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Abstract

In this paper efficient powerallocation strategiesfor ARQ
protocols opefating in wirelesservironmentsare studied.
Power aswell astransmissiorrate is optimally adaptedby
thesendeibasednchannelstateinformation(CSl)obtained
throughfeedbak, while guaranteeingyuality-of-servic§ QOS)
constrints sud as average throughputor average delay
The power policies adoptedfor basic ARQ protocols are
characterized,and a comparisonof their performanceis
studied.Numericalresultsare presentedor a Rayleighfad-
ing channel.
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INTRODUCTION

Pawver conserationis a key concernfor wirelesstechnolo-
gies. Protocolsdeployedin wirelessnetworks must judi-
ciouslyutilize the availablepower aswell asdeliverreliable
communicationsln this work, we studypower efficiency in
thecontext of link-level errorcontrolfor awirelessnetwork.
Specifically we considervariousautomaticrepeatrequest
(ARQ) protocols,which may be usedto provide reliability
to delay-toleranapplications For theseprotocolswe inves-
tigatethe trade-ofs betweernthe averagetransmittedoower
andvariousQoSparametersuchasaveragethroughpuiand
delay We also presenta comparisorbetweenthe perfor
manceof Stop-and-Velit andGo-Back-Nprotocols.
Thereis a growing awarenesghat a strongercoupling be-
tweentraditional network layerscan be beneficialin wire-
lesssettings[2]. In this work, we explore sucha coupling
betweerthephysicalayerandlink-layerretransmissiopro-
tocols. We focuson the performancef differentARQ pro-
tocolswhenphysicallayerparameterssuchastransmission
rateandpower canbeadaptedbasedn partontheavailable
CSl.Here,CSlcouldbetheexactor averagdadelevel orary
othermeaningfuldescriptionof the physicallayer Several
otherapproachealongthesdineshave beeninvestigatedn
the literature. In [7],[8],[9], transmissiomoliciesto mini-
mizethe averageenegy expendedarestudied. An adaptve
algorithmto optimally adjustthepacletlengthsis examined
in [4].

CHANNEL MODEL
We considerthe situation shovn in Fig. 1, in which the
sendertransmitspackets over a narronv-bandblock-fading
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Figure 1. Feedback based error contr ol

channelwith additive noise. To simplify our discussionye
assumeheblock lengthis equalto the paclet transmission
time. A discrete-timemodelis used,whereeachtime unit
correspondso the block length. After every time step,the
transmitterecevesnew CSl,indepemert of whetheratrans-
missionattemptwasmadeor not. We assumehis CSltakes
valuesfrom the finite set® = {6,...,6x}. Theactual
fadelevel of the channeldependsonditionallyon the cur-
rentCSl. Thechannels assumedio have afixedpropagation
delay I, afterwhich therecever acknavledgeseachpaclet
ascorrectlyrecevved or in error. If in error, the paclet is
retransmittecccordingo the ARQ protocol.

Initially, we assumehatthe transmissiorrateis fixedat R
bits per secondandthatthe transmittercanadaptthe trans-
missionpower usedto sendeachpaclet. Let P; denotethe
power allocatedwhenthe CSl hasvalued;. The probability
a paclet arrivesin error dependson the transmittedpower
P; andthe available CSl, ;. We expressthis via a func-
tion p(P;, 6;). This function is assumedo be decreasing
in P;; aspecificexampleis givenin the next section. A
casewherethe sequencef CSI valuesare modelledas a
stationary ergodic Markov chainis considered. Let py(-)
denotethe steady-statgrobability distribution of {6;}. The
steady-stataverageprobabilityof a successfulransmission
is givenby

M

g=Y_ (1—p(P;,6:)) ps (8:). 1)

i=1

Similarly, the averagepower P expendeds foundto be,
_ M
P =" Pipy(6y). (2)
i=1

Problem Formulation
For mostcommonARQ protocols theneededuccesgrob-
ability ¢ canbedeterminedjivenarequiredaveragehrough-



putof R'. Forinstanceconsidera Go-Back-Nprotocolwith
large enoughwindow sizeW,,; sothatthetransmittemever
idlesif pacletsare available[6]. In this case,the needed
succesprobabilityis givenby

WsatRl
% + (Wsat - I)RI,
whereD is thenumberof databitsin eachpaclet,andF' is

the framesize. Givensucha relation,the power allocation
problemcanbeformulatedas,

q= 3)

M
min P = Zpipg(gi),
i=1

M
st Y (1—p(Pi,0:)pe(6:) = Kx(R),  (4)
=1
P, >0, Vi,

whereK,(R') is afunctionthatdepend®nthe ARQ proto-
col employed. For instance Ky (R') = ¢ is givenasin
(3) for a Go-Back-Nprotocol. For a Stop-and-vait protocol
[6l,

R'(F + IR)
T DR ©)
For a Selectve Repeatprotocolwith large enoughwindow
size,

Ksw(R') =

. FR

Ksr(R') = R (6)
Let P,(R') denotethe solutionto (4) as a function of the
requiredthroughputR’, for a given protocol. The func-
tion, P,(R') thendescribeshetrade-of betweerpowerand
throughpufor thatprotocol. We notethatthe minimumen-
ergy perbit solutioninvestigatedn [9] canbeinterpretedas
aparticularvalueof P, (R').

RAYLEIGH FADING CHANNELS

We assumesachpaclet is transmittedover a Rayleighfad-
ing channelwith Additive White GaussiarNoise (AWGN).
The power spectraldensityof the noiseprocesss Ny and
the bandwidthof the channelis B Hz. Let H; bethechan-
nelfadingwhenin thei** channebtate.We assumehe CSI
sequencégd; } providesthecorrespondingxpectedadelev-
els,i.e, §; = E(H;) = H;, forall i. Lety; = N’ZfB bethe
transmittedSNRwhenthe currentCSlis H;. We modelthe
probability a paclet is droppedusinga “capacityvs. out-
age”framework [5]. Specifically a pacletis droppedif the
Shannorcapacityof channefealizationduringthatparticu-
lar blockfalls below theinformationrate R, this eventbeing
referredto asan outage. The outageprobabilitiesin the M
channektatescanbe calculatedas,

_ 2% 1
p(vi, H;) =1 —exp (— = >, Vo (7)
12

Two State Channel

Considera channelwith two CSI states,with steady-state
probabilitiesp; andp, andwith expectedgainsH, > H,.
The power allocationproblemin (4) canbe formulatedin
terms of the transmissionSNRs (equivalently powers) in
eachstate. Theoptimal power policy is characterizethelov
asafunctionof theaveragethroughputequiremen®?’.

Proposition 1. WhenK,(R') > p1, thetransmissiompow-
ersare
R

(28 —1)

R
. —(2% - 1)
H1 Int

Vy = ﬁz n (K“"(R;Z)_plt)’ (8)

whelet is a solutionin
é _ pgtln2 t
B (Ky(R)) - pyt) In? (Kelomt)

(9)

Proof: For K,(R') > p1, the power mustbe splitin both
the channelstatesto satisfy the constraintin (4). Using
the constraints,; and v, have the abore form for some
t € [0,1]. Thatt mustsatisfy (9) follows the first order
optimality conditionsfor (4). H

Proposition 2. WhenK,(R') < pie~! the transmission
powes are

mCLI)

- =P . 10
Tk, k) 270 (10)
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WhenK,(R') € (pie',p1), the powerpolicy adoptedis
eitherasin (8) or (10).

When K, (R') < pie~!, transmittingin both the channel
statecanbe shavn to be sub-optimal.

WhenK,(R') € (pie ', p1), the power policy is eitherof
(8) or (10). The exact natureof the solutionseemsto be
specificto theproblem.

Comparison of Stop-and-W ait and Go back N

We studythepowerrequiredfor a Go-Back-NandStop-and-
Wait protocolwith M equallylikely CSl values. The Go-

Back-N protocolwill transmitin W, slotsbeforesliding

it' swindow, whereW,,; is thenumberof pacletsneededo

fill thechannel’.In thissameime,aStop-and-Viitprotocol
will havetransmittedn oneslot. Hencewecomparehetotal

enepy perWs,, slots,i.e. Py (R') andWq Pyp—n (R').

Proposition 3. Theeexistsa thresholdR’(Wy,;) sud that,
PSW(RI) < Wsatpgbfn(Rl)y V RI < R,(Wsat)- (11)

Proof: In the power allocationproblemfor the Go-back-N
protocol,if Wy, v; isreplacedvith v;, theequalityconstraint
canberewrittenas,

Wiat (2% 1)

1 M
} : _ /
M 2 exp | — VZ-H,L' = Kgb—’n(R )



Thesearesuccesprobabilitiesin the variouschannektates
and hencenon-ngyative. Then, as a consequencef the
multinomialtheorem,

1 M 2%_1 Wsat
= _LT > Ko n(R).

Thesuccesprobabilityfunctionis monotonicdly increasing
Thereforefor Stop-and-Véitto bemorepowerefficientthan
Go-Back-N,it is sufficientto have,

MEKsw(R') < (MK yp_n(R')) Weat .

Substitutingthe protocolconstantdrom (3) and(5), it fol-
lows thattheinequalityis truefor someR’ (W,;) € (0, R).
Therefore,

Psw(R') < WPy_n(R'), VR <R (W) N

Thus,with alow enoughpower requirementStop-and- Vit

will have a higherthroughputhanGo-Back-N.This canbe
contrastedvith a wire-line network, in which Go-Back-N
will always have a higherthroughput. The reasonfor this

is that Go-Back-Nsendsall pacletsin the currentwindow,

beforesliding back. Whenthe poweris low anderrorrates
arehigh, successie pacletsarethrown out, leadingto aloss
of enegy. We notethatasin awireline network, a Selectve

Repeatprotocolwill alwayshave a higherthroughputthan
eitherGo-Back-Nor Stop-and-Vit.

In Fig. 2, the trade-of betweenpower and throughputfor

a Stop-and-V&lit protocol,is comparedwith a Go-Back-N
protocol employing a window size of 2. The link rateis

200 Kbps. In this caseuntil about30 percentthroughput
requirementStop-and-vaitis morepower efficientthanGo-

Back-N.As thethroughputequirementcreaseStop-and-
Wait provesto belessefficientdueto the overheadnvolved

in waiting for anACK.

Timesharing Strategy

The throughputversuspower plot shavn in Fig. 2 exhibits
a distinctdip. This arisesout of the natureof the success
(complimentarilyerror) function,S (v, H;) = 1 — p(v, H;),
whichis foundto becorvex for low SNRvaluesandconcae
everywhereelse.Over theregionwhereS(v, H;) is corvex,
throughpumaybeimprovedby usingatimesharingscheme.
In the timesharingschemewe suspendransmissionwith
probability ¢, if theallottedtransmissiorSNR falls below a
threshold. Otherwise the transmissiorSNRis fixed at the
thresholdvalue. Choosingthe optimal timesharingscheme
yieldsthe modifiedsuccessunction:

. Helv if < 281
S, Hy)=q 251" 0 (12)
S(v,H;), ifv> 2';;1.

Figure3 shavs the power allocationcurvesfor the modified
aswell asoriginal succes$unction,plottedonalinearscale.
As expectedtheaveragehroughpubbtainedncreasesver

Power allocations for Go-Back-N and Stop-and-Wait
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Figure 2. GBN vs SW - Rayleigh fading channel

acertainpower range.Also notice,thethroughputvs power
curnveis now concaethroughout.

Rate Variation

In additionto powervariation,we now assumehatthetrans-
mitteradaptghenumberof information bits perpacket,while
keepingthekeepingthetransmissiotime of eachpacletthe
same. Therefore,both rate as well as power are adapted
basednthe CSI.We assumahemaximumrateof transmis-
sionis R. Let R; betherateallottedwhenthe CSlhasvalue
0;. To simplify our discussionwe considertransmission
ratessmallcomparedo thechannebandwidth(i.e),

25 — 1=~ —. (13)

The analysighatensuesanbe extendedfor higherratesof
transmissioraswell. Using(13)in (7) we set,

By ) Vo
I/ZHZB

Note if R; = 0, thenclearly »; = 0 and by corvention
0(0,0,6;) = 1. For aStop-and-Vdit protocoloperatingover
atwo statei.i.d. fadingchannelwith gainsH, > H,, the
power allocationproblemin (4) canbe modified with the
protocolconstant,

p(Poy Riybs) = 1 — exp (—

Krate,SW(Rl) = %Rla

This is expressedn termsof the paclet transmissiortime,
T. A similar constraintcan be formulatedfor Go-back-N
protocolsaswell.[1]

As an example,we considera Stop-and-Vdit protocol op-
eratingover a channelwith H;, =1dbandH, =10dh The
maximumtransmissiorrate is setto 200 kbps. Figure 4

shaws the power allocationschemewhen paclet sizesare
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Figure 3. Timesharing

adjustedn additionto transmissiorpower. The plot shavs
thatin thiscasethereis mamginalbenefitin adaptingoothrate
andtransmissiorpower.

DELAY ANALYSIS

In someapplicationave may needto guarantean average
delayfor eachpaclet, while efficiently utilizing power. We

study the casewherepacletsarrive from a Poissonsource
at an averagerate A pacletspertime slot. Hereeachtime

slot is assumedo include the paclet transmissiortime as
well asroundtrip propagatiordelay i.e onetime slotequals
(% + I) secondsThepacletsarebufferedatthetransmitter
and constrainedo have an averagepaclet delayT,. The
pacletlossesreassumedb bei.i.d. Thetransmittersqueue
then can be modelledas a M/G/1 queuewith the service
time distribution X givenas P (X = kW +1) = ¢(1 —

q)*,forall & [3]. So,

To14 @ (14)

Hereq istheaveragegprobabilityof asuccessfuransmission.
The averagepaclet delay givenby the Pollaczek-Khinchin
formulais
. AX2 :
T, = (X + m) (time slots) (16)

For Stop-and-Vdit or Go-back-Noperatingover a Gaussian
channelwith two equallylikely andindependenstatesthe
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Figure 4. Optimal Rate plus Power adaptation

power allocationproblemcanbewritten as
vy + V2
5
S.t p(l/l, hl) + p(l/g, h2) =2- ZKdel,m(/\; Tp), (17)
m Z O, 1 %] Z 0

min 7 =

Noticethatthestructureof this problemis similarto (4). As
in (4), we arerestrictingoursehesto power allocationsthat
dependonly onthe channektate; for thedelay-constrained
casewe note that sucha restrictionis not optimal. Here
K1, (A, Tp) is specificto the protocolemployed and can
againbe interpretedasthe averageprobability of a success-
ful transmission. For a Go-Back-N protocolemploying a
window size W, using(14),(15)and (16) it canbe shovn
that

WL W2 - 2W +2WT,
o 4 (W —1)2 = 2T,(W — 1)
(18)

Settingiv = 1, theprotocolconstanfor Stop-and-Vait can

be obtained. The solutionform for a two statei.i.d. fading

channeis asdiscussedor thethroughputase.

Figure5 givesthe power policy adoptedby the Stop-and-
Wait protocoldescribedn the previoussectionsfor various
arrival rates.Thisis comparedvith anequalpower splitting

approach.Notice for smalldelay anequalpower is nearly
optimal. Thereseemsgo be considerablédenefitin employ-

ing this scheme especiallywhenthe delay requirements

relaxedandarrival ratesarelow.

Kaet,gsn (A, Tp) =

CONCLUSIONS
This paperdiscusseaptimal power allocationschemegor
ARQ protocols operatingover fading channelsand con-
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Figure 5. Effect of Arriv al rate

strainedby QOS requirements.The optimal power policy

enhanceperformancescomparedo asimpleequal-paver
transmissiorscheme.Therelative performanceof the poli-

cies adoptedby Stop-and-Veit and Go-Back-N protocols
wasalsostudied. It wasshowvn that Stop-and-Viitis power
efficient over a rangeof throughputrequirements.This is

aninterestingresultin the context of wirelesschannelspar

ticularly becauseéstop-and-Vdit is alwayslessefficientin a
wireline scenario. Finally, the power policy adoptedwhile

constrainedy delayrequirementsvasconsidered Results
similar to thethroughputcasewerediscussed.
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