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Abstract

Thelifetime of a wirelesssensornetwork dependsupon
eachnodes'battery. Without batterymanagement,crit-
ical nodesparticipatingin multiple routesprematurely
exhausttheir energy resources,possiblycausinga net-
work partition. We proposeSEESAW, an asymmetric
and asynchronousMAC protocol designedto decrease
idle listeningtimewith asymmetricsleep/activedutycy-
cles.SEESAW doesnotrequiretheoverheadof synchro-
nizationor neighborsleepscheduleexchangesto man-
ageradio power modes. Our goal is to balanceenergy
consumptionamongall nodesandespeciallyto extend
the lifetime of critical nodeswith the heaviest forward-
ing load,without signi�cantly increasinglatency of data
delivery. We evaluateour protocol throughsimulation.
Our resultsshow thefollowing:

� Asymmetry in duty cycles can be effectively ex-
ploited to extend overall network lifetime by
balancingenergy consumptionof communication
acrossnodes.

� An asymmetric duty cycle schedule can be
achieved without requiring synchronizationover-
headwith nosigni�cant additionalcosts.

� It is advantageousto decoupleadvertisingof avail-
abledatato betransmittedby asenderandlistening
for advertisedtransmissionsby areceiver, allowing
nodesto tailor their behavior if they playa particu-
lar role(e.g.,primarilyasourceorprimarilyasink).
This distinguishesSEESAW from other proposed
asymmetricprotocols.

1 Intr oduction

In any wirelesscommunicationprotocol, the main
objective is to provide connectivity betweenpartic-
ipantswhetherthe protocol is for ad hoc, sensor,
or infrastructurenetworks.Relatedto thisobjective

is the adversarialgoal of managingthe energy re-
sourceto increasethe lifetime of battery-powered
nodes.In particular, we addressthespeci�c energy
goalof extendingtheeffective lifetime of thesensor
network as a whole; this is not the sameas min-
imizing either the averageor the total energy ex-
penditureover all the sensornodes. Choosingan
appropriatemetric is thekey to protocoldesignfor
improving network lifetime. Intuitively, minimizing
themaximumenergy consumptionacrossall nodes
shouldmaximizethe time until somenodein the
network becomesthe�rst to experiencebatteryde-
pletion. Furthermore,reducingthe variancein en-
ergy consumptionamongnodesshouldreducethe
lost opportunitiesfrom leftover batterycapacityat
somenodes.

An exampleillustratesthe problem. Considera
deployment of sensornodesthat resultsin a static
and essentiallyrandom topology. Thesesensor
nodesmust rely upononeanotherto forward data
alongarouteto thedestination.Thisrelianceforces
a transmissionby one nodeto depletebatteryre-
sourcesat anothernode, without providing much
bene�t to theforwardingnodeotherthancontribut-
ing to thedeliveryof thedatadictatedby thesensor
application.Giventheseassumptions,it is possible
for certainnodesto enduponmultiplerouteswhere
thereare no alternatepaths. The forwarding load
and,consequently, theenergy consumptiononthese
nodesaredisproportionatelyhigh. Figure1 showsa
simpletopologyin whichthisproblemarises.When
the battery resourceon a single bottlenecknode
that transmitsdatabetweentwo groupsof nodesis
exhausted,the network becomespartitioned. Our
work is motivatedby theneedfor energy conserva-
tion for suchnodesthat arelikely to causea parti-



tion in the network dueto early batterydepletion.
Sucha partition can not be resolved until another
nodeis addedor, if therearemobile nodes,some
nodemovesinto positionto re-establishcommuni-
cation. Until this happens,datamaynot beableto
reachtheir destination.For purposesof discussion
only, wereferto theseascritical nodes. In practice,
wedonotassumethatcritical nodesmustbeidenti-
�ed apriori. Any imbalancein energy consumption
amongneighboringnodesis of concernand,in dy-
namicscenarios,thenodesin dangerof beingcriti-
cal to thesurvival of thenetwork mayshift around
over time.

Thus, the challengeis to provide wirelesscon-
nectivity while effectively employing the radio's
power-saving statesto balanceenergy consumption.
Currentwirelessnetwork cardsprovideanumberof
possiblepower states,including off, sleeping, idle,
receivingandsending. Thesepowerstatesrepresent
oneavailablemechanismfor avoiding wastefulen-
ergy consumption.Our taskis to designa protocol
thatleveragesthesestatesin anappropriatemanner
while still providing desiredperformancelevels.

In current radio technology, the idle statecon-
sumesalmostasmuchpowerassendingandreceiv-
ing [19, 7], asseenin Table1. Furthermore,transi-
tioning to analternatestateto save power comesat
a cost,bothin termsof time andenergy. For exam-
ple, changingfrom a sleepingstateto an idle state,
costsanodeapproximatelytwice theidle power for
about ������� seconds[9, 16]. Thus,it is easyto see
thatnodescouldwasteenergy by switchingbetween
power statestoooften.

Theenergy usedfor sendingandreceiving is dic-
tatedby thedatatraf�c generatedby theneedsof the
sensorapplication. While a radio in the idle state
is not actively processinga packet, it is listening–
able to detecta transmissionand begin receiving.
Without changingtheapplication's datademands1,
focusingon thetimespentwith theradioin theidle
stateoffersthemostpromisingopportunitiesto im-
prove energy use. In particular, a nodewastesen-
ergy while listeningfor a transmissionwhennone
is forthcoming,while listeningthrougha transmis-
sion that is not intendedfor this node,and in the
overheadof dealingwith collisions. Theseareop-

1Application-speci�c techniquesto �lter , aggregate, and
otherwisereducesensordataarevaluablebut orthogonalto this
work.

portunitiesto exploit thesleepingstateat thecostof
possiblymissingattemptsto transmitto thisnode.

To provide a mechanismfor reducingthe time a
radiospendsin the idle state,we proposetheSEE-
SAW protocol, an asymmetricand asynchronous
MAC-level protocol for sensornetworks intended
to balanceenergy consumptionof communication
amongsensornetwork nodes.Theintuitive ideaun-
derlying SEESAW is to shift the burdenof main-
tainingconnectivity to morelightly utilized nodes.
The name,SEESAW, 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-
ferent idle/sleepingduty cycle schedules.By not
forcing nodesto have identical schedules,nodes
arebetterable to adaptto their environment(e.g.,
throughadjustingto the traf�c in their area). An
asynchronousprotocol meansnodesare not glob-
ally coordinated,nor do they rely upon a shared
timing mechanism.With thisassumption,theproto-
col avoidsthecommunicationoverheadinvolved in
synchronizingclockssolelyfor thepurposeof con-
nectivity. It forcesnodesto predict when neigh-
bors may be available for communicationor to
stay awake longer to have overlappingactive cy-
cles. With anasynchronousandasymmetricproto-
col, critical nodescanshift theburdenof maintain-
ing communicationto lesscritical neighborsand,
thus,reduceidle listeningenergy in favor of more
sleepingtime.

We investigateusing the protocol to extend the
lifetime of anetwork until the�rst nodefailsdueto
deadbatteries.Weexploretheimpactof asymmetry
in protocolparametersettingsonthegoalof balanc-
ing the energy consumptionamongnodesto avoid
excessive leftover batterycapacity. We explore the
parametersthatcanbetunedto achievebalance.We
usesimulationto evaluatewhetherour protocol is
effective at meetingthesegoals. As a preview of
our results,wewill show:

� Asymmetryin duty cycles can be effectively
exploitedto extendoverallnetwork lifetime by
balancingenergy consumptionof communica-
tion acrossnodes.

� An asymmetricduty cycle schedulecan be
achieved without requiring synchronization



Transmit( 	�
 ) 1400mW
Receive ( 	�� ) 1000mW

Idle ( 	�
 ) 830mW
Sleep( 	�� ) 130mW

Transitionpower 1660mW
Transitiontime 800� s

Table1: Powervaluesfor aCabletronRoamabout802.11DS
High Ratenetwork cardusedin analysisandsimulation. For
transitiontimes,weusetheapproximationutilizedby Jungand
Vaidya[10], ������� secondsand ��� IDLE power [9, 16].

Figure1: Simplenetwork subsectionshowing threenodes
andtheir transmissionranges,with the centernodebeing the
critical node.If thecenternodedepletesits energy, thenetwork
will bepartitioned.

overheador incurringsigni�cant othercosts.

� It is advantageousto decouplea sender's ad-
vertising of available data for transmission
from the receiver's listening for an advertise-
ment insteadof having a singleduty cycle in
which both functionstake place. This allows
nodesto tailor theirbehavior if they playapar-
ticular role (e.g.,primarily a sourceor primar-
ily a sink). This distinguishesSEESAW from
otherproposedasymmetricprotocols.

� Batchingof data,in additionto theknown ben-
e�t of overhearingavoidance,canbe usedto
decreasea sender's advertisingdemand.

The rest of the paper is organizedas follows:
Section2 providesbackgroundinformationandre-
latedwork in energy-awareprotocols.In Section3,
we presentour designfor asynchronousandasym-
metric communication. We evaluateour protocol
throughsimulationin Section4. We discusscon-
clusionsandfuturework in Section5.

2 Background in Energy Savings in
Wir elessProtocols

Identifyingthefactorsthatcontributeto energy con-
sumptionof wirelesssensorprotocolsis usefulboth
to categorizerelatedwork andto focusattentionon
openopportunitiesto reducewastedenergy. The
amountof traf�c passingthrougha nodeand the
power neededfor sendingandreceiving determine
theenergy requirementsfor transmissionof applica-
tion data.Routingplaysa role in affectingthetraf-
�c loadthroughany particularnode.Energy-aware
routing protocols(e.g., [8, 6, 3, 22, 5]) attemptto
choosepathsthatwill usetheleastamountof energy
to sendthepacket or choosethepathswith themost
remainingenergy, attemptingto increaseforward-
ing fairnessamongnodes. In this work, we cur-
rently assumea statictopologywith a routethat is
alreadyestablished.Transmissionpowercanbevar-
iedin someradios,affectingtransmissionrangeand
connectivity [10, 1, 3, 13]. Additional traf�c may
be generatedby any necessarymaintenanceopera-
tionssuchasperformingroutediscovery andmain-
tenance,duty cycle schedulenegotiation, or time
synchronization(avoidedwith asynchronousproto-
cols).

Collisions are one sourceof extra traf�c and
wastedtransmissionenergy. A nodein acontention-
basedwirelessnetwork maynot beableto directly
detectanothertransmissionoccurringwithin its own
transmissionrange[2]. If this nodewere to send
a packet, the transmissioncould be corruptedand
have to beretransmitted,thuswastingvaluableen-
ergy resources.Theclassicsolutionto prevent this
situation is in the IEEE 802.11protocol with its
distributedcoordinationfunctionandtheRTS-CTS
(Requestto send- Clear to send)handshake[11].
Thisapproachcontinuesto beadaptedasabasisfor
other protocols, including SEESAW. The TDMA
(Time Division Multiple Access)alternative allows
nodesto communicatewith a reducedchanceof
collisions by designatingtime slots. An example
suite of protocolsusing TDMA slots is presented
by Sohrabi,etal. [18].

This focusonthepowerneededto transmitpack-
etsmay allow someenergy to be saved; however,
thereexistsapotentiallygreateropportunityto save
theenergy expendedby radiosusingpower to listen



Figure2: This �gure depictsthenetwork cardstatewith a
simpleoverhearingavoidanceprotocol.Thedetailednode,� , is
ableto hearits own packetsandthosefor anothernode� . With
overhearingavoidance,a nodetransitionsto thesleepmodeto
avoid theaddedcostof receiving a packet destinedfor another
node,as seenin the �gure with packets being transmittedto
bothnodes� and � .

for possibletraf�c, even when thereare no active
data�o ws. In fact, the long periodsof time typi-
cally spentin the idle statecanresultin idle power
beinga dominatefactor in energy costs. It is im-
portantto moreeffectively exploit all of the avail-
ablepower statesof theradios,includingsleepand
off, to conserveenergy. Energy-awareprotocolsem-
ploying regular, low power duty cyclesmusthave
a mechanismto avoid missingincomingtransmis-
sionswhentheradiois not listening.

Overhearing transmissionsintended for other
nodeswhile in idle listening moderepresentsone
form of wastedenergy. The idea of overhearing
avoidance,presentedin PAMAS [17], allows nodes
to determineif a packet is for themor not and, if
it is not, to disabletheir radio for the durationof
the packet to reducethe energy wastedreceiving a
packet for anothernode.We seehow this cansave
energy in Figure2.

ZhengandKravets[26] presenta reactive proto-
col that usessoft-statetimerssetby utilizing con-
trol packet headersto transitionbetweenactive and
power-save modesdependingon whetherthe node
will be a participant in a data path. While this
approachreactsto the datatraf�c in the network,
it still requiressynchronizationbetweennodesto
avoid missingthe window for advertisingpackets,
andit alsofailsto reduceidle timefor thosenodesin
theactivestatethatarealongthedatapath.Another
simple idea is to have senderspagetheir destina-
tionsandcoordinatedatatransfersusinganalways
on,alternative andlower powerdevice [4, 15, 14].

Nodescan try to predict when their neighbors
will be availablefor communicationthroughblock
scheduling[25]. Allowing nodesto predict when
neighborswill beawakepreventswastedtimespent
transmittingrequestswhenthe destinationis actu-
ally in power-save mode. This work doesnot at-
temptto reducethetime spentin idle listeningdur-
ing periods,nor does it allow for nodesto have
asymmetricschedules.

S-MAC [23, 24] incorporatesvirtual clusters al-
lowing nodesto coordinatesleepschedules,and
messagepassingto reducelatency from contention.
This involves fragmenting packets into smaller
packets to form a burst, with one RTS-CTS ex-
change,muchlikefragmentationin 802.11.S-MAC
doesnot attemptto reducetheenergy consumption
of the vital, forwarding nodes,the main focus of
our work, and in fact, the energy consumptionof
forwardingnodesis closeto that of 802.11MAC.
Building uponS-MAC is anotherprotocol,T-MAC
[21], which addsin the conceptof a thresholdfor
idle timeduringanactivecycle. If aneventdoesnot
occurwithin a threshold,the radio transitionsback
to the sleepstateearlier, therebydecreasingpower
consumption.While this doesvary nodeschedules,
nodesarestill expectedto be active basedupona
set schedule,so neighborscanpredict their cycle,
makingtheprotocolnot truly asymmetric.

Asynchronousprotocols[20, 12] have beenmo-
tivatedby the overheadinvolved in clock synchro-
nization. Tseng,et al. [20], presentthreepower
managementprotocolsthatapplyto thepower-save
mode of IEEE 802.11 mobile ad hoc networks
(MANETs). SEESAW is not the �rst asymmet-
ric andasynchronousMAC protocol;however, we
do not know of any prior work demonstratingthat
it is possibleto leveragethesefeaturesto balance
network-wideenergy consumption,provide accept-
abledatadelivery, andaddresstheproblemsof crit-
ical nodes.Unlikepreviousasynchronousprotocols
thatusea duty cycle greaterthan50%to guarantee
overlapof awake timesof neighbors,SEESAW de-
couplesadvertisementsfrom the listeningduty cy-
cle,allowing for more�e xibility.



802.11 SEESAW Additional Info

RTS AD Buffer state:bytesto send
CTS ACCEPT Approvedbytesto send

DATA DATA Buffer state:similar to AD
ACK ACCEPT Remainingbytesto send

Table2: SEESAW packetscloselycorrespondwith 802.11
frametypes,however, SEESAW packetscontainadditionalin-
formation,asdepictedin thethird column.

3 SEESAW Protocol

SEESAW aimsto balanceenergy amongnodespar-
ticipating in a wirelesssensornetwork. To achieve
this goal, our protocol is built upon the follow-
ing components:an asymmetricandasynchronous
MAC layerprotocolto ensureconnectivity in spite
of receivers that may sleep, combinedwith data
batchingto reduceoverheadand decreaseenergy
wastedon overhearingtransmissionsand decou-
pling of advertisingandlisteningduty cycles. The
asymmetryallows duty cycle scheduleson differ-
ent nodesto be tailored to the energy demandon
thatnode.Our protocoldecouplesthe listeningcy-
cle from that of advertisingavailabledatato send,
allowing greater�e xibility in balancingload. The
asynchrony avoids the maintenanceoverheadof
clocksynchronizationamongnodes.

3.1 Packet Types

SEESAW has threemain packet types, AD, AC-
CEPTandDATA. Thecorrespondenceto the802.11
packets is depictedin Table2. The AD packet al-
lowsnodesto advertisedatafor thenext hopor des-
tinationof thepacket. TheDATA packethastheap-
plicationdatato besent.ACCEPTpacketshavetwo
purposes,the �rst is to establisha connectionbe-
tweennodesfor sendingDATA packetsandthesec-
ondis to provideameansfor acknowledgingDATA
packets betweennodes. The role of thesepackets
andtheir timing aredescribedin thefollowing sub-
sectionandexample.

3.2 Description

To explain the SEESAW protocol,we will provide
an overview of node actionsand walk through a
simpleexample. Nodeactionsarebaseduponthe

ideaof thenodeinterval, andwhatmusthappendur-
ing this interval. Sinceourgoalis to balanceenergy
consumption,wecanexploit asymmetryto pushex-
trawork toneighboringnodes(e.g.,somenodeswill
sendextra packets in order to allow more critical
nodesto enterthesleepstatefor longerperiods).

Let usconsiderthreetypesof nodes,senders, for-
warders andreceivers. In this discussion,we will
have threenodes,oneof eachtype. In reality, each
nodecantake on all threeof the roles,even at the
sametime. Thus,we imaginea topologywherea
senderhasdatafor thereceiver, but must�rst trans-
mit it to the forwarderdue to transmissionrange
constraints.

As thesendergeneratesdata,thebuffer �lls at the
sender. Meanwhile,boththeforwarderandreceiver
arefollowing their duty cycleswithin eachinterval,
eachpossiblyhaving differentvaluesfor theamount
of time spentin thelisteningstate.Oncethesender
hassuf�cient datato send,basedon thebatchsize,
it sendsan advertisementpacket (AD), containing
informationon the destination,next hop, andtotal
bytesto send.Whenanodeis readyto sendanAD,
thereare two cases:either the senderis asleepor
it is alreadyawake. If the nodeis awake, it may
simplyusevirtual carriersenseto decidewhetherit
cansendor not. If the nodeis sleeping,it transi-
tions to the active stateandperformscarriersens-
ing on the air for a durationequal to the time to
transmit a DATA packet along with an ACCEPT
packet. This preventsnodesfrom transmittingADs
andcausingcollisionswith DATA packets that are
alreadyin �ight dueto thehiddenterminalproblem
andalsofrom nodesreturningfrom the sleepstate
wherethey mayhave missedtheinitial exchangeto
setupcommunication.

Oncethe senderis able to sendthe AD packet,
theforwardermayor maynot beawake to hearthe
packet. As discussedearlier, the sendermay have
to sendmultiple ADs beforeestablishinga connec-
tion with thenext hop. If thedestinationdoeshear
theAD, it replieswith anACCEPTpacket to estab-
lish the connectionfor transmittingDATA packets
(if thereis not anexisting transmissionin thearea).
The ACCEPTpacket containsthe amountof data
approvedto send,providing neighboringnodesthat
have heardthis informationtheopportunityto enter
thesleepstate,if it is longenough,to avoid wasting
energy on overhearingDATA packets.



WhenthesenderreceivestheACCEPTpacket, it
immediatelyreplieswith the �rst DATA packet. If
this is successfullyreceived by the forwarder, an-
otherACCEPTpacket is sent,with the numberof
remainingbytesapproved to send. Sinceeachof
thesepacketscontainsthe amountof datato send,
neighboringnodescan listen in and discover that
theair is utilized andthey canenterthesleepstate,
or at leastrefrainfrom transmittingtheir own pack-
ets. When the last DATA packet is received, the
forwarderreplieswith an ACCEPTpacket, where
the approved bytesheaderis set to � , openingthe
mediumfor othercommunication.

At thispoint,wehavedataatboththesenderand
forwarder, while thereceiver is still waitingfor data.
Theforwarder-receiver interactionis thesameasthe
above sender-forwarderinteraction.However, now
the forwardermustact asa receiver anda sender.
Thus,the forwardermustmaintainperiodicawake
intervalswhile alsoadvertisingto thereceiver. This
illustrates how the forwarder must do additional
work to provide a connectionthroughthenetwork,
mainly receiving andsendingthe DATA while the
two endpointsof communicationeachperformonly
one of the tasks. As we discussedearlier, if this
nodedepletesits energy supply, theconnectionwill
bebrokenanddatawill not arrive at its destination,
withoutanalternateforwarderor a replenishedbat-
tery. Thus,we show theneedto balancetheenergy
consumptionamongthethreenodesto increasethe
usefullifetime of thenetwork.

To decreasetheloadontheforwarder, wecande-
creasetheawaketimeof theforwarder, andincrease
theadvertisingrateof thesender. Thispushessome
of the burdenon to the sender. Similarly, we can
reducetheadvertisingrateat theforwarder, andin-
creasetheawake time at thereceiver. Sincethere-
ceiver doesnot have to sendthis dataanywhere,it
is possiblefor it to stayin the idle statelongerand
further balancethe energy consumptionof all par-
ticipants.

In Figure 3 we seeour threenodes: Node 1 is
our sender(top), Node2 is the forwarder(middle)
andNode3 is the receiver (bottom). While this is
a smallsubsetof a simulation(we show ��������� sec-
onds),it helpsto explain theprotocol.In this �gure,
Node1 transitionsto theactive stateat point A and
waits to sendanAD. SinceNode2 is sleeping,the
AD is missedandNode1 returnsto thesleepstate

Figure3: Smallportionof thestateinformationfrom asimu-
lation run usedin theprotocolevaluation,labeledpointsin the
graphsareusedto demonstrateSEESAW.

until thenext AD is to besent.Theforwarder, Node
2, is thenext nodeto transitionto anactive stateat
B. Sinceit hasdatafor Node3,Node2 advertisesits
data.However, thereceiver, Node3, is sleepingand
missestheAD. Meanwhile,Node1 againwakesup
atC andsendsanotherAD, which is heardby Node
2. Theconnectionis establishedanddatais sentat
point D. While the batch(� ve datapackets) trans-
missionis �nishing, Node3 transitionsto the idle
stateat E.

OnceNode2 receives the datafrom Node 1, it
thenadvertisesto Node3, which is now idle. Node
3 acceptsthe dataduring F andthe dataaredeliv-
eredto the�nal destination.

3.3 Parameters
� NodeInterval: Eachparticipanthasa nodein-

terval, of length � . The lengthof � in�uences
the performanceof the system. Short node



Figure4: Again, we depicta node, � , ableto hearpackets
destinedfor itself andanothernode, � . In this �gure, a batch-
ing protocolhasbeenenabled(packets to a singledestination
are in the sameorder, but packets to different nodesmay be
reordered),allowing nodeto transitionto the sleepmodefor
longerperiodsof time.

intervals can increaseperformance,however,
thisalsoincreasesthenumberof transitionsbe-
tweenradiopowerstates,reducingenergy ef�-
ciency. It is importantto notethatourprotocol
doesnot rely uponprecisetime synchroniza-
tion betweennodeswhich reducesthe system
control overhead. To maintainthe interval � ,
theclock ratesof differentnodesmustbeonly
relatively stable.

� Awake Time: Within eachinterval, nodesare
awake in idle listeningmodefor a continuous
time, � , of at least  "!�� , where  is a fraction
of the interval and �����$#% &#('���� . As ex-
pected,thecloser is to ����� , themoreenergy is
conserved,while when  is closerto '���� , more
energy is consumed,but performanceis also
increasedwhenconsideringpacketdelivery la-
tency. SEESAW allowseachnodeto adoptdif-
ferent valuesfor  , making it an asymmetric
protocol.

� Numberof Advertisements: Nodeswith data
to sendadvertisethis datathroughAD pack-
etsperiodicallysentduring eachinterval, un-
til all thedatais sent. The numberof ADs to
sendeachinterval is determinedby the value
of ) . While they canbe sentat any time dur-
ing the interval, i.e. without synchronization,
timeshouldbeevenlyspacedbetweenADs. In
otherwords, it is not suf�cient for a nodeto
sendall ) adsin a row, they shouldbespaced
uniformly over the interval. ADs are decou-
pledfrom thelocalawake time.

Again, we have a performancetradeoff with
energy consumption. The more ADs a node

transmits,the more energy is consumed,not
only at thesender, but alsoat theneighboring
nodesthat are able to overhearthe transmis-
sion. Thus,thenumberof advertisementscan
beadjustedfrom )+*,� whereanodedoesnot
havedatato sendto amaximumpermittedin a
speci�c interval.

� Batch Size: The numberof DATA packets in
eachbatch, - , also in�uences our tradeoff.
The highera datarate, the fastera nodewill
reacha target batchsize. This reducesthe la-
tency incurredby waitingatanodefor abuffer
to suf�ciently �ll. Dependingon the applica-
tion, differentbatchsizesmaybetolerated,or
even encouragedto conserve energy. With a
higherbatchsize, the lower the control over-
headandalsooverheardtransmissions.

The batchsizecanalso in�uence the number
of advertisements. If a node doesnot have
enoughdata to meet the batch size, it may
chooseto cancelsendinganAD to reduceen-
ergy consumption.

In Figure4 we seethe impactof batchingon
neighboringnodes.With our protocol,we in-
corporatethedurationfor theentirebatch,al-
lowing thenodeto make fewer transitionsand
remainin thesleepmodelonger, reducingen-
ergy consumptionfor thenode.However, there
is a tradeoff, the morea nodesleeps,the less
availableit is for othernodesto utilize. Thus,
in formulating applicationrequirements,it is
necessaryto considerbothsystemlifetime and
performance.

3.4 AdvertisementReception

Like the RTS/CTS exchangein the IEEE 802.11
protocol,nodesadvertisetheir datato thenext hop
in thepathto thedestination.This AD canbesent
any timewhenthemediumis free,however, for it to
becomplementedwith anACCEPT, thenodethatis
the next hop for the datapacket mustbe active to
hearit andreply.

Given a node � , with datato sendto a node ' ,
node � will advertisethedata ) timeseachinterval,
wheretheinterval is size � . Thedestinationnode, ' ,
is awake to heara transmission,includingthatfrom
node � , for a time of length �.!/ .*0� , where�1#2� .



The dif�culty comesin the timing of the intervals.
Node ' mustbeawake to receive theadvertisement
from node� ; however, we do not requirethat � and

' have synchronizedduty cycles. Thus, it is pos-
sible thatmultiple intervals may passbefore � will
successfullynotify ' of thependingtraf�c. Wenext
determinea lower boundon the probability that '

will hear � 's advertisementin the absenceof other
traf�c.

In any two adjacentintervals of node � , we are
guaranteedto overlap with one continuousawake
cycleby node ' , giventhatall nodessharethesame
size of interval � at that time. This is depictedin
Figure5, whereweshow two unsynchronizedinter-
vals, eachof length � , for nodes� and ' . The top
line shows thebehavior of node � , assender, adver-
tising twice per interval. This pair of intervals in
node� overlapswith onecontinuousawakecycle in
node ' . Thus,at leastoneof theseadvertisements
arrivesduring an awake interval of node ' . There
may be otheroverlappingawake cycles, but these
only increasetheprobability that ' will receive the
advertisementby � .

Using the detailsabove for nodes � and ' , we
wantto �nd a lower boundon theprobabilitythat '

will hearanadvertisementfrom � , called354 1�7698;:=<�>

for thedatain a ��� time interval.

3547'?�@698;:BAC>(D

' E7�;FHG �;IJEKGML�NO)O P!Q� I.RPF )TSBU

E9�;FHG
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 V�W!Q��)

���

D

X

 Y) if  Y)Z#0'

' otherwise

If the goal is to conserve energy at node ' , the
equationshouldattemptto reduce , meaning)\[

] and  C[^� . Of course,thecostsof transitioning
statesand transmissioncostsboundthe frequency
thatnode� canadvertiseits packets.

4 Evaluation

To evaluateour protocol,we developeda discrete
event simulator, able to provide �ne-grained de-
tail of energy consumption,including the costsof
transitionsbetweenstates.Our SEESAW protocol
is fully simulated,with many tunableparameters.
Theseinclude the numberof advertisements,per-
centof awaketimeperinterval, theinterval size,and

Figure5: Two nodes,� and � , have intervalsof size _ , with
node � acting as a senderand � as its receiver. Despitethe
intervals occurringat different times (asynchronous),in a �`_

time period, one of � 's active cycles is containedin the two
node0 intervals. Note, this is differentfrom node0 andnode
1 beingactive at thesametime. In this example,node � adver-
tisestwiceperinterval andbothnodesareawakeapproximately

a

��b of theinterval size.

thebatchingfactor. For theexperimentsin this pa-
per, thesystemwascon�guredfor a laptopwireless
card in termsof power states(seeTable1), trans-
mission rangeof 250m, and transmissionrate of
2Mbps. We use256bytepacketsandrun eachtest
for a �x edtime of 60s.Thepacket generationrates
aredifferentfor eachexperiment.Themetricsof in-
terestaretheaverageper-packet latency for packets
deliveredandtheenergy consumptionpernode.All
of our resultsin this sectionarebasedon ten sim-
ulationrunsandaredisplayedasbargraphsgiving
themeansandstandarddeviations.

Weaim to answerthefollowing questions:

� Asymmetryandasynchrony: Are eithersym-
metric and/orsynchronousschedulesa neces-
sarycomponentof aneffective protocol?

� Energy balance:Canweuseasymmetryin our
protocol to reducethe maximumenergy con-
sumptionamongall the nodesin the network
and to reducevariationamongnodesin their
individual energy consumption?

� Effect of varyingSEESAW parameters:What
is the impacton thebehavior of theSEESAW
protocol of varying individual parameterval-
ues?What insightsdoesthis provide for tun-
ing?



Figure6: Five-nodestringtopology. Nodesareonly ableto
communicatewith theirdirectneighbors.

Figure 7: Crosstraf�c topology. Nodes � , � , c and d are
ableto communicatewith node � , however, they areunableto
directly communicatewith oneanother. Node � is thecritical
node,theonly nodeableto routepacketsbetweentheother d

nodes.Nodes� and � sendto nodesd and c , respectively.

4.1 Asymmetry and Asynchrony

We begin our evaluationby exploring the bene�ts
of providing for asymmetricduty cyclesandof re-
laxing the synchronizationandschedulecoordina-
tion overheads.Ourhypothesisis thatthesefeatures
areimportantfor theability to balanceenergy con-
sumption.

4.1.1 Experimental Design

We compareSEESAW, our asymmetricandasyn-
chronousprotocol (AA), to a symmetricand syn-
chronousprotocol(SS)representedby an idealized
versionof S-MAC, asymmetric,asynchronouspro-
tocol (SA) (in�uencedby [20]), andanasymmetric,
synchronousprotocol(AS). We have implemented

Figure8: Sink topologywith four sources.Nodes� , � , d and
e

aresourceswith nodes� , c and
a

actingasforwardersfor the
destination,node f .

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

To draw a strongconclusionabout the bene�ts
of asymmetryandasynchrony, we wish to compare
againstidealizedprotocolswheredesigndecisions
are consistentlybiasedin favor of symmetryand
synchrony. Thus,webaseourSScompetitoron the
state-of-the-artS-MAC protocol and build in sev-
eral advantages:(1) Nodesdo not have to sendor
receive SYNC packets. (2) Thesimulatorprovides
free synchronization.(3) Nodesall have the same
interval start times,guaranteeingthat all nodesare
in the same'virtual cluster.' (4) Without the need
for synchronization,the frame length,or nodein-
terval, canhave �ner granularity, allowing for low
latencies.Similar advantagesapplyto theAS com-
petitor.

For this study, we usethreetopologies,a � ve-
nodestring shown in Figure6, a crosstraf�c sce-
nario as shown in Figure 7 and a source-to-sink
topologydepictedin Figure8. Wewill discusseach
of theseexperimentaltopologiesin turn.

In the � ve-nodestring experiments,we have a
single source,node � , sendingto the destination,
node g , four hopsaway. Eachnode is only able
to communicatewith its adjacentneighbors.In this
setup,thesourcesends'h����� packetsin thetest,or, a
packetgenerationrateof onepacketevery ������� sec-
onds.In thecrosstraf�c con�guration,therearetwo
senders,asingleforwarderandtwo destinations.In
this case,we have a critical node,node2, responsi-



Test node nodeInt %awake ads batch
�  ) -

SS S
F1-3 0.028 0.1 1 1

D
SA S

F1-3 0.075 0.55 10 1
D

AS S .01
F1-2 0.037 0.05 1 1
F3 0.08

D1-2 0.15
AA S 0.00 35

SEESAW F1 0.04 16
F2 0.033 0.06 14 4
F3 0.07 15
D 0.17 0

Table3: Parametersettingsfor the� ve-nodestringtopology
tests. For eachtest, the senderproducesa datapacket every

�ji �

a

secondsfor a total of �@����� packets over the test of
e

�

seconds.

ble for forwardingall datapackets.Node0 is send-
ing datato node4, while node1 is sendingto node
3. Nodes0,1,3and4 areonly ableto communicate
with node2, as depictedin the �gure while node
2 is ableto communicatewith all othernodes.The
packetgenerationratewasonepacketevery0.1sec-
onds,or 600packets,persourcenode.

The �nal topology, source-to-sink, has four
senders,nodes � , ' , g and k with nodes � , l and

� actingas forwardersfor the destination,node m .
We show network connectivity with transmission
rangesaroundthe nodes.Data �o w is alsoshown
in the�gure, andthearrows correspondto symmet-
ric links betweennodes.Thepacket generationrate
for this topology is l���� packets per sourcewith a
packet for eachsourceevery ���n� seconds.

To comparethe energy consumptionsfairly, we
parameterizeeachprotocol to deliver comparable
packet latency, shown in Figure 11. The parame-
ter settingsareshown in Table4. Note thatwe are
notconstrainedby theplatform-relatedassumptions
in [24]. Sincewe areeliminatingsynchronization
overheadfor the SSandAS protocols,we arenot
limited by clockdrift, allowing �ne granularitywith
respectto theSSandAS con�gurations.

Test node nodeInt %awake ads batch
�  ) -

SS S1-2
F 0.014 0.1 1 1

D1-2
SA S1-2

F 0.02 0.55 10 1
D1-2

AS S1-2 .01
F 0.019 0.07 1 1

D1-2 0.2
AA S1-2 0.01 20

SEESAW F 0.015 0.04 16 1
D1-2 0.2 0

Table4: Parametersettingsfor thecrosstraf�c topologytests.
For eachtest,thesendersproducea datapacket every �hi�� sec-
ondsfor atotalof

e

��� packetseachover thetestof
e

� seconds.

4.1.2 Results

Figures10, 12 and 14 show that a heuristically-
tuned SEESAW (AA) achieves a low maximum
energy consumptionand low variation amongthe
nodesin the three experiment topologies. Now
looking morecloselyat theindividual experiments,
we canunderstandthe impactof differentdesigns.
In the string topology we seethat all four proto-
cols have similar averagedelays,Figure 9, while
the averagenodeenergy is muchdifferent in Fig-
ure 10. With the idealizedSS protocol, we have
anincreasein energy consumptionfor theforward-
ing nodes,andif the load weregreater, this would
be an increasedeffect. Also, without the burden
of clock synchronization,theSSprotocolperforms
well, however, if we look at theasymmetricversion
of the protocol, we seethat the energy consump-
tion is notbalanced,withoutadecreasein delay. To
determinethe parametersfor the AS protocol,we
�rst targettheforwardingnodes,sincethey havethe
highestburden.We increasedthedestinationlisten-
ing time sinceit would not be sendingdatato an-
othernode,while reducingthelisteningtimefor the
source,sinceit doesnot receive data.Theincrease
in thedutycycle for thedestinationresultsin anin-
creasefor the last forwarder(Forwarder3). This is
a resultof virtual clustering. For any nodewith a
duty cycle longerthanits neighbors,theneighbors



Test node nodeInt %awake 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
SEESAW F1-2 0.03 0.06 13 4

F3 0.08 8 8
D 0.17 0 16

Table5: Parametersettingsfor the source-to-sinktopology
tests. For eachtest, the sendersproducea datapacket every

�ji � secondsfor a total of c���� packetseachover the testof
e

�

seconds.

must be awake for the node, in casethereis data
to receive. In this topology, we caneasilyseethat
neighborsof a higher duty cycle nodeare forced
to adoptthat schedule,so despitehaving different
duty cycles,theneighborsof a high duty cycle will
have to be active for their active neighbor, poten-
tially wastingvaluableenergy. For theSymmetric-
Asynchronousprotocol,SA, we seethattheenergy
is balanced,however, much higher than the other
protocols. This is dueto the needfor overlapping
schedulesfor nodes.Sincethey areasynchronous,
they mustbeon at least ���Bo of theinterval to guar-
anteeoverlapwith neighbors.This forcesidle en-
ergy consumptionandwastedenergy. In a long lin-
earchainof communicatingnodes,SEESAW nat-
urally convergesto a nearlysymmetricsetof duty
cyclesfor the forwardingnodeswithout degrading
energy or latency resultsrelative to SS(resultsnot
shown).

Moving to thecross-traf�c topology, weseesim-
ilar effectswith thedifferentprotocols.Again, the
averagedelaysarecomparable,Figure11,while the
energy consumptionis varied,Figure12. Starting
with theSSprotocol,we seethattheforwarder, the
critical node,is forcedto consumemoreenergy than
its neighbors. This is due to the disproportioned

Figure9: Using the � ve-nodestring experiment,we show
theaveragepacket latency (perpacket) for all packetswith SS,
SA, AS, andSEESAW (AA).

Figure10: Usingthe� ve-nodestringexperiment,we show
the averageenergy consumptionper nodeusing the SS,SA,
AS, andSEESAW (AA) protocols.

traf�c through the critical node. In the AA pro-
tocol, SEESAW, we seethat someof the load is
pushedonto the neighboringnodes. Again, while
the SSprotocolmay consumelessenergy overall,
theseexperimentsarewithoutsynchronizationover-
head,giving thema largeadvantage.DespiteSEE-
SAW, AA, incorporatingfull overheadcosts, the
nodes'energy consumptionis balanced. Looking
at the SA andAS protocols,we seesimilar results
as with the string topology. For SA (Symmetric-
Asynchronous)we seethat all nodesconsumethe
sameenergy, however it is mostly wastedidle en-
ergy. For the Synchronous-Asymmetricprotocol,
we seethat the higherduty schedulesof the desti-



Figure11: Usingthecrosstraf�c experiment,we show the
averagepacket latency (perpacket) for all packetswith SS,SA,
AS, andSEESAW (AA).

Figure12: Usingthecrosstraf�c experiment,we show the
averageenergy consumptionper nodeusing the SS,SA, AS,
andSEESAW (AA) protocols.

nationsareforcedontothecritical node,alongwith
the increasedenergy consumptionfor doing more
work. To determinetheparametersfor theduty cy-
cles,weagaintargetthecritical node,theforwarder.
For this experiment,we reducethe forwarderduty
cycle. Sincethe destinationswill not be sending
data,we increasetheirdutycycles.Thesenderduty
cyclesarereducedbecausethey donot receivedata.
Despitetuningtheschedulesto thenodefunctions,
we againseethe effects of nodesbeing forced to
adopttheir neighbors'longerduty cycles.Also, the
forwardingnodemustalsocarry theburdenof for-
wardingthedata,inherentto any protocolwith this
topology.

Figure13: Using thesource-to-sinktraf�c experiment,we
show the averagepacket latency (per packet) for all packets
with SS,SA, AS, andSEESAW (AA).

Figure14: Using thesource-to-sinktraf�c experiment,we
show the averageenergy consumptionper nodeusingthe SS,
SA, AS, andSEESAW (AA) protocols.

Finally, looking at Figure 13 we seethe aver-
agedelaysfor thefour protocolsaresimilar for the
source-to-sinktopology. The energy consumption,
however, is different for the protocols,Figure 14.
TheSSprotocolhastheforwardingnodesconsum-
ing moreenergy dueto theincreasedworkloadthan
the sourcesandthe sink. Again, this is the energy
without the overheadfor synchronization.A sim-
ilar story is true for the Asymmetric-Synchronous
protocol. Again, the neighborsof the higherduty-
cyclenodesareforcedto beactive longerthantheir
own duty cycle, increasingtheir consumedenergy.
Similar to theothertopologiesandtheAS protocol,
we target the critical nodesin the experiment,the



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

forwarders,andattemptto reducetheir duty cycles
andbalanceout theenergy consumption.Also, the
Symmetric-Asynchronousprotocol performssim-
ilarly as in the other two topologies. Extra en-
ergy is spentin the idle stateto guaranteeoverlap
betweenneighbors' duty cycles. Looking at the
Asymmetric-Asynchronousprotocol,SEESAW, we
seethat the energy consumptionis balanced,with
extra work for the forwardingnodesbeingpushed
to their source/sinkneighbors.

In analyzingthesethreetopologies,thereis not a
compellingcasefor symmetryand/orsynchroniza-
tion giventhebiasesin favor of ourSSprotocoland
thedisappointingresultsof SA andAS. Theexper-
imental topologieshighlight the problemwith for-
warding,critical nodes.

4.2 Energy Balance and Impact of SEE-
SAW Parameters

In the next setof experiments,we investigatehow
SEESAW canbetunedto achieve its goals.We ex-
plore the impactof varying the individual parame-
terson theenergy andperformancein orderto pro-
vide insight for futurework on automatingthepro-
cess.

4.2.1 Experimental Design

We introduceonemoretopology for theseexperi-
ments,andusethesinktopology, introducedearlier.
The new topologyis a threenodestring asin Fig-
ure15with theleftmostnodeasasender, themiddle
a forwarderandtherightmostnodeis thesink. It is
chosenfor simplicity in investigatingparameterval-
ues.Thesecondtopology, source-to-sinktopology,
includesfour sendersanda singlesink asshown in

Node nodeInt %awake numads
�  )

S 0.03 0.0 20
F 0.03 0.04 5
D 0.03 0.13 0

Table6: SEESAW tuneddefault parametersettingsfor the
threestring topologytests.For eachtest,thesenderproduces
a datapacket every �ji � secondsfor a total of c���� packetseach
over thetestof

e

� seconds.

Figure8 which is quiterepresentative for sensorap-
plicationsandexhibits a naturalimbalancein load.
Parametersettingsfor the source-to-sinktopology
aregiven in Table5 with theexceptionof thenode
interval, which is �p*q������� seconds.Thedatatraf�c
ratefor thestringandsource-to-sinkexperimentsis
onepacket every0.2spersourcenode.

When varying a single parametervalue in the
string topologyexperiments,the remainingparam-
etersaresetto thetunedvalueswhereSEESAW is
balanced.Thesedefaultsaregivenin Table6.

4.2.2 Results

Figures10, 12, 14 andall of the resultsto be pre-
sentedin thissectiondemonstratethattheSEESAW
parameterscanbe manipulatedto satisfyour goals
of low andbalancedenergy consumption.In turn,
we explore the node interval ( � ), numberof ADs
( ) ), theawake percentfor theduty cycle (  ) andthe
batchsize( - ) with respectto delivery latency and
eachnode's energy consumption.

Intuitively, increasingthenodeinterval increases
the delay, Figure 16, this is due to the reduced
numberof active states,even though the percent
awake is the same. Sincenodesenter the active
stateless frequently, the latency increases.Also,
with a longer interval, the ratio of DATA packets
to intervals decreases.In Figure 17 we seethat
the senderenergy actually increases,this is dueto
theinteractionbetweenthenext hopduty cycle and
the ADs at the sender. Sincethe next hop wakes
up lessfrequently, the senderadvertisesmore of-
ten,increasingtheenergy consumption.For thefor-
warderanddestination,increasingthe interval de-
creasesthenumberof transitionsfrom thesleeping
to active state,therebydecreasingthe energy con-
sumption.An additionaleffect of increasingthein-



Figure16: Usingthethree-nodestringexperiment,weshow
how thenodeinterval durationaffectsaveragepacket latency.

Figure17: Usingthethree-nodestringexperiment,weshow
how thenodeinterval durationaffectsenergy consumption.

terval time is thespacingbetweenAD packets.For
the forwarder, this also decreasesthe energy con-
sumption. With a longerspacebetweenADs, the
nodecansleepbetweenAD transmissions.

Whentuningtheinterval size,therearetwo main
things to think about, if you want the application
datato have a lower latency, decreasingtheinterval
sizeshouldbethe�rst parameterto tune.However,
we mustkeepin mind that decreasingthe interval
sizewill alsoincreasethenumberof transitions,so
energy consumptionwould increaserelative to the
decreasein theinterval size.

Next we explore the effect of varying the num-
ber of advertisements.In Figure18, aswe would
expect,latency decreasesas ) increases.Lower la-
tenciesarea resultof anincreasedprobabilityof an

Figure18: Usingthethree-nodestringexperiment,weshow
how thenumberof advertisementsper interval affectsaverage
packet latency.

Figure19: Usingthethree-nodestringexperiment,weshow
how the numberof advertisementsper interval affectsenergy
consumption.

AD being received (larger )r!s ) and as the num-
berof ADs increases,theseparationbetweenthem
decreases.Anotherway to think of theadvertising
rateis themoreanodeadvertises,themorelikely it
is to “catch” thenext hopearlierin its dutycycle,al-
lowing thedatato propagateto thenext hopfaster.
Figure 19 shows the averageenergy consumption
for eachnode. Sincethedestinationdoesnot send
ADs, its energy consumptionis unaffected. In the
left test,we seethe senderenergy increasedespite
the decreasein the numberof ADs. This is dueto
thefact that )s!/ Ctu' , in this case'M�s!Q������gZ*v���wg .
Thus,thesendertransmitsmoreADs sincethefor-
warderis not awake to hearthem. We may expect



Figure20: Usingthethree-nodestringexperiment,weshow
how thepercentawake time perinterval affectsaveragepacket
latency.

Figure21: Usingthethree-nodestringexperiment,weshow
how theawake time percentageaffectsenergy consumption.

the forwarderto be in a similar situation,however,
thenumberof ADs is low enoughto allow the for-
warderto sleepbetweenAD transmissions,decreas-
ing theenergy consumption,while at thesametime,
it maybesendingmoreADs, so theenergy is rela-
tively stablefor thethreetests.

In summary, therearea few factorsthatmustbe
consideredwhen tuning the numberof advertise-
ments. Increasingthe numberof ADs hasa few
effectswith the samegeneralresult, the latency is
decreased.IncreasingtheADs makesit morelikely
that thenext hophearsaboutthedata,allowing the
sendertomoveto thenext packetorsleep.Themain
issueto keepin mindis theratioof �yx�) , thetimebe-
tweenADs. If this fallsbelow theminimumbene�-

cial sleeptime (to accountfor transitioncosts),the
nodewill not sleepbetweenADs, possiblyincreas-
ing theenergy consumption.Otherwise,if thetime
is long enough,the sendercantransitionandsleep
betweensendingADs.

Next weexplorethetimenodesspendin theirac-
tive cycle (varying  ). In Figure20, we have three
tests,from left to right: a low  , the tunedtestand
�nally , a higher  . Again, increasingthe time each
nodespendsawake decreasesthe latency sincethe
dataaremorequickly transmittedto thesink. Now
we turn to the energy consumptionin Figure 21.
Again, one of the node types is only slightly af-
fectedby the parameter;this time it is the sender
sinceit doesnot needto be on to hearADs. Now,
looking at the left test,we seethat with low  val-
ues,thesinkdecreasesits energy consumption.This
time, the forwarderincreasesits energy consump-
tion. Again, this is due to to the low )r!s value
( �z!{������k��|*}���nl���� ). Sincethesink is not awake to
heartheADs sentby theforwarder, it is requiredto
sendmoreADs andconsumemoreenergy. In the
right test,we seethat  dominatesthe sink energy,
increasing hasincreasedthe time the destination
spendsin idle, increasingits energy consumption.
A similar effect occurswith the forwarder, how-
ever, the consumptionis simultaneouslydecreased
becausethesinkhearstheADsandlesstimeisspent
sendingADs.

As with the string experiment evaluating the
awake percentage,thesourcesto sink topologyex-
periencessimilarresultsin Figure22. Again,as in-
creases,thelatency decreases.In Figure23,we can
also seesimilar effects with the energy consump-
tion. A lower  valueforcesthesendersto transmit
moreADs, leftmosttest,while a higher  valuein-
creasestheconsumptionfor thereceiving nodesdue
to increasedidle time,rightmosttest.

Ultimately, the time spentin the active statede-
pendsupon the traf�c in the area, if there is not
any traf�c, a lowerdutycycle is preferablesincethe
nodewould otherwisebewastingenergy in theidle
state. However, if the nodeis receiving dataand
actsas a sink, so it doesnot have to forward the
dataontoanothernode,anincreasein theactivecy-
cle canhelp to alleviate theburdenon theprevious
forwardingnodes.

The �nal parameterwe experimentwith tuning
is the batchsize,B. In thesegraphs,we areusing



Figure22: Usingtheeight-nodesourcesto sinkexperiment,
we show how theawake time percentageaffectslatency. [Set-
tings: ~B• sources,forwarders1 and2, forwarder3, sink]

thesourcesto sink topology. Theexperimentscon-
sistof little, moderate,andmorebatching,from left
to right. Increasingthe batchsize increasesdelay,
Figure24, dueto increasedbuffering while nodes
wait for moredatato meetthe batchsize. As for
theenergy, Figure25 shows how batchingcancon-
serve energy. Not only doesbatchingallow neigh-
borsto enterthe sleepstatefor overhearingavoid-
ance,it alsodecreasesthenumberof ADs thatmust
be sent. Looking at the sourcenodes,we seethe
effectsof batching. In the left test,we seethat all
of thenodesresponsiblefor sendinghave increased
energy consumption.It is importantto notethatthe
sink's energy consumptionis unaffected,this is due
to the sink having the sameamountof work to do
over the test, it hasthe sameamountof DATA to
receive. Back to the senders,we seethat with in-
creasedbatching,we have decreasedenergy con-
sumptiondueto thedecreasednumberof intervals
with advertising.If thebuffer hasnot metthebatch
size, the nodedoesnot have to advertisethe data,
therebysaving energy.

Figure 23: Using the eight-nodesourcesto sink experi-
ment,we show how theawake time percentageaffectsenergy
consumption.[Settings: ~€• sources,forwarders1 and2, for-
warder3, sink]

Figure24: Usingtheeight-nodesourcesto sinkexperiment,
we show how thebatchsizeaffectspacket latency.

Figure25: Usingtheeight-nodesourcesto sinkexperiment,
we show how thebatchsizeaffectsenergy consumption.



In thesetwo graphs,throughincreasinglatency
we seethat batchingallows nodesto conserve en-
ergy. This is accomplishedthroughreducedcontrol
overheadwith respectto sendingadvertisements
and also throughreducingthe numberof packets
thatareoverheardwhenadvertising.Anotherbene-
�t of largerbatchsizes,it allows nodesto sleepfor
thedurationof thebatchedtransmission,if applica-
ble. Thus,if applicationsareableto toleratesome
additionaldelay, batchingmaybeeffective for con-
servingenergy.

While we do not yet have a methodologyfor lo-
catingoptimalsettings,theseexperimentsshow the
promiseof thisprotocolandjustify thevalueof fur-
therexploration.

5 Conclusionsand Futur eWork

In this paper, we have proposedan asynchronous
and asymmetricMAC-level protocol for sensor
networks that allows exploitation of radio power
modes.The particularproblembeingaddressedis
the disproportionateenergy consumptionof criti-
cal nodesin a region of thedeployed network with
few alternateroutes. The time spentin idle listen-
ing modeis theprimarytargetof our approach.By
providing asymmetryin the sleep/idleduty cycles,
heavily loadednodesmaybeableto sharethebur-
densof maintainingconnectivity andtheassociated
energy costamongmore lightly loadedneighbors.
Theprotocoloffersameansto tunethetradeoff be-
tweenconservingenergy anddatadelivery perfor-
mance.

Simulationresultsshow that the protocol is ef-
fective in both reducing the energy consumption
of the network's largest consumersand reducing
the leftover capacityin othernodes. They make a
casethat asymmetricand asynchronousprotocols
canoffer bene�tswithoutincurringsigni�cant over-
heads.Thereis aneffect onpacket latency, but sen-
sorapplicationsmayhavemoreseriousenergy con-
straintsthanlatency requirements.Decouplinglis-
teningandadvertisingcyclesallowsmore�e xibility
in schedulingthanprotocolsbasedon a singleduty
cycle for both functions. We demonstratethe im-
pactof differentcombinationsof parametervalues
andhow they affect tuning.

Thereareseveraldirectionsin which we plan to

extend this work in the nearfuture. We areplan-
ningto doanimplementationonawirelessdeviceto
bothvalidatethesimulatorwith measurementsand
evaluatetheprotocolwith actualapplicationwork-
loads.Wealsoplanto do amoreextensive studyof
thedesignspacefor asymmetricdutycyclesamong
nodesservingdifferent roles in the network. We
hopeto beableto deriveamodelanddevelopadap-
tiveschemesto allow nodesto negotiate and ) set-
tings with neighborsbasedon relative load factors
suchastheir messagetraf�c, participationin multi-
ple routes,or rateof batterydischarge.
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