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Abstract

We de ne atransmissiorpower adaptation-baseutingtechniquethat nds optimal pathsfor minimum enegy
reliabledatatransferin multi-hop wirelessnetworks. This optimal choiceof the transmissiorpower dependon the
link distancebetweerthe two nodesandthe channelcharacteristicsTypical enegy ef cient routingtechniquesisea
transmissiompower suchthatthe recevedsignalpower at the destinatiorminimally exceedsa desiredthresholdsignal
strengthlevel. In this paperwe arguethat sucha choiceof the transmissiorpower doesnot alwaysleadto optimal
enegy routes sinceit doesnot considerdifferencesn therecever noiselevels.

We rst analyzethe optimal transmissiorpower choicesfor reliable datatransferover a singlelink. We do this
analysisfor both the ideal casefrom aninformation-theoretiperspectie, andalsofor realisticmodulationschemes.
Subsequentlye de ne ourtechniquefor transmissiompower adaptatiorthatcanbe usedin existing routing protocols
for multi-hop wirelessnetworks. Throughdetailedsimulationswe shav that currentbest-knavn schemesgncur upto
10% more enegy costsin low noiseervironments,and upto 165% more enegy costsin high noise ervironments
comparedo our proposedscheme.

I. INTRODUCTION

Most minimum-enegy routing protocolsfor multi-hopwirelessnetworks assignlink costsassomefunction of the
transmissiompowerusedo sustaircommunicatioroveralink. Thesignalattenuatioronawirelesdink, typically
variesas for , Where is thedistancebetweerthenodes and . Algorithmsthatcomputeend-to-
endminimumenegy pathstypically assumehattransmittemodescandynamicallyvary thetransmissiompowerlevels
for paclettransmissionThereforethesealgorithmsobsere thatthetotal enegy requirementgor paclet transferover
the entire path can be minimized by choosinga route consistingof a large numberof small-distancénopsover an
alternatve onewith a small numberof large-distancénops[8], [17]. However, thesealgorithmsdo not necessarily
yield minimum-enegy pathsfor reliable padet delivery: sincethe link metricsof suchalgorithmsdependsolely on
the enegy spentin a single transmissionthey do not capturethe effects of transmissiorerrors,andthe additional
enegy expendedn retransmissionm the presencef link errors.

In this paper we consideralgorithmsfor computingminimum-enegy pathsfor reliable wirelesscommunication.
Ourapproacheverageshetechniqueemployedin [1], whichshavedhow link costscanbemodi ed to accounfor the

enegy spentin reliablepaclet transmissionSucha costincorporate®oththe pover neededor asingletransmission,
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andthe numberof retransmissionseededo achie/e reliable paclet forwarding. However, [1] continuesto make
the assumptiorthatthe transmissiorpower level on anindividual link is determinedsolelyby the correspondingink
distanceandthatthe transmissiorerror probability is independenof the transmissiorpowerlevel. In this paper we
amguethatsucha choiceof transmissiorpower level is notoptimalin nding minimumenegy costs— to achieve this
objective, thetransmissiopowver mustbe adaptedn a moresophisticatedavay.

We rst focusondeterminingheoptimalpowerlevel for reliablecommunicatioroverasinglelink. Ourapproachs
motivatedby the fundamentabbseration thatthe errorratefor a particularlink is notindependentf the transmitted
signal power but is stronglyin uenced by it. More accuratelythe error rate for paclet receptionis a function of
both the receved signal power, the channelconditionsand noise levels at the recever. An optimal choice of the
transmissiorpower mustbalancehe enegy spentin a singletransmissiorwith the error rate (andthusthe expected
numberof retransmissiongeeded)generatedy that power level. Sincethe channelconditionsand recever noise
conditionsfor differentlinks are essentiallyindependentind can exhibit considerablevariation, it follows that the
optimaltransmissiompower for differentlinks canbe appreciablydifferent,evenif thelinks havethe samedistance

We provide a mathematicaframework for deriving the optimaltransmissiorpower andminimal reliabletransmis-
sion costasa function of the link's characteristicsIn particular we initially useresultsfrom informationtheoryto
establisithatary link is associateavith alower boundonthe optimalenegy ef ciency (theenegy needederbit of
reliably transmittednformation),andthat this optimal enegy ef ciency is achiared asymptoticallyasthe transmis-
sionpower . Thistheoreticalresultis, however, misleadingin practicesincesupportingsuchin nitesimal power
levelsrequiresasymptoticallyin nite channekodewords,andleadsto anunboundedncreasen the communication
lateng. For amorepracticalperspectie, we considerthe caseof acommonlyusedwirelessLAN modulationscheme
andderive the associatedptimal transmissiorpower level. In particular our analysisdemonstratethe existenceof
anoptimaltransmissiorpower level in suchschemessuchthata reductionor anincreasdn the transmissiorpower
bothleadto a higherenegy costperreliably transferrecbit. We alsoshav how the transmissiorpower level affects
theretransmissioprobability andhencetheaveragecommunicatiodateng. Theseresultsalsodemonstrat@ow the
transmissiorpower level canalsobe usedto effectively tradeoff betweertheenepgy ef ciency andthelatencyof data

transfer

A. Keyldea

Considera frameis transmittedoy a node, , with transmitpower, andis detectedoy therecever, , at power
level, . Assumingtheuseof omni-directionabntennaandtheuseof homogeneouseceversatall nodes, canbe
relatedto thetransmitpower  as:

— (1)
where is a proportionalityconstant.Sinceour focusis moreon investigatingthe relative natureof the relationship
between and , weassume without ary lossof generalityin the restof the paper The pathattenuation
coefcient hasbeentypically obseredto be for short-distancdinks (lessthan100meters)and for longer
links in the 2.4 GHz transmissiorband. In the modelusedin [1], the authorsassumehat the nodeschoosethe

transmitpower, , suchthatthereceved power atthedestinations atleast thresh athresholdvalue.Basedon this



assumptionminimum enegy consumptioris achieved with the transmitpower chosersuchthatthe receved power

minimallyexceedghethresholdj.e.
thresh (2)

In this paperwe arguethat sucha choiceof the transmissiorpower acrossa link doesnot always provide optimal
enegy costs. In the reliable datatransfercase,a frame may needto be retransmittednore thanonceto guarantee
delivery. Choosinga transmissiorpower higherthana minimum necessaryaluehasa signi cant impacton thelink
errorrate.More speci cally, increasinghetransmissiompowerleadsadecreas@ thelink errorrate,andconsequently
adecreasén the potentialnumberof frameretransmissionsecessary

This is a crucial obseration in choosingthe transmissiorpower for reliable datatransfer In our papey we shav
how the transmissiorpower for paclet transmissioracrosseachwirelesslink needso be choserso that the costof
reliabletransmissioris minimizedacrosghatlink. Additionally, we shav thatsucha choiceof transmissiorpowers
leadto theabsoluteminimumend-to-endnegy costsfor reliablepaclet delivery acrossamulti-hopwirelessnetwork.

Oursimulationstudiesshaw thatsuchanintelligentadaptatiorof the nodetransmissiompower helpsin signi cantly
reducingthe enegy requirementdor end-to-endreliable paclet delivery. More speci cally, non-adaptie schemes
incuruptol10%morecostsin low noiseenvironmentsandupto 165%morecostsin high noiseervironmentsthanour
adaptve scheme.

We shall explain why a traditionalminimum costrouting algorithmcanbe appliedin this scenariconly whenlink
layer retransmissionare used. If reliability is only possiblethroughend-to-endretransmissionbetweena paclet
sourceandits nal destinationfor example,usingareliabletransporiayersuchasTCP),the multiplicatve natureof
errorprobabilitiesmakesthedervationof aglobally optimumsolutionintractable However, link-layerretransmissions
is aninherentfeatureof almostall wirelesslink-layer protocolsdueto the potentiallyhigh link error rates(often as
large as for individual transmissionsin wirelesservironments.Accordingly our proposedink-adaptation
algorithmcanbe combinedwith standardnminimum-costrouting algorithmsto yield optimum-enegy pathsin almost
all practicalcasesf interest.

Our problemformulationandrouting solutionassumeshat eachnodein the ad-hocnetwork is ableto detectthe
paclet error rate on its outgoinglinks. Sensingthe channelnoise conditionscan be doneeither at the link layer,
a capability that is built into most commercialwireless802.11interfacesavailable today or throughhigherlayer

mechanismsuchasperiodicpaclet probesor aggreatedpaclet receptiorreportsfrom therecever 1.

B. Roadmap

Therestof this paperis organizedasfollows. In thenext sectionwe describecurrentlyknovn techniquegor enegy
awarerouting in wirelesservironments. In Sectionlll we formulatea framewvork to determinethe choiceof trans-
missionpower thatleadsto optimal enegy consumptioracrossa singlelink for bothidealandpracticalmodulation

schemesln SectionlV we describaheoptimally minimumenegy routingschemausingadaptve transmissiopower

Similar ideaswere proposedor link sensingn the InternetMANET EncapsulatiorProtocol[4] which is usedby anotherad-hocrouting
protocol(TORA[13]).



atthenodes.In SectionV, we presentesultsfrom detailedsimulationstudiesunderrealisticwirelessernvironments

usingthens-2simulator?. Finally, we presenbur conclusionsn SectionVI.

1. RELATED WORK

Metrics usedby conventionalrouting protocolsfor the wired Internettypically performminimum-hoprouting (or
sometimeswidest-shortespathrouting” thattakesinto accountthe available bandwidthat links [10]), but doesnot
considerary enegy-relatedparametersin x ed-paver scenariosthe minimum-hoppathwould alsocorrespondo
the paththatuseshe minimumtotal enegy for a singletransmissiorof a paclet.

In contrastenegy-avareroutingprotocols(e.g. PAMAS [17] andPARO [8], [9]) for variable-paver scenariogim
to directlyminimizethetotal power consumeavertheentiretransmissiompath. In particular PAMAS is aMAC-layer
protocolthatconseresbatterypower by intelligently poweringoff nodeghatarenotactively transmittingor receving
paclets,andby usingcontrol elds in MAC headerdo adjustthetransmissiorpower to the minimumlevel neededo
ensurehattherecever signalstrengthlies above a speci ed threshold.Minimum-costrouting protocolscanthenbe
emplo/edto computeenegy ef cient pathsby simply settingthelink costto thetransmissiorpower level.

In the casewherenodescandynamicallyadjusttheir power basedon the link distance ,sucha formulationoften
leadsto the formationof a pathwith a large numberof hops. A link costthatincludesthe recever power aswell is
presentedn [16]. Thisapproachresultsin the selectionof pathswith smallernumberof hopsthanPAMAS.

The basicideaof optimizing communicationenegy over wirelesslinks hasbeenexploredfairly extensvely in
literature.However, thefocushasbeenon theuseof intelligentlink schedulingalgorithms ratherthanontransmission
power control, to minimize the enegy wastagdan unsuccessfulre)transmissionskFor example,Zorzi and Rao[20]
proposedhe useof short,periodicprobepacletsto detecttherecorery of achannefrom thebadto goodstate;actual
datapaclettransmissionseredeferredduringthe "bad' state.A similarideafor enegy-efcient schedulingf paclets
from a basestationto a setof downstreanwirelesshostshasbeenexploredin [2], [15], [5].

Ad-hocroutingprotocolsaimto computeminimum-cospaths;n contrasto generiglnonad-hoc)outingprotocols,
they containspeciafeaturego reducehesignalingoverheadsindconvergenceproblemscausedy nodemobility and
link failures. So, ad-hocprotocols,suchas AODV [14] or DSR [11], can(in principle) be adaptedwith suitable
modi cations,to yield minimum-enegy pathsby settingthelink metricto beafunctionof thetransmissiorenegy.

Apartfrom minimumenegy pathproblem,researchin in enegy-avareroutinghasalsofocusedon otherproblems
with relatedobjectives. For example, battery-awae routing algorithmstypically aim to extend the lifetime of all
the ad-hocnodesby distributing the transmissiorpathsamongnodesthat currentlypossesgreaterbatteryresources.
Typical solutionsto this problemhave beenbasedn aresidualcapacityformulation[18], [19], [12]. While minimum
enegy algorithmsaremostef cient, thesenetwork lifetime maximizingschemesaremore*“fair” A combinationof
boththeseapproachesanthereforebe usefulasshavnin [19], [12].

Link error probabilitieshave beenconsideredor singlehop spreadspectruniinks in [7]. In contrastwe focuson

end-to-endenegy costsfor multi-hopwirelessnetworks.

Availableat http://www.isi.edu/nsnam/ns.



[11. OPTIMAL TRANSMISSION POWER FOR INDIVIDUAL LINKS

In this sectionwe developthetheoreticamodelfor estimatinghe optimal’ transmissiompower level. In particular
we rst performaninformation-theoreti studyof how the optimal transmissiorpowver andthe associateaninimum
reliable transmissiorenegy dependson both the link distanceand the channelcharacteristics.Sincethe resulting
boundsareessentiallytheoreticalandnot practicallyrealizabledueto severebuffering anddelayconstraintsye then

applyourframework to practicalchanneimodels.

A. Information-Theagtic Boundson Optimal TransmissiorPower

We rst utilize theinformation-theoretiboundon the maximumcapacityof thewell-knowvn band-limitedGaussian
channelndtry to ascertairthe existenceof anoptimaltransmissiompower in this case.The Gaussiarthannemodels
an ervironmentwherethe noise component(both thermaland due to interfering transmissionsat the recever is
assumedo have a Gaussiarspectrabdistribution andis additive in nature.Informationtheoryshawvs thattheidealized
informationtransferrate (in bits/sec)on suchan Additive White GaussiarNoise (AWGN) channelwith a spectral

width of  Hz andaspectrahoisedensityof Watts/Hzvarieswith thepower  of therecevedsignalas
——— Dhits/s (3)

representanupperboundonthemaximumamountof informationthatcanbetransferregerunit time by ary real-
izableandconsistensignalingschementhis channel. Sincethereceived signalstrengths relatedto thetransmission
power atthesendeiby theexpression —, therelationbetweerthetransmittepower andthe maximumpossible

rateof reliabledatatransferis then:
— Dits/s (4)

Sincea nodeis transmittingat a power level , it follows thatthe normalizedreliable transmissiorenegy (or the

enegy needederbit of reliabletransfer)is relatedto its power level as:

— (5)

To studythis behaior graphically Figurel plots for a setof typical valuesencounteredh IEEE 802.11[3]
wirelessLAN basecdhetworks,with alink distance , achannebandwidthof MHz andaspectrahoise

of W. The above plot demonstrates very interestingaspectof the theoreticalbehaior of the optimal

transmissiorenegy. Due to the sub-linear(logarithmic) natureof the denominatorin Equation5, the normalized
(ideal) transmissiorenengy is an increasingfunctionof the transmissiorpower In otherwords, from a theoretical
perspectie, we achize maximumenegy ef ciency (lowestcostper reliably transferrecbit) as . Thus, at
leastin theory thereis no optimaltransmissiorpower level — the smallerwe make our transmissiorpower, themore
enegy-efcient our communicatiorprocessin particularthe normalizediransmissiorenegy of a paclet approaches

the minimumvalue as This minimum value can be obtainedby observingthat both the numeratorandthe
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denominatoiof Equation5 as . Accordingly by applyingthe L'Hospital's rule anddifferentiatingboth

thenumeratomnddenominatqrwe canseethat:

(6)

In otherwords, the optimal enegy costassociatedvith reliable informationtransferis directly proportionalto the
rate of attenuatiorwith link distance( ). For example,for the channelof Figure 1, this boundon the normalized
transmissioenegy/bitis givenby Joules/bit dB. Thereforegverychannelis associated
with a fundamentatheosetical (hon-zeo) lower boundon the minimumenegy neededo reliably transfera singlebit.
The abore resultsshav that maximumenegy ef ciency is achieved by transmittingat aslow a power level as
possible andthata non-zeracommunicatiorratecanbe sustaineavenif thereceved poweris muchsmallerthanthe
channehoise.Thisis clearlynotpossiblen ary practical communicatiorsystemwith realisticboundson thetransfer
lateny. Indeed,Shannors resultis basedn theuseof asymptoticallyjong codingsequencesgsultingin unbounded
transmissiordelays.In the next sub-sectionye shall, however, considera practical communicatiorsub-systemWe
shallthenseethatthereindeedexistsanoptimaltransmissiorpowverlevel  : while smallervaluesof thetransmission
power resultin asharpincreasen thetotal numberof retransmissionseededyalueslargerthanthe optimumendup

wastingunnecessariljarge amountf enegy in asingletransmissioractivity.

B. InformationCapacityfor Practical ModulationSthemes

An information-theoreticevaluation of the normalizedreliable transmissionenegy only senes as a theoretical
performancdoound.Practicalsystemsnustconsideradditionaltradeofs betweertheimplementatiorcompleity, the
processinglelaysandthe sustainablalatarates. We now considerthe performanceof suchcommunicatiorsystems
andshav how the performanceof a single suchlink canbe optimizedby appropriatevariationin the transmission
power.

Therelationbetweernthe bit errorrate  andthereceved powerlevel  in mostmodulationschemedollows the



genericrelationship:

efc —M Q)

where is the noise-spectrallensity  is thereceved enegy perbit, anderfc  is de ned asthe complementary
functionof erf  andis givenby

erfc —

As speci c examples,the bit error rate for coherentOOK (on-off keying) is given by erfc — , for M-
ary FSK (frequenyg shift keying) by efc — andfor binary PSK (phase-shifkeying)
by erfc  — . Now, the enegy per transferredbit is relatedto the recever signal strengthby the
expression —, where is theraw channebit-rate,andthe noise-spectradlensityis relatedto the noisesignal
power as —,where isthechannebandwidth(in Hz). Accordingly theenegy pertransferredit is related

to the noisespectradensityby the genericrelation:

Furthermoresince —, we canseethat:

- (8)

It is clearthatfor ary givenmodulationschemethebit errorrate  is afunctionof thetransmittetpower level. We

expresshis genericrelationshipas:
9)

We assumehatbit errorsaredueto channehoise andnotdueto MAC layerissuege.g.collisions).Now, assuming
independenpacletlossesthepacleterrorrate for asinglepacletof size isrelatedtothebit errorrate  according
to therelationship®:

(10)

For low bit errorrates, canbeapproximateds . Sincetheoriginal transmissiorandsubsequernetransmissions
of asinglepaclet areessentialljindependengvents,it follows thatthe numberof transmissionseededor successful
delivery of a single paclet is geometricallydistributed with parameter . Accordingly , the expectednumberof

transmissionseededor thereliabletransferof 1 paclet (or  bits)is thus:
— (11)

Sinceeachsuchreliabletransferof a singlepaclet uses attemptsjt consumes- — transmission
enegy (sincethetransmissiortime of an  bit pacletis -), it follows thatthe effective reliabletransmissiorenegy

This expressiorfor paclet errorratewill be differentif othertechniquedike FEC, areused. For example,if we assumehe useof a code
wherebits aretransmittedn Q-bit chunks,andwheresuccessfuteceptionoccursaslong asthe numberof errorsis lessthan2, the probability
of successfutransmissiorof the chunkis given by . While the speci ¢ relationshipbetweerthe paclet error

rateandthebit errorprobabilitieswill thuschangewith speci ¢ systemparameterghe generahatureof therelationshipwill still hold.
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perbit is givenby:
— _— = (12)

in Equation 12 is in generala non-cowex functionof  when follows the relationshipin Equation 7.
However, for ary valueof thatis practical, hasonly a singleminimafor valuesof  thatdo not resultin
an abnormallyhigh value of paclet lossrates. We representhis minimapointby . Increasingor decreasinghe
transmissiorpower level from  bothresultin anincreasan thetransmissiorenepgy perreliablebit transfer While
valuessmallerthan  leadto a sharprisein andhenceanoverall increasdn (aswell asunacceptably
high paclet transferlatencies)a larger valueof  leadsto anincreasan the numeratorof Equation12 without a
correspondinglecreasén

To illustratethis relationshipbetweenthe transmissiorpower level  andtheresultingenegy perreliably trans-
ferredbit, we now consideraspeci c case— theBinary Phaseshift Keying (BPSK)modulatedchannelwherethebit

errorrateis givenby:

efc ——— (13)

BPSK modulationis usedin wirelesservironments for examplein the 1 Mbps versionof the IEEE 802.11wireless
LAN standard.

Figure2 shavs thevariationin for achannelemplo/ing BPSKmodulationasa function of the transmission
powver andapacletsizeof bytes.We setthechannebparameterso berepresentate of the802.11bstandard,
with a bit rateof 1 Mbpsanda noisebandwidth(postde-spreadingdf MHz. Thelink distance isassumedo be
100metersandthespectrahoise is assumedo be W. We canseethatthe optimaltransmissiompower
for this channeis mW.

While we have sofar concentrategolely on the enegy ef ciency, it is perhapsvorth noting thatthe transmission
power level  alsoindirectly affectsthe lateny of the datatransfer A highervalueof  will, in general,lower
the probability of paclet errorandhence the expectednumberof retransmissionseededo reliably transfera single

paclet. Sinceeachtransmissiorof an  bit paclet takes — secondsit follows thatthe expectedime (assumingback-
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to-backretransmissiondpr thereliabletransmissiorof sucha paclet over alink with paclet errorrate is

Figure 3 plotsthe expectedreliabletransferlateny for the MHz BPSK channelandthe 100 meterlink discussed
earlier As expectedthetransfedateny monotonicallydecreasewith increasingransmitpower. More interestingly

Figures2 and 3 shav that choosinga transmissiorpower level belov the optimal resultsin both a highervalue
of the averagetransferenegy per bit, aswell asthe averagetransferlateng. Thesegraphsthusnot only illustrate

the possibility of usingthe transmitpower to implicitly tradeof betweenthe enegy efciency andthe lateng, but

alsoshawv thatchoosinga power level lower thanthe optimumis sub-optimalfrom the standpointof both metrics.
Accordingly it is very importantto ensurethat the transmitpower level is not setto a valuethatis lower thanthe

optimalvaluefor agivenlink.

Optimal TransmissiorEnegy vs. Link Distance/Noise:While it is now clearthatary particularlink is associated
with an optimal transmissiorpower that minimizesthe enegy perreliably transferrecoit, we now explore therela-
tionshipbetweenrthis optimalpowverlevel  andthelink distance . Theoptimaltransmissiorpowver doesnot vary
as  evenif differentlinks have identicalchannelcharacteristicendrecever noiseconditions. This is becausehe
choiceof the optimal power dependsn the error probability which is a “non-polynomial”functionof  (seeEqua-

tion 13). Accordingly evenif all links hadthe samerecever noise,the optimaltransmissiorpower would notvary as

We rst exploretherelationshipbetweertheoptimaltransmissiompowerlevel  andthelink distancdor invariant
channelandreceiverconditions.In particular Figure4 plotsthe optimaltransmissiorpowver  asafunctionof the
link distancefor the BPSK channelmentionedearlier All the datapoint correspondo the samevalue of and

. Sincethe attenuatiorwasassumedo be , we plot Figure4 on alog scaleandincludethe straightline with
aslopeof 4 asareference.As expectedthe optimalpower  increasesvith increasing ; however, Figure4 also
shaws thatthis optimaltransmissiompower increasesat a slightly slowerratethan . Figure5 plotstheactualvalue
of theoptimalreliabletransferenegy/bit asa functionof thelink distance Onceagain,we plot thestraightline with a
slopeof 4 asreferencewhile informationtheory(Equation6) shaws thatthis optimalreliabletransferenegy should

varyas ( for Figureb), theincreasas slightly lower (slopelessthan4) for practicalcommunicatiorsystems.
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We canthusseethatevenif all links hadidenticalpropertiesthe optimaltransmissiompower for a singlelink rises
ataslightly slover ratethanthatassumedby simply usingthe attenuatiormodel. Accodingly, cornventionalvariable-
enepy protocols,sud as [9], [17], [1], which assuméhat the transmissiorpowervarieswith the link distanceas

, maypenalizdonger links more thanneeded.

It is alsointerestingto studytheimpactof changesn therecever noisecharacteristicen the optimaltransmission
enegy for ary givenchannel.To thisend,Figure6 plotstheoptimaltransmissiopowver  asthespectrahoise is
variedfrom W to W for the 100 meterlink of Figure2. We canseethatthe optimaltransmission
power variesappreciablywith achangen therecever noiselevel. Accordingly simply settingthetransmissiompower

may resultin signi cantly sub-optimalperformance Moreover, our plots shav thatthe VS.
graphis almostlinear, with aslopefairly closeto 1. Thisindicateghatapolicy of maintaininga“constantargetSNR”
(adjusting to ensurea constantatio of ) will resultin “closeto optimal' enegy ef ciency for reliablepaclet
delivery over agivenlink. Our analysisnot only providesatheoreticalframevork for determiningthis “targetratio’,

but alsodemonstrateBow thistargetratio itselfis a functionof thelink distance
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V. MINIMUM ENERGY ROUTING

In the previous section,we have seenwhy enegy efcient transmissiorof pacletson a singlelink mustconsider
boththeattenuatiordueto thelink distanceandtherecever noisecharacteristicso determineanoptimaltransmission
power. In thissectionwe presenburtechniqudo nd optimalenegy routesfor reliablepacletdelivery overanentire
datapath,consistingof multiple individual wirelesslinks in a practicalmulti-hopwirelessnetwork.

Considera nodethattransmitsa paclet with transmitpower  acrossa speci c link sothatthe pacletis receved
with signalpower greaterthanthethreshold, hesn L€t thecorrespondingnegy requiredfor this singletransmis-

sionbe . (Assumingpacletsareof constansize, differsfrom by aproportionalityconstant.)Therefore,
thresh de nedto be

where, inreshis theenegy correspondingo  ipyresh Let betheenegy requiredto transmitthe paclet using
the maximumtransmissiorpower at thatnode.
Let denotethe paclet errorprobability correspondingo the paclet transmissiorenegy,

A. Hop-by-hopRetansmissiongHHR)

We rst describethe scenariovherehop-by-hoplink-layer retransmissionare available. This is the mosttypical
scenaridor wirelesslink layers.
Then,from Equationl2, it follows thatthe expectedenegy requiredto reliably transmitacrosghelink is givenby

(14)
where representheerroronthelink whenatransmitpowver (with correspondingpaclet transmissiorenegy,
) is used.
Thereforethe optimalvalueof the enegy requiredfor reliablepaclet delivery acrossa singlelink is givenby:
(15)
— (16)
— 17)

In Sectionlll-B we hadshavedthatthe minimaof theexpectedenegy costsperbit indeedexistsfor someexample
modulationschemes.indeed,Equation17 holdsfor the entirerangeof realistic modulationschemes However, the
solutionof Equation16 maylie outsidetherange . It follows thatthetransmissiorenegy thatminimizes

theenepy costfor alink satis es:
(18)

canbe computedusingef cient techniqueswithin the range and . For this transmissiorenepy, the

optimalreliabletransmissiorenegy costsacrosshelink is givenby

(19)
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In our optimal enegy ef cient routing scheme we assignthe costof a wirelesslink as given by Equation19.
Assumingthat  islessthanthe maximumtransmissiorenegy thatcanbeusedby node, , it will use  totransmit
pacletsacrosghegivenlink 4.

The end-to-endoute canthereforebe computedn a distributed mannerby ary standardouting protocolcapable
of computingminimumcostpaths.It follows thatshortestostpathfoundby theroutingalgorithmwill betheoptimal

enepgy-efcient routefor thatend-to-endath.

B. End-to-EndRetansmission$EER)

In this case,thereare no link-layer retransmissioimechanismsvailable. Instead,reliability of end-to-enddata
transfersareprovided usingend-to-endetransmissionge.g. usingreliableprotocolslike TCP).

Unlike the hop-by-hopcase the optimaltransmissiorenegy acrossa givenlink dependsot only onthecharacter
istics of thegivenlink but alsoon the paclet errorratesandtransmissiorenegy choiceson all the otherlinks on the
end-to-endgath.

Considera -hoppathwhere representthepacleterrorrateand representthetransmissiorenegy required
for link . Thenthe averageenegy consumedn eachend-to-endransmissiorattemptcanbe shavn to be,

avg attempt . It follows thatthe end-to-encenegy
requirementsor reliablepaclet transmissioroverthe  -hop pathis givenby:

avg attempt
reliable EER (20)

if we assumehatthe sourcecontinuedo try sendingthe paclet to the destinatioruntil it is successfullf we assume
thateachlink retriesa transmissiorupto a maximumof attemptsandthata link failure at anintermediatenode
impliesnotransmissiomctiity atall downstreamlinks, thenthetotaltransmissiorenegy hasaslightly morecomplex
representatiothathasbeenderived andanalyzedn the Appendixof [6].

In eithercasetheoptimalchoiceof paclettransmissiorenegy ateachnodeon anend-to-enghathcanbe evaluated

by solvingthe setof equationgjivenby:

reliable EER (21)
reliable EER (22)
where for afunction representds gradientand is theHessian.Thecouplednatureof theseequations

make it hardto computethe optimal solutionin a distributedroutingprotocol.
Neverthelesssincealmostall wirelesslinks usehop-by-hopretransmissionghis solutionis of limited interestfrom

apracticalperspectie.

V. SIMULATION STUDIES AND PERFORMANCE EVALUATION

In this section we reporton extensve simulation-basedtudieson the performancempactsof our proposednodi-

cations in thens-2simulator In thesestudieswe only considetthe hop-by-hopretransmissioscenarioWe perform
If themaximumtransmissiorenepy is lowerthan , thenwewill transmitwith themaximumtransmissiorenegy andthelink costmetric

will beappropriatelymodi ed to re ect this choice.
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Fig. 7. The100-nodegrid topology The shadedegion marksthe maximumtransmissiorrangefor thenode, . Therearethree o wsfrom

eachof the4 cornernodesfor atotal of 12 o ws.

studiesusingboth TCP and UDP trafc sourcedo studythe effect of our routing schemesn thesetransportlayer

mechanismskor the TCP o ws, we usedits NewRenovariant. In UDP o ws, pacletswereinsertedby the sourceat

regularintenals. For all thesesimulationstudieswe uselink-layer retransmissionto recover from pacletlosses.

To studythe performanceof our suggestedchemeswe implementedand obsered threeseparategouting algo-

rithms:

1)

2)

3)

The Enegy-Aware (EA) routing algorithm,wherethe costassociatedvith eachlink is the enegy requiredto
transmitasinglepaclet (withoutretransmissiogonsiderationsacrosghatlink. In thisschemahewirelessink
errorratesareignoredwhile formulatingthelink's effective enegy cost.

The Retransmission-Engy Aware(RA) algorithm[1], wherethelink costincludesthe paclet errorrates,and
thusconsidergheimpactof retransmissionsecessarfor reliablepaclet transfer However, thetransmitpower
choserby nodesaregivenby Equation2, i.e. thetransmitpowver minimally exceedgherequiredreceve power
threshold.

Our Optimal Retransmission-Engy Aware(RA-Opt) algorithmwherethetransmitpower is adaptively chosen

by nodeqasgivenby Equation18)to minimizetheenegy requirecdto reliably transmita paclet acrosghatlink.

A. NetworkTopolagy andLink Error Modeling

For our studieswe useddifferenttopologieshaving upto 100 nodeddistributedover on asquareegion, to studythe

effectsof variousscheme®n enegy requirementandthroughputsachiered.

1)

Grid topolayies: For comparisornthe performanceof our schemewith that presentedn [1], we rst present
resultson the performanceof the scheme®n a 100 nodegrid topology (asshavn in Figure 7) similar to one
usedin [1]. The nodesareseparated 00 units apartalongeachaxis, andthe maximumtransmissiomradiusof

thenodewaslimited to 150 units. Thus,eachnodehasbetweerB and8 neighboringnodeson this topology °.

Our-enegy awareroutingformulationdoesnotdirectly de ne atransmissiomange.lt is possiblethatalongerlink with lowerrecevernoise

may consumdesseffective enegy thata shorterlink with higherrecever noise.Real-life scenarioshowever, imposebothan upperboundon

themaximumpossibletransmissiompower aswell asa minimumenegy thresholdfor successfupaclet reception— if thereceved power level
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2) Randontopolaies:We alsopresensimulationresultsfor randomlygeneratedopologies.In therandomtopolo-
gies,the nodesweredistributed uniformly at randomin a 1000 1000squaregrid. We experimentedwith dif-
ferenttransmissiorradii for the nodes.In our randomtopologygeneratgrwe speci ed the desirednumberof
links 8. To avoid uni-directionallinks, we assignedhe sametransmissiorradii to all nodes. Note thata hop-
by-hopretransmissioschemewnorksonly for bi-directionallinks. In theresultspresentedh this sectionfor the
randomtopologieswe speci ed the numberof wirelesslinks to be one-eighthof a completegraphon theseset
of nodes.Theconsequentransmissiomadii for eachnodewasabout210units.

Eachof the routing algorithmswasthenrun on thesetopologiesto derve the least-cospathsto eachdestination
node. To simulatethe offeredtrafc load typically of suchad-hocwirelesstopologies,eachof the cornernodeon
the grid topologyhad actve o ws, providing a total of ows. In the randomtopology we chosel2 random
source-destinatiopairsfrom the entiresetof nodes.

Sinceour objectve wasto studythe transmissiorenegies alone,we did not considerotherfactorssuchaslink
congestionpuffer over ow etc. Thus,eachlink hadanin nitely larger transmitbuffer; the link bandwidthsfor all
links (pointto point)wassetto Mbps. Eachof thesimulationswasrunfor a x edduration.

We chooseBPSK asour representate modulationschemendhenceuseEquationl3 to derive the bit-errorrate.
We variedthe ambientnoiseto obtaindifferentdatapoints. For the non-adaptie transmissiorpower algorithms(EA
andRA) we choseatransmitpower of 20mW. Thespectrahoisefor thedifferentchannelsvaschoserto vary between
two con gurableparameters, and correspondingo minimumandmaximumnoiserespectiely. lessthan
acon gurableparameter

We simulatedtwo differentervironments:

1) Low noiseervironment: In this case,we chose to be , While wasvaried between
and . For the non-adaptie schemegEA and RA) a maximumspectralnoise
of leadsto a correspondinghannelpaclet error rate of 0.1 on a 100 unit link. Our adaptve

transmissioralgorithm (RA-Opt) appropriatelychosea transmissiorpower for eachlink so that the enegy
consumptiorfor reliabledatatransferacrosghatlink is minimized.
2) High noise Ervironment: In this scenario,we chose to be : we varied between

and

Our resultsshav thatthe RA-Opt schemeoutperformsthe otherschemesn ervironments(otherthanzeronoise
environments). Additionally, our schemeshaws signi cant bene ts asthe noisein the ervironmentincreasesasa

comparisorbetweerthesetwo ervironmentsshaw.

B. Metrics

To studythe enegy ef ciency of theroutingprotocolswe obseredtwo differentmetrics:

is below this threshold no receptionis possibleevenin the absencef ary recever noise. Sinceary signalsuffers channelattenuation

thetransmissionmangeis analternatve way of assuminghatthe receved power level beyond a distanceof 150 unitsis alwayslower thanthe

minimumreceptionthreshold evenif thetransmitteroperatestthe maximumpower level.
We counteachpair of nodesthatarewithin thetransmissiomangeof eachotherasonewirelesslink.
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1) Normalized energy: We rst computethe averageenegy per datapaclet by dividing the total enegy expen-

diture (over all the nodesin the network) by the total numberof unique paclets receved at ary destination

(sequenceumberfor TCP andpacletsfor UDP). We de ned the normalizedenegy of a schemeastheratio

of the averageenepy per datapaclet for that schemeto the averageenegy per datapaclet requiredby the

maximum-enagy experimentbetweenall the schemesmongall theseexperiments This providesaneasyrep-

resentatiorfor comparisorof thedifferentschemesvith eachotherandwith changingmaximumspectrahoise

for differentsetsof studies.

2)

Effective Reliable Throughput: This metric countsthe numberof pacletsthatwasreliably transmittedfrom

the sourceto the destination over the simulatedduration. Sinceall the plots shav resultsof runsof different

schemesver the sametime duration,we do not actuallydivide this paclet countby the simulationduration.

Differentroutingschemesvill differ in thetotal numberof pacletsthatthe underlying o ws areableto transfer

over anidenticaltime intenal.
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C. LownoiseErnvironmentor Grid Topolaies

We rst presentheresultsfor thelow noiseernvironment.

UDP Flows: Figure8 shavs the normalizedenegy consumptiorfor the differentschemegor the UDP o ws. For
example,when wassetto , therelative enegy requirement®f RA-Opt, RA andEA were0.74,
0.8and0.95respectiely. As expectedtheenegy requirement®f all the schemesncreasewith increasean spectral
noise.The EA schemeéhasthe highestenegy requirementamongall the schemesvhenthe maximumchannehoise
on links washigh. Both the RA andthe RA-Opt schemeperformssigni cantly betterthanthis schemdor the entire
rangeof spectralnoise. RA-Opt hasthe bestperformanceamongthe threedifferentschemedgor the entirerangeof
spectrahoise.The EA schemeconsumesbout10%to 33% moreenegy perpaclet, while theRA schemeconsumes
about8% to 10% moreenepgy perpacletthanthe RA-Optscheme,

It is interestingto notethatin this low noiseervironmentthe enegy costsof boththe EA andRA scheme$iave a
corvexity property while that of the RA-Opt schemehasa concaity property This impliesthatthe bene ts of the
RA-Optscheméecomesnoreandmoresigni cant with increasen the spectrahoise.

TCP Flows: Figure9 shavs a similar normalizedenegy consumptiorplot for TCP o ws. The costsmatchvery
closelywith theresultsfor UDP o ws.

Foe TCP o ws, it is interestingto obsere the behaior of the effective reliablethroughputmetric for the different
schemes.This is shavn in Figure10. The numberof pacletstransmittedreliably over a x ed durationfor the EA
schemdallsrapidlywith increasen spectrahoise.Thisis expectedbecaus¢heEA schemealoesnotconsiderchannel
propertiesn choosingroutes.In contrastthe numberof pacletsreliably transferredy the RA schemdallsin amore
gradualfashion.Thedecreasindrendin boththeseschemess dueto theincreasindink errorrateswith theincrease
in spectrahoise.As thelink errorratesincreasepacletsseesanincreasén end-to-endlelays,dueto thedelaysspent
in increasedhumberof retransmissionaecessaryo ensureeliability.

However, the samemetric staysrelatively constantfor the RA-Opt case. This is becausethe RA-Opt scheme
aggressiely adaptsthe transmissiorpower so asto minimize the enegy costsfor reliable paclet delivery acrossa
link. Thecorrespondingransmissiorpowerto achieve this optimal costis sud that the link error rate staysfairly

stableacrossthe entire range of spectal noise

D. High noiseEnvironmentfor Grid Topolagies

Now we presentresultsfor the higher noise ervironment. Note thatin this ervironment, the value of is
signi cantly largerthanits correspondingaluein thelow noiseervironment.

UDP ows: In Figure 11, we plot the normalizedenegy requiredper paclet in the high noiseervironmentfor
UDP o ws. For example,when is setto therelative enegy requirement®f RA-Opt, RA and
EA schemesre0.21,0.40(i.e. 90% morethanRA-Opt) and0.56 (i.e. 167% morethanRA-Opt) respectiely. The
bene ts of the RA-Opt schemds signi cantly higherthanin the low noiseenvironment(notethat the scaleof the
Y-axisis muchlargerthanthe correspondingplots for low noiseervironments).The RA schemeconsumedetween
60%to 120% moreenegy per paclet in this ervironmentthanthe RA-Opt schemewhile the EA schemeconsumes

four timesmoreenepy in theworstcase.
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TCP ows: Theenegy consumptiorfor TCP o ws (seeFigurel12)is againsimilarto the UDP counterparts.

It is interestingto obsenre the behaior of the throughputachieved by TCP o ws in this high noiseenvironment.
In trying to optimize the enegy consumptionthe RA-Opt schemeadaptsthe transmissiorpower which suitably
drivesdown the channekerrorratesin all environments.Therefore thethroughputachieved by the RA-Opt schemds
largely unafectedby the noisecharacteristicsln Figure 13 we plot the throughputfor TCP o wsin the high noise
environment. We canobsere thatthe RA-Opt schemeachievesthe samethroughputbothin the low andhigh noise
environments. Both the EA andRA schemesuffer in the high noiseervironment,as canbe seenin the signi cant
dropin theirthroughputsachiered.

Both the EA andRA schemeschieze similar throughputsvhenthe maximumspectrainoiseis with
the minimum spectraioisebeing . Thisis becauseherangeof errorratesbetweerdifferentlinks are
similarin this scenarioandsoRA is unableto choosesigni cantly betterpathsthanEA. RA-Optis ableto make such

achoiceby increasinghetransmissiorpower at nodesto drive down the errorratessigni cantly.
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E. Randonilopolaies

We now presentresultsof our studieswith randomly generatedopologies. Observingthat the relative enegy
requirement$or bothTCPandUDP o wsaresimilarin naturewe only presentheresultsfor the TCP o wsin ahigh
noiseervironment.

In Figurel4, we plot the enegy requirementsor the differentscheme#n the high noiseervironment. Thebene ts
of the RA-Opt schemas apparentn theplot. Therelative enegy costsof the RA-Opt, RA andEA schemesre0.22,
0.49(i.e. 123% morethanRA-Opt) and0.53 (i.e. 141% morethanRA-Opt) respectiely. At low noiselevels (less
than ) the RA schemeandthe EA schemeperformsequally However, by adaptingthe transmission
power atthenodesthe RA-Opt schemeoerformssigni cantly betterthantheseschemes.

In Figure 15 we shawv the throughputof the differentschemesLik e before,the RA-Opt schemeanaintainsa stable

throughputwhile the otherschemeseea signi cant degradationin performance.

V1. CONCLUSIONS

We have de ned an optimal enegy routing schemefor reliable datatransferon a multi-hop wirelessnetwork.
This schemeoutperformswell-knowvn existing routing schemedor a wide rangeof channelcharacteristics.This
improvementin enepgy ef ciency is achieed by explicitly consideringheimpactof recever noiseon paclet errors,
andby adjustingthe transmissiorpowver to minimize the total enegy spentin reliably forwardinga singlebit. The
schemas generakhcrosdifferentmodulationtechniqueshatcanbeemplgedfor datadelivery on wirelessnetworks.

We investigatedhe issueexistenceof anoptimaltransmissiorenegy for agivenlink. By emplg/ing information-
theoretidboundswe have shavn how ary link is associatewvith afundamentalowerboundonenegy ef cient reliable
communicationMoreover, thisfundamentaboundis directly proportionalko thechannehttenuatiomate( ), and
is achieved by choosingarbitrarylow transmissiompower. In contrastpracticalcommunicatiorsystemsareassociated
with awell-de ned optimaltransmissiopower, suchthatary decreaser increasdrom this optimalvalueresultsin a

sharpincreasen thetotal transmissiorenegy spentn reliabledatatransfer Moreover, anincreasen thelink distance
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causeghe optimal communicatiorcostto rise lesssharplythan  ; accordingly existing enegy-aware routing
protocolsimposea muchstiffer penaltyon longerdistancehopsthanwarranted.

We have studiedthe applicability of thistechniquan choosingoptimalenegy paths.By appropriatelychoosinghe
costmetric, it is possibleto optimizeotherobjective functions,e.g. end-to-endatenciesdatadelivery throughputgtc.
We, therefore believe that our schemehasa wider applicability to a rangeof operatingmodesdependingon thethe
optimizationobjectves. Simulationstudiesindicatethat performingadaptve power control basedon the individual
link conditions(errorrates)canprovide enegy savings of in low-noiseervironments andasmuchas
in high-noiseervironments.

The analysisin this paperassumedhat the useof retransmissionasthe sole meansof providing a reliablelink
layer As discussectarlier the fundamentatechniquecan, however, alsobe appliedto alternatereliability schemes
suchasforwarderrorcorrectingcodeshroughappropriatechangedgo therelationshipsn EquationslO0 and12. Since
our powver adaptatiormechanismmplicitly reliesonrelatve stablevariationsin thepaclet errorrate,this techniquas
especiallyusefulin static,or low-mobility, multi-hop networks, wherelink parametersuchasdistanceor attenuation
coefcients do not exhibit very rapid changes.(Of course,our formulationis applicablein the presenceof typical
wirelessernvironment effects such as fading; the averagebit error rate at the link-layer is typically a more stable
statisticalmetric obtainedby averagingover suchphysicallayer variations). We have alsoassumedhe existenceof
appropriatéMAC-layercontentiorresolutionrmechanism&r common-channeletworks,which presentinabstraction
of zero-interferencéo the higherlayers. Suchanabstractionis alsoprovided by the useof distinct physicalchannels
basecbn TDMA/FDMA/CDMA techniquesFinally, ourapproactio enegy optimizationis usefulnotjustfor forming
enegy-efcient routing paths,but alsofor independentlyptimizingthe transmissiorenegy on eachindividual link.
Therouting algorithmandindividual link-layer power controltechniquesanoperateon differenttime scaleswhile
routescanbe re-computedver longertime periods,individual transmitterscanadjusttheir link transmissiorpower

over shortertime-scales.
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