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AdaptingTransmissionPower for OptimalEnergy

ReliableMulti-hop WirelessCommunication
SumanBanerjee,ArchanMisra

Abstract

We de�ne a transmissionpower adaptation-basedroutingtechniquethat �nds optimalpathsfor minimumenergy

reliabledatatransferin multi-hopwirelessnetworks. This optimal choiceof the transmissionpower dependson the

link distancebetweenthetwo nodesandthechannelcharacteristics.Typical energy ef�cient routingtechniquesusea

transmissionpowersuchthatthereceivedsignalpowerat thedestinationminimally exceedsadesiredthresholdsignal

strengthlevel. In this paperwe arguethat sucha choiceof the transmissionpower doesnot alwaysleadto optimal

energy routes,sinceit doesnotconsiderdifferencesin thereceivernoiselevels.

We �rst analyzetheoptimal transmissionpower choicesfor reliabledatatransferover a singlelink. We do this

analysisfor both the idealcasefrom an information-theoreticperspective, andalsofor realisticmodulationschemes.

Subsequentlywede�ne our techniquefor transmissionpoweradaptationthatcanbeusedin existing routingprotocols

for multi-hopwirelessnetworks. Throughdetailedsimulationswe show thatcurrentbest-known schemesincur upto

10% more energy costsin low noiseenvironments,andupto 165%more energy costsin high noiseenvironments

comparedto our proposedscheme.

I . INTRODUCTION

Most minimum-energy routingprotocolsfor multi-hopwirelessnetworksassignlink costsassomefunctionof the

transmissionpowerusedto sustaincommunicationoveralink. Thesignalattenuationonawirelesslink,
���������

typically

variesas 	�


��
 � for ��������� , where 	

��
 � is thedistancebetweenthenodes
�

and
�

. Algorithmsthatcomputeend-to-

endminimumenergy pathstypically assumethattransmitternodescandynamicallyvarythetransmissionpowerlevels

for packet transmission.Therefore,thesealgorithmsobserve thatthetotalenergy requirementsfor packet transferover

the entirepathcanbe minimizedby choosinga routeconsistingof a large numberof small-distancehopsover an

alternative onewith a small numberof large-distancehops[8], [17]. However, thesealgorithmsdo not necessarily

yield minimum-energy pathsfor reliablepacket delivery:sincethe link metricsof suchalgorithmsdependsolelyon

the energy spentin a single transmission,they do not capturethe effectsof transmissionerrors,and the additional

energy expendedon retransmissionsin thepresenceof link errors.

In this paper, we consideralgorithmsfor computingminimum-energy pathsfor reliablewirelesscommunication.

Ourapproachleveragesthetechniquesemployedin [1], whichshowedhow link costscanbemodi�ed toaccountfor the

energy spentin reliablepacket transmission.Suchacostincorporatesboththepowerneededfor asingletransmission,
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and the numberof retransmissionsneededto achieve reliablepacket forwarding. However, [1] continuesto make

theassumptionthatthetransmissionpower level on anindividual link is determinedsolelyby thecorrespondinglink

distanceandthat thetransmissionerror probability is independentof thetransmissionpowerlevel. In this paper, we

arguethatsuchachoiceof transmissionpower level is notoptimalin �nding minimumenergy costs— to achieve this

objective, thetransmissionpower mustbeadaptedin amoresophisticatedway.

We�rst focusondeterminingtheoptimalpowerlevel for reliablecommunicationovera singlelink. Ourapproachis

motivatedby thefundamentalobservationthattheerrorratefor a particularlink is not independentof thetransmitted

signalpower but is strongly in�uenced by it. More accurately, the error rate for packet receptionis a function of

both the received signal power, the channelconditionsand noiselevels at the receiver. An optimal choiceof the

transmissionpower mustbalancetheenergy spentin a singletransmissionwith theerror rate(andthustheexpected

numberof retransmissionsneeded)generatedby that power level. Sincethe channelconditionsandreceiver noise

conditionsfor different links areessentiallyindependentandcanexhibit considerablevariation, it follows that the

optimaltransmissionpower for differentlinks canbeappreciablydifferent,evenif thelinkshavethesamedistance.

We provide a mathematicalframework for deriving theoptimaltransmissionpower andminimal reliabletransmis-

sion costasa function of the link's characteristics.In particular, we initially useresultsfrom informationtheoryto

establishthatany link is associatedwith a lower boundon theoptimalenergy ef�ciency (theenergy neededperbit of

reliably transmittedinformation),andthat this optimalenergy ef�ciency is achieved asymptoticallyasthe transmis-

sionpower ��� . This theoreticalresultis, however, misleadingin practicesincesupportingsuchin�nitesimal power

levelsrequiresasymptoticallyin�nite channelcodewords,andleadsto anunboundedincreasein thecommunication

latency. For amorepracticalperspective,weconsiderthecaseof acommonlyusedwirelessLAN modulationscheme

andderive theassociatedoptimal transmissionpower level. In particular, our analysisdemonstratestheexistenceof

anoptimal transmissionpower level in suchschemes,suchthata reductionor an increasein the transmissionpower

both leadto a higherenergy costper reliably transferredbit. We alsoshow how the transmissionpower level affects

theretransmissionprobability, andhence,theaveragecommunicationlatency. Theseresultsalsodemonstratehow the

transmissionpower level canalsobeusedto effectively tradeoff betweentheenergy ef�ciency andthelatencyof data

transfer.

A. Key Idea

Considera frameis transmittedby a node, � , with transmitpower, ��� andis detectedby the receiver, � , at power

level, � � . Assumingtheuseof omni-directionalantenna,andtheuseof homogeneousreceiversatall nodes,�!� canbe

relatedto thetransmitpower �"� as:

�#�%$'&)(

�#�

	




(1)

where & is a proportionalityconstant.Sinceour focusis moreon investigatingtherelative natureof therelationship

between� � and � � , we assume&�$+* without any lossof generalityin the restof the paper. The pathattenuation

coef�cient � hasbeentypically observed to be ,-� for short-distancelinks (lessthan100meters)and ,�� for longer

links in the 2.4 GHz transmissionband. In the model usedin [1], the authorsassumethat the nodeschoosethe

transmitpower, �.� , suchthatthereceivedpower at thedestinationis at least � thresh, a thresholdvalue.Basedon this
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assumption,minimumenergy consumptionis achieved with the transmitpower chosensuchthat thereceived power

minimallyexceedsthethreshold,i.e.

� � $/� thresh (0	


 (2)

In this paperwe arguethat sucha choiceof the transmissionpower acrossa link doesnot alwaysprovide optimal

energy costs. In the reliabledatatransfercase,a framemay needto be retransmittedmorethanonceto guarantee

delivery. Choosinga transmissionpower higherthana minimumnecessaryvaluehasa signi�cant impacton thelink

errorrate.Morespeci�cally, increasingthetransmissionpowerleadsadecreasein thelink errorrate,andconsequently

adecreasein thepotentialnumberof frameretransmissionsnecessary.

This is a crucial observation in choosingthe transmissionpower for reliabledatatransfer. In our paper, we show

how the transmissionpower for packet transmissionacrosseachwirelesslink needsto be chosenso that thecostof

reliabletransmissionis minimizedacrossthat link. Additionally, we show thatsucha choiceof transmissionpowers

leadto theabsoluteminimumend-to-endenergy costsfor reliablepacketdeliveryacrossamulti-hopwirelessnetwork.

Oursimulationstudiesshow thatsuchanintelligentadaptationof thenodetransmissionpowerhelpsin signi�cantly

reducingthe energy requirementsfor end-to-endreliablepacket delivery. More speci�cally, non-adaptive schemes

incurupto10%morecostsin low noiseenvironments,andupto165%morecostsin highnoiseenvironments,thanour

adaptive scheme.

We shallexplain why a traditionalminimumcostroutingalgorithmcanbeappliedin this scenarioonly whenlink

layer retransmissionsareused. If reliability is only possiblethroughend-to-endretransmissionsbetweena packet

sourceandits �nal destination(for example,usinga reliabletransportlayersuchasTCP),themultiplicative natureof

errorprobabilitiesmakesthederivationof agloballyoptimumsolutionintractable.However, link-layerretransmissions

is an inherentfeatureof almostall wirelesslink-layer protocolsdueto the potentiallyhigh link error rates(oftenas

largeas �1�324�5�76 for individual transmissions)in wirelessenvironments.Accordingly, our proposedlink-adaptation

algorithmcanbecombinedwith standardminimum-costroutingalgorithmsto yield optimum-energy pathsin almost

all practicalcasesof interest.

Our problemformulationandroutingsolutionassumesthat eachnodein the ad-hocnetwork is ableto detectthe

packet error rate on its outgoinglinks. Sensingthe channelnoiseconditionscan be doneeither at the link layer,

a capability that is built into most commercialwireless802.11interfacesavailable today, or throughhigher layer

mechanismssuchasperiodicpacket probesor aggregatedpacket receptionreportsfrom thereceiver 1.

B. Roadmap

Therestof thispaperis organizedasfollows. In thenext sectionwedescribecurrentlyknown techniquesfor energy

awarerouting in wirelessenvironments. In SectionIII we formulatea framework to determinethe choiceof trans-

missionpower that leadsto optimalenergy consumptionacrossa singlelink for both idealandpracticalmodulation

schemes.In SectionIV wedescribetheoptimallyminimumenergy routingschemeusingadaptive transmissionpower
8

Similar ideaswereproposedfor link sensingin the InternetMANET EncapsulationProtocol[4] which is usedby anotherad-hocrouting

protocol(TORA [13]).
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at thenodes.In SectionV, we presentresultsfrom detailedsimulationstudiesunderrealisticwirelessenvironments

usingthens-2simulator2. Finally, we presentourconclusionsin SectionVI.

I I . RELATED WORK

Metricsusedby conventionalroutingprotocolsfor thewired Internettypically performminimum-hoprouting (or

sometimes“widest-shortestpathrouting” that takesinto accounttheavailablebandwidthat links [10]), but doesnot

considerany energy-relatedparameters.In �x ed-power scenarios,the minimum-hoppathwould alsocorrespondto

thepaththatusestheminimumtotalenergy for asingletransmissionof apacket.

In contrast,energy-awareroutingprotocols(e.g.PAMAS [17] andPARO [8], [9]) for variable-power scenariosaim

to directlyminimizethetotalpowerconsumedover theentiretransmissionpath.In particular, PAMAS is aMAC-layer

protocolthatconservesbatterypowerby intelligentlypoweringoff nodesthatarenotactively transmittingor receiving

packets,andby usingcontrol�elds in MAC headersto adjustthetransmissionpower to theminimumlevel neededto

ensurethat thereceiver signalstrengthlies above a speci�ed threshold.Minimum-costroutingprotocolscanthenbe

employedto computeenergy ef�cient pathsby simplysettingthelink costto thetransmissionpower level.

In the casewherenodescandynamicallyadjusttheir power basedon the link distance,sucha formulationoften

leadsto the formationof a pathwith a large numberof hops. A link costthat includesthe receiver power aswell is

presentedin [16]. Thisapproachresultsin theselectionof pathswith smallernumberof hopsthanPAMAS.

The basicidea of optimizing communicationenergy over wirelesslinks hasbeenexplored fairly extensively in

literature.However, thefocushasbeenontheuseof intelligentlink schedulingalgorithms,ratherthanontransmission

power control, to minimize the energy wastagein unsuccessful(re)transmissions.For example,Zorzi andRao[20]

proposedtheuseof short,periodicprobepacketsto detecttherecovery of achannelfrom thebadto goodstate;actual

datapacket transmissionsweredeferredduringthe`bad'state.A similarideafor energy-ef�cient schedulingof packets

from abasestationto asetof downstreamwirelesshostshasbeenexploredin [2], [15], [5].

Ad-hocroutingprotocolsaimto computeminimum-costpaths;in contrastto generic(nonad-hoc)routingprotocols,

they containspecialfeaturesto reducethesignalingoverheadsandconvergenceproblemscausedby nodemobility and

link failures. So, ad-hocprotocols,suchasAODV [14] or DSR [11], can (in principle) be adapted,with suitable

modi�cations,to yield minimum-energy pathsby settingthelink metricto bea functionof thetransmissionenergy.

Apart from minimumenergy pathproblem,researchin in energy-awareroutinghasalsofocusedon otherproblems

with relatedobjectives. For example,battery-aware routing algorithmstypically aim to extend the lifetime of all

thead-hocnodesby distributing thetransmissionpathsamongnodesthatcurrentlypossessgreaterbatteryresources.

Typicalsolutionsto thisproblemhavebeenbasedon aresidualcapacityformulation[18], [19], [12]. While minimum

energy algorithmsaremostef�cient, thesenetwork lifetime maximizingschemesaremore“f air.” A combinationof

boththeseapproachescanthereforebeusefulasshown in [19], [12].

Link errorprobabilitieshave beenconsideredfor singlehopspreadspectrumlinks in [7]. In contrast,we focuson

end-to-endenergy costsfor multi-hopwirelessnetworks.
9

Availableat http://www.isi.edu/nsnam/ns.
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I I I . OPTIMAL TRANSMISSION POWER FOR INDIVIDUAL L INKS

In thissection,wedevelopthetheoreticalmodelfor estimatingthe`optimal' transmissionpower level. In particular,

we �rst performan information-theoretic studyof how theoptimal transmissionpower andtheassociatedminimum

reliable transmissionenergy dependson both the link distanceandthe channelcharacteristics.Sincethe resulting

boundsareessentiallytheoreticalandnot practicallyrealizabledueto severebuffering anddelayconstraints,we then

applyour framework to practicalchannelmodels.

A. Information-Theoretic BoundsonOptimalTransmissionPower

We�rst utilize theinformation-theoreticboundonthemaximumcapacityof thewell-known band-limitedGaussian

channelandtry to ascertaintheexistenceof anoptimaltransmissionpower in thiscase.TheGaussianchannelmodels

an environmentwherethe noisecomponent(both thermaland due to interfering transmissions)at the receiver is

assumedto have aGaussianspectraldistribution andis additive in nature.Informationtheoryshows thattheidealized

informationtransferrate (in bits/sec)on suchan Additive White GaussianNoise(AWGN) channelwith a spectral

width of : Hz andaspectralnoisedensityof ; Watts/Hzvarieswith thepower �<� of thereceivedsignalas

=

$�: (?>A@CB�DCEF*<G

�#�

;�(H:

I

bits/s (3)

=

representsanupperboundonthemaximumamountof informationthatcanbetransferredperunit timeby any real-

izableandconsistentsignalingschemeonthischannel.Sincethereceivedsignalstrengthis relatedto thetransmission

powerat thesenderby theexpression�J�%$LKCM

N.O , therelationbetweenthetransmitterpowerandthemaximumpossible

rateof reliabledatatransferis then:

=

EP�
�

I

$�: (?>A@CB
D

EF*<G

KCM

N

O

;Q():

I

bits/s (4)

Sincea nodeis transmittingat a power level �R� , it follows thatthenormalizedreliabletransmissionenergy (or the

energy neededperbit of reliabletransfer)is relatedto its power level as:

S

EP� �

I

$

�
�

: (?>T@CB�DCEF*<G

U

M

V

O

WCXZY

I

(5)

To studythis behavior graphically, Figure1 plots
S

EP�
�

I

for a setof typical valuesencounteredin IEEE 802.11[3]

wirelessLAN basednetworks,with alink distance	[$\*]�C� , achannelbandwidthof � MHz andaspectralnoise;<(^:

of �`_a�H(�*]�cbedfd W. The above plot demonstratesa very interestingaspectof the theoreticalbehavior of the optimal

transmissionenergy. Due to the sub-linear(logarithmic)natureof the denominatorin Equation5, the normalized

(ideal) transmissionenergy is an increasingfunctionof the transmissionpower. In otherwords, from a theoretical

perspective, we achieve maximumenergy ef�ciency (lowestcostper reliably transferredbit) as �
�

� � . Thus,at

leastin theory, thereis no optimaltransmissionpower level — thesmallerwemake our transmissionpower, themore

energy-ef�cient our communicationprocess.In particularthenormalizedtransmissionenergy of a packet approaches

the minimum valueas �"�hg � This minimum valuecanbe obtainedby observingthat both the numeratorandthe
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denominatorof Equation5 g � as �J�R�i� . Accordingly, by applyingtheL'Hospital's rule anddifferentiatingboth

thenumeratoranddenominator, we canseethat:

SkjPl

�mEPn]oqp�rer#sut

I

$/t�r�Ev�

I

(�;Q(?	




_ (6)

In otherwords, the optimal energy costassociatedwith reliable informationtransferis directly proportionalto the

rateof attenuationwith link distance( 	

 ). For example,for the channelof Figure1, this boundon thenormalized

transmissionenergy/bit isgivenby t�r�Ev�

Ixw

*]�C��y

w

�

w

*]�
bed{z Joules/bit|-2}*u�C~ dB.Therefore,everychannelisassociated

with a fundamentaltheoretical (non-zero) lowerboundontheminimumenergyneededto reliably transfera singlebit.

The above resultsshow that maximumenergy ef�ciency is achieved by transmittingat as low a power level as

possible,andthatanon-zerocommunicationratecanbesustainedevenif thereceivedpower is muchsmallerthanthe

channelnoise.This is clearlynotpossiblein any practicalcommunicationsystemwith realisticboundsonthetransfer

latency. Indeed,Shannon's resultis basedon theuseof asymptoticallylongcodingsequences,resultingin unbounded

transmissiondelays.In thenext sub-section,we shall,however, considera practical communicationsub-system.We

shallthenseethatthereindeedexistsanoptimaltransmissionpower-level �€•

�

: while smallervaluesof thetransmission

power resultin a sharpincreasein thetotal numberof retransmissionsneeded,valueslargerthantheoptimumendup

wastingunnecessarilylargeamountsof energy in asingletransmissionactivity.

B. InformationCapacityfor PracticalModulationSchemes

An information-theoreticevaluationof the normalizedreliable transmissionenergy only serves as a theoretical

performancebound.Practicalsystemsmustconsideradditionaltradeoffs betweentheimplementationcomplexity, the

processingdelaysandthesustainabledatarates.We now considertheperformanceof suchcommunicationsystems

andshow how the performanceof a singlesuchlink canbe optimizedby appropriatevariation in the transmission

power.

Therelationbetweenthebit errorrate•ƒ‚ andthereceivedpower level �"� in mostmodulationschemesfollows the
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genericrelationship:

•„‚�… erfcE

†

nx‡ˆr#‰Š�‹p�re�<(

S

�

;

�

(7)

where ; is thenoise-spectraldensity,
S

� is the received energy perbit, anderfcE�Œ

I

is de�ned asthecomplementary

functionof erf E�Œ

I

andis givenby

erfcE�Œ

I

$•*%2

�

Ž •0•?‘

’

s

b

�

9x“

�

As speci�c examples,the bit error rate for coherentOOK (on-off keying) is given by •"‚H$ erfcEF” •—–

D

X�W

I

, for M-

ary FSK (frequency shift keying) by •ƒ‚€$˜Ev™ 2•*

I

( erfcE

”

•—š

X�›•œfž

97Ÿ

W

I

andfor binary PSK (phase-shiftkeying)

by •„‚ $¡�Z_£¢?( erfcEF” • –W

I

. Now, the energy per transferredbit
S

� is relatedto the receiver signalstrengthby the

expression
S

�¤$¥KC–

¦ , where § is the raw channelbit-rate,andthenoise-spectraldensityis relatedto thenoisesignal

power ¨¤� as ;©$«ª –
Y

, where: is thechannelbandwidth(in Hz). Accordingly, theenergy pertransferredbit is related

to thenoisespectraldensityby thegenericrelation:
S

�

;

$

�
�

(0:

¨¬�­(0§

Furthermore,since�"�%$®K
M

N

O , we canseethat:
S

�

;

$

� �R():

	




(?¨¬�h(?§

_ (8)

It is clearthatfor any givenmodulationscheme,thebit errorrate• ‚ is a functionof thetransmitterpower level. We

expressthisgenericrelationshipas:

•¯‚R$'§JEP�#�

�]°]°]°AI

(9)

Weassumethatbit errorsaredueto channelnoise,andnotdueto MAC layerissues(e.g.collisions).Now, assuming

independentpacket losses,thepacketerrorrate• for asinglepacketof size ± is relatedto thebit errorrate•R‚ according

to therelationship3:

•�$\*%2²EF*%2�•„‚

I‹³

(10)

For low bit errorrates,• canbeapproximatedas ±%_ •ƒ‚ . Sincetheoriginal transmissionandsubsequentretransmissions

of asinglepacket areessentiallyindependentevents,it follows thatthenumberof transmissionsneededfor successful

delivery of a singlepacket is geometricallydistributed with parameter• . Accordingly, ¨ , the expectednumberof

transmissionsneededfor thereliabletransferof 1 packet (or ± bits) is thus:

¨´$

*

*µ2�•

(11)

Sinceeachsuchreliabletransferof a singlepacket uses*Š¶ZEF*­2Q•

I

attempts,it consumes
³

¦

(0� �<(

d

dfb

l transmission

energy (sincethetransmissiontime of an ± bit packet is
³

¦ ), it follows that theeffective reliabletransmissionenergy
·

This expressionfor packet error ratewill bedifferentif othertechniqueslike FEC,areused.For example,if we assumetheuseof a code

wherebits aretransmittedin Q-bit chunks,andwheresuccessfulreceptionoccursaslong asthenumberof errorsis lessthan2, theprobability

of successfultransmissionof thechunkis givenby ¸P¹#º­»5¼¾½h¿€À?Á`»!Á"¸P¹ ºh»C¼v½qÂ

8

. While thespeci�c relationshipbetweenthepacket error

rateandthebit errorprobabilitieswill thuschangewith speci�c systemparameters,thegeneralnatureof therelationshipwill still hold.
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perbit is givenby:
S

EP� �

I

$

±

§

(?�#�R(

*

*%2�•.EP� �

I

(

*

±

(12)

S

EP�#�

I

in Equation 12 is in generala non-convex function of ��� when •¯‚ follows the relationshipin Equation 7.

However, for any valueof ± that is practical,
S

EP�
�

I

hasonly a singleminima for valuesof �
� that do not result in

an abnormallyhigh valueof packet lossrates. We representthis minimapoint by �
•

�

. Increasingor decreasingthe

transmissionpower level from �Ã•

�

bothresultin anincreasein thetransmissionenergy perreliablebit transfer. While

valuessmallerthan �
•

�

leadto a sharprise in •"EP�.�

I

andhenceanoverall increasein
S

EP�J�

I

(aswell asunacceptably

high packet transferlatencies),a larger valueof �R� leadsto an increasein the numeratorof Equation12 without a

correspondingdecreasein •.EP�
�

I

.

To illustratethis relationshipbetweenthe transmissionpower level �<� andthe resultingenergy per reliably trans-

ferredbit, wenow consideraspeci�c case— theBinaryPhaseShift Keying (BPSK)modulatedchannel,wherethebit

errorrateis givenby:

•¯‚R$/�Z_£¢Ä( erfcE

†

� �R():

	




(?¨¤�­(?§

I

(13)

BPSKmodulationis usedin wirelessenvironments,for examplein the1 Mbpsversionof the IEEE 802.11wireless

LAN standard.

Figure2 shows thevariationin
S

EP�"�

I

for a channelemploying BPSKmodulationasa functionof thetransmission

power � � anda packet sizeof *]�C�C� bytes.Wesetthechannelparametersto berepresentative of the802.11bstandard,

with a bit rateof 1 Mbpsanda noisebandwidth(postde-spreading)of � MHz. Thelink distance	 is assumedto be

100metersandthespectralnoisëÄ� is assumedto be �`_a�3(0*]�
bedfd W. Wecanseethattheoptimaltransmissionpower

for thischannelis |'�1� mW.

While we have sofar concentratedsolelyon theenergy ef�ciency, it is perhapsworth noting that thetransmission

power level � � also indirectly affects the latency of the datatransfer. A highervalueof �<� will, in general,lower

theprobabilityof packet errorandhence,theexpectednumberof retransmissionsneededto reliably transfera single

packet. Sinceeachtransmissionof an ± bit packet takes
³

¦ seconds,it follows thattheexpectedtime (assumingback-
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to-backretransmissions)for thereliabletransmissionof sucha packet over a link with packet errorrate• is
³

¦

X—Å

dfb

lŠÆ .

Figure 3 plots theexpectedreliabletransferlatency for the � MHz BPSKchannelandthe100meterlink discussed

earlier. As expected,thetransferlatency monotonicallydecreaseswith increasingtransmitpower. More interestingly,

Figures2 and3 show that choosinga transmissionpower level below the optimal ��•

�

resultsin both a highervalue

of the averagetransferenergy per bit, aswell asthe averagetransferlatency. Thesegraphsthusnot only illustrate

the possibility of usingthe transmitpower to implicitly tradeoff betweenthe energy ef�ciency andthe latency, but

alsoshow that choosinga power level lower thanthe optimumis sub-optimalfrom the standpointof both metrics.

Accordingly, it is very importantto ensurethat the transmitpower level is not set to a value that is lower thanthe

optimalvaluefor agivenlink.

OptimalTransmissionEnergy vs. Link Distance/Noise:While it is now clearthatany particularlink is associated

with an optimal transmissionpower that minimizestheenergy per reliably transferredbit, we now explore the rela-

tionshipbetweenthis optimalpower level �Ä•

�

andthelink distance	 . Theoptimaltransmissionpower doesnot vary

as 	�
 evenif differentlinks have identicalchannelcharacteristicsandreceiver noiseconditions.This is becausethe

choiceof theoptimalpower dependson theerrorprobabilitywhich is a “non-polynomial” functionof 	 (seeEqua-

tion 13). Accordingly, evenif all links hadthesamereceiver noise,theoptimaltransmissionpower would notvary as

	

 .

We�rst exploretherelationshipbetweentheoptimaltransmissionpower level �€•

�

andthelink distancefor invariant

channelandreceiverconditions.In particular, Figure4 plots theoptimal transmissionpower �
•

�

asa functionof the

link distancefor theBPSKchannelmentionedearlier. All thedatapoint correspondto thesamevalueof §

�

¨Q� and

: . Sincetheattenuationwasassumedto be …•	Qy , we plot Figure4 on a log scaleandincludethestraightline with

a slopeof 4 asa reference.As expected,theoptimalpower �
•

�

increaseswith increasing	 ; however, Figure4 also

shows thatthisoptimaltransmissionpower increasesat a slightlyslowerratethan 	
y . Figure5 plotstheactualvalue

of theoptimalreliabletransferenergy/bit asa functionof thelink distance.Onceagain,weplot thestraightline with a

slopeof 4 asreference:while informationtheory(Equation6) shows thatthis optimalreliabletransferenergy should

varyas 	

 ( �Ç$�� for Figure5), theincreaseis slightly lower(slopelessthan4) for practicalcommunicationsystems.
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We canthusseethatevenif all links hadidenticalproperties,theoptimaltransmissionpower for a singlelink rises

ataslightly slower ratethanthatassumedby simplyusingtheattenuationmodel.Accordingly, conventionalvariable-

energy protocols,such as [9], [17], [1], which assumethat the transmissionpowervarieswith the link distanceas

	

 , maypenalizelonger linksmore thanneeded.

It is alsointerestingto studytheimpactof changesin thereceiver noisecharacteristicson theoptimaltransmission

energy for any givenchannel.To thisend,Figure6 plotstheoptimaltransmissionpower �

•

�

asthespectralnoisëÃ� is

variedfrom �È(Q*]�Zbedfd W to ~c_a�­(Q*]�Zbedfd W for the100meterlink of Figure2. Wecanseethattheoptimaltransmission

powervariesappreciablywith achangein thereceivernoiselevel. Accordingly, simplysettingthetransmissionpower

… 	€
 mayresultin signi�cantly sub-optimalperformance.Moreover, our plotsshow that the tP‡ÊÉ„EP�
•

I

vs. tP‡ÊÉ„EP¨¤�

I

graphis almostlinear, with aslopefairly closeto 1. Thisindicatesthatapolicy of maintaininga“constanttargetSNR”

(adjusting�.� to ensureaconstantratio of �"�Š¶x¨¤� ) will resultin `closeto optimal' energy ef�ciency for reliablepacket

delivery over a given link. Our analysisnot only providesa theoreticalframework for determiningthis `target ratio',

but alsodemonstrateshow this target ratio itself is a functionof thelink distance.
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IV. M INIMUM ENERGY ROUTING

In theprevioussection,we have seenwhy energy ef�cient transmissionof packetson a singlelink mustconsider

boththeattenuationdueto thelink distanceandthereceivernoisecharacteristicsto determineanoptimaltransmission

power. In thissection,wepresentour techniqueto �nd optimalenergy routesfor reliablepacketdeliveryoveranentire

datapath,consistingof multiple individual wirelesslinks in apracticalmulti-hopwirelessnetwork.

Considera nodethat transmitsa packet with transmitpower � � acrossa speci�c link sothat thepacket is received

with signalpower greaterthanthethreshold,� thresh. Let thecorrespondingenergy requiredfor this singletransmis-

sionbe
S

� . (Assumingpacketsareof constantsize,
S

� differsfrom � � by aproportionalityconstant.)Therefore,

S

�RË

S

thresh (?	


 de�ned to be
S^Ì

�ÎÍ

where,
S

threshis theenergy correspondingto � thresh. Let
S^Ì<Ï

‘

betheenergy requiredto transmitthepacket using

themaximumtransmissionpowerat thatnode.

Let •.E

S

�

I

denotethepacket errorprobabilitycorrespondingto thepacket transmissionenergy,
S

� .

A. Hop-by-hopRetransmissions(HHR)

We �rst describethescenariowherehop-by-hoplink-layer retransmissionsareavailable. This is themosttypical

scenariofor wirelesslink layers.

Then,from Equation12, it follows thattheexpectedenergy requiredto reliably transmitacrossthelink is givenby

S

��E��5sut

�

pZÐxtPs

��Ñ)ÑHÒ¬I

$

S

�

*µ2�•.E

S

�

I (14)

where•.E

S

I

representtheerroron thelink whena transmitpower � (with correspondingpacket transmissionenergy,
S

) is used.

Therefore,theoptimalvalueof theenergy requiredfor reliablepacket delivery acrossasinglelink is givenby:

S
Ì

�ÓÍ

�

S

�
�

S
Ì<Ï

‘

(15)
“

“

S

�

S

��E��5sut

�

pZÐÔtvs

��Ñ)ÑHÒ¬I

$/� (16)
“

D

“

S

�

D

S

�mE��5sut

�

pZÐÔtvs

��Ñ)ÑHÒ¬I

Ë�� (17)

In SectionIII-B wehadshowedthattheminimaof theexpectedenergy costsperbit indeedexistsfor someexample

modulationschemes.Indeed,Equation17 holdsfor the entirerangeof realisticmodulationschemes.However, the

solutionof Equation16maylie outsidetherangeÕ

ShÌ

�ÓÍ

�

S^Ì<Ï

‘5Ö

. It follows thatthetransmissionenergy thatminimizes

theenergy costfor a link satis�es:
S

•

�

_ •¯×vE

S

•

�

I

2�•.E

S

•

�

I

$-* (18)

S

•

�

canbe computedusingef�cient techniqueswithin the range
S}Ì

�ÎÍ and
S^ÌØÏ

‘

. For this transmissionenergy, the

optimalreliabletransmissionenergy costsacrossthelink is givenby

S

�
E��CsŠt

�

pcÐxtvs

��ÑHÑHÒ¬I

•

$

S

•

�

*µ2�•.E

S

•

�

I (19)
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In our optimal energy ef�cient routing scheme,we assignthe cost of a wirelesslink as given by Equation19.

Assumingthat
S

•

�

is lessthanthemaximumtransmissionenergy thatcanbeusedby node,� , it will use
S

•

�

to transmit

packetsacrossthegivenlink 4.

Theend-to-endroutecanthereforebecomputedin a distributedmannerby any standardroutingprotocolcapable

of computingminimumcostpaths.It follows thatshortestcostpathfoundby theroutingalgorithmwill betheoptimal

energy-ef�cient routefor thatend-to-endpath.

B. End-to-EndRetransmissions(EER)

In this case,thereareno link-layer retransmissionmechanismsavailable. Instead,reliability of end-to-enddata

transfersareprovidedusingend-to-endretransmissions(e.g.usingreliableprotocolslike TCP).

Unlike thehop-by-hopcase,theoptimaltransmissionenergy acrossa givenlink dependsnot only on thecharacter-

isticsof thegiven link but alsoon thepacket errorratesandtransmissionenergy choiceson all theotherlinks on the

end-to-endpath.

Considera ™ -hoppathwhere•

� representsthepacketerrorrateand
S

� representsthetransmissionenergy required

for link
�����f�

G-* . Thenthe averageenergy consumedin eachend-to-endtransmissionattemptcanbe shown to be,
S

avg. attempt $ÚÙ

Ÿ

�xÛ

d

EF*^2�•

�

I

E¾Ü

Ÿ

�xÛ

d

S

�

I

G�Ü

Ÿ

�ÔÛ

d

Ù

�

bed

�ÔÛ

d

EF*%2?•

�

I

•

�

E¾Ü

�

�xÛ

d

S

�

I

. It follows thattheend-to-endenergy

requirementsfor reliablepacket transmissionover the ™ -hoppathis givenby:

S

reliable, EER $

S

avg. attempt
Ù

Ÿ

bed

�AÛ

dÞÝ

*^2�•

�

E

S

�

Imß5�

(20)

if we assumethatthesourcecontinuesto try sendingthepacket to thedestinationuntil it is successful.If we assume

thateachlink retriesa transmissionuptoa maximumof à?p7Œ attemptsandthata link failureat anintermediatenode

impliesnotransmissionactivity atall downstreamlinks, thenthetotal transmissionenergy hasaslightly morecomplex

representationthathasbeenderivedandanalyzedin theAppendixof [6].

In eithercase,theoptimalchoiceof packet transmissionenergy ateachnodeonanend-to-endpathcanbeevaluated

by solvingthesetof equationsgivenby: á

S

reliable, EER $ � (21)
â

E

S

reliable, EER
Iäã

� (22)

where,for afunction å ,

á

Eæå

I

representsits gradient,and
â

Eæå

I

is theHessian.Thecouplednatureof theseequations

make it hardto computetheoptimalsolutionin adistributedroutingprotocol.

Nevertheless,sincealmostall wirelesslinks usehop-by-hopretransmissions,thissolutionis of limited interestfrom

apracticalperspective.

V. SIMULATION STUDIES AND PERFORMANCE EVALUATION

In this section,we reporton extensive simulation-basedstudieson theperformanceimpactsof our proposedmodi-

�cations in thens-2simulator. In thesestudies,weonly considerthehop-by-hopretransmissionscenario.Weperform
ç

If themaximumtransmissionenergy is lower than èØé

M

, thenwewill transmitwith themaximumtransmissionenergy andthelink costmetric

will beappropriatelymodi�ed to re�ect thischoice.
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A

Fig. 7. The100-nodegrid topology. Theshadedregion marksthemaximumtransmissionrangefor thenode, ê . Therearethree�o ws from

eachof the4 cornernodes,for a total of 12 �o ws.

studiesusingboth TCP andUDP traf�c sourcesto studythe effect of our routing schemeson thesetransportlayer

mechanisms.For theTCP�o ws,we usedits NewRenovariant. In UDP �o ws,packetswereinsertedby thesourceat

regularintervals.For all thesesimulationstudies,weuselink-layer retransmissionsto recover from packet losses.

To study the performanceof our suggestedschemes,we implementedandobserved threeseparaterouting algo-

rithms:

1) The Energy-Aware(EA) routingalgorithm,wherethe costassociatedwith eachlink is the energy requiredto

transmitasinglepacket (withoutretransmissionconsiderations)acrossthatlink. In thisschemethewirelesslink

errorratesareignoredwhile formulatingthelink's effective energy cost.

2) TheRetransmission-Energy Aware(RA) algorithm[1], wherethe link costincludesthepacket error rates,and

thusconsiderstheimpactof retransmissionsnecessaryfor reliablepacket transfer. However, thetransmitpower

chosenby nodesaregivenby Equation2, i.e. thetransmitpower minimally exceedstherequiredreceive power

threshold.

3) OurOptimalRetransmission-Energy Aware(RA-Opt) algorithmwherethetransmitpower is adaptively chosen

by nodes(asgivenby Equation18) to minimizetheenergy requiredto reliably transmitapacketacrossthatlink.

A. NetworkTopology andLink Error Modeling

For ourstudies,weuseddifferenttopologieshaving upto100nodesdistributedoveronasquareregion,to studythe

effectsof variousschemeson energy requirementsandthroughputsachieved.

1) Grid topologies: For comparisonthe performanceof our schemewith that presentedin [1], we �rst present

resultson the performanceof the schemeson a 100 nodegrid topology(asshown in Figure7) similar to one

usedin [1]. Thenodesareseparated100unitsapartalongeachaxis,andthemaximumtransmissionradiusof

thenodewaslimited to 150units.Thus,eachnodehasbetween3 and8 neighboringnodeson this topology5.
ë

Our-energy awareroutingformulationdoesnotdirectlyde�ne a transmissionrange.It is possiblethata longerlink with lower receivernoise

mayconsumelesseffective energy thata shorterlink with higherreceiver noise.Real-lifescenarios,however, imposebothanupperboundon

themaximumpossibletransmissionpower aswell asaminimumenergy thresholdfor successfulpacket reception— if thereceivedpower level
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2) Randomtopologies:Wealsopresentsimulationresultsfor randomlygeneratedtopologies.In therandomtopolo-

gies,thenodesweredistributeduniformly at randomin a 1000( 1000squaregrid. We experimentedwith dif-

ferenttransmissionradii for thenodes.In our randomtopologygenerator, we speci�ed thedesirednumberof

links 6. To avoid uni-directionallinks, we assignedthesametransmissionradii to all nodes.Note that a hop-

by-hopretransmissionschemeworksonly for bi-directionallinks. In theresultspresentedin thissectionfor the

randomtopologies,we speci�edthenumberof wirelesslinks to beone-eighthof a completegraphon theseset

of nodes.Theconsequenttransmissionradii for eachnodewasabout210units.

Eachof the routing algorithmswasthenrun on thesetopologiesto derive the least-costpathsto eachdestination

node. To simulatethe offeredtraf�c load typically of suchad-hocwirelesstopologies,eachof the cornernodeon

the grid topologyhad ì active �o ws, providing a total of *u� �o ws. In the randomtopology, we chose12 random

source-destinationpairsfrom theentiresetof nodes.

Sinceour objective was to study the transmissionenergies alone,we did not considerother factorssuchas link

congestion,buffer over�ow etc. Thus,eachlink hadan in�nitely larger transmitbuffer; the link bandwidthsfor all

links (point to point)wassetto � Mbps.Eachof thesimulationswasrun for a �x edduration.

We chooseBPSKasour representative modulationschemeandhence,useEquation13 to derive thebit-error-rate.

We variedtheambientnoiseto obtaindifferentdatapoints.For thenon-adaptive transmissionpower algorithms(EA

andRA) wechoseatransmitpowerof 20mW. Thespectralnoisefor thedifferentchannelswaschosento varybetween

two con�gurableparameters,¨

Ì

�ÎÍ and ¨

ÌØÏ

‘

correspondingto minimumandmaximumnoiserespectively. lessthan

acon�gurableparameter̈
Ì<Ï

‘

.

Wesimulatedtwo differentenvironments:

1) Low noiseenvironment: In this case,we chosë
Ì

�ÓÍ to be *1_£~?(í*]�cbedfdî: , while ¨

ÌØÏ

‘

wasvariedbetween

�c_a�ï(�*]�cbedfdî: and ìc_a�ï(�*]�cbedfdî: . For the non-adaptive schemes(EA andRA) a maximumspectralnoise

of �c_a�H(�*]�
bedfd

: leadsto a correspondingchannelpacket error rateof 0.1 on a 100 unit link. Our adaptive

transmissionalgorithm (RA-Opt) appropriatelychosea transmissionpower for eachlink so that the energy

consumptionfor reliabledatatransferacrossthatlink is minimized.

2) High noiseEnvironment: In this scenario,we chose ¨

Ì

�ÓÍ to be �c_£~ï('*]�cbedfdx: ; we varied ¨

Ì<Ï

‘

between

ìc_a�©(4*]�cbedfdî: and �`_a� (4*]�cbedfd]: .

Our resultsshow that the RA-Opt schemeoutperformsthe otherschemesin environments(otherthanzeronoise

environments). Additionally, our schemeshows signi�cant bene�ts as the noisein the environmentincreases,asa

comparisonbetweenthesetwo environmentsshow.

B. Metrics

To studytheenergy ef�ciency of theroutingprotocols,weobservedtwo differentmetrics:

is below this threshold,no receptionis possibleeven in theabsenceof any receiver noise.Sinceany signalsufferschannelattenuationðïñ

ç

,

thetransmissionrangeis analternative way of assumingthat thereceivedpower level beyonda distanceof 150units is alwayslower thanthe

minimumreceptionthreshold,evenif thetransmitteroperatesat themaximumpower level.
ò

We counteachpair of nodesthatarewithin thetransmissionrangeof eachotherasonewirelesslink.
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1) Normalized energy: We �rst computetheaverageenergy perdatapacket by dividing the total energy expen-

diture (over all the nodesin the network) by the total numberof uniquepackets received at any destination

(sequencenumberfor TCPandpacketsfor UDP). We de�ned thenormalizedenergy of a scheme,astheratio

of the averageenergy per datapacket for that schemeto the averageenergy per datapacket requiredby the

maximum-energy experimentbetweenall theschemesamongall theseexperiments.This providesaneasyrep-

resentationfor comparisonof thedifferentschemeswith eachotherandwith changingmaximumspectralnoise

for differentsetsof studies.

2) Effective Reliable Thr oughput: This metriccountsthenumberof packetsthatwasreliably transmittedfrom

the sourceto the destination,over the simulatedduration. Sinceall the plots show resultsof runsof different

schemesover the sametime duration,we do not actuallydivide this packet countby the simulationduration.

Differentroutingschemeswill differ in thetotalnumberof packetsthattheunderlying�o ws areableto transfer

over anidenticaltime interval.
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C. LownoiseEnvironmentfor Grid Topologies

We�rst presenttheresultsfor thelow noiseenvironment.

UDP Flows: Figure8 shows thenormalizedenergy consumptionfor thedifferentschemesfor theUDP �o ws. For

example,when ¨

ÌØÏ

‘

wassetto �c_£ó©(ô*]� bedfd : , therelative energy requirementsof RA-Opt, RA andEA were0.74,

0.8 and0.95respectively. As expected,theenergy requirementsof all theschemesincreasewith increasein spectral

noise.TheEA schemehasthehighestenergy requirementsamongall theschemeswhenthemaximumchannelnoise

on links washigh. Both theRA andtheRA-Opt schemeperformssigni�cantly betterthanthis schemefor theentire

rangeof spectralnoise. RA-Opt hasthebestperformanceamongthe threedifferentschemesfor theentirerangeof

spectralnoise.TheEA schemeconsumesabout10%to 33%moreenergy perpacket,while theRA schemeconsumes

about8%to 10%moreenergy perpacket thantheRA-Optscheme,

It is interestingto notethat in this low noiseenvironmenttheenergy costsof boththeEA andRA schemeshave a

convexity property, while that of the RA-Opt schemehasa concavity property. This implies that thebene�ts of the

RA-Optschemebecomesmoreandmoresigni�cant with increasein thespectralnoise.

TCP Flows: Figure9 shows a similar normalizedenergy consumptionplot for TCP �o ws. Thecostsmatchvery

closelywith theresultsfor UDP �o ws.

FoeTCP�o ws, it is interestingto observe thebehavior of theeffective reliablethroughputmetric for thedifferent

schemes.This is shown in Figure10. The numberof packets transmittedreliably over a �x ed durationfor the EA

schemefallsrapidlywith increasein spectralnoise.Thisis expectedbecausetheEA schemedoesnotconsiderchannel

propertiesin choosingroutes.In contrast,thenumberof packetsreliably transferredby theRA schemefalls in amore

gradualfashion.Thedecreasingtrendin boththeseschemesis dueto theincreasinglink errorrateswith theincrease

in spectralnoise.As thelink errorratesincrease,packetsseesanincreasein end-to-enddelays,dueto thedelaysspent

in increasednumberof retransmissionsnecessaryto ensurereliability.

However, the samemetric staysrelatively constantfor the RA-Opt case. This is because,the RA-Opt scheme

aggressively adaptsthe transmissionpower so asto minimize the energy costsfor reliablepacket delivery acrossa

link. Thecorrespondingtransmissionpowerto achieve this optimal costis such that the link error rate staysfairly

stableacrosstheentire range of spectral noise.

D. High noiseEnvironmentfor Grid Topologies

Now we presentresultsfor the higher noiseenvironment. Note that in this environment, the value of ¨

Ì

�ÎÍ is

signi�cantly largerthanits correspondingvaluein thelow noiseenvironment.

UDP �ows: In Figure11, we plot the normalizedenergy requiredper packet in the high noiseenvironmentfor

UDP �o ws. For example,when ¨

ÌØÏ

‘

is setto ìc_£ì5õ1¢ (ö*]�cbedfd]: therelative energy requirementsof RA-Opt,RA and

EA schemesare0.21,0.40(i.e. 90%morethanRA-Opt) and0.56(i.e. 167%morethanRA-Opt) respectively. The

bene�ts of the RA-Opt schemeis signi�cantly higher thanin the low noiseenvironment(notethat the scaleof the

Y-axis is muchlarger thanthecorrespondingplots for low noiseenvironments).TheRA schemeconsumesbetween

60%to 120%moreenergy perpacket in this environmentthantheRA-Opt scheme,while theEA schemeconsumes

four timesmoreenergy in theworstcase.
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TCP�ows: Theenergy consumptionfor TCP�o ws(seeFigure12) is againsimilar to theUDP counterparts.

It is interestingto observe the behavior of the throughputachieved by TCP �o ws in this high noiseenvironment.

In trying to optimize the energy consumption,the RA-Opt schemeadaptsthe transmissionpower which suitably

drivesdown thechannelerrorratesin all environments.Therefore,thethroughputachievedby theRA-Opt schemeis

largely unaffectedby the noisecharacteristics.In Figure13 we plot the throughputfor TCP �o ws in thehigh noise

environment. We canobserve that theRA-Opt schemeachievesthesamethroughputboth in the low andhigh noise

environments.Both the EA andRA schemessuffer in the high noiseenvironment,ascanbe seenin the signi�cant

dropin their throughputsachieved.

Both theEA andRA schemesachieve similar throughputswhenthemaximumspectralnoiseis ì (ô*]�
bedfd

: with

theminimumspectralnoisebeing �c_£~©(÷*]�qbedfdx: . This is becausetherangeof errorratesbetweendifferentlinks are

similar in thisscenario,andsoRA is unableto choosesigni�cantly betterpathsthanEA. RA-Opt is ableto makesuch

achoiceby increasingthetransmissionpower atnodesto drive down theerrorratessigni�cantly.
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E. RandomTopologies

We now presentresultsof our studieswith randomlygeneratedtopologies. Observingthat the relative energy

requirementsfor bothTCPandUDP�o wsaresimilar in nature,weonly presenttheresultsfor theTCP�o wsin ahigh

noiseenvironment.

In Figure14,weplot theenergy requirementsfor thedifferentschemesin thehigh noiseenvironment.Thebene�ts

of theRA-Optschemeis apparentin theplot. Therelative energy costsof theRA-Opt,RA andEA schemesare0.22,

0.49(i.e. 123%morethanRA-Opt) and0.53(i.e. 141%morethanRA-Opt) respectively. At low noiselevels (less

than ìc_£�C~�(ø*]�Zbedfdî: ) theRA schemeandtheEA schemeperformsequally. However, by adaptingthe transmission

power at thenodes,theRA-Optschemeperformssigni�cantly betterthantheseschemes.

In Figure15 we show thethroughputof thedifferentschemes.Like before,theRA-Opt schememaintainsa stable

throughput,while theotherschemesseeasigni�cant degradationin performance.

VI. CONCLUSIONS

We have de�ned an optimal energy routing schemefor reliable data transferon a multi-hop wirelessnetwork.

This schemeoutperformswell-known existing routing schemesfor a wide rangeof channelcharacteristics.This

improvementin energy ef�ciency is achievedby explicitly consideringthe impactof receiver noiseon packet errors,

andby adjustingthe transmissionpower to minimize the total energy spentin reliably forwardinga singlebit. The

schemeis generalacrossdifferentmodulationtechniquesthatcanbeemployedfor datadeliveryonwirelessnetworks.

We investigatedtheissueexistenceof anoptimal transmissionenergy for a givenlink. By employing information-

theoreticbounds,wehaveshown how any link is associatedwith afundamentallowerboundonenergy ef�cient reliable

communication.Moreover, thisfundamentalboundis directlyproportionalto thechannelattenuationrate( …/	ö
 ), and

is achievedby choosingarbitrarylow transmissionpower. In contrast,practicalcommunicationsystemsareassociated

with awell-de�ned optimaltransmissionpower, suchthatany decreaseor increasefrom thisoptimalvalueresultsin a

sharpincreasein thetotal transmissionenergy spentin reliabledatatransfer. Moreover, anincreasein thelink distance
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	 causesthe optimal communicationcost to rise lesssharplythan 	 
 ; accordingly, existing energy-aware routing

protocolsimposeamuchstiffer penaltyon longerdistancehopsthanwarranted.

Wehavestudiedtheapplicabilityof this techniquein choosingoptimalenergy paths.By appropriatelychoosingthe

costmetric,it is possibleto optimizeotherobjective functions,e.g.end-to-endlatencies,datadelivery throughput,etc.

We, therefore,believe thatour schemehasa wider applicability to a rangeof operatingmodesdependingon the the

optimizationobjectives. Simulationstudiesindicatethat performingadaptive power control basedon the individual

link conditions(errorrates)canprovide energy savingsof |ù*]�76 in low-noiseenvironments,andasmuchas |'�5�76

in high-noiseenvironments.

The analysisin this paperassumedthat the useof retransmissionsas the solemeansof providing a reliable link

layer. As discussedearlier, the fundamentaltechniquecan,however, alsobe appliedto alternatereliability schemes

suchasforwarderrorcorrectingcodesthroughappropriatechangesto therelationshipsin Equations10 and12. Since

ourpoweradaptationmechanismimplicitly reliesonrelativestablevariationsin thepacket error-rate,this techniqueis

especiallyusefulin static,or low-mobility, multi-hopnetworks,wherelink parameterssuchasdistanceor attenuation

coef�cients do not exhibit very rapid changes.(Of course,our formulationis applicablein the presenceof typical

wirelessenvironmenteffects suchas fading; the averagebit error rate at the link-layer is typically a more stable

statisticalmetricobtainedby averagingover suchphysicallayervariations).We have alsoassumedtheexistenceof

appropriateMAC-layercontentionresolutionmechanismsfor common-channelnetworks,whichpresentanabstraction

of zero-interferenceto thehigherlayers.Suchanabstractionis alsoprovidedby theuseof distinctphysicalchannels

basedonTDMA/FDMA/CDMA techniques.Finally, ourapproachto energy optimizationis usefulnotjustfor forming

energy-ef�cient routingpaths,but alsofor independentlyoptimizingthetransmissionenergy on eachindividual link.

Theroutingalgorithmandindividual link-layer power control techniquescanoperateon differenttime scales;while

routescanbere-computedover longertime periods,individual transmitterscanadjusttheir link transmissionpower

overshortertime-scales.
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