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Abstiact— Recentadvancesin technolagy have madelow-power
wirelesssensometworksfeasible Enegy savingis oneof the key de-
sign issuesin sensornetworks. There has beensomework in trying
to saveenegy in sensorand ad hoc networks,using appoaceslike
switching to sleepmodeor transmissiorpower contol. Our work in
this paperis a probabilisticprotocol,which is complementaryo all the
previouswork in this area.

Awirelessetworkinterfacein sleepmodeexpendsan orderof mag-
nitudelesspowerthanin idle mode but no padets can be sentor re-
ceivedwhile in sleepmode We proposea novel approad for enegy
conservationusing the well knownBirthday Paradox, for scheduling
transitionfromidle to sleepmode We trade-of latencyfor a signi -
cantreductionn theamounof expendednegy. Thisstrategy provides
someunableparametes for the systemwhich canbeusedto adjustthe
performanceandenegy characteristicsasnecessaryy anapplication.

|. INTRODUCTION

Enegy consumptionin low-power wireless sensor
nodesis animportantissuein wirelesssensometworks.
The sourcesof power consumptionare communication,
sensingandcomputationwith communicatioroften be-
ing the chief power consumerTherehasbeenalot of re-
searchon conservingpower in thesesensomodes.Most
of this researchon power conseration hasfocusedon
putting the network interfaceto sleepmode,or control-
ling thetransmissiompower of the network interface.

A network receiverinterfacehasfour differentmodes:

1. Transmit Mode: In this mode,the nodeis trans-
mitting a paclket. The power consumptionin this
modeis the highestamongsthe four modes.

2. Receve Mode: In this mode,the nodeis receving
a paclet. The power consumptionin this modeis
slightly lesserthanthe TransmitMode

3. Idle Mode: A receverin idle modecaneitherre-
ceive or transmit. It burnspower becauset hasto
listen to the wirelessmediumall the time to deter
mine whetheror not thereis a paclet transmission
goingon. Thismodetakesslightly lessepowerthan
Receve Mode.

4. SleepMode: Sleepmodehasvery low power con-
sumption. The network interfacecannotreceie or
transmitin this modeunlessit is wokenupinto idle
modeby anexplicit instruction.It takesa nite time
to transitionfrom sleepmodeto idle modeandvice
versa.

Therehasbeensomework in the areaof enegy man-
agementn sensorandad hoc networksthatprovidesfor
transitionbetweenthesedifferentmodesbasedon need.
Mostimportantamongtheseare Geagyraphical Adaptive
Fidelity (GAF) [23] andSpan[2] in theroutinglayer, and
the work by Tsenget al. [19] and Ye et al. [24] in the
MAC layer. Ourwork, while having thesimilarapproach
of switching betweenthe differentpower modes,is or-
thogonalto the above approaches.lt canbe addedon
top of ary of the above approache$o producemoreen-
ergy savings. In this paper we proposethis probabilistic
approachhasedon a dynamicadaptatiorof the Birthday
Paradox which wasoutlined earlier by authorsin [14].
Theconcepof BirthdayParadoxhasbeenappliedbefore
in elds suchas cryptographyand hashingalgorithms.
We utilize this paradoxicatheoryto our bene t for sav-
ing enegy.

We proposeawo algorithmsfor transitionof awireless
network interfacefrom idle modeto sleepmode,andvice
versa. The basicalgorithmis motivatedby the Birthday
Paradox Eachnoderandomlywakes up and goesto
sleep. The percentagdetweenidle and sleepmodeis
determinedby the neighbornodedensityaswell asthe
remainingbatterypower. Neighboringnodescancom-
municateonly whenbothareawake. A Sleeplndication
Map (SIM)is sentby every nodeto all of its neighborsaf-
tereveryinterval. Eachnodeutilizesthis SIM to schedule
traf ¢ toits neighborsThesecondalgorithmis similarto
GAF or Span. A nodetransitionsto sleepmodewhenit
is notactively involvedin sendingreceving, or forward-
ing data. The nodeperiodicallygoesto idle modeandto
sleepmode,with a duty cycle dependingon the number
of neighborst has.Finally, we modelthesealgorithmsin
the ns-2network simulatorandstudytheir performance.

The remainderof this paperis organizedas follows.
In Sectionll, we describethe enegy usagecharacter
istics on which our designand evaluationis based. In
Sectionlll, we discussrelatedwork. In SectionlV, we
proposewo algorithmsfor schedulingransitionsto dif-
ferentpower modeswhich areevaluatedvia simulations
in SectionV. Finally, we concluden SectionVI anddis-
cusspotentialnew researchdirections.



TABLE |
IEEE 802.11 2 MBPS WAVELAN PC CARD CHARACTERISTICS

Mode Speci cation | Measured
Sleep 9mA 14mA
Idle n/a 178mA
Receve 280mA 204mA
Transmit 330mA 280mA
Pawer Supply 5\ 4,74V
I1. BACKGROUND

We baseall our simulationexperimentson a speci ¢
wirelessnetwork cardfor IEEE 802.11.0ur assumption
is that,the network interfaceswill give similar character
istic acrossa broadrangeof theseinterfaces.

A. Energy Consumption in a Wireless Network
Interface

In the evaluationof ary algorithmfor enegy conser
vation, an estimateof enegy consumptioris necessary
In particular the more closelya simulationre ects spe-
ci ¢ hardware,the moreaccuratehe estimateof enegy
consumedn the simulationexperimentss.

Table I, from Feeng [5], showvs the actual current
drawvn by a wirelessnetwork interfacecardin the four
possiblemodes. This table shavs that receive andidle
moderequiresimilar powerwhile transmitmoderequires
slightly greaterpower. Sleepmoderequiresmore than
an orderof magnitudelesspower thanidle mode. This
implies that the network interface expendssimilar en-
ergy, whetherit is justlisteningor actuallyreceving data.
Hence,intelligently switching to sleepmodewheneer
possiblewill generallycreatesigni cant savings.

The enegy consumedy a wirelessnetwork interface
whenanodetransmitsyeceves,or discardsa packetcan
bedescribedisingalinearequation

(1)

Thereis a x ed cost( ), associatedvith device mode
changesand channelacquisitionoverhead. The incre-
mentalcomponent ), is proportionalto thesize
of the paclet. Thetotal costof a pacletis thesumof the
costsincurredby the sendingnodeandall recevers.

Experimentalresults[5] con rm the accuray of the
linearmodel. Experimentsvere performedto determine
valuesfor thelinearcoefcients and for variousop-
erationsof thenetwork interface.

We usethis enegy model and the associated/alues
[5], [6] in the simulationsin this paper The follow-
ing discussionis aboutthe assumption®f this model.
Themodeldoesnot considellink layerfragmentationlt
is expectedthat the linear modelwould continueto ap-
ply, with eachinstanceof fragmentationintroducinga

small stepdiscontinuity re ecting the x ed fragmenta-
tion overhead.This modelalsodoesnot considerenegy

consumedn unsuccessfuhttemptsto acquirethe chan-
nel (mediacontention),or in messagetost dueto col-

lision, bit error, or loss of wirelessconnectvity. Such
experimentsveredeemedlif cult to obtainin controlled
experimentameasurement$].

Although bandwidth metrics count the number of
paclets sentover the wirelessmedia,enegy consump-
tion metricsmusttake into accounthereactionof all the
network interfaceswithin wirelesstransmissiomangeof
thetransmitters.

The operationsof the wirelessnetwork interface can
bedividedinto thesethreeoperations:

BroadcastTraf c: ThelEEE802.11lbroadcastraf-

¢, thesendetistensbrie y tothechannebndsends
amessagé thechanneis clear De ning the x ed
channelaccesscost and , andthe
incrementalpayload costs and ,

Equationl gives:

Point-to-point Traf c:  For point-to-pointtrafc,
the x edcostincludesboththe channelaccessost
and the MAC negotiation cost, wherethe channel
accesgostis the sameasthatin thebroadcastase.
In theIEEE 802.11MAC protocol,thesourcesends
an RTS (Request-to-Sendjontrol messageidenti-
fying thedestination The destinatiorrespondsvith
a CTS (Clearto-Send)message. Upon receving
the CTS, the sourcesendsthe dataand awaits an
ACK from the destination. This control overhead
is taken into accountin the x ed overheadto send
a point-to-pointpaclket. De ning the x edchannel
accesscost for sendingand receving a paclet as

and respectiely, andtheincre-
mentalpayloadcostsas and
respectiely, Equationl gives:

The incremental payload costs, and
, arethe sameasthosefor broadcastraf-
c.

Tablell, from [5] givestheexperimentalataof all the
casedletailedearlier
B. Power Mode Transition

Fromthe above discussionthe enegy expendedby a
wirelessnetwork interfacein eachmodeis known. What
is alsoimportantis the amountof enegy expendedand



TABLE I
IEEE 802.112 MBPSWAVELAN PC CARD LINEAR MODEL
POWER CONSUMPTION MEASUREMENTS

Operation ( Jibyte) (J)
broadcassend 266
broadcastecv 56

p2psend 454

p2psend 356

Energy
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Fig. 1. StateTransitionDiagramfrom Idle to Sleep

lateng requiredto switch from one modeto another
While switchingbetweeractive (transmitor receive) and
idle modedoesnot take ary signi cant time or enegy,
transitionto sleepmodeis of particularinterest.

Figure 1l shavs thatthereis a minimum critical time,
only overwhich a statetransitionto sleepmodeis useful.

amountof time is usedby a network interfaceto
go from idle to sleepmodeandvice versa. During this
time intenal, no paclet can be transmittedor receved
by the network interface,renderingit uselessluringthis
time. Thereis a needto minimize this uselesamountof
time asmuchaspossible.

For example,in the ORINOCO World PC Cardfrom
Agere Systemd[18], the time is speci ed to be
lessthan 75 sec. This impliesthatif 1% of the time
is allowed for this transition,the sleepperiod hasto be
at leastequalto 10 ms. No extra enepy is requiredto
male this transition,accordingto the speci cationof the
ORINOCOcard.

I1l. RELATED WORK

A critical issuefor sensomodesis power. Thoughac-
cessto datahasbecomeubiquitous,accesgo power is a
major constraint.A lot of researcthasbeendonein the
areaof low power. Low poweris particularlyimportantin
sensorandmobile wirelessad hoc networks. Variousat-
temptsat saving power have beenproposedfrom theap-
plicationlayer[9]to thephysicallayer[16]. While signif-
icantpower canbe savedin all of theselayers,we tackle

the problemof saving power whichis complementaryo
theotherapproaches.

Solutionsaddressingower savingsin theroutingand
MAC layerincludethefollowing:

TransmissionPower Control: In wirelesscommu-
nication,controlling transmissiorpower hasa large
impact,rangingfrom power savingsto transmission
rate,interferenceanderrorrates.

Different work in this areahasfocusedon topol-

ogy control, determinationof optimum transmis-
sionpower, andincreasingietwork throughpu{20],

[13], [1], [20], [17], [7], [21].

PowerAware Routing: In this area,the chief con-
cernis extendingthe lifetime of a network. This
work takesinto accountthe remainingbatterylevel
of anodein determiningoptimumroutes,suchthat
noneof thenodesareover utilized. The paperby Li
et al [10] is a recentexampleof work in this area.
This researctareadoesnot explicitly try to reduce
power usagebut tries insteadto maintaina unifor-
mity in the pawer usageacrossall nodessothatthe
network lifetime is extended.

Low Power Mode: In this areaof research nodes
arekeptin one of the available power modes[25],
[15]. Eachnodetriesto bein thelowestpowermode
possibleand still maintainconnectvity in the net-
work. The work by Xu et al. [23], [22] propose
a grid-basedenegy-saving routing protocol, but it
usesGPSfor locationinformation. Chenetal. [2]
proposedan algorithm where somehostssene as
coordinators,which are chosenaccordingto their
remainingbatterypower, andthe numberof neigh-
borsthey canconnecto. Coordinatorsireresponsi-
ble for relaying pacletsand are kept awake, while
other nodescan enter sleepmode. The work by
Ye et. al [24] focuson building a low-power MAC
protocol called S-MAC. In our work, we cantake
full advantageof alow-powver MAC layerotherthan
IEEE802.11.So,thiswork is complementaryo our
power saving scheme.

Work by Tsengetal [19] is the closesto our work.
It proposes few randomizedalgorithmsfor chang-
ing to sleepmode. But they focus on a tradeof
betweenneighbordiscovery time and enegy con-
sumption,andnoton network protocolperformance
undertheseconditions.In this paper we tacklethe
overall protocol performanceshaving the affect of
reductionof power usageon lateng. Their proto-
col is not adaptve dependingon the neighborden-
sity, andhencecannottake advantageof high node
density In our work, we adaptvely vary theenegy
usageof a node,therebyusingthe minimal enegy
required.



McGlynnetal[11] usecertainprobabilisticmethodssim-

ilar to ours, for neighbordiscovery. Time synchroniza-
tion amongnodesin a network is a problemseveral pa-

pershave addresseB], [12].

IV. ALGORITHMS FOR SLEEP-M ODE SCHEDULING

All thenodesin asensonetwork do notalwayspartic-
ipatein receving, sendingandforwardingof datapack-
ets.Rathermary nodesdo notneedto bein thetopology
to maintainconnectity. If thesenodescanbeidenti ed,
thenthey canbe putinto sleepmode,ratherthanthem
stayingin idle mode. Sleepmodeusesan orderof mag-
nitudelessenegy thanidle mode,sothis would be very
usefulin termsof savzing enegy. Thenodeghatareprob-
ablecandidatesor puttinginto sleepmodearethosethat
have notoriginated forwarded or receveddatafor acer
tain x edinterval. Thesenodesarethensentto the sleep
mode. However, thesenodesare presentn the network
and canwork asforwardersif the needarises.Beingin
sleepmode preventsa nodefrom being ableto receve
ary paclets.So,thereis aneedto usesometechniqueto
periodicallywake thesenodego idle mode.

A. Extension to the IEEE 802.11 Power Saving
Protocol

The IEEE 802.11MAC protocol [8] hassupportfor

ple clock synchronizationis not possiblebecause
of communicationdelays and mobility.  Clock
Synchronizatioramongall nodesin a sensornet-
work is a problemthat hasbeentackledin recent
years. GPScanbe usedto provide exacttime syn-
chronizationbetweenthe nodes. In the absenceof
GPS clocksynchronizatiortanbeensuredy some
protocol. The work by Elsonet al. [3] is a recent
exampleof researchin thedomainof time synchro-
nization.

NeighborDiscovery: A wirelessnodeis awareof the
existenceof neighborsonly if thereis an ongoing
transmissiorwhile the nodeis awake. As PSmode
reduceshe periodof beingawake, it diminishesits
chance®f having accurateneighborinformationas
well asthechanceof itself beingdiscoseredby other
nodes.In SectionlV-B.3, we describenhy very ac-
curatepredictionof the numberof neighborss not
necessary

B. Birthday SleepAlgorithm

TheBirthdaySleepAlgorithmis proposedn this paper
for schedulingransitionto sleepmodefor saving enegy
withoutlosingmuchin termsof performance.

B.1 Probability Basis

a po/ver_sa/ing (PS) mode. In an infrastructure-based The inspira’[ion behind this prOtOCO| is the B|rthday

network, thereis an accesspoint (AP) that communi-
catesdatapacletswith eachnode. Periodically the AP
transmitsa beaconframespacedy a x edbeacorinter
val. Eachbeacorframecontainsa Traf ¢ IndicationMap
(TIM). TheTIM framecontaingdentitiesof PShostsfor
which the AP is holding buffered paclets. A PS node
monitorsthe TIM framesandremainsawake for therest
of theintervalif it is listedin the TIM; otherwisehenode
goesto sleep.

In IEEE 802.11ad hoc mode,PS nodesbehae simi-
lar to infrastructuremode,exceptthatall the nodescon-
tendfor sendinga beaconcomparedo only the AP in
infrastructuremode. The Ad hoc Traf ¢ Indication Map
(ATIM) frameis sentby eachnodehaving bufferedpack-
ets. TheATIM framecontaingnformationaboutthedes-
tination for the buffered paclets. The destinationnode
receving thisATIM framestaysawake for therestof the
period,andotherwisegoesinto sleepmode.

The problemwith the PSmodeof IEEE 802.11is that
it was designedfor a single-hop(fully connectedhnet-
work. Whenappliedto sensoor adhocnetworks,certain
problemsarise. Tsenget al. [19] have recentlyanalyzed
theproblems:

Clodk Syndironization: IEEE 802.11PS modeas-
sumesa completelyconnectechetwork, andhence
a beaconframe transmissioncan synchronizeall
the nodes. In a sensornetwork though, this sim-

Paradox The Birthday Paradoxis the probability that
at leasttwo peoplein a room have their birthdayon the
sameday. The paradoxis that with asfew as 23 peo-
ple in the room, the probability exceedsone half. This
is calleda paradox,asit is counterintuitive that with as
few as23 peopleand 365 possibledays,the probability
that ary pair of peoplehave the samebirthdayis more
thanthe probability thatno pair of peoplehave the same
birthday Thisideahasbeenappliedfor neighbordiscov-
ery by McGlynn et al. [11]. We usea similar idea for
convergencebetweenareceverandatransmitter
Overaperiodof x edlengthslot periodstwo wire-
lessnodesindependentiandrandomlyselect of these
slots.In eachof these slotschoserby anode thenode
remainsgn idle modelisteningfor paclets.In theremain-
ing slots,it goesto sleepmode therebysaving en-
ergy. Theenegy savedis approximately
percentof the original enegy consumedy the wireless
network interface.So,theenegy savedhasallinearrela-
tion with the percentagef theidle slots,evaluatedater
in SectionV.
We calculatethe probability thatboththe nodesarein
idle modein the sameslot, for atleastoneslot out of the
possibleslots.Let thetwo nodesbe A andB.
The numberof waysA canchoose out of
is

things

)



Thenumberof waysB canchoose outof thingsis

3)

Thetotalnumberof waysA andB canchoose things
eachis

(4)

Thenumberof ways outof slotschoserby B are

sameasA is

()

The numberof waysat leastl outof  slotschosen

by B aresameasA is
(6)

The probability that A and B have at leastone idle
modeslotin commonis

(7)

(8)

Figure2 shavsthe plot of this probability functionfor
increasing , for variousvaluesof . Theseresultsshov
thefollowing properties:

The probability thatthe two nodeswill have acom-
mon slot increaseswith the increasein the ratio

Enegy is saved during the slotswherethe

receveris keptin sleepmode.

For , the probability is 99.9%for . So,
the amountof saved enepy is %. If
, theprobabilityis 99.9%for . Hence the
amountof saved enepy is % . This

suggestshatmaking
savzing enengy.

largeris goingto bebene cial for

BoundedDelay

Along with providing a probabilisticguarantedor a
paclet from a nodeto reachits neighboras detailed
above, we alsowantto provide probabilisticguarantees
for the delaybound. If the total probability of therebe-
ing acommonslotis calculatedjt mightbethe casethat
the commonsilot is the lastof the  slots. In thatcase,
therewould be a signi cant amountof lateng involved
in trying to senda paclet to a neighbor So, the proba-
bility of the commonslot beingwithin the rst  of

/ x VVD :

S 08 / -
[
c i
g | 4z
g 06
[=]
o
B 04 e
g [/
g |/ n=10 ——
g 020/ n=30 =

1 n=40 --a

ot :
0 5 10 15 20

Fig. 2. Probabilityof amatchingslot

positionsis analyzedIf a speci ¢ delayboundis needed
by anapplication,he canchoosea speci ¢ valueof to
be assuredielivery of the paclket within the delaybound
with a probabilisticguarantee.

To show that this probabilistic delay bound can be
guaranteedheearlieranalysishasto beextended .Node
A chooses outof slots. NodeB chooses slots,
where , andeachof the slotsis differentthanthe

slotschoserby A.

Thenumberof waysof B choosing slotsoutof is
9)
Thenumberof waysof B choosing slotsout of
is
(10)

The probability of choosing slotsall differentthan
thosechoserby A is

(11)

The probability of B choosingat least1 slot the same
asthosechoserby A, within  slotsis

(12)

This functionis plottedfor in Figure3(a)and

in Figure 3(b). Although the total probability

might have beenhigherfor larger , the probability of a

matchedslot within  slotsis not helpedby larger . In

fact,smaller give alarger probability thatthatthereis
amatchingslot within lower valuesof .

We chosethevalueof to be 10 insteadof 50 for this
reason.For , , thereis a 93% probability
that the slots of the two nodesare togetheralive within

rst 2 aliveslots.

B.2 The Birthday Algorithm

In this section,we take advantageof the conclusionof
SectionlV-B.1, wherewe shovedthe effect of choosing
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the probability with which a node staysin sleepmode.
Using the stratgyiesof clock synchronizatiorstatedpre-
viously, the synchronizatiorof the clocksof all nodesin
asensomnetwork canbeachieved.

For a particularvalueof , where is the numberof
slotsin atimeinternval ,avalueof ischosen. isthe
numberof slotsin which anodeis in idle modelistening
for paclets. The performancean termsof delaylateng
will belower comparedo the casein which the nodeis

n=10 [] Idle Mode
m=6 [] Sleep Mode

| n slots (T time)

SIM sent out

SIM sent out SIMs received

SIMs received

alwaysin idle modebut the gainis in termsof enegy
saved by remainingin sleepmode. We canalsogive a
probabilisticguaranteen the delaybound,by choosing
the asdetailedin thelastsection.

Thelower theratio of , thelargerthe enegy sav-
ing with a consequentower performance.Hence,this
ratio is a tunableparameterdependingon the needfor
saving enegy versusbetterperformancelet
denotethe probability of stayingawake for

is the numberof slots is awake and
total numberof slots.

If anodeis a senderor recever of dataor if it is an
active forwarderof data,thenthe nodealways remains
awake. Hence,

, for
where = Setis thesetof all sourcesatthe currenttime,
is the setof all destinationsat the currenttime, and
is the setof all forwardersatthe currenttime.

, where
is the

For all othernodes, depend®nthepolicy.

If the policy is to save enegy on a per nodebasis,
then s setto aconstanwalue,for .

If thepolicy is to maximizethelifetime of anetwork,
then may be setto a function of the remaining
enegy of , for , or a function of
the estimateof the neighborcount.

Time

Fig. 4. TheBirthdayAlgorithm Stratgy

All nodesare awake for the rst slot out of slots.
Dependingon , eachnoderandomlychooses outof
the slotsto beidle. Eachnodebuilds a Sleepindication
Map (SIM) containing bits, with the  bit setto 1 or
0 dependingon whetherthenodewill beidle or asleefn
the slotofthat period.At thebeginningof every
slotstaking time in total, the SIM is sentout by each
nodein alocal broadcastHence every nodehasknowl-
edgeof the sleepandidle slotsfor all of its neighbors.
Figure4 shavs how this algorithmworks.

A nodeusegheknowledgegainedfrom the SIM pack-
etsfrom its neighborsto build a Sleepindication Table
(SIT). An exampleSIT is shavn in Figure5, whereeach
row of theSIT isthe SIM receivedfrom oneof thatnodes
neighbors.

A nodeusesits SIT to schedulepacletsto any neigh-
bor. The speci ¢ policiesit usesfor schedulingare as
follows:

1. A nodeschedules broadcasby nding the earli-
estslot with maximumnumberof neighborsn idle
mode. Thenthatbroadcaswill have the maximum
intendedmpact.
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2. A nodescheduleghe delivery of a unicastpaclet
by looking for the nearesidle slot of the intended
next hopneighbor

3. If theinformationfor anext hopnodeis notpresent
in the SIT, thenthe sourcenode sendsthe paclet
immediately

B.3 Dynamic Adaptation

In denselypopulatedsensonetworks,mary nodescan
beinterchangeabluysedfor routingpurposesin adense
network, any nodemight sleepfor alongerduration,as
therelative utility (for forwardingpurposespf all nodes
decreaseWe useanapproactsimilar to thatusedby Xu
etal.[22].

1. EstimateNeighborCount: Thereare a numberof
publishedapproachedor estimatingthe neighbor
countof anodein awirelessnetwork. In this work,
a simple approachs used,whereeachnodekeeps
a list of all the nodesfrom which it hasreceved a
pacletwheneverit is listening. Eachentryin thelist
is deletedafter a periodof time , unlessthe
noderecevesanotherpaclet from that node. This
list is purgedof all staleentrieswhich have notbeen
updatedn time. In thisway ary extra over
headof neighbordiscosery messageis avoided.

2. Estimateof probability of stayingawale: Theidea
is to keepthe sumtotal idle time for all nodesin
a neighborhoodconstant. At ary point of time in
ary neighborhoodwe try to make the probability
of nding the samenumberof idle nodesasequal.
In this way, thewhole region is covereduniformly.
Nodesin thehigh nodedensityregion canbeasleep
for morenumberof slotsthannodesn alow density

region. To thateffect, the optimal solutionwould be

(13)
where is the exacttheoreticaineighborcountof
a particular in the neighborhood, s the
probability of for stayingawake, and is a

constant. But this optimal solution cannotbe im-
plementedn practicebecausaodesdo not have a
an exact idea of their neighborhoodn a sensoror
ad hoc network. Nodescanfail or move at ary the
time.

To achieve an approximationof this optimal solu-
tion, the estimateof the neighborcountis usedby
eachnodeasspeci edabove. Let estimatdts
neighborcounttobe . Thenthisnodewill calcu-

lateits  from thefollowing equation

(14)
Solvingfor

(15)
Thisre-calculatiorof  is doneasfrequentlyasde-

sired.

Thereis no needfor accuratecountof the numberof
neighbors,sincethe algorithm provides a naturalfeed-
backmechanismlf theneighborcountis underestimated
by anode thatnodestaysawake for alongertime, during
whichit hearsdrom moreneighborsandsubsequentlye-
ducesit's probability of stayingawake.

C. The Adaptive SleepAlgorithm

The Adaptive SleepAlgorithm is a protocolfor enegy
conseration similar to GAF [23]. It is more simplistic
asit doesnothave any geographidinformationavailable.
Thealgorithmis explainedin Figure6. A interval called
Sleepinterval (Sl) is the period of time from whenthe
transcever of the nodeis idle. It is a parametetunable
by the application,basedon the knowledge of the fre-
queng of queriesor periodicinterestby ary datasink



node. After Sl time interval, the periodic sleepcycle
starts. The periodicsleepcycle repeatsat a periodcalled
the SleepPeriod (SP) It alsohasa variableDuty Cycle
(D), which is the fraction of the SP periodthatthe node
is in idle mode. For fraction of SP, the node
remainsin sleepmode.

TheDuty Cycleis changedccordingo thesameprin-
ciple asdetailedin SectionlV-B.3. An estimateof neigh-
bor countis usedto vary the duty cycle. The intuition
is to keepthe total numberof nodesidle at ary time to
be constantacrossthe region. So, in a high nodeden-
sity area,eachnodecanhave alower duty cycle thanthe
nodesin alow nodedensityregion.

Anytime a senderin sleepmodeneedsto senddata,
it transitionsto actve mode and startssending. When
a nodeis in sleepmode,if a paclet is transmittedoy a
neighbomode,it will notbeableto receveit. Depending
on the length of time that the nodeis in sleepmode,
it might wake up in time to receie the subsequente-
broadcastsof the messagesy the nodes neighbors.
Hence the SPneeddo be smallenoughto enableanode
to receve subsequenbroadcastafter having missedan
initial packet. This problemof re-broadcass not present
if the IEEE 802.11PSMAC protocolis used. The up-
streamnodeswill buffer the pacletsandonly transmitit
whenthedownstreamrmodeis alive.

A detailedsimulationanalysisof the performanceof
this protocol in comparisonwith our Birthday Sleep
Protocolis donein the next section.

V. SIMULATION RESULTS

This sectionpresentghe resultsof the simulationof
the Adaptive SleepAlgorithm and the Birthday Sleep
Algorithm. To evaluatethe protocol, we modeledit in
the ns-2network simulator[4], which is a popularsim-
ulatorfor usein the networking community The enegy
modeldescribedn Sectionll wasincorporatednto the
simulatorfor modelingthe enegy usageof the nodes.

A. SimulationParametes

Thesimulationparameterserechoserto besimilarto
thoseusedin the sensorandad hoc networking research
community so thatcomparisorof the simulationresults
is easier Thespeci c parametersvere:

A x edareaof meterswasusedin the

simulation.

Theexperimentsvererunfor 900simulatedseconds
each.

The communicatiorusedwas 10 ConstanBit Rate
(CBR) o ws betweenl0 randomlychosenpairs of
nodes.Each o w consistedf 4 pacletspersecond,
eachpaclet consistingof 512 bytes.The bandwidth
of thewirelessmediumwassetto be2 Mbps.
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Fig. 8. Lateny versus PercentEnegy Sasing in Birthday Sleep
Algorithm

Eachdatapoint in the graphsaretakenfrom anav-
erageof 3 runs,eachrun having adifferentcommu-
nicationpattern.

B. Resultdor the Birthday SleepAlgorithmResults

In this experiment,the total numberof slotswas 10.
Thenumberof slotsawakerandomly , wasvariedfrom
5t010. Thisimpliesanidle percentag®f 50%to 100%
of totaltime.

Figure 7(a) shavs the decreasén enegy usagewith
decreasingaluesof . Thegraphis linearasexpected,
becausehe enegy savings was linearly relatedto the
numberof slotsasleep Thedecreasé enegy consump-
tion occursbecausa smallervaluesof meansalarger
time spentin sleepmode, therebysaving more enepy.
For 50% of theslotsbeingidle, anenegy saving of 46%
is obtainedThisis a substantialmprovementn termsof
enegy savings. Figure7(b) shavs the lateng asa func-
tion of . Thelateny hasa exponentialincreasewith
decreaseén thevalueof . We plot the lateng versus
the enegy savings given by our approachin Figure 8.
Guaranteein@robabilisticdelayboundasdescribectar
lier is shawvn in this graph. For a speci c lateng bound,
the maximumenepy saving thatcanbe achiezed solely
by this algorithmin givenby the x-axisin Figure8.

C. Resultdor the AdaptiveSleepAlgorithmResults

To evaluatethe Adaptive SleepAlgorithm, theduty cy-
cle wasvariedfrom 10%of the SleepPeriod (SP)to 90%
of the SR at 10%intervals.

Figure 9(a) shaws the enegy usagefor differentval-
uesof the duty cycle. Thereis a linear decreasén en-
ergy usagefor decreasingluty cycle. This is because
smallerduty cyclesmeanmoretime spentin sleepmode
andthereforemore enegy savings. The percentenegy
savings is maximumwhen the duty cycle is aslow as
possible A 50%duty cycle resultedn enegy savingsof
30%, while a 10% duty cycle resultedin enegy savings
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of over 50%. This is a signi cant improvementin terms
of enegy savings. Figure 9(b) shaws the lateny asa
functionof duty cycle. Thelateng hasalinearincrease
with decreasingluty cycle. The lateny doublesfor a
duty cycle of 10% whencomparedo the nodebeingal-
waysidle. Thelatengy increasedrom 12 msto about25
msfor aduty cycle of 10%.

The slope of the line is not exactly -45 degree, be-
causesnepy is alsoexpendedn transmittingandrecev-
ing pacletsin additionto beingin idle mode.

VI. CONCLUSION

This papermalkes the following contributionsin the
areaof power modeschedulingn ad hoc networks: We
alsoproposednextensionto IEEE 802.11Pawer Saving
(PS) mode for multi-hop wirelessnetworks. Using it,
we proposedand modeleda probabilisticalgorithm for
schedulingransitionsbetweeridle andsleepmodes.We
thensimulatedthis algorithmto shav signi cant enegy
savings. The novelty of our approacHiesin thefactthat
we have applieda well known techniquefrom probabil-
ity theoryfor enegy savings in sensornetworks. Our
approachs orthogonalo mary otherapproachefor en-
ergy saving in this area,andcanprovide additve bene t.
We alsogive a probabilisticdelayboundguaranteeasa
trade-of with enegy savings
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