQ protocolshasbeenpresentedn [2, 6]. In
[7], the authorshave studiedthe trade-of betweenenegy
constraintsand averagetraffic delay that can be achieved
by dynamicallyadaptingARQ schemedo channelfading
characteristicandtraffic QoS(Quality of Service).Enegy
efficiency at the datalink layer hasbeenaddressedlsoin
[1, 8], wherethebehavior of ARQ protocolsis studiedwhen
transmissionsn the presenceof disadwantageoushannel
conditionsare avoided. A similar approachs usedin [3],

where channelconditionsand paclet deadlineconstraints
determinewhethertransmissionaredeferredaswell asthe
besterrorcorrectingcodeto select.

In this paperwe build an ARQ schemeconfigurationby
properly applying the control mechanismgslefinedin the
3GPPRadioLink Control(RLC) specificatiori4]. We pro-
videananalyticalmodelof thebehaior of theARQ scheme
andwe estimateits impacton typical QoS parametergor
loss-sensitie servicessuchasdatafile transfer Besideghe
traditionalQoSmetricsfor datatraffic, theenegy efficiency
of the ARQ schemas evaluated.

2.The ARQ Protocol

The referencenetwork scenarioassumedn the 3GPP
specificatiorof the RLC (RadioLink Control) protocol[4]
consistof amobilestationandanaccespointto theterres-
trial corenetwork, communicatingvith eachotherthrough
the radio channel. Mobile stationandaccesgoint canbe
eithertransmitteror recever entities.

According to [4], we denoteby PDU (Protocol Data
Unit) the dataunit exchangedetweenthe RLC layer and
the MAC layer, and by STATUS PDU the dataunit used
by the recever entity to sendfeedbackinformationto the
transmitter

We focusontheacknavledgedmode whichimplements
aselectve ARQ protocol.In acknawledgedmode whenthe
recever hasto requestheretransmissionf missingPDUs,
it sendgo thetransmittera STATUS PDU carryinga nega-
tiveacknavledgementUponthereceptiorof anegativeac-
knowledgementthe senderretransmitonly the PDUsthat
have beenindicatedasmissingby therecever. Retransmis-
sionsalwayshave higherpriority thandataunitstransmitted
for thefirsttime. Thesendercancheckontherecever'ssta-
tus by polling therecevver. Therecever mustreply to the
senders poll with a STATUS PDU, otherwisethe transmit-
terkeepson polling therecever until it recevesareply.

We considerthat the loss of a PDU is detectedeither
becausean out-of-sequencelataunit is deliveredor none
dataunitis recevedby a certaintime-outvalue.We denote
by m thenumberof PDUstransmittedduringthetime delay



betweertheendof aPDU transmissiorandthereceptiorof
the STATUS PDU notifying thatthe PDU waslost.

We enhancéhe 3GPPspecificatiorwith acontrolmech-
anismof thetransmitteractiity to let thesystemsave radio
resourceaswell asenegy in thecaseof badchannetondi-
tions. Whenthe sendereceivesa STATUS PDU carryinga
negative acknavledgementit detectghattheradiochannel
conditionsarebad. At this point, two differentmodesof op-
erationarepossible:greedyor savingmode. In the caseof
greedymode,the senderretransmitdhe missingdataunits
at onceandthengoeson with the informationtransfer In
thecaseof saving mode thesendestopstransmittingPDUs
and startspolling the recever to probethe channelstatus;
the senderstartsretransmittingall missingdataunits only
whenthe recever repliesto the poll. A similar approach
wasemployedalsoin [1, 8].

Obsenrethattheenegy costof pollsandSTATUS PDUs
arenggligible comparedo the costof transmittingPDUs.

At thecostof ahigherenegy consumptiongreedymode
is morereactve thansaszing modeto changesn thechannel
conditions,andthereforeis ableto provide betterQoS.In
orderto dynamicallytrade-of betweertheneedsf provid-
ing QoSandsaving enegy, we introducea controlmecha-
nismon the sendersuchthatif the numberof PDUsin the
transmissiorbuffer is lessthan a given thresholdTy},, the
sendemperatesn saving mode,otherwiseit entersgreedy
mode.

3. A Model of the ARQ Scheme

We consideran asymmetridraffic pattern,with the net-
work accesspoint transmittinginformation to the mobile
station;thus,with referenceo the ARQ schemedescribed
above,theaccespoint actsassendemwhile the mobile sta-
tion actsasreceiver. (Notice however that the proposed
modelcanrepresenthereversesituationaswell.)

We develop a discrete-timeMarkov chain (DTMC)
model of the system,in which the time is slottedaccord-
ing to the PDU transmissiortime A. The modelfocuses
onthefollowing aspect®f thesystem:hetraffic generator
whichmodelsthearrival proces®f PDUsto theRLC layer,
thetransmissiorbuffer, andtheradiochannel.

Thetraffic generatois modeledasadiscrete-timeon-off
processvith time granularityequalto thePDUtransmission
time, A. During on periods,the traffic generatoiis active
andonePDU is generatedvery time slot; whereaduring

off periodsthegeneratois idle andno PDUsaregenerated.

Traffic sourcesare characterizedy the averageoff pe-
riod, T, andby thetraffic load normalizedto the system
capacity p. The averageon period, Ton, is thenequalto
pToi/(1 — p). The parametersf the traffic generatoare
the probabilitythatthe generatoswitcheson duringatime
slot, « = A/Tq, andthe probability thatit switchesoff,

B =A/Ton.

The radio channelbehaior is representedy a Markov
model [8] with two statesgoodandbad, representinghe
stateof the channelduring the transmissiortime of one
PDU. We denotethe transitionprobability from stategood
to statebad by p andfrom statebad to stategoodby ¢; p
andq dependon the steady-statelataunit errorratee, and
onthenormalizedDopplerfrequeng. Thesteady-statdata
uniterrorratecanbewrittenasafunctionof thefadingmar
gin F asfollows[8]: € = 1 — e~ '/F. Clearly, high values
of F' represengood channelconditions,while low values
of fadingmamgin correspondo a high dataunit errorrate.

In constructingthe ARQ model, the following assump-
tions are introduced: i) thereis not a maximum number
of retransmissionper PDU; i) STATUS PDUsarealways
correctlyreceved; iii) mobile stationsconsumea constant
level of powerin receving mode;thus,modelingthebattery
behavior we canneglectthe capacity-rateeffect[5].

3.1 Analytical Model

We describehe DTMC modelfor thecasewith m equal
to 1. In orderto modelthe systembehaior, the following
dynamicshave to be carefully described:i) the PDU gen-
erationprocessji) the buffer occupang, iii) the working
modeof thetransmitterandiv) the channektate.

Accordingly, lettheDTMC statebedefinedby thevector
5= (g,b,t,t7,c,c”) where

e g isthestateof thetraffic generatorwhichis eitherac-
tive,denotedby A, oridle,denotecby I, g € {A, I};

e b is the buffer occupanyg in numberof PDUs, b can
assumall integervaluesbetweerD and B;

e t is the stateof the transmittey either active or idle;
whenactive, the transmitteris sendingPDUsover the
radio channel;the transmitteris idle whenit hasno
PDUsto transmitor when, beingin sazing mode, it
hasdetectecbadchannekconditionst € {4, I'};

e in slotn thevalueof t— denoteghestatethatthetrans-
mitterassumedn slotn — 1,¢~ € {A,I};

e cisthechannebtatec € {good, bad};

e in slotn thevalueof ¢~ denoteghestatethatthechan-
nelassumedn slotn — 1, ¢~ € {good, bad}.

Obsenre that, in orderto properlytake into accountthe
delaybetweerthe transmissiorof a PDU andits acknawl-
edgemen¢m = 1), theintroductionof somememoryabout
the pasthistory of the systemis necessarytherefore,we
introducedthevariablest™ andc™.

Let P (3, d) denotethe probability thatthe chainmoves
in one-stepfrom sourcestates to destinationstated. In



determiningprobabilitiesP (3, d)’s obsenethatthebeha-

iors of thechannelandof thetraffic generatoareindepen-
dentof therestof thesystemithus,their stochastidescrip-
tion canbe a-priori specifiedby input parametersOn the

contrary changesn the transmittermodeandin the buffer

occupanyg canbe deterministicallyderived from the actual
stateof the systemandfrom the channelandgeneratobe-

havior. Hence we write thefollowing expressions

P(g’g) :P{g;gs—)gd}-P{c:cs%cd}-é(E,E)
with 5 = (g5, bs, ts, b5, Cs, C5)
and 8 = (gdvbdatdvtgvcd’cg)

where

o P{g:gs — ga} istheprobabilitythatthetraffic gen-
eratorchangesrom g, to g4, with g5, g4 € {A,I};

e P{c:cs = cq} is the probability that the channel
statechangedrom ¢, to ¢4, with ¢, ¢4 € {good, bad};

e § (3,d) isanindicator whichis equalto 1if statedisa
possiblesuccessoof states; andequalto O otherwise.

As already mentioned, P{g:9;—>g4} and
P{c:cs = cq} are independentof the state of the
system. Changesin the state of the traffic generator
determinechangesn thevalueof g,

P{g:I>A}=a and P{g: A—>1I}=3.

Thevalueof ¢ changesccordingto the two-statemodelof
thechannel,

P{c:good — bad} =p and P{c: bad = good} = gq.

The statevariablest~ andc¢™ are, by definition, deter
minedby thevalueof ¢t andc in thepreviousslot, sothatfor
eachtransitionwe have t; = t, andc; = c;.

Changesn thevalueof ¢t andb dependdeterministically
on the channeland generatorbehaior, aswell ason the
currentstate.

Let usfirst focuson the sasing modeof the transmitter

Sincem = 1, thetransmitterchoosests working mode
accordingto the mostrecentestimateof the channelstate,
whichis the valueof ¢—. If duringslotn, while the trans-
mitteris active andsendinga PDU,a STATUS PDU arrives
notifying thatthe PDU sentin slotn — 1 is missing,then
thetransmittercompleteghe currentPDU transmissiorand
switchedo idle atthebeginningof slotn + 1. Thus,in sas-
ing modefrom statess with t = A andc¢™ = bad thechain
movesto stateswith t; = I.

Onthecontraryif thetransmitteisidle in slotn, it sends
a shortpoll messageat the beginning of slot n, recevesa
STATUS PDU sitill in slot n and switchesto active at the

beginningof slotn + 1. Thesearethetransitiondrom states
s with ¢ = I andc = good, to stateswith t4 = A.

Whenin greedymode,the transmitteris always active.
Thereforestateswith ¢ = I andb > 0 arenotpossible.

The buffer dynamicsare governedby the PDU gener
ation processand by the successfutransmissiorof PDUs
over the radio channel. In particular PDUs are generated
oneperslotwhenthetraffic generatois active (stateswith
g = A) andthey are successfullytransmittedif the trans-
mitter is active andthe channelis good. A successfuPDU
transmissiorin slotn — 1 is notified during slotn andre-
moved from the buffer only at the beginning of slotn + 1;
i.e., duringatransitionfrom 3 to d a PDU is removedfrom
the buffer if t— = A andc¢™ = good. We adoptthe con-
ventionthat at the beginning of a slot, the generatiorof a
newv PDU precedeshe removal of a PDU from the buffer.
This implies, for example, that the transition from state
(9,B, A, A, c,good) to state(g,B — 1, A, A, cq,c) COrre-
spondgo a PDU lossandto a successfulransmission.

By employing standardtechniques,we compute the
steady-statprobabilityvectorIl = {#(5)}, wherer(35) de-
notesthe steady-statprobability of s.

Notice that the model can be extendedto take into ac-
countvaluesof m which aregreaterthanl. In thesecases,
the statedefinition hasto includetheinformationaboutthe
transmitterandthe channektatefor the pastm time slots.

4 QoSPerformanceof Data Traffic

In this section,we employ the proposednodelto assess
theimpactof the ARQ schemeon the QoSof loss-sensitie
datatraffic servicesuchasdatafile transfer

In Sec.3 we describedhe dynamicof the traffic gener
ator asindependenbf the systemperformance.However,
an accuratedescriptionof the systemfor dataserviceshas
to take into accountheimplicit feedbackwhich the system
performancehason the traffic generatar In particular the
traffic generators goingto beactive until all thePDUscor-
respondingo thecurrentfile aresuccessfullytransferred.

We take this phenomenoiinto accountin the following
way. Neglectinglossesdueto the wired network, we as-
sumethat all PDUswhich arelost dueto buffer overflow,
have to beregeneratedLet N bethe numberof PDUscor
respondingdo afile to betransferredandlet also P;, bethe
probability that a PDU is lost, dueto buffer overflov. At
steady-stateve expect: Ton(1 — Pr)/A = N.

While N is a-priori specifiedboth Ton and P, depend
on the systemperformance.We derive them by meansof
a fixed-pointprocedure.Furthermorejn orderto have an
even morerealistic descriptionof a datatraffic source,in
loss stateswe forbid that the generatoiswitchesto the off
state. In thesecasesijn fact, the generatohasat leastone
dataunit to regenerate.



In the caseof datatraffic, performanceof the ARQ
schemecanbe expressedn termsof PDU lossprobability,
throughputandenegy consumption.

The PDU loss probability P, is the probability that a
PDU cannotbeaccommodateth the buffer,

Py = 1ZP(E,E) 7(3)
P

whereTy, is the setof transitionsfrom 3 to d, which cause
lossesandp is thenormalizedtraffic load.

Throughput X, canbecomputedy summingtheproba-
bilities of thestatedgn whichasuccessfuPDU transmission
occurs;similarly, includingthe unsuccessfuransmissions,
the averagenumberof total PDU transmissions?’, is the
sumof theprobabilitiesof all statesn whichatransmission
is attempted. Then, the averagenumberof transmissions
perPDUiISsR=T/X.

By assuminghattherecever listensto thechannebnly
during the senders transmissionsthe enegy consumed
per data unit at the mobile stationin receving mode is
E. = P AR, with P, beingthe power consumptionin
receving mode.
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Figure 1. Data traffic loss probability as a
function of threshold Tj. Analytical and sim-
ulation results are compared.

4.1 Numerical Results

We assumehatthe averagesize of thefile to betrans-
ferredovertheradiochanneis equalto 4 MB, the peakrate
is equalto 384Kbps,while theaveragdoadis avaryingpa-
rameterof the system.The normalizedDopplerfrequeny
of theradiochannels equatto 0.2,andthepowerconsumed
in receving modeis normalizedto the transmissiorpower
andis assumedo be equalto 0.25.

We first validateour modelby comparinganalyticalre-
sultsto simulationresults. The main objective of the vali-
dationis to assesshe impactof the fixed-pointprocedure
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Figure 2. Data traffic loss probability as a
function of fading margin F' and for diff erent
values of threshold Tj,.
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Figure 3. Relative energy consumption at the
mobile station as a function of fading margin
F and for diff erent values of threshold T3,.

introducedn orderto take into accounthefeedbackwvhich

the systemperformancéason thetraffic generatarA syn-

chronoussimulatorwasdevelopedfor the analyticalmodel

validation. Thesimulatoraccuratelydescribeshe proposed
systemconfiguration.lt comprisesa detaileddescriptionof

the regeneratiormechanisnof lost PDUs; while it shares
with theanalyticalapproactall the otherassumptionsisted

in Sec.3.

Analysisandsimulationresultsare comparedn Fig. 1.
PDU lossprobability, P, is plottedversusincreasingval-
uesof thresholdT}, with buffer capacityB = 50 PDUSs,
traffic loadp = 0.25, andfadingmargin £ =1 dB. Analyt-
ical resultsarederivedfor m = 1 aswell asfor m = 2; in
both caseghey areaccuratewvhencomparedo simulation
predictions.

Dueto the statespaceexplosionproblem,the modelbe-
comesexceedinglycomplex for m > 2. However, from
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Figure 4. Relative energy consumption at the
mobile station as a function of threshold Tj,
and for diff erent values of p.

simulationresultswith m = 3 it canbe seenthatm does
not have a relevantimpacton systemperformance.Thus,
thereis noloosein generalityshaving thefollowing results
for thecasem = 1 only. Also, becausef spacdimitation

andsincelossprobability is typically oneof the mostcrit-

ical performancemetrics,we do not validatethe modelfor

otherperformanceneasures.

Whendesigninga systemwith theobjective of providing
QoSguaranteefor datatraffic, we usuallyaim at satisfying
constraintson loss probability From Fig. 1 obsene that,
underthe consideredraffic scenariochangesf the value
of T}, turninto change®f thelossprobability over arange
of morethanoneorderof magnitude Theselectiorof small
valuesof T}, which provide small valuesof Py, however,
may not alwaysbe a gooddesigningchoicesinceit results
in largeenegy consumption.

Fig. 2 shavs the impact of fading mamgin F' on the
loss probability for differentvaluesof 73, B = 40, and
p = 0.25. As expectedthefadingmaigin hasaremarkable
impacton Py. Again, T}, canbe chosenso that giventhe
channelconditions,the desiredloss probability is guaran-
teed.For example knowing thatthe fadingmamin is going
to be no smallerthan4 dB we can provide loss probabil-
ity guaranteebetweenle-2and5e-4only by changingthe
valueof T},.

As alreadymentioned,the choiceof T}, trades-of be-
tween QoS performanceand enegy consumption. Fig. 3
reportsthe relative enegy consumptiorper PDU, i.e., the
differencebetweerenegy consumptiorperPDU in greedy
and in saving mode at the recever, normalizedwith re-
spectto the enegy consumptiorper PDU in greedymode.
Therelative enegy consumptions plottedasa function of
fadingmarin F' andfor differentvaluesof thresholdT},.
For low valuesof F', a significantreductionin enegy con-

sumptionis obtainedvhensaving modeis appliedsincethe
numberof unsuccessfuransmissionperformedn greedy
modeis quite high. We obsene that up to 16% improve-
mentin enegy consumptioncan be achieved by properly
choosingTl},.

Fig. 4 shavstherelative enegy consumptiorperPDU as
afunctionof thetraffic loadp. Curvesareobtainedfor fad-
ing mamgin £ = 3 dB andfor differentvaluesof thethresh-
old. An improvementin enegy consumptionis achieved
by usingsaring modefor ary valueof traffic load,andthe
benefitof saving modegrows asthetraffic loadincreases.

5 Conclusions

In this paperwe presenteda configurationof the ARQ
protocoldefinedin 3GPPspecificationsandwe introduced
a control mechanisnof the transmitteractiity. The trans-
mitter entergyreedyor saving modedependingnthevalue
of a thresholdon the buffer occupang. A Markov model
was developedto study the systemperformanceas the
channelfading conditionsvary. Resultsderived for loss-
sensitve traffic shovedthat,by changingthe buffer thresh-
old, a trade-of betweenloss probability and enegy con-
sumptioncanbefound.
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