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Abstract
In this paper, efficientpowerallocation strategiesfor ARQ
protocols operating in wirelessenvironmentsare studied.
Poweraswell as transmissionrate is optimallyadaptedby
thesenderbasedonchannelstateinformation(CSI)obtained
throughfeedback,whileguaranteeingquality-of-service(QOS)
constraints such as average throughputor average delay.
The power policies adoptedfor basic ARQ protocolsare
characterized,and a comparisonof their performanceis
studied.Numericalresultsarepresentedfor a Rayleighfad-
ing channel.
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INTRODUCTION
Power conservation is a key concernfor wirelesstechnolo-
gies. Protocolsdeployed in wirelessnetworks must judi-
ciouslyutilize theavailablepoweraswell asdeliver reliable
communications.In thiswork, westudypowerefficiency in
thecontext of link-levelerrorcontrolfor awirelessnetwork.
Specifically, we considervariousautomaticrepeatrequest
(ARQ) protocols,which may be usedto provide reliability
to delay-tolerantapplications.For theseprotocols,weinves-
tigatethe trade-offs betweentheaveragetransmittedpower
andvariousQoSparameterssuchasaveragethroughputand
delay. We also presenta comparisonbetweenthe perfor-
manceof Stop-and-Wait andGo-Back-Nprotocols.
Thereis a growing awarenessthat a strongercouplingbe-
tweentraditionalnetwork layerscanbe beneficialin wire-
lesssettings[2]. In this work, we exploresucha coupling
betweenthephysicallayerandlink-layerretransmissionpro-
tocols. We focuson theperformanceof differentARQ pro-
tocolswhenphysicallayerparameters,suchastransmission
rateandpowercanbeadapted,basedin partontheavailable
CSI.Here,CSIcouldbetheexactoraveragefadelevelorany
othermeaningfuldescriptionof the physicallayer. Several
otherapproachesalongtheselineshavebeeninvestigatedin
the literature. In [7],[8],[9], transmissionpoliciesto mini-
mizetheaverageenergy expendedarestudied.An adaptive
algorithmto optimallyadjustthepacket lengthsis examined
in [4].

CHANNEL MODEL
We considerthe situation shown in Fig. 1, in which the
sendertransmitspackets over a narrow-bandblock-fading
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Figure 1. Feedbac k based error contr ol

channelwith additive noise.To simplify our discussion,we
assumetheblock lengthis equalto thepacket transmission
time. A discrete-timemodelis used,whereeachtime unit
correspondsto the block length. After every time step,the
transmitterreceivesnew CSI,independent of whetheratrans-
missionattemptwasmadeor not. WeassumethisCSI takes
valuesfrom the finite set ��� ������	�
�
�
	���� � . The actual
fadelevel of the channeldependsconditionallyon the cur-
rentCSI.Thechannelis assumedtohaveafixedpropagation
delay, � , afterwhich thereceiveracknowledgeseachpacket
as correctly received or in error. If in error, the packet is
retransmittedaccordingto theARQ protocol.
Initially, we assumethat the transmissionrateis fixedat �
bits persecond,andthatthetransmittercanadaptthetrans-
missionpower usedto sendeachpacket. Let ��� denotethe
powerallocatedwhentheCSI hasvalue

� � . Theprobability
a packet arrivesin error dependson the transmittedpower� � and the availableCSI,

� � . We expressthis via a func-
tion ����� � 	�� ��� . This function is assumedto be decreasing
in � � ; a specificexampleis given in the next section. A
casewherethe sequenceof CSI valuesare modelledas a
stationary, ergodic Markov chain is considered.Let ����� � �
denotethesteady-stateprobabilitydistributionof

��� � � . The
steady-stateaverageprobabilityof asuccessfultransmission
is givenby ! � �" �$# � � %'&(������� 	�� � �)� � � � � � � 
 (1)

Similarly, theaveragepower *� expendedis foundto be,*�+� �" �,# � �-�$� � � � � � 
 (2)

Problem Form ulation
For mostcommonARQ protocols,theneededsuccessprob-
ability ! canbedeterminedgivenarequiredaveragethrough-



putof �/. . For instance,consideraGo-Back-Nprotocolwith
large0 enoughwindow size 132)465 sothatthetransmitternever
idles if packetsareavailable [6]. In this case,the needed
successprobabilityis givenby! � 1 2 465 �/.798:<; ��1 2 4=5 &>% � � . 	 (3)

where ? is thenumberof databits in eachpacket,and @ is
the framesize. Givensucha relation,thepower allocation
problemcanbeformulatedas,ACB$D *�E� �" �,# � ���F� � � � � � 	

s.t

�" �,# � � %G&(�H�I�-� 	)� � �)� � � � � � � �KJMLN�I� . � 	 (4)�-�PO>Q 	SR�TU	
whereJ L ���/. � is a functionthatdependsontheARQ proto-
col employed. For instance,JWVYX)ZH[\��� . � � ! is givenasin
(3) for a Go-Back-Nprotocol.For a Stop-and-wait protocol
[6], J 2^] �I� . � � �/.I�I@ ; �_� �?M� 


(5)

For a Selective Repeatprotocolwith largeenoughwindow
size, Ja` 8 ��� . � � @b�c.?d� 


(6)

Let �-Le���/. � denotethe solution to (4) as a function of the
requiredthroughput � . , for a given protocol. The func-
tion, �-Le���/. � thendescribesthetrade-off betweenpowerand
throughputfor thatprotocol.We notethattheminimumen-
ergy perbit solutioninvestigatedin [9] canbeinterpretedas
a particularvalueof �-Le���/. � .
RAYLEIGH FADING CHANNELS
We assumeeachpacket is transmittedover a Rayleighfad-
ing channelwith Additive White GaussianNoise(AWGN).
The power spectraldensityof the noiseprocessis fhg and
thebandwidthof thechannelis i Hz. Let jC� bethechan-
nel fadingwhenin the

T 5�k channelstate.WeassumetheCSI
sequence

��� �^� providesthecorrespondingexpectedfadelev-
els, i.e,

� �'�mln��jC� � � *jC� 	 for all
T6


Let o��p� qsrt�u)v be the
transmittedSNRwhenthecurrentCSI is *j � 
 We modelthe
probability a packet is droppedusinga “capacityvs. out-
age”framework [5]. Specifically, a packet is droppedif the
Shannoncapacityof channelrealizationduringthatparticu-
lar blockfallsbelow theinformationrate � , thiseventbeing
referredto asanoutage.Theoutageprobabilitiesin the w
channelstatescanbecalculatedas,���Io�� 	 *jx� � �m%'&3y�z|{~}�&d���� &>%o�� *jC��� 	SR T6


(7)

Two State Channel
Considera channelwith two CSI states,with steady-state
probabilities� �

and �H� andwith expectedgains *j �C� *jC� .
The power allocationproblemin (4) canbe formulatedin
terms of the transmissionSNRs (equivalently powers) in
eachstate.Theoptimalpowerpolicy is characterizedbelow
asa functionof theaveragethroughputrequirement�/. .
Proposition 1. WhenJMLe���/. � � � �

, thetransmissionpow-
ersareo � � &h� ���� &>% �*j �H� D'� � o���� &h� ���� &>% �*jC� � Da������� 8\�,� ZN���^5��� � 	

(8)

where � is a solutionin*jC�*j � � �H� � � D � ��IJ L �I� . � &�� � � � � D � � �n��� 8 � � Z�����5� � � 

(9)

Proof: For J L �I�/. � � � �
, thepower mustbesplit in both

the channelstatesto satisfy the constraintin (4). Using
the constraints,o � and o�� have the above form for some����� Q 	 %�� . That � must satisfy (9) follows the first order
optimalityconditionsfor (4). �
Proposition 2. When J L �I�c. � � � �Y¡ Z �

the transmission
powersare o � � &h� � �� &>% �*j � � D � J L ��� . � � o � �KQ 
 (10)

When JdLN���/. � � �¢� � ¡ Z � 	 � � � , the powerpolicy adoptedis
eitherasin (8) or (10).
When J L �I�/. ��� � �=¡ Z �

, transmittingin both the channel
statescanbeshown to besub-optimal.
When JMLN�I�c. � � �¢� � ¡ Z � 	 � � � , thepower policy is eitherof
(8) or (10). The exact natureof the solutionseemsto be
specificto theproblem.

Comparison of Stop-and-W ait and Go back N
Westudythepowerrequiredfor aGo-Back-NandStop-and-
Wait protocolwith w equally likely CSI values. The Go-
Back-N protocolwill transmitin 1(2 465 slotsbeforesliding
it’swindow, where 1(2 465 is thenumberof packetsneededto
‘fill thechannel’.In thissametime,aStop-and-Waitprotocol
will havetransmittedin oneslot.Hence,wecomparethetotal
energy per 1(2 465 slots,i.e. � `¤£ �I�c. � and 132)465 �¥VYX)ZH[¥���/. � .
Proposition 3. Thereexistsa threshold�/.I��1 2)465 � such that,� `¤£ ��� . �p� 1(2 465 �-VYX Z�[��� . � 	�R � . � � . ��132 4=5 � 
 (11)

Proof: In the power allocationproblemfor the Go-back-N
protocol,if 1 2 4=5 o�� is replacedwith o�� , theequalityconstraint
canberewrittenas,%w �" �$# � y�z|{§¦¨n& 1 2 465 � �-�� &>% �o�� *jC� ©ª �«J VYX)ZH[ ��� . � 




Thesearesuccessprobabilitiesin thevariouschannelstates
and hencenon-negative. Then, as a consequenceof the
multinomialtheorem,%w } �" �,# � yYz¤{~}�& � �� &¬%o � *j �§�h� £G�® ¯ O>J VYX)ZH[ �I� . � 

Thesuccessprobabilityfunctionismonotonically increasing.
Therefore,for Stop-and-Wait tobemorepowerefficientthan
Go-Back-N,it is sufficient to have,w+Jd`¤£(�I� . �°� �Iw+J VYX)ZH[ �I� . ��� �± I®)¯ 

Substitutingthe protocolconstantsfrom (3) and(5), it fol-
lows thattheinequalityis truefor some�/.I��132)465 � � ��Q 	 � � .
Therefore,� `|£ �I� . �°� 1+�-V=X)Z�[��� . � 	SR � . � � . ��132 4=5 � 
 �
Thus,with a low enoughpowerrequirement,Stop-and-Wait
will have a higherthroughputthanGo-Back-N.This canbe
contrastedwith a wire-line network, in which Go-Back-N
will alwayshave a higher throughput. The reasonfor this
is thatGo-Back-Nsendsall packetsin thecurrentwindow,
beforesliding back. Whenthepower is low anderrorrates
arehigh,successivepacketsarethrown out, leadingto a loss
of energy. We notethatasin awirelinenetwork, a Selective
Repeatprotocolwill alwayshave a higherthroughputthan
eitherGo-Back-Nor Stop-and-Wait.
In Fig. 2, the trade-off betweenpower and throughputfor
a Stop-and-Wait protocol, is comparedwith a Go-Back-N
protocol employing a window size of 2. The link rate is
200 Kbps. In this caseuntil about30 percentthroughput
requirement,Stop-and-wait is morepowerefficientthanGo-
Back-N.As thethroughputrequirementsincrease,Stop-and-
Wait provesto belessefficientdueto theoverheadinvolved
in waiting for anACK.

Timesharing Strategy
The throughputversuspower plot shown in Fig. 2 exhibits
a distinct dip. This arisesout of the natureof the success
(complimentarily

¡�²�²�³�²
) function, ´G�Io 	 *j �I� �m%�&a�H��o 	 *j �I� ,

whichis foundto beconvex for low SNRvaluesandconcave
everywhereelse.Over theregionwheré'�Io 	 *j �I� is convex,
throughputmaybeimprovedbyusingatimesharingscheme.
In the timesharingschemewe suspendtransmissionwith
probability ! , if theallottedtransmissionSNRfalls below a
threshold. Otherwise,the transmissionSNR is fixed at the
thresholdvalue. Choosingtheoptimal timesharingscheme
yieldsthemodifiedsuccessfunction:µ´p�Io 	 *jC� � �·¶¸ ¹(º» rI¼U½ �)¾� �� Z � 	

if, o � � �� Z �º» r´'�Io 	 *j �I� 	 if o � � �� Z �º» r 
 (12)

Figure3 showsthepowerallocationcurvesfor themodified
aswell asoriginalsuccessfunction,plottedonalinearscale.
As expected,theaveragethroughputobtainedincreasesover
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Figure 2. GBN vs SW - Rayleigh fading channel

acertainpowerrange.Also notice,thethroughputvspower
curve is now concavethroughout.

Rate Variation
In additionto powervariation,wenow assumethatthetrans-
mitteradaptsthenumberof informationbitsperpacket,while
keepingthekeepingthetransmissiontimeof eachpacketthe
same. Therefore,both rate as well as power are adapted
basedontheCSI.Weassumethemaximumrateof transmis-
sionis � . Let �c� betherateallottedwhentheCSIhasvalue� � . To simplify our discussion,we considertransmission
ratessmallcomparedto thechannelbandwidth,(i.e),� �� &¬%À¿ �i 


(13)

Theanalysisthatensuescanbeextendedfor higherratesof
transmissionaswell. Using(13) in (7) weset,����� � 	 � � 	)� ��� �E%'&(yYz¤{�Á\& �c�o��°*jx��iÃÂ 	SR T6

Note if �c�d�ÄQ , then clearly o��d�ÅQ and by convention����Q 	 Q 	�� � � �E% . For aStop-and-Wait protocoloperatingover
a two statei.i.d. fadingchannelwith gains *j �a� *jC� , the
power allocationproblemin (4) can be modified with the
protocolconstant,JMÆ 465 ¼UÇ `¤£(��� . � �ÉÈ ; �È � . 	
This is expressedin termsof the packet transmissiontime,È . A similar constraintcanbe formulatedfor Go-back-N
protocolsaswell.[1]
As an example,we considera Stop-and-Wait protocolop-
eratingover a channelwith *j � � 1dband *jx�x� 10db. The
maximumtransmissionrate is set to 200 kbps. Figure 4
shows the power allocationschemewhen packet sizesare
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adjustedin additionto transmissionpower. Theplot shows
thatin thiscasethereismarginalbenefitin adaptingbothrate
andtransmissionpower.

DELAY ANALYSIS

In someapplicationswe mayneedto guaranteeanaverage
delayfor eachpacket,while efficiently utilizing power. We
studythe casewherepacketsarrive from a Poissonsource
at an averagerate Ê packetsper time slot. Hereeachtime
slot is assumedto include the packet transmissiontime as
well asroundtrip propagationdelay, i.e onetimeslotequals� : 8~; � � seconds.Thepacketsarebufferedat thetransmitter
and constrainedto have an averagepacket delay È � . The
packetlossesareassumedtobei.i.d. Thetransmitter’squeue
then can be modelledas a M/G/1 queuewith the service
time distribution Ë given as �¬�IË�� ÌN1 ; % � � ! �)%Í&! �)Î 	 for all Ì [3]. So,*ËÏ�E% ; 1Ð� %'& ! �! 	

(14)*Ë � �E% ; �I1 � ; � 1 � � %'& ! �! 

(15)

Here! is theaverageprobabilityof asuccessfultransmission.
Theaveragepacket delay, givenby thePollaczek-Khinchin
formulaisÈ � � Á *Ë ; Ê *Ë �� �)%°&�Ê *Ë � Â (timeslots)



(16)

For Stop-and-Wait or Go-back-Noperatingovera Gaussian
channelwith two equallylikely andindependentstates,the
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powerallocationproblemcanbewrittenasACB$D *oM� o � ; o �� 	
s.t ���Io � 	UÑ � � ; �H��o�� 	UÑ � � � � & � JdÒ ¼�ÓÔÇ LN��Ê 	 È � � 	 (17)o � O¬Q 	 o��/O>Q 


Noticethatthestructureof thisproblemis similar to (4). As
in (4), we arerestrictingourselvesto power allocationsthat
dependonly on thechannelstate; for thedelay-constrained
casewe note that sucha restrictionis not optimal. HereJdÒ ¼�ÓÕÇ L��IÊ 	 È � � is specificto the protocolemployed andcan
againbeinterpretedastheaverageprobabilityof a success-
ful transmission. For a Go-Back-Nprotocol employing a
window size 1 , using(14),(15)and (16) it canbe shown
thatJdÒ ¼�ÓÔÇ VYX t �IÊ 	 È � � � �6£Ö ; 1 � & � 1 ; � 1 È ��U×�ØÖÙ; �I1Ú&>% � � & � È � �I1Û&¬% � 


(18)

Setting1Ü�E% , theprotocolconstantfor Stop-and-Wait can
beobtained.The solutionform for a two statei.i.d. fading
channelis asdiscussedfor thethroughputcase.
Figure5 gives the power policy adoptedby the Stop-and-
Wait protocoldescribedin theprevioussections,for various
arrival rates.This is comparedwith anequalpowersplitting
approach.Notice for smalldelay, anequalpower is nearly
optimal. Thereseemsto beconsiderablebenefitin employ-
ing this scheme,especiallywhen the delay requirementis
relaxedandarrival ratesarelow.

CONCLUSIONS
This paperdiscussedoptimalpower allocationschemesfor
ARQ protocolsoperatingover fading channelsand con-
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strainedby QOSrequirements.The optimal power policy
enhancesperformanceascomparedto asimpleequal-power
transmissionscheme.Therelative performanceof thepoli-
cies adoptedby Stop-and-Wait and Go-Back-N protocols
wasalsostudied.It wasshown thatStop-and-Wait is power
efficient over a rangeof throughputrequirements.This is
aninterestingresultin thecontext of wirelesschannels,par-
ticularly becauseStop-and-Wait is alwayslessefficient in a
wireline scenario.Finally, the power policy adoptedwhile
constrainedby delayrequirementswasconsidered.Results
similar to thethroughputcasewerediscussed.
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