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Abstract

The lifetime of a wirelesssensometwork dependsipon
eachnodes'battery Without batterymanagementrit-
ical nodesparticipatingin multiple routesprematurely
exhausttheir enegy resourcespossibly causinga net-
work partition. We proposeSEESAN, an asymmetric
and asynchronous/AC protocol designedto decrease
idle listeningtime with asymmetricsleep/actie duty cy-
cles.SEESAV doesnotrequiretheoverheadf synchro-
nization or neighborsleepscheduleexchangeso man-
ageradio power modes. Our goal is to balanceenegy
consumptionramongall nodesand especiallyto extend
the lifetime of critical nodeswith the heaviest forward-
ing load, without signi cantly increasindateng of data
delivery. We evaluateour protocol throughsimulation.
Our resultsshav the following:

Asymmetryin duty cycles can be effectively ex-

ploited to extend overall network lifetime by

balancingenegy consumptionof communication
acrossodes.

An asymmetric duty cycle schedule can be
achieved without requiring synchronizationover
headwith no signi cant additionalcosts.

It is advantageou$o decoupleadwertisingof avail-
abledatato betransmittecby asendemandlistening
for adwertisediransmissionby arecever, allowing
nodedo tailor their behaior if they play a particu-
larrole (e.g.,primarily asourceor primarily asink).
This distinguishesSEESAV from other proposed
asymmetrigorotocols.

1 Intr oduction

In any wirelesscommunicatiorprotocol,the main
objective is to provide connectiity betweenpartic-
ipantswhetherthe protocolis for ad hoc, sensaor
or infrastructurenetworks. Relatedto this objective
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is the adwersarialgoal of managingthe enegy re-

sourceto increasethe lifetime of battery-pavered
nodes.In particular we addresghe speci c enegy

goalof extendingtheeffective lifetime of thesensor
network as a whole; this is not the sameas min-

imizing either the averageor the total enegy ex-

penditureover all the sensomodes. Choosingan

appropriatametricis the key to protocoldesignfor

improving network lifetime. Intuitively, minimizing

the maximumenegy consumptioracrossall nodes
should maximizethe time until somenodein the
network becomeghe rst to experiencebatteryde-
pletion. Furthermorereducingthe variancein en-
elgy consumptioramongnodesshouldreducethe
lost opportunitiesfrom leftover batterycapacityat
somenodes.

An exampleillustratesthe problem. Considera
deployment of sensomodesthat resultsin a static
and essentiallyrandom topology These sensor
nodesmustrely uponone anotherto forward data
alongarouteto thedestinationThis relianceforces
a transmissiorby one nodeto depletebatteryre-
sourcesat anothernode, without providing much
bene t to theforwardingnodeotherthancontritut-
ing to thedelivery of the datadictatedby the sensor
application.Giventheseassumptionst is possible
for certainnodeso endup onmultiplerouteswhere
thereare no alternatepaths. The forwarding load
and,consequentftheenegy consumptioronthese
nodesaredisproportionatelyigh. Figurel shavsa
simpletopologyin whichthisproblemarises When
the battery resourceon a single bottlenecknode
thattransmitsdatabetweentwo groupsof nodesis
exhausted the network becomegpartitioned. Our
work is motivatedby the needfor enegy consera-
tion for suchnodesthatarelikely to causea parti-



tion in the network dueto early batterydepletion.
Sucha patrtition can not be resolhed until another
nodeis addedor, if thereare mobile nodes,some
nodemovesinto positionto re-establislcommuni-
cation. Until this happensdatamay not be ableto
reachtheir destination.For purpose®f discussion
only, we referto theseascritical nodes In practice,
we do notassumehatcritical nodesmustbeidenti-
ed apriori. Any imbalancen enegy consumption
amongneighboringnodesis of concernand,in dy-
namicscenariosthe nodesin dangerof beingcriti-
cal to the survval of the network may shift around
overtime.

Thus, the challengeis to provide wirelesscon-
nectivity while effectively emplg/ing the radio's
power-saving statego balanceenegy consumption.
Currentwirelessnetwork cardsprovide anumberof
possiblepower states,ncluding off, sleepingidle,
receivingandsending Thesepower stategepresent
oneavailable mechanisnfor avoiding wastefulen-
ergy consumption.Our taskis to designa protocol
thatleverageghesestatesn anappropriatananner
while still providing desiredoerformancdevels.

In currentradio technology the idle statecon-
sumesalmostasmuchpower assendingandreceiv-
ing [19, 7], asseenin Tablel. Furthermoretransi-
tioning to an alternatestateto save power comesat
acost,bothin termsof time andenepgy. For exam-
ple, changingfrom a sleepingstateto anidle state,
costsanodeapproximatelytwice theidle power for
about secondd9, 16]. Thus,it is easyto see
thatnodescouldwasteenepgy by switchingbetween
power stategoo often.

Theenegy usedfor sendingandreceving is dic-
tatedby thedatatraf c generatedby theneedof the
sensorapplication. While a radio in the idle state
is not actively processinga paclet, it is listening—
able to detecta transmissiorand begin receving.
Without changingthe applications datademand,
focusingon thetime spentwith theradioin theidle
stateoffersthe mostpromisingopportunitieso im-
prove enegy use. In particular a nodewastesen-
ergy while listeningfor a transmissiorwhennone
is forthcoming,while listeningthrougha transmis-
sion that is not intendedfor this node,andin the
overheadof dealingwith collisions. Theseare op-

IApplication-speci ¢ techniquesto lter, aggreate, and
otherwisereducesensodataarevaluablebut orthogonato this
work.

portunitiesto exploit the sleepingstateatthe costof
possiblymissingattemptgo transmitto this node.

To provide a mechanisnfor reducingthetime a
radio spendsn theidle state,we proposethe SEE-
SAW protocol, an asymmetricand asynchronous
MAC-level protocol for sensornetworks intended
to balanceenegy consumptionof communication
amongsensonetwork nodes.Theintuitive ideaun-
derlying SEESAN is to shift the burden of main-
taining connectyity to morelightly utilized nodes.
The name, SEESAV, comesfrom the analogyof
two children of different weights cooperatingto
play on an teetertotter by asymmetricallyadjust-
ing the distancethey sit from the fulcrum. An
asymmetricprotocol allows nodesto utilize dif-
ferentidle/sleepingduty cycle schedules.By not
forcing nodesto have identical scheduleshodes
are betterable to adaptto their ervironment(e.qg.,
throughadjustingto the trafc in their area). An
asynchronougprotocol meansnodesare not glob-
ally coordinated,nor do they rely upon a shared
timing mechanismWith thisassumptionthe proto-
col avoidsthe communicatioroverheadnvolvedin
synchronizingclockssolely for the purposeof con-
nectvity. It forcesnodesto predictwhen neigh-
bors may be available for communicationor to
stay awake longerto have overlappingactive cy-
cles. With anasynchronouandasymmetrigoroto-
col, critical nodescanshift the burdenof maintain-
ing communicationto lesscritical heighborsand,
thus, reduceidle listeningenegy in favor of more
sleepingtime.

We investigateusing the protocolto extend the
lifetime of anetwork until the rst nodefails dueto
deadbatteriesWe exploretheimpactof asymmetry
in protocolparametesettingsonthegoalof balanc-
ing the enegy consumptioramongnodesto avoid
excessie leftover batterycapacity We explore the
parameterthatcanbetunedto achieve balance We
usesimulationto evaluatewhetherour protocolis
effective at meetingthesegoals. As a preview of
ourresultswe will shaw:

Asymmetryin duty cycles can be effectively
exploitedto extendoverall network lifetime by
balancingenegy consumptiorof communica-
tion acrossodes.

An asymmetricduty cycle schedulecan be
achieved without requiring synchronization



Transmit( ) | 1400mwW
Receve( ) 1000mw
Idle( ) 830mw
Sleep( ) 130mw
Transitionpower | 1660mwW
Transitiontime 800 s

Tablel: Powervaluesfor aCabletrorRoamabou802.11DS
High Ratenetwork cardusedin analysisand simulation. For
transitiontimes,we usetheapproximatiorutilized by Jungand
secondsand

Vaidya[10], IDLE power|[9, 16].

| Critical Node

Figurel: sSimplenetwork subsectiorshaving threenodes
andtheir transmissiorranges with the centernodebeingthe
critical node.If thecentemodedepletests enegy, thenetwork
will bepartitioned.

overheacbr incurringsigni cant othercosts.

It is advantageoudo decouplea senders ad-

vertising of available data for transmission
from the recever's listening for an adwertise-
mentinsteadof having a single duty cycle in

which both functionstake place. This allows

nodego tailor theirbehaior if they playapar

ticular role (e.g.,primarily a sourceor primar

ily asink). This distinguishesSEESAVN from

otherproposedasymmetrigorotocols.

Batchingof data,in additionto theknown ben-
et of overhearingavoidance,can be usedto
decreasa sendes adwertisingdemand.

The rest of the paperis organizedas follows:
Section2 providesbackgroundnformationandre-
latedwork in enegy-avareprotocols.Iln Section3,
we presenbur designfor asynchronouandasym-
metric communication. We evaluate our protocol
throughsimulationin Section4. We discusscon-
clusionsandfuturework in Section5.

2 Backgroundin Energy Savingsin
Wir elessProtocols

Identifyingthefactorgthatcontributeto enegy con-

sumptionof wirelesssensoiprotocolsis usefulboth

to categyorizerelatedwork andto focusattentionon

openopportunitiesto reducewastedenegy. The
amountof trafc passingthrougha node and the
power neededor sendingandreceving determine
theenegy requirement$or transmissiorf applica-
tion data. Routingplaysarole in affectingthetraf-

¢ loadthroughary particularnode.Enegy-avare
routing protocols(e.g.,[8, 6, 3, 22, 5]) attemptto

choosepathgthatwill usetheleastamountof enegy

to sendthe paclet or choosahe pathswith themost
remainingenegy, attemptingto increaseforward-
ing fairnessamongnodes. In this work, we cur

rently assumea statictopologywith a routethatis

alreadyestablishedTransmissiompowercanbevar-

iedin someradios affectingtransmissiomangeand
connectyity [10, 1, 3, 13]. Additional trafc may
be generatedy ary necessarynaintenancepera-
tions suchasperformingroutediscorery andmain-
tenance,duty cycle schedulenggotiation, or time

synchronizatior{avoidedwith asynchronougroto-
cols).

Collisions are one sourceof extra trafc and
wastedransmissiornegy. A nodein acontention-
basedwirelessnetwork may not be ableto directly
detectanothetransmissiomccurringwithin its own
transmissiorrange[2]. If this nodewereto send
a paclet, the transmissiorcould be corruptedand
have to be retransmittedthuswastingvaluableen-
emgy resourcesThe classicsolutionto preventthis
situationis in the IEEE 802.11 protocol with its
distributed coordinationfunctionandthe RTS-CTS
(Requestto send- Clearto send)handshaé11].
This approacltontinuedo beadaptedisabasisfor
other protocols, including SEESAV. The TDMA
(Time Division Multiple Access)alternatve allows
nodesto communicatewith a reducedchanceof
collisions by designatingtime slots. An example
suite of protocolsusing TDMA slotsis presented
by Sohrabigetal. [18].

Thisfocusonthepower neededo transmitpack-
ets may allow someenegy to be saved; however,
thereexistsa potentiallygreateropportunityto save
theenegy expendedyy radiosusingpowerto listen
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Figure2: This gure depictsthe network cardstatewith a
simpleoverhearingavoidanceprotocol. Thedetailedhode, , is
ableto hearits own pacletsandthosefor anothemode . With
overhearingavoidance a nodetransitionsto the sleepmodeto
avoid theaddedcostof receving a paclet destinedor another
node,as seenin the gure with paclets being transmittedto
bothnodes and .

for possibletrafc, even whenthereare no active
data ows. In fact, the long periodsof time typi-

cally spentin theidle statecanresultin idle power
beinga dominatefactorin enegy costs. It is im-

portantto more effectively exploit all of the avail-

ablepower statesof the radios,including sleepand
off, to consere enegy. Enegy-avareprotocolsem-
ploying regular, low power duty cycles must have

a mechanisnto avoid missingincoming transmis-
sionswhentheradiois notlistening.

Overhearing transmissionsintended for other
nodeswhile in idle listening moderepresent®ne
form of wastedenegy. The idea of overhearing
avoidance presentedn PAMAS [17], allows nodes
to determineif a paclet is for themor not and, if
it is not, to disabletheir radio for the duration of
the paclet to reducethe enegy wastedreceving a
paclet for anothemode. We seehow this cansave
enegy in Figure2.

ZhengandKravets[26] presenta reactve proto-
col that usessoft-statetimers setby utilizing con-
trol paclet headerdo transitionbetweeractive and
power-sase modesdependingon whetherthe node
will be a participantin a data path. While this
approachreactsto the datatrafc in the network,
it still requiressynchronizatiorbetweennodesto
avoid missingthe window for adwertising paclets,
andit alsofailsto reducddle time for thosenodesn
theactie statethatarealongthedatapath. Another
simpleideais to have sendergpagetheir destina-
tionsandcoordinatedatatransfersusingan always
on, alternatve andlower powver device [4, 15, 14].

Nodescantry to predict when their neighbors
will be availablefor communicatiorthroughblock
scheduling[25]. Allowing nodesto predictwhen
neighborswill beawake preventswastedime spent
transmittingrequestsvhenthe destinationis actu-
ally in powersave mode. This work doesnot at-
temptto reducethetime spentin idle listeningdur-
ing periods, nor doesit allow for nodesto have
asymmetricschedules.

S-MAC [23, 24] incorporatewirtual clustes al-
lowing nodesto coordinatesleep schedules,and
messag@assingo reducdateng from contention.
This involves fragmenting paclets into smaller
paclets to form a burst, with one RTS-CTS ex-
changemuchlike fragmentationn 802.11.S-MAC
doesnot attemptto reducethe enegy consumption
of the vital, forwarding nodes,the main focus of
our work, andin fact, the enegy consumptionof
forwarding nodesis closeto that of 802.11MAC.
Building uponS-MAC is anotherprotocol, T-MAC
[21], which addsin the conceptof a thresholdfor
idle time duringanactie cycle. If aneventdoesnot
occurwithin athreshold theradiotransitionsback
to the sleepstateearlier therebydecreasingpower
consumptionWhile this doesvary nodeschedules,
nodesare still expectedto be active basedupona
setschedule so neighborscan predict their cycle,
makingthe protocolnottruly asymmetric.

Asynchronougprotocols[20, 12] have beenmo-
tivatedby the overheadnvolved in clock synchro-
nization. Tseng,et al. [20], presentthree power
managemenprotocolsthatapplyto the powersave
mode of IEEE 802.11 mobile ad hoc networks
(MANETSs). SEESAW is not the rst asymmet-
ric and asynchronous$/AC protocol; however, we
do not know of ary prior work demonstratinghat
it is possibleto leveragethesefeaturesto balance
network-wide enegy consumptionprovide accept-
abledatadelivery, andaddresshe problemsof crit-
ical nodes.Unlike previousasynchronouprotocols
thatusea duty cycle greatethan50%to guarantee
overlapof awake timesof neighbors SEESAN de-
couplesadwertisementdgrom the listeningduty cy-
cle, allowing for more e xibility.



| 802.11] SEESAV | Additional Info |

RTS AD Buffer state:bytesto send
CTS | ACCEPT| Approvedbytestosend
DATA DATA Buffer state:similarto AD
ACK | ACCEPT| Remainingoytesto send

Table2: SEESAN paclets closely correspondwith 802.11
frametypes,however, SEESAN pacletscontainadditionalin-
formation,asdepictedn thethird column.

3 SEESAN Protocol

SEESAN aimsto balanceenegy amongnodespar
ticipatingin awirelesssensometwork. To achieve
this goal, our protocol is built upon the follow-
ing componentsan asymmetricandasynchronous
MAC layer protocolto ensureconnectyity in spite
of recevers that may sleep, combinedwith data
batchingto reduceoverheadand decreaseenegy
wastedon overhearingtransmissionsand decou-
pling of adwertisingand|listeningduty cycles. The
asymmetryallows duty cycle scheduleson differ-
ent nodesto be tailoredto the enegy demandon
thatnode. Our protocoldecoupleghelisteningcy-
cle from that of adwertising available datato send,
allowing greater e xibility in balancingload. The
asynchrop avoids the maintenanceoverhead of
clock synchronizatiommongnodes.

3.1 Packet Types

SEESAN hasthree main paclet types, AD, AC-
CEPTandDATA. Thecorrespondende the802.11
pacletsis depictedin Table2. The AD paclet al-
lows nodedo adwertisedatafor the next hopor des-
tinationof the paclet. The DATA paclet hastheap-
plicationdatato besent. ACCEPTpacletshave two
purposesthe rst is to establisha connectionbe-
tweennodedor sendingDATA pacletsandthesec-
ondis to provide ameandor acknavledgingDATA
paclets betweennodes. The role of thesepaclets
andtheirtiming aredescribedn thefollowing sub-
sectionandexample.

3.2 Description

To explain the SEESAN protocol,we will provide
an overviev of node actionsand walk througha
simple example. Node actionsare baseduponthe

ideaof thenodeinterval, andwhatmusthapperdur
ing thisintenal. Sinceour goalis to balancesnegy
consumptionye canexploit asymmetryto pushex-
trawork to neighboringhodegqe.g.,somenodeswill
sendextra pacletsin orderto allow more critical
nodesto enterthe sleepstatefor longerperiods).

Letusconsidethreetypesof nodessendes, for-
warders andreceives. In this discussionwe will
have threenodes,oneof eachtype. In reality, each
nodecantake on all threeof theroles, even at the
sametime. Thus,we imaginea topologywherea
sendehasdatafor therecever, but must rst trans-
mit it to the forwarderdue to transmissiorrange
constraints.

Asthesendegeneratedata thebuffer lls atthe
senderMeanwhile boththeforwarderandrecever
arefollowing their duty cycleswithin eachintenal,
eachpossiblyhaving differentvaluesfor theamount
of time spentin the listeningstate.Oncethe sender
hassufcient datato send,basedon thebatchsize,
it sendsan adwertisementpaclet (AD), containing
informationon the destinationnext hop, andtotal
bytesto send.Whenanodeis readyto sendanAD,
therearetwo cases:eitherthe senderis asleepor
it is alreadyawake. If the nodeis awake, it may
simply usevirtual carriersensdo decidewhetherit
cansendor not. If the nodeis sleeping,it transi-
tions to the active stateand performscarrier sens-
ing on the air for a durationequalto the time to
transmita DATA paclet along with an ACCEPT
paclet. This preventsnodesfrom transmittingADs
and causingcollisionswith DATA pacletsthatare
alreadyin ight dueto thehiddenterminalproblem
andalsofrom nodesreturningfrom the sleepstate
wherethey may have missedtheinitial exchangeo
setup communication.

Oncethe senderis ableto sendthe AD paclet,
the forwardermay or may not be awake to hearthe
paclet. As discusseckarlier the sendemay have
to sendmultiple ADs beforeestablishinga connec-
tion with the next hop. If the destinationdoeshear
the AD, it replieswith anACCEPTpacletto estab-
lish the connectionfor transmittingDATA paclets
(if thereis not anexisting transmissionn the area).
The ACCEPT paclet containsthe amountof data
appraedto send providing neighboringnodesthat
have heardthis informationthe opportunityto enter
thesleepstate|f it is long enoughjo avoid wasting
enegy onoverhearingATA paclets.



Whenthesenderecevesthe ACCEPTpaclet, it
immediatelyreplieswith the rst DATA paclet. If
this is successfullyreceved by the forwarder an-
other ACCEPT paclet is sent,with the numberof
remainingbytesapproed to send. Sinceeachof
thesepaclets containsthe amountof datato send,
neighboringnodescan listen in and discover that
theair is utilized andthey canenterthe sleepstate,
or atleastrefrainfrom transmittingtheir own pack-
ets. Whenthe last DATA paclet is receved, the
forwarderreplieswith an ACCEPT paclet, where
the approved bytesheaderis setto , openingthe
mediumfor othercommunication.

At this point, we have dataatboththe sendeiand
forwarder while thereceveris still waiting for data.
Theforwarderrecever interactions thesameasthe
above sendeiforwarderinteraction. However, now
the forwardermustact asa recever anda sender
Thus, the forwardermustmaintainperiodic awake
intenalswhile alsoadertisingto therecever. This
illustrates how the forwarder must do additional
work to provide a connectiorthroughthe network,
mainly receving and sendingthe DATA while the
two endpointf communicatioreachperformonly
one of the tasks. As we discussecdkarlier if this
nodedepletests enegy supply the connectionwill
bebrokenanddatawill notarrive atits destination,
withoutanalternatdorwarderor a replenishedat-
tery. Thus,we shav the needto balancehe enegy
consumptioramongthe threenodesto increasehe
usefullifetime of the network.

To decreas¢heloadontheforwarder we cande-
crease¢heawake time of theforwarder andincrease
theadertisingrateof thesenderThis pushesome
of the burdenon to the sender Similarly, we can
reducethe adwertisingrateat the forwarder andin-
creasdhe awake time attherecever. Sincethere-
ceiver doesnot have to sendthis dataanywhere, it
is possiblefor it to stayin theidle statelongerand
further balancethe enegy consumptiorof all par
ticipants.

In Figure 3 we seeour threenodes: Node 1 is
our sender(top), Node 2 is the forwarder(middle)
andNode 3 is the recever (bottom). While this is
a smallsubsebf a simulation(we shav sec-
onds),it helpsto explaintheprotocol.In this gure,
Nodel transitionsto the active stateat point A and
waitsto sendan AD. SinceNode?2 is sleepingthe
AD is missedandNode1 returnsto the sleepstate
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Figure3: smallportionof thestateinformationfrom asimu-
lation run usedin the protocolevaluation labeledpointsin the
graphsareusedto demonstrat&SEESAN.

until thenext AD isto besent.Theforwarder Node
2, is the next nodeto transitionto an active stateat
B. Sinceit hasdatafor Node3, Node2 adwertisedts
data.However, therecever, Node3, is sleepingand
misseghe AD. Meanwhile,Nodel againwakesup
atC andsendsanotherAD, whichis heardby Node
2. The connections establishec&inddatais sentat
point D. While the batch( ve datapaclets)trans-
missionis nishing, Node 3 transitionsto the idle
stateatE.

OnceNode 2 receves the datafrom Node 1, it
thenadwertisesto Node3, whichis now idle. Node
3 acceptghe dataduring F andthe dataare deliv-
eredto the nal destination.

3.3 Parameters

Nodelnterval Eachparticipanthasa nodein-
tenval, of length . Thelengthof inuences
the performanceof the system. Short node
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Figure4: Again, we depictanode, , ableto hearpaclets
destinedfor itself andanothemode, . In this gure, abatch-
ing protocolhasbeenenabled(pacletsto a singledestination
arein the sameorder but pacletsto differentnodesmay be
reordered) allowing nodeto transitionto the sleepmodefor

longerperiodsof time.

intenals can increaseperformancehowever,
thisalsoincreasethenumberof transitionde-
tweenradiopower statesreducingenegy ef -
cieng. It isimportantto notethatour protocol
doesnot rely upon precisetime synchroniza-
tion betweennodeswhich reduceghe system
control overhead. To maintainthe intenal
the clock ratesof differentnodesmustbe only
relatively stable.

Awale Time Within eachinterval, nodesare
awake in idle listeningmodefor a continuous
time, , of atleast , Where is afraction
of the interval and . As ex-

pectedthecloser isto ,themoreenepgyis

consered, while when is closerto , more
enegy is consumedput performanceis also
increasedvhenconsideringpacletdelivery la-

teng/. SEESAN allows eachnodeto adoptdif-

ferentvaluesfor , makingit an asymmetric
protocol.

Numberof Advertisements Nodeswith data
to sendad\ertisethis datathroughAD pack-
ets periodically sentduring eachintenal, un-
til all the datais sent. The numberof ADs to
sendeachintenal is determinedby the value
of . While they canbe sentat ary time dur
ing the intenal, i.e. without synchronization,
time shouldbeevenly spacedetweerADs. In
otherwords, it is not sufcient for a nodeto
sendall adsin arow, they shouldbe spaced
uniformly over the interval. ADs are decou-
pledfrom thelocal awake time.

Again, we have a performanceradeof with
enegy consumption. The more ADs a node

transmits,the more enegy is consumedhot
only at the senderbut alsoat the neighboring
nodesthat are able to overhearthe transmis-
sion. Thus,the numberof adwertisementgan
beadjustedrom whereanodedoesnot
have datato sendto a maximumpermittedin a
speci c interval.

Batch Size The numberof DATA pacletsin

eachbatch, , alsoin uences our tradeof.

The higher a datarate, the fastera nodewill

reacha tamget batchsize. This reduceghela-
teng incurredby waiting atanodefor a buffer
to sufciently Il. Dependingon the applica-
tion, differentbatchsizesmay be tolerated,or
even encouragedo consere enegy. With a
higherbatchsize, the lower the control over
headandalsooverheardransmissions.

The batchsize canalsoin uence the number
of adwertisements. If a node doesnot have
enoughdatato meetthe batch size, it may
choosego cancelsendingan AD to reduceen-
ergy consumption.

In Figure4 we seethe impactof batchingon
neighboringnodes. With our protocol,we in-
corporatethe durationfor the entirebatch,al-
lowing the nodeto make fewer transitionsand
remainin the sleepmodelonger reducingen-
elgy consumptiorior thenode.However, there
is atradeof, the morea nodesleepsthe less
availableit is for othernodesto utilize. Thus,
in formulating applicationrequirementsit is
necessaryo considerbothsystenlifetime and
performance.

3.4 AdvertisementReception

Like the RTS/CTS exchangein the IEEE 802.11
protocol,nodesadwertisetheir datato the next hop
in the pathto the destination.This AD canbe sent
ary time whenthemediumis free,however, for it to
becomplementeavith anACCEPT thenodethatis
the next hop for the datapaclet mustbe actve to
hearit andreply.

Given a node , with datato sendto a node ,
node will adwertisethedata timeseachintenal,
wheretheintenal is size . Thedestinatiomode, ,
is awake to hearatransmissionincludingthatfrom
node , for atime of length , Where



Thedif culty comesin thetiming of theintenals.
Node mustbeawake to receve theadwertisement
from node ; however, we do notrequirethat and

have synchronizedduty cycles. Thus,it is pos-
sible that multiple intenals may passbefore  will
successfullyhotify of thependingtrafc. We next
determinea lower boundon the probability that
will hear 's adwertisemenin the absencef other
trafc.

In ary two adjacentintenals of node , we are
guaranteedo overlap with one continuousawake
cycleby node , giventhatall nodessharethesame
sizeof interval at thattime. This is depictedin
Figureb, wherewe shav two unsynchronizethter
vals, eachof length , for nodes and . Thetop
line shavs thebehaior of node , assenderadwer
tising twice perintenal. This pair of intervals in
node overlapswith onecontinuousawake cyclein
node . Thus,at leastoneof theseadwertisements
arrives during an awake interval of node . There
may be other overlappingawake cycles, but these
only increasehe probabilitythat will receve the
adwertisemenby .

Using the detailsaborve for nodes and , we
wantto nd alower boundon the probabilitythat
will hearanadwertisemenfrom ,called 1
for thedataina timeintenal.

otherwise

If the goalis to consere enegy at node , the
equationshouldattemptto reduce , meaning

and . Of course the costsof transitioning
statesand transmissiorcostsboundthe frequeng
thatnode canadertiseits paclets.

4 Evaluation

To evaluateour protocol, we developeda discrete
event simulator able to provide ne-grained de-
tail of enegy consumption jncluding the costsof
transitionsbetweenstates. Our SEESAV protocol

is fully simulated,with mary tunableparameters.

Theseinclude the numberof adwertisementsper
centof awaketime perintenal, theintenal size,and

Node 0:
H_% ...... Time —»
Node 1: | | |
| | [ Time —»
Awake : Receiving ..'_|_|

g Awake : Advertising 2 Intervals = size i

Figure5: Twonodes, and , have intenals of size , with
node actingasa senderand asits recever. Despitethe
intervals occurringat differenttimes (asynchronous)in a
time period, one of 's active cyclesis containedin the two
nodeO intervals. Note, this is differentfrom node0 andnode
1 beingactive atthe sametime. In this example,node adwer-
tisestwice perinterval andbothnodesareawake approximately
of theintenal size.

the batchingfactor For the experimentsn this pa-
per, thesystemwascon guredfor alaptopwireless
cardin termsof power states(seeTable 1), trans-
missionrangeof 250m, and transmissiorrate of
2Mbps. We use256 byte pacletsandrun eachtest
for a x edtime of 60s. The paclet generatiorrates
aredifferentfor eachexperiment.Themetricsof in-
terestaretheaverageperpaclet lateng for paclets
deliveredandtheenegy consumptiorpernode.All
of our resultsin this sectionare basedon ten sim-
ulationrunsandaredisplayedasbar graphsgiving
themeansandstandardieviations.

We aimto answetthefollowing questions:

Asymmetryandasynchrow: Are eithersym-
metric and/orsynchronouschedules neces-
sarycomponenbf aneffective protocol?

Enegy balance Canwe useasymmetryin our
protocolto reducethe maximumenegy con-
sumptionamongall the nodesin the network
andto reducevariationamongnodesin their
individual enegy consumption?

Effect of varying SEESAN parametersWhat
is theimpacton the behaior of the SEESANV
protocol of varying individual parametewal-
ues? Whatinsightsdoesthis provide for tun-
ing?
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Figure6: Five-nodestringtopology Nodesareonly ableto
communicatevith their directneighbors.
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Figure 7: Crosstrafc topology Nodes , , and are
ableto communicatevith node , however, they areunableto
directly communicatewnith oneanother Node is the critical
node,the only nodeableto route pacletsbetweerthe other
nodesNodes and sendtonodes and , respectiely.

4.1 Asymmetry and Asynchrony

We begin our evaluationby exploring the bene ts
of providing for asymmetricduty cyclesandof re-
laxing the synchronizatiorand schedulecoordina-
tion overheadsOurhypothesiss thatthesdeatures
areimportantfor the ability to balanceenegy con-
sumption.

4.1.1 Experimental Design

We compareSEESAN, our asymmetricand asyn-
chronousprotocol (AA), to a symmetricand syn-
chronousprotocol(SS)representetty anidealized
versionof S-MAC, asymmetricasynchronoupro-
tocol (SA) (in uencedby [20]), andanasymmetric,
synchronousgprotocol (AS). We have implemented

~ Transmis sion

. Node . —’ Data flow dir ection

Range

Sink Topology kk

Figure8: sinktopologywith four sourcesNodes , , and
aresourcewith nodes , and actingasforwarderdfor the
destinationnode .

the threealternatve MAC protocolsin our simula-
tor. We have validatedour implementationof S-
MAC againstthe resultsin [24] with the system
nodescon guredasCrossbw Mica motes.

To draw a strongconclusionaboutthe bene ts
of asymmetryandasynchrow, we wishto compare
againstidealizedprotocolswheredesigndecisions
are consistentlybiasedin favor of symmetryand
synchron. Thus,we baseour SScompetitoron the
state-of-the-ar6-MAC protocol and build in sev-
eral advantages:(1) Nodesdo not have to sendor
receve SYNC paclets. (2) The simulatorprovides
free synchronization.(3) Nodesall have the same
intenal starttimes, guaranteeinghatall nodesare
in the same'virtual cluster (4) Without the need
for synchronizationthe frame length, or nodein-
terval, canhave ner granularity allowing for low
latencies Similar advantagespplyto the AS com-
petitor

For this study we usethreetopologies,a ve-
nodestring shavn in Figure 6, a crosstrafc sce-
nario as shavn in Figure 7 and a source-to-sink
topologydepictedn Figure8. Wewill discusseach
of theseexperimentatopologiesn turn.

In the ve-nodestring experiments,we have a
single source,node , sendingto the destination,
node , four hopsaway. Eachnodeis only able
to communicatevith its adjacenneighbors.In this
setupthesourcesends pacletsin thetest,or, a
pacletgeneratiorrateof onepaclet every sec-
onds.Inthecrosstrafc con guration,therearetwo
sendersasingleforwarderandtwo destinationsin
this casewe have a critical node,node2, responsi-



Table3: Parametesettingsfor the ve-nodestringtopology
tests. For eachtest, the senderproducesa datapaclet every

seconddor a total of paclets over the test of
seconds.

ble for forwardingall datapaclets. NodeO is send-
ing datato node4, while nodel is sendingto node

3. Nodes0,1,3and4 areonly ableto communicate
with node2, asdepictedin the gure while node

2 is ableto communicatewith all othernodes.The

pacletgeneratiomatewasonepacletevery0.1sec-

onds,or 600paclets,persourcenode.

The nal topology source-to-sink, has four
sendersphodes , , and with nodes , and
actingasforwardersfor the destinationnode .
We shawv network connectiity with transmission
rangesaroundthe nodes. Data o w is alsoshavn
in the gure, andthearrows correspondo symmet-
ric links betweemodes.The paclet generatiorrate
for this topologyis paclets per sourcewith a

pacletfor eachsourcesvery  seconds.

To comparethe enegy consumptiongairly, we
parameterizeeach protocol to deliver comparable
paclet lateng, shavn in Figure 11. The parame-
ter settingsareshavn in Table4. Notethatwe are
notconstrainedby theplatform-relatecassumptions
in [24]. Sincewe are eliminating synchronization
overheadfor the SSand AS protocols,we are not
limited by clockdrift, allowing ne granularitywith
respecto the SSandAS con gurations.

Test | node | nodelnt| %awvake | ads | batch Test | node | nodelnt| %awvake | ads| batch
SS S SS S1-2
F1-3| 0.028 0.1 1 1 F 0.014 0.1 1 1
D D1-2
SA S SA S1-2
F1-3| 0.075 0.55 10 1 F 0.02 0.55 10 1
D D1-2
AS S .01 AS S1-2 .01
F1-2 | 0.037 0.05 1 1 F 0.019 0.07 1 1
F3 0.08 D1-2 0.2
D1-2 0.15 AA S1-2 0.01 20
AA S 0.00 35 SEESAV F 0.015 0.04 16 1
seesav | F1 0.04 16 D1-2 0.2 0
F2 0.033 0.06 14 4
F3 0.07 15 )
D 0.17 0 Table4: Parametesettingsfor thecrosstraf ¢ topologytests.
For eachtest,the senderproducea datapacletevery  sec-

ondsfor atotal of pacletseachoverthetestof  seconds.

4.1.2 Results

Figures 10, 12 and 14 showv that a heuristically-
tuned SEESANV (AA) achieves a low maximum
enegy consumptionand low variation amongthe
nodesin the three experimenttopologies. Now
looking morecloselyat the individual experiments,
we canunderstandhe impactof differentdesigns.
In the string topology we seethat all four proto-
cols have similar averagedelays, Figure 9, while
the averagenode enepy is muchdifferentin Fig-
ure 10. With the idealizedSS protocol, we have
anincreasen enegy consumptiorfor the forward-
ing nodes,andif the load weregreatey this would
be an increasedeffect. Also, without the burden
of clock synchronizationthe SSprotocolperforms
well, however, if we look attheasymmetrioversion
of the protocol, we seethat the enegy consump-
tion is notbalancedwithoutadecreasé delay To
determinethe parameterdor the AS protocol, we
rst tamgettheforwardingnodessincethey havethe
highestburden.We increasedhe destinatiorlisten-
ing time sinceit would not be sendingdatato an-
othernode,while reducingthelisteningtime for the
source sinceit doesnotreceve data. Theincrease
in the duty cycle for thedestinatiorresultsin anin-
creasdor the lastforwarder(Forwarder3). Thisis
a resultof virtual clustering. For ary nodewith a
duty cycle longerthanits neighborsthe neighbors



Test | node| nodelnt| %awvake | ads| batch
SS S1-4
F1-3| 0.02 0.1 1 1
D
SA S1-4
F1-3| 0.06 0.55 10 1
D
AS S1-4 .01
F1-2| 0.048 0.08 1 1
F3 0.05
D 0.2
AA S1-4 0.01 17 2
seesav | F1-2| 0.03 0.06 13 4
F3 0.08 8 8
D 0.17 0 16

Table5: Parametersettingsfor the source-to-sinkopology
tests. For eachtest, the sendergproducea datapaclet every
seconddor atotal of pacletseachover the testof

seconds.

must be awake for the node,in casethereis data
to receve. In this topology we caneasily seethat
neighborsof a higher duty cycle node are forced
to adoptthat schedule so despitehaving different
duty cycles,the neighborsof a high duty cycle will
have to be active for their active neighbor poten-
tially wastingvaluableenegy. For the Symmetric-
Asynchronougrotocol,SA, we seethatthe enegy
is balanced however, much higher than the other
protocols. This is dueto the needfor overlapping
schedulegor nodes. Sincethey areasynchronous,
they mustbeon atleast of theintenal to guar
anteeoverlapwith neighbors. This forcesidle en-
ergy consumptiorandwastedenegy. In along lin-
ear chain of communicatingnodes,SEESAV nat-
urally convergesto a nearly symmetricsetof duty
cyclesfor the forwarding nodeswithout degrading
enegy or lateny resultsrelative to SS(resultsnot
shawvn).

Moving to thecross-trat topology we seesim-
ilar effectswith the differentprotocols. Again, the
averagedelaysarecomparablekigure1ll, while the
enegy consumptionis varied, Figure 12. Starting
with the SSprotocol,we seethatthe forwarder the
critical node s forcedto consumenoreenegy than
its neighbors. This is due to the disproportioned
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Figure9: Usingthe ve-nodestring experiment,we shov
theaveragepacletlateng (perpaclet) for all pacletswith SS,
SA, AS, andSEESAN (AA).
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Figure10: Usingthe ve-nodestringexperimentwe shov
the averageenegy consumptionper nodeusing the SS, SA,
AS, andSEESAV (AA) protocols.

trafc throughthe critical node. In the AA pro-
tocol, SEESAVN, we seethat someof the load is
pushedonto the neighboringnodes. Again, while
the SS protocol may consumedessenegy overall,
thesexperimentsarewithoutsynchronizatiomver
head,giving thema large adwvantage.DespiteSEE-
SAW, AA, incorporatingfull overheadcosts,the
nodes'enegy consumptionis balanced. Looking
at the SA and AS protocols,we seesimilar results
aswith the string topology For SA (Symmetric-
Asynchronous)ve seethat all nodesconsumethe
sameenegy, however it is mostly wastedidle en-
elgy. For the Synchronous-Asymmetriprotocol,
we seethat the higherduty scheduleof the desti-



Figurell: Usingthecrosstrafc experimentwe shav the
averagepacletlateny (perpaclet) for all pacletswith SS,SA,
AS, andSEESAV (AA).

Figurel2: Usingthecrosstrafc experimentwe shav the
averageenegy consumptiorper nodeusingthe SS, SA, AS,
andSEESAWV (AA) protocols.

nationsareforcedontothecritical node,alongwith

the increasedenegy consumptionfor doing more
work. To determinghe parametersor the duty cy-

cles,we againtamgetthecritical node theforwarder
For this experiment,we reducethe forwarderduty
cycle. Sincethe destinationswill not be sending
data,we increaseheir duty cycles. Thesendeduty
cyclesarereducedecausehey donotreceve data.
Despitetuningthe scheduleso the nodefunctions,
we againseethe effects of nodesbeing forcedto

adopttheir neighbors'longerduty cycles.Also, the
forwardingnodemustalsocarry the burdenof for-

wardingthe data,inherentto ary protocolwith this
topology

Figure13: Usingthe source-to-sinkrafc experiment,we
shav the averagepaclet lateny (per paclet) for all paclets
with SS,SA, AS, andSEESAN (AA).

Figure14: Usingthe source-to-sinkrafc experiment,we
shav the averageenegy consumptiorper nodeusingthe SS,
SA, AS, andSEESAN (AA) protocols.

Finally, looking at Figure 13 we seethe aver
agedelaysfor thefour protocolsaresimilar for the
source-to-sinkopology The enegy consumption,
however, is differentfor the protocols,Figure 14.
The SSprotocolhasthe forwardingnodesconsum-
ing moreenegy dueto theincreasedvorkloadthan
the sourcesandthe sink. Again, this is the enegy
without the overheadfor synchronization.A sim-
ilar story is true for the Asymmetric-Synchronous
protocol. Again, the neighborsof the higherduty-
cycle nodesareforcedto beactive longerthantheir
own duty cycle, increasingtheir consumedeneqgy.
Similarto the othertopologiesandthe AS protocaol,
we tamget the critical nodesin the experiment,the



Figure 15: Three-nodestring topology with one source,a
critical nodeanda singledestination.

forwarders,andattemptto reducetheir duty cycles
andbalanceout the enegy consumption.Also, the
Symmetric-Asynchronougrotocol performs sim-

ilarly asin the other two topologies. Extra en-
emgy is spentin the idle stateto guaranteeverlap
betweenneighbors'duty cycles. Looking at the
Asymmetric-Asynchronougrotocol, SEESAV, we

seethat the enegy consumptions balancedwith

extra work for the forwarding nodesbeing pushed
to their source/sinkneighbors.

In analyzingthesethreetopologiesthereis nota
compellingcasefor symmetryand/orsynchroniza-
tion giventhebiasedn favor of our SSprotocoland
the disappointingesultsof SA andAS. The exper
imentaltopologieshighlight the problemwith for-
warding,critical nodes.

4.2 Energy Balance and Impact of SEE-
SAWN Parameters

In the next setof experimentswe investigatehow
SEESAN canbetunedto achiese its goals.We ex-
plore the impactof varying the individual parame-
tersonthe enegy andperformancen orderto pro-
vide insightfor futurework on automatinghe pro-
cess.

4.2.1 Experimental Design

We introduceone moretopology for theseexperi-
ments andusethesinktopology introducedesarlier
The new topologyis a threenodestring asin Fig-
urel5with theleftmostnodeasasenderthemiddle
aforwarderandtherightmostnodeis thesink. It is
choserfor simplicity in investigatingparameteval-
ues. The secondopology source-to-sinkopology
includesfour sendersanda singlesink asshavn in

Node | nodelnt| %awvake | numads
S 0.03 0.0 20
F 0.03 0.04 5
D 0.03 0.13 0

Table6: SEESAV tuneddefault parameteisettingsfor the

threestring topologytests. For eachtest, the sendemproduces
adatapacletevery  secondgor atotal of pacletseach
overthetestof  seconds.

Figure8 whichis quiterepresentate for sensolp-
plicationsandexhibits a naturalimbalancen load.
Parametersettingsfor the source-to-sinkopology
aregivenin Table5 with the exceptionof the node
intenval, whichis secondsThedatatrafc
ratefor the stringandsource-to-sinlexperimentss
onepaclet every 0.2spersourcenode.

When varying a single parametervalue in the
string topology experiments the remainingparam-
etersaresetto the tunedvalueswhereSEESAV is
balancedThesedefaultsaregivenin Table6.

4.2.2 Results

Figures10, 12, 14 andall of the resultsto be pre-
sentedn this sectiondemonstrat¢éhatthe SEESAV
parameterganbe manipulatedo satisfyour goals
of low andbalancedenegy consumption.In turn,
we explore the nodeintenal ( ), numberof ADs
(), theawake percentor theduty cycle () andthe
batchsize( ) with respecto delivery latengy and
eachnodes enegy consumption.

Intuitively, increasinghe nodeintenal increases
the delay Figure 16, this is due to the reduced
numberof active states,even thoughthe percent
awake is the same. Since nodesenterthe active
statelessfrequently the lateny increases. Also,
with a longer intenal, the ratio of DATA paclets
to intenals decreases.In Figure 17 we seethat
the senderenepgy actuallyincreasesthis is dueto
theinteractionbetweerthe next hopduty cycle and
the ADs at the sender Sincethe next hop wakes
up lessfrequently the senderadwertisesmore of-
ten,increasingheenegy consumptionkForthefor-
warderand destination,increasingthe interval de-
creaseshe numberof transitionsfrom the sleeping
to active state,therebydecreasinghe enegy con-
sumption.An additionaleffect of increasinghein-



Figurel6: Usingthethree-nodetringexperimentwe shaw
how the nodeinterval durationaffectsaveragepaclet lateng.

Figurel7: Usingthethree-nodetringexperimentwe shaw
how the nodeinterval durationaffectsenegy consumption.

tenal timeis the spacingbetweenAD paclets. For
the forwarder this also decreaseshe enegy con-
sumption. With a longer spacebetweenADs, the
nodecansleepbetweenAD transmissions.

Whentuningtheintenal size,therearetwo main
things to think about,if you want the application
datato have alower lateng, decreasingheintenal
sizeshouldbethe rst parameteto tune. However,
we mustkeepin mind that decreasinghe intenal
sizewill alsoincreaseghe numberof transitionsso
enegy consumptiorwould increaserelative to the
decreasén theintenal size.

Next we explore the effect of varying the num-
ber of adwertisements.In Figure 18, aswe would
expect,lateny decreaseas increasesLower la-
tenciesarearesultof anincreasedgrobabilityof an

Figurel8: Usingthethree-nodestringexperimentwe shav
how the numberof adwertisementperintenal affectsaverage
pacletlateng.

Figurel9: Usingthethree-nodestringexperimentwe shav
how the numberof adwertisementger interval affectsenegy
consumption.

AD beingreceved (larger ) and asthe num-
berof ADs increasesthe separatiorbetweenthem
decreasesAnotherway to think of the adwertising
rateis themoreanodeadwertisesthemorelikely it
isto “catch” thenext hopearlierin its duty cycle, al-
lowing the datato propagatdo the next hop faster
Figure 19 shaws the averageenegy consumption
for eachnode. Sincethe destinationdoesnot send
ADs, its enegy consumptionis unafected. In the
left test,we seethe senderenepgy increasalespite
the decreasen the numberof ADs. Thisis dueto
thefactthat , in thiscase .
Thus,the sendeitransmitsmore ADs sincethe for-
warderis not awake to hearthem. We may expect



Figure20: Usingthethree-nodetringexperimentwe shav
how the percentawake time perinterval affectsaveragepaclet
lateng.

Figure2l: Usingthethree-nodetringexperimentwe shav
how the avake time percentagaffectsenegy consumption.

the forwarderto bein a similar situation,however,
the numberof ADs is low enoughto allow the for-
warderto sleepbetweenAD transmissiongjecreas-
ing theenegy consumptionwhile atthesametime,
it may be sendingmore ADs, sotheenepy is rela-
tively stablefor thethreetests.

In summarytherearea few factorsthatmustbe
consideredwhen tuning the numberof adertise-
ments. Increasingthe numberof ADs hasa few
effectswith the samegeneralresult, the lateny is
decreasedncreasinghe ADs makesit morelikely
thatthe next hop hearsaboutthe data,allowing the
sendeto movetothenext pacletor sleep.Themain
issueto keepin mindistheratioof |, thetimebe-
tweenADs. If thisfalls belav the minimumbene -

cial sleeptime (to accountfor transitioncosts),the
nodewill notsleepbetweenADs, possiblyincreas-
ing the enegy consumptionOtherwise|f thetime
is long enoughthe sendercantransitionandsleep
betweersendingADs.

Next we explorethetime nodesspendn theirac-
tive cycle (varying ). In Figure 20, we have three
tests,from left to right: alow , thetunedtestand
nally, a higher . Again, increasinghe time each
nodespendsawake decreasethe lateny sincethe
dataaremorequickly transmittedo the sink. Now
we turn to the enegy consumptionin Figure 21.
Again, one of the nodetypesis only slightly af-
fectedby the parameterihis time it is the sender
sinceit doesnot needto be on to hearADs. Now,
looking at the left test, we seethatwith low val-
ues thesinkdecreaseits enegy consumptionThis
time, the forwarderincreasests enegy consump-
tion. Again, this is dueto to the low value
( ). Sincethesinkis notawake to
hearthe ADs sentby theforwarder it is requiredto
sendmore ADs andconsumemoreenegy. In the
right test,we seethat dominateghe sink eneqgy,
increasing hasincreasedhe time the destination
spendsn idle, increasingits enegy consumption.
A similar effect occurswith the forwarder how-
ever, the consumptions simultaneouslydecreased
becaus¢hesinkhearghe ADs andlesstimeis spent
sendingADs.

As with the string experiment evaluating the
awake percentagethe sourcedo sink topologyex-
periencesimilarresultsin Figure22. Again,as in-
creasesthelateny decreasedn Figure23,we can
also seesimilar effects with the enegy consump-
tion. A lower valueforcesthesendergo transmit
more ADs, leftmosttest,while a higher valuein-
creasesheconsumptiorior thereceving nodesdue
toincreaseddle time, rightmosttest.

Ultimately, the time spentin the active statede-
pendsuponthe trafc in the area,if thereis not
ary trafc, alowerdutycycleis preferablesincethe
nodewould otherwisebe wastingenegy in theidle
state. However, if the nodeis receving dataand
actsasa sink, so it doesnot have to forward the
dataontoanothemode,anincreasen theactive cy-
cle canhelpto alleviate the burdenon the previous
forwardingnodes.

The nal parametemwe experimentwith tuning
is the batchsize, B. In thesegraphs,we are using



Figure22: Usingtheeight-nodesourcego sink experiment,
we shav how the awake time percentagaffectslateng. [Set-
tings: sourcesforwardersl and2, forwarder3, sink]

the sourcego sinktopology The experimentscon-
sistof little, moderateandmorebatchingfrom left
to right. Increasingthe batchsizeincreasegslelay
Figure 24, dueto increasecdouffering while nodes
wait for more datato meetthe batchsize. As for
theenepy, Figure25 shavs how batchingcancon-
sene enegy. Not only doesbatchingallow neigh-
borsto enterthe sleepstatefor overhearingavoid-
ance,t alsodecreasethe numberof ADs thatmust
be sent. Looking at the sourcenodes,we seethe
effects of batching. In the left test,we seethatall

of thenodesresponsibldor sendinghave increased

enegy consumptionlt is importantto notethatthe
sink's enegy consumptioris unafected,thisis due
to the sink having the sameamountof work to do
over the test, it hasthe sameamountof DATA to
receve. Backto the senderswe seethat with in-
creasedbatching,we have decreaseanegy con-
sumptiondueto the decreasetiumberof intenals
with ad\ertising. If thebuffer hasnot metthebatch
size,the nodedoesnot have to adwertisethe data,
therebysaving enepy.

Figure 23: Using the eight-nodesourcesto sink experi-
ment,we shav haw the awake time percentagaffectsenegy
consumption[Settings: sourcesforwardersl and2, for-
warder3, sink]

Figure24: Usingtheeight-nodesourceso sink experiment,
we shav how the batchsizeaffectspaclet lateng.

Figure25: Usingtheeight-nodesourceso sink experiment,
we shav how the batchsizeaffectsenegy consumption.



In thesetwo graphs,throughincreasinglateny
we seethat batchingallows nodesto consere en-
emgy. Thisis accomplishedhroughreducedcontrol
overheadwith respectto sendingadwertisements
and also throughreducingthe numberof paclets
thatareoverheardvhenad\ertising. Anotherbene-
t of largerbatchsizes,it allows nodesto sleepfor
thedurationof the batchedransmissionif applica-
ble. Thus,if applicationsareableto toleratesome
additionaldelay batchingmay be effective for con-
servingenenqy.

While we do not yet have a methodologyfor lo-
catingoptimal settings theseexperimentsshav the
promiseof this protocolandjustify thevalueof fur-
therexploration.

5 Conclusionsand Future Work

In this paper we have proposedan asynchronous
and asymmetric MAC-level protocol for sensor
networks that allows exploitation of radio power
modes. The particularproblembeingaddresseds
the disproportionateenegy consumptionof criti-
cal nodesin a region of the deplo/ed network with
few alternateroutes. The time spentin idle listen-
ing modeis the primarytarget of our approachBy
providing asymmetryin the sleep/idleduty cycles,
heaily loadednodesmay be ableto sharethe bur-
densof maintainingconnectyity andtheassociated
enegy costamongmore lightly loadedneighbors.
The protocoloffersameandgo tunethetradeof be-
tweenconservingenegy and datadelivery perfor
mance.

Simulationresultsshav that the protocolis ef-
fective in both reducingthe enegy consumption
of the network's largest consumersand reducing
the leftover capacityin othernodes. They male a
casethat asymmetricand asynchronougprotocols
canoffer bene tswithoutincurringsigni cant over
heads.Thereis aneffect on paclet lateng, but sen-
sorapplicationsmayhave moreseriousenegy con-
straintsthanlateng requirementsDecouplinglis-
teningandad\ertisingcyclesallows more e xibility
in schedulinghanprotocolsbasedon a singleduty
cycle for both functions. We demonstratehe im-
pactof differentcombinationsof parametewralues
andhow they affecttuning.

Thereare several directionsin which we planto

extend this work in the nearfuture. We are plan-
ningto doanimplementatioronawirelessdeviceto

both validatethe simulatorwith measurementand
evaluatethe protocolwith actualapplicationwork-

loads.We alsoplanto do a moreextensve studyof

thedesignspacdor asymmetricuty cyclesamong
nodesservingdifferentrolesin the network. We
hopeto beableto derive amodelanddevelopadap-
tive schemeso allow nodego nggotiate and set-
tings with neighborsbasedon relative load factors
suchastheir messagdrafc, participationin multi-

ple routes,or rateof batterydischage.
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