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Abstract—This paper proposesS-MAC, a medium-accesscontrol (MAC)
protocol designedfor wir elesssensornetworks. Wir elesssensornetworks
usebattery-operated computing and sensingdevices. A network of these
deviceswill collaborate for a common application such as envir onmental
monitoring. Weexpectsensornetworks to bedeployedin an ad hocfashion,
with individual nodesremaining largely inactive for long periods of time,
but then becomingsuddenlyactivewhensomethingis detected.Thesechar-
acteristicsof sensornetworks and applicationsmotivate a MAC that is dif-
ferent fr om traditional wir elessMACssuchasIEEE 802.11in almostevery
way: energy conservation and self-con�guration are primary goals,while
per-node fair nessand latency are lessimportant. S-MAC usesthr eenovel
techniquesto reduceenergy consumption and support self-con�guration.
To reduceenergy consumptionin listening to an idle channel,nodesperiod-
ically sleep. Neighboring nodesform virtual clustersto auto-synchronize
on sleep schedules. Inspir ed by PAMAS, S-MAC also sets the radio to
sleepduring transmissionsof other nodes. Unlik e PAMAS, it only uses
in-channel signaling. Finally, S-MAC applies messagepassingto reduce
contention latency for sensor-network applications that require store-and-
forward processingas data move thr ough the network. We evaluate our
implementation of S-MAC over a samplesensornode,the Mote, developed
at University of California, Berkeley. The experiment resultsshow that, on
a sourcenode,an 802.11-like MAC consumes2–6 times more energy than
S-MAC for traf�c load with messagessentevery 1–10s.

I . INTRODUCTION

W IRELESSsensornetworking is anemerging technology
that hasa wide rangeof potentialapplicationsinclud-

ing environmentmonitoring,smartspaces,medicalsystemsand
roboticexploration.Suchanetwork normallyconsistsof a large
numberof distributed nodesthat organize themselves into a
multi-hop wirelessnetwork. Eachnodehasoneor moresen-
sors,embeddedprocessorsand low-power radios,and is nor-
mally batteryoperated.Typically, thesenodescoordinateto per-
form acommontask.

Like in all shared-mediumnetworks,mediumaccesscontrol
(MAC) is animportanttechniquethatenablesthesuccessfulop-
erationof thenetwork. Onefundamentaltaskof theMAC pro-
tocol is to avoid collisionsso that two interferingnodesdo not
transmitat thesametime. Therearemany MAC protocolsthat
havebeendevelopedfor wirelessvoiceanddatacommunication
networks. Typical examplesincludethe time division multiple
access(TDMA), codedivision multiple access(CDMA), and
contention-basedprotocolslike IEEE802.11[1].

To designa goodMAC protocolfor thewirelesssensornet-
works,we have consideredthefollowing attributes.The�rst is
the energy ef�ciency. As statedabove, sensornodesarelikely
to bebatterypowered,andit is oftenvery dif�cult to changeor
rechargebatteriesfor thesenodes.In fact,somedaywe expect
somenodesto be cheapenoughthat they arediscardedrather
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thanrecharged.Prolongingnetwork lifetime for thesenodesis a
critical issue.Anotherimportantattributeis thescalabilityto the
changein network size,nodedensityandtopology. Somenodes
maydie over time; somenew nodesmayjoin later;somenodes
maymoveto differentlocations.Thenetwork topologychanges
over time aswell due to many reasons.A goodMAC proto-
col shouldeasilyaccommodatesuchnetwork changes.Other
important attributes include fairness,latency, throughputand
bandwidthutilization. Theseattributesaregenerallytheprimary
concernsin traditionalwirelessvoiceanddatanetworks,but in
sensornetworksthey aresecondary.

This paperpresentssensor-MAC (S-MAC), a new MAC pro-
tocol explicitly designedfor wirelesssensornetworks. While
reducingenergy consumptionis theprimarygoalin our design,
our protocolalsohasgoodscalabilityandcollision avoidance
capability. It achievesgoodscalabilityandcollision avoidance
by utilizing a combinedschedulingandcontentionscheme.To
achieve theprimarygoalof energy ef�ciency, we needto iden-
tify what arethe main sourcesthat causeinef�cient useof en-
ergy aswell aswhat trade-offs we canmake to reduceenergy
consumption.

We have identi�ed the following major sourcesof energy
waste. The �rst one is collision. When a transmittedpacket
is corrupted it has to be discarded,and the follow-on re-
transmissionsincreaseenergy consumption.Collision increases
latency as well. The secondsourceis overhearing, meaning
that a nodepicks up packets that aredestinedto othernodes.
The third sourceis control packet overhead. Sendingandre-
ceiving control packets consumesenergy too, and lessuseful
datapacketscanbe transmitted.The lastmajorsourceof inef-
�ciency is idle listening, i.e., listeningto receive possibletraf-
�c that is not sent. This is especiallytrue in many sensornet-
work applications.If nothingis sensed,nodesarein idle mode
for mostof the time. However, in many MAC protocolssuch
as IEEE 802.11or CDMA nodesmust listen to the channel
to receive possibletraf�c. Many measurementshave shown
that idle listening consumes50–100%of the energy required
for receiving. For example,StemmandKatz measurethat the
idle:receive:sendratiosare1:1.05:1.4[2], while the Digitan 2
Mbps WirelessLAN module(IEEE 802.11/2Mbps)speci�ca-
tion shows idle:receive:sendratiosis 1:2:2.5[3].

S-MAC triesto reducethewasteof energy from all theabove
sources.In exchangeweacceptsomereductionin bothper-hop
fairnessandlatency. Althoughper-hopfairnessandlatency are
reduced,we will arguethat the reductiondoesnot necessarily
resultin lowerend-to-endfairnessandlatency.

In traditionalwirelessvoice or datanetworks, eachuserde-
sires equal opportunity and time to accessthe medium, i.e.,



sendingor receiving packets for their own applications. Per-
hopMAC level fairnessis thusanimportantissue.However, in
sensornetworks,all nodescooperatefor a singlecommontask.
Normally thereis only oneapplication.At certaintime, a node
mayhavedramaticallymoredatato sendthansomeothernodes.
In thiscasefairnessis not importantaslongasapplication-level
performanceis not degraded.In our protocol,we re-introduce
the conceptof messagepassingto ef�ciently transmita very
long message.Thebasicideais to divide thelong messageinto
small fragmentsandtransmitthemin a burst. Theresultis that
a nodewho hasmoredatato sendgetsmoretime to accessthe
medium. This is unfair from a per-hop, MAC level perspec-
tive, for thosenodeswho only have someshortpacketsto send,
sincetheir shortpacketshave to wait a long time for very long
packets. However, aswe will show later, messagepassingcan
achieveenergy savingsby reducingcontroloverheadandavoid-
ing overhearing.

Latency canbeimportantor unimportantdependingon what
applicationis runningandthenodestate.During a periodthat
thereis nosensingevent,thereis normallyvery little data�o w-
ing in the network. Most of the time nodesare in idle state.
Sub-secondlatency is not important,andwe cantradeit off for
energy savings. S-MAC thereforeletsnodesperiodicallysleep
if otherwisethey are in the idle listening mode. In the sleep
mode,a nodewill turn off its radio. Thedesignreducestheen-
ergy consumptiondueto idle listening.However, thelatency is
increased,sincea sendermustwait for thereceiver to wake up
beforeit cansendoutdata.

An importantfeatureof wirelesssensornetworks is the in-
network data processing. It can greatly reduceenergy con-
sumptioncomparedto transmittingall the raw datato the end
node[4], [5], [6]. In-network processingrequiresstore-and-
forward processingof messages.A messageis a meaningful
unit of datathat a nodecanprocess(averageor �lter , etc.). It
maybelongandconsistsof many smallfragments.In thiscase,
MAC protocolsthatpromotefragment-level fairnessactuallyin-
creasemessage-level latency for the application. In contrast,
messagepassingreducesmessage-level latency by tradingoff
thefragment-level fairness.

To demonstratethe effectivenessand measurethe perfor-
manceof our MAC protocol, we have implementedit on our
testbedwirelesssensornodes,Motes, developedby Univer-
sity of California, Berkeley [7]. The mote hasa 8-bit Atmel
AT90LS8535microcontrollerrunningat 4 MHz. It hasa low
power radio transceiver moduleTR1000from RF Monolithics,
Inc [8], which operatesat 916.5MHz frequency andprovidesa
transmissionrateof 19.2Kbps. Themoterunson a very small
event-driven operatingsystemcalled TinyOS [9]. In order to
comparetheperformanceof our protocolwith someotherpro-
tocols,wealsoimplementedasimpli�ed IEEE802.11MAC on
thisplatform.

Thecontributionsof thiswork aretherefore:
� Theschemeof periodiclistenandsleepreducesenergy con-
sumptionby avoiding idle listening. The useof synchroniza-
tion to form virtual clustersof nodeson thesamesleepsched-
ule. Theseschedulescoordinatenodesto minimize additional
latency.

� The use of in-channelsignaling to put eachnode to sleep
whenits neighboris transmittingto anothernode.This method
avoidstheoverhearingproblemandis inspiredby PAMAS [10],
but doesnot requireanadditionalchannel.
� Applying messagepassingto reduceapplication-perceivedla-
tency andcontroloverhead.Per-nodefragment-level fairnessis
reducedsincesensornetwork nodesareoftencollaboratingto-
wardsasingleapplication.
� Evaluatingan implementationof our new MAC over sensor-
netspeci�c hardware.

I I . RELATED WORK

Themediumaccesscontrolisabroadresearcharea,andmany
researchershave doneresearchwork in the new areaof low
powerandwirelesssensornetworks[11], [12], [13], [14].

Current MAC designfor wirelesssensornetworks can be
broadly divided into contention-basedand TDMA protocols.
ThestandardizedIEEE802.11distributedcoordinationfunction
(DCF) [1] is anexampleof thecontention-basedprotocol,and
is mainly built on the researchprotocol MACAW [15]. It is
widely usedin adhocwirelessnetworksbecauseof its simplic-
ity androbustnessto thehiddenterminalproblem.However, re-
centwork [2] hasshown thattheenergy consumptionusingthis
MAC is very high whennodesarein idle mode.This is mainly
dueto the idle listening. PAMAS [10] madean improvement
by trying to avoid the overhearingsamongneighboringnodes.
Our paperalsoexploits similar methodfor energy savings. The
maindifferenceof our work with PAMAS is thatwe do not use
any out-of-channelsignaling. Whereasin PAMAS, it requires
two independentradiochannels,which in mostcasesindicates
two independentradiosystemson eachnode.PAMAS doesnot
addresstheissueof reduceidle listening.

The otherclassof MAC protocolsarebasedon reservation
andscheduling,for exampleTDMA-basedprotocols. TDMA
protocolshaveanaturaladvantageof energy conservationcom-
paredto contentionprotocols,becausetheduty cycle of thera-
dio is reducedandthereis no contention-introducedoverhead
and collisions. However, using TDMA protocol usually re-
quiresthenodesto form realcommunicationclusters,likeBlue-
tooth[16], [17] andLEACH [13]. Managinginter-clustercom-
municationandinterferenceis notaneasytask.Moreover, when
thenumberof nodeswithin a clusterchanges,it is not easyfor
a TDMA protocol to dynamicallychangeits framelengthand
time slot assignment.So its scalabilityis normallynot asgood
asthatof a contention-basedprotocol. For example,Bluetooth
mayhaveatmost8 active nodesin acluster.

SohrabiandPottie[12] proposedaself-organizationprotocol
for wirelesssensornetworks. Eachnodemaintainsa TDMA-
like frame,calledsuperframe,in which thenodeschedulesdif-
ferenttime slotsto communicatewith its known neighbors.At
eachtime slot, it only talks to one neighbor. To avoid inter-
ferencebetweenadjacentlinks, the protocol assignsdifferent
channels,i.e., frequency (FDMA) or spreadingcode(CDMA),
to potentiallyinterferinglinks. Althoughthesuperframestruc-
ture is similar to a TDMA frame,it doesnot prevent two inter-
fering nodesfrom accessingthemediumat thesametime. The
actualmultiple accessis accomplishedby FDMA or CDMA. A



drawbackof the schemeis its low bandwidthutilization. For
example,if a nodeonly haspacketsto besentto oneneighbor,
it cannotreusethetimeslotsscheduledto otherneighbors.

Piconet[11] is anarchitecturedesignedfor low-poweradhoc
wirelessnetworks. Oneinterestingfeatureof piconetis that it
alsoputsnodesinto periodicsleepfor energy conservation.The
schemethat piconetusesto synchronizeneighboringnodesis
to let a nodebroadcastits addressbeforeit startslistening. If
a nodewantsto talk to a neighboringnode,it mustwait until it
receivestheneighbor's broadcast.

Woo and Culler [14] examineddifferent con�gurations of
carrier sensemultiple access(CSMA) and proposedan adap-
tive ratecontrolmechanism,whosemaingoal is to achieve fair
bandwidthallocationto all nodesin a multi-hopnetwork. They
have usedthe motesandTinyOS platform to testandmeasure
differentMAC schemes.In comparison,our approachdoesnot
promoteper-nodefairness,andeven tradeit off for furtheren-
ergy savings.

I I I . SENSOR-MAC PROTOCOL DESIGN

The main goal in our MAC protocoldesignis to reduceen-
ergy consumption,while supportinggoodscalabilityandcolli-
sion avoidance.Our protocoltries to reduceenergy consump-
tion from all the sourcesthat we have identi�ed to causeen-
ergy waste,i.e., idle listening,collision,overhearingandcontrol
overhead.To achieve thedesigngoal,wehavedevelopedtheS-
MAC that consistsof threemajor components:periodic listen
and sleep,collision and overhearingavoidance,and message
passing.Beforedescribingthemwe �rst discussour assump-
tionsaboutthewirelesssensornetwork andit applications.

A. NetworkandApplicationAssumptions

Sincesensornetworksaresomewhatdifferentthantraditional
IP networks or ad hoc networks of laptopcomputers,we next
summarizeourassumptionsaboutsensornetworksandapplica-
tions.

We expect sensornetworks to be composedof many small
nodesdeployed in an ad hoc fashion. Sensornetworks will
be composedof many small nodesto take advantageof phys-
ical proximity to the target to simplify signalprocessing.The
large numberof nodescanalsotake advantageof short-range,
multi-hop communication(insteadof long-rangecommunica-
tion) to conserve energy [4]. Most communicationwill be be-
tweennodesaspeers,ratherthanto a singlebase-station.Be-
causetherearemany nodes,they will be deployed casuallyin
anadhocfashion,ratherthancarefullypositioned.Nodesmust
thereforeself-con�gure.

We expectmostsensornetworks to be dedicatedto a single
applicationor a few collaborative applications,thusratherthan
node-level fairness(like in theInternet),we focuson maximiz-
ing system-wideapplicationperformance.

In-network processingis critical to sensornetwork life-
time [5], [6]. Sincesensornetworks arecommittedto oneor
a few applications,application-speci�ccodecanbedistributed
throughthenetwork andactivatedwhennecessaryor distributed
on-demand.Techniquessuchas dataaggregation can reduce
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Fig. 1. Periodiclistenandsleep.

traf�c, while collaborative signalprocessingcanreducetraf�c
andimprovesensingquality. In-network processingimpliesthat
datawill beprocessedaswholemessagesata timein store-and-
forward fashion,so packet or fragment-level interleaving from
multiplesourcesonly increasesoverall latency.

Finally, we expect that applicationswill have long idle pe-
riods and can toleratesomelatency. In sensornetworks, the
applicationsuchassurveillanceor monitoringwill be vigilant
for long periodsof time, but largely inactive until something
is detected.For suchapplications,network lifetime is critical.
Theseclassesof applicationscanoften also toleratesomead-
ditional latency. For example,the speedof the sensedobject
placesa boundon how rapidly thenetwork mustdetectanob-
ject. (Oneapplication-level approachto managelatency is to
deploy a slightly larger sensornetwork and have edgenodes
raisethe network to heightenedawarenesswhensomethingis
detected.)

These assumptionsabout the network and application
stronglyin�uence our MAC designandmotivateits differences
from existingprotocolssuchasIEEE802.11.

B. PeriodicListenandSleep

As statedabove, in many sensornetwork applications,nodes
arein idle for a long time if no sensingevent happens.Given
the fact that the datarate during this period is very low, it is
not necessaryto keepnodeslisteningall thetime. Our protocol
reducesthe listen time by letting nodego into periodic sleep
mode. For example, if in eachseconda nodesleepsfor half
secondandlistensfor theotherhalf, its dutycycle is reducedto
50%.Sowecanachieve closeto 50%energy savings.

B.1 BasicScheme

The basicschemeis shown in Figure1. Eachnodegoesto
sleepfor sometime,andthenwakesup andlistensto seeif any
othernodewantsto talk to it. During sleep,thenodeturnsoff
its radio,andsetsa timer to awake itself later.

Thedurationof timefor listeningandsleepingcanbeselected
accordingtodifferentapplicationscenarios.Forsimplicity these
valuesarethesamefor all thenodes.

Our schemerequiresperiodicsynchronizationamongneigh-
boringnodesto remedytheirclockdrift. Weusetwo techniques
to makeit robustto synchronizationerrors.First,all timestamps
that are exchangedare relative rather than absolute. Second,
thelistenperiodis signi�cantly longerthanclock erroror drift.
For example,the listendurationof 0.5sis morethan105 times
longer than typical clock drift rates. Comparedwith TDMA
schemeswith very shorttime slots,our schemerequiresmuch
loosersynchronizationamongneighboringnodes.All nodesare
free to choosetheir own listen/sleepschedules.However, to
reducecontrol overhead,we preferneighboringnodesto syn-
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Fig. 2. NeighboringnodesA andB havedifferentschedules.They synchronize
with nodesC andD respectively.

chronizetogether. Thatis, they listenat thesametimeandgoto
sleepat thesametime. It shouldbenoticedthatnot all neigh-
boringnodescansynchronizetogetherin a multi-hopnetwork.
Two neighboringnodesA andB mayhavedifferentschedulesif
they eachin turn mustsynchronizewith differentnodes,C and
D, respectively, asshown in Figure2.

Nodesexchangetheir schedulesby broadcastingit to all its
immediateneighbors.This ensuresthat all neighboringnodes
cantalk to eachotherevenif they have differentschedules.For
example,in Figure2 if nodeA wantsto talk to nodeB, it just
wait until B is listening. If multiple neighborswant to talk to
a node,they needto contendfor themediumwhenthenodeis
listening.Thecontentionmechanismis thesameasthatin IEEE
802.11,i.e., usingRTS (RequestTo Send)andCTS (ClearTo
Send)packets. The nodewho �rst sendsout the RTS packet
winsthemedium,andthereceiverwill replywith aCTSpacket.
After they startdatatransmission,they donot follow their sleep
schedulesuntil they �nish transmission.

Anothercharacteristicof our schemeis that it forms nodes
into a �at topology. Neighboringnodesarefree to talk to each
otherno matterwhat listenschedulesthey have. Synchronized
nodesfrom a virtual cluster. But thereis no realclusteringand
thusno problemsof inter-clustercommunicationsandinterfer-
ence. This schemeis quite easyto adaptto topologychanges.
Wewill talk aboutthis issuelater.

The downsideof the schemeis that the latency is increased
due to the periodic sleepof eachnode. Moreover, the delay
canaccumulateon eachhop. Sothelatency requirementof the
applicationplacesa fundamentallimit on thesleeptime.

B.2 ChoosingandMaintainingSchedules

Beforeeachnodestartsits periodiclistenandsleep,it needs
to choosea scheduleandexchangeit with its neighbors.Each
nodemaintainsa scheduletable thatstorestheschedulesof all
its known neighbors. It follow the stepsbelow to chooseits
scheduleandestablishits scheduletable.
1. Thenode�rst listensfor a certainamountof time. If it does
not heara schedulefrom anothernode,it randomlychoosesa
time to go to sleepandimmediatelybroadcastsits schedulein
a SYNC message,indicatingthat it will go to sleepafter t sec-
onds. We call sucha nodea synchronizer, sinceit choosesits
scheduleindependentlyandothernodeswill synchronizewith
it.
2. If thenodereceivesaschedulefrom aneighborbeforechoos-
ing its own schedule,it follows that scheduleby setting its
scheduleto be the same. We call sucha nodea follower. It
thenwaitsfor arandomdelaytd andrebroadcaststhisschedule,
indicatingthatit will sleepin t � td seconds.Therandomdelay
is for collision avoidance,so that multiple followers triggered
from thesamesynchronizerdo not systematicallycollide when

rebroadcastingtheschedule.
3. If a nodereceives a different scheduleafter it selectsand
broadcastsits own schedule,it adoptsboth schedules(i.e., it
schedulesitself to wake up at thetimesof bothis neighborand
itself). It broadcastsit own schedulebeforegoingto sleep.

We expect that nodesonly rarely adoptmultiple schedules,
sinceeverynodetriesto follow existingschedulesbeforechoos-
ing an independentone. On the otherhand,it is possiblethat
someneighboringnodesfail to discovereachotheratbeginning
dueto collisionswhenbroadcastingschedules.They may still
�nd eachotherlaterin their subsequentperiodiclistening.

To illustrate this algorithm, considera network where all
nodescanheareachother. Thetimer of onenodewill �re �rst
andits broadcastwill synchronizeall of its peerson its sched-
ule. If insteadtwo nodesindependentlyassignschedules(either
becausethey cannotheareachother, or becausethey happen
to transmitat nearly the sametime), thosenodeson the bor-
der betweenthe two scheduleswill adoptboth. In this way, a
nodeonly needsto sendoncefor a broadcastpacket. The dis-
advantageis thatthesebordernodeshave lesstime to sleepand
consumemoreenergy thanothers.

Anotheroption is to let the nodeson the borderadoptonly
oneschedule,which is theoneit receives�rst. Sinceit knows
anotherschedulethat someotherneighborsfollow, it canstill
talk to them. However, for broadcastpackets,it needsto send
twice to the two differentschedules.Theadvantageis that the
bordernodeshave thesamesimplepatternof periodlistenand
sleepasothernodes.

B.3 MaintainingSynchronization

The listen/sleepschemerequires synchronizationamong
neighboringnodes. Although the long listen time cantolerate
fairly large clock drift, neighboringnodesstill needto period-
ically updateeachother their schedulesto prevent long-time
clock drift. The updatingperiodcanbe quite long. The mea-
surementson our testbednodesshow thatit canbeon theorder
of tensof seconds.

Updating schedulesis accomplishedby sendinga SYNC
packet. The SYNC packet is very short,and includesthe ad-
dressof thesenderandthetimeof its next sleep.Thenext-sleep
time is relative to themomentthat thesender�nishes transmit-
ting the SYNC packet, which is approximatelywhenreceivers
get the packet (sincepropagation delaysareshort). Receivers
will adjusttheir timersimmediatelyafterthey receivetheSYNC
packet. A nodewill go to sleepwhenthetimer �res.

In order for a nodeto receive both SYNC packetsanddata
packets, we divide its listen interval into two parts. The �rst
part is for receiving SYNC packets,andthe secondoneis for
receiving RTS packets,asshown in Figure3. Eachpart is fur-
therdividedinto many time slotsfor sendersto performcarrier
sense.For example,if a senderwantsto senda SYNC packet,
it startscarriersensewhenthereceiver begins listening. It ran-
domly selectsa time slot to �nish its carriersense.If it hasnot
detectedany transmissionby theendof thetimeslot, it wins the
mediumandstartssendingits SYNC packet at that time. The
sameprocedureis followedwhensendingdatapackets.
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Fig. 3. Timing relationshipbetweenareceiveranddifferentsenders.CSstands
for carriersense.

Figure 3 also shows the timing relationshipof threepossi-
ble situationsthat a sendertransmitsto a receiver. CS stands
for carrier sense. In the �gure, sender1 only sendsa SYNC
packet. Sender2 only wantsto senddata. Sender3 sendsa
SYNCpacket andaRTSpacket.

EachnodeperiodicallybroadcastsSYNCpacketsto its neigh-
borsevenif it hasnofollowers.Thisallowsnew nodesto join an
existing neighborhood.Thenew nodefollows thesameproce-
durein theabove subsectionto chooseits schedule.Theinitial
listen periodshouldbe long enoughso that it is able to learn
andfollow anexistingschedulebeforechoosinganindependent
one.

C. CollisionandOverhearingAvoidance

Collision avoidanceis a basic task of MAC protocols. S-
MAC adoptsa contention-basedscheme.It is commonthatany
packettransmittedby anodeis receivedby all its neighborseven
thoughonly oneof themis the intendedreceiver. Overhearing
makescontention-basedprotocolslessef�cient in energy than
TDMA protocols.Soit needsto beavoided.

C.1 CollisionAvoidance

Sincemultiple sendersmaywant to sendto a receiver at the
sametime, they needto contendfor the mediumto avoid col-
lisions. Among contentionbasedprotocols,the 802.11doesa
verygoodjob of collisionavoidance.Ourprotocolfollowssim-
ilar procedures,includingbothvirtual andphysicalcarriersense
andRTS/CTSexchange.We adopttheRTS/CTSmechanismto
addressthehiddenterminalproblem[15].

Thereis a duration�eld in eachtransmittedpacket that indi-
cateshow long theremainingtransmissionwill be.Soif anode
receivesa packet destinedto anothernode,it knows how long
it hasto keepsilent. Thenoderecordsthis valuein anvariable
calledthenetwork allocationvector(NAV) [1] andsetsa timer
for it. Every time when the NAV timer �res, the nodedecre-
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Fig. 4. WhoshouldsleepwhennodeA is transmittingto B?

mentsthe NAV valueuntil it reacheszero. Whena nodehas
datato send,it �rst looksat theNAV. If its valueis notzero,the
nodedeterminesthat themediumis busy. This is calledvirtual
carriersense.

Physical carriersenseis performedat the physical layer by
listening to the channelfor possibletransmissions.The pro-
cedurewasdescribedin sectionIII-B.3. The randomizedcar-
rier sensetime is very importantfor collision avoidance. The
mediumis determinedasfreeif bothvirtual andphysicalcarrier
senseindicatethatit is free.

All sendersperformcarriersensebeforeinitiating atransmis-
sion.If anodefailsto getthemedium,it goesto sleepandwakes
upwhenthereceiveris freeandlisteningagain. Broadcastpack-
etsaresentwithoutusingRTS/CTS.Unicastpacketsfollow the
sequenceof RTS/CTS/DATA/ACK betweenthesenderandthe
receiver.

C.2 OverhearingAvoidance

In 802.11eachnodekeepslisteningto all transmissionsfrom
its neighborsin ordertoperformeffectivevirtual carriersensing.
As a result, eachnodeoverhearsa lot of packets that are not
directedto itself. Thisis asigni�cant wasteof energy, especially
whennodedensityis highandtraf�c loadis heavy.

Our protocoltries to avoid overhearingby letting interfering
nodesgo to sleepafter they hearanRTS or CTSpacket. Since
DATA packetsarenormally muchlongerthancontrol packets,
theapproachpreventsneighboringnodesfrom overhearinglong
DATA packetsandthe following ACKs. In next subsectionwe
describehow to ef�ciently transmita long packet combining
with the overhearingavoidance.Now we look at which nodes
shouldgo to sleepwhenthereis an active transmissiongoing
on.

As shown in Figure 4, nodeA, B, C, D, E, and F forms a
multi-hopnetwork whereeachnodecanonly hearthetransmis-
sionsfrom its immediateneighbors. SupposenodeA is cur-
rently transmittingadatapacket to B. Thequestionis, whichof
theremainingnodesshouldgo to sleepnow.

Rememberthat collision happensat the receiver. It is clear
thatnodeD shouldgo to sleepsinceits transmissioninterferes
with B's reception. It is easyto show that nodeE and F do
not produceinterference,so they do not needto go to sleep.
ShouldnodeC go to sleep?C is two-hopaway from B, andits
transmissiondoesnot interferewith B's reception,so it is free
to transmitto its otherneighborslikeE. However, C is unableto
getany replyfromE,e.g., CTSor data,becauseE'stransmission
collideswith A's transmissionatnodeC. SoC's transmissionis
simply a wasteof energy. In summary, all immediateneighbors
of both thesenderandthereceiver shouldsleepafter they hear
theRTSor CTSpacket until thecurrenttransmissionis over.

Eachnodemaintainsthe NAV to indicatethe activity in its
neighborhood.Whena nodereceivesa packet destinedto other



nodes,it updatesits NAV by the duration�eld in the packet.
A non-zeroNAV value indicatesthat thereis an active trans-
missionin its neighborhood.TheNAV valuedecrementsevery
time when the NAV timer �res. Thus a nodeshouldsleepto
avoid overhearingif its NAV is not zero. It canwake up when
its NAV becomeszero.

D. MessagePassing

This subsectiondescribeshow to ef�ciently transmita long
messagein bothenergy andlatency. A message is thecollection
of meaningful,interrelatedunitsof data.It canbea long series
of packetsor a shortpacket, andusually the receiver needsto
obtainall the dataunits beforeit canperformin-network data
processingor aggregation.

Thedisadvantagesof transmittinga long messageasa single
packetis thehighcostof re-transmittingthelongpacketif onlya
few bitshavebeencorruptedin the�rst transmission.However,
if we fragmentthe long messageinto many independentsmall
packets,we have to pay the penaltyof large control overhead
andlongerdelay. It is sobecausetheRTS andCTSpacketsare
usedin contentionfor eachindependentpacket.

Our approachis to fragmentthe long messageinto many
small fragments,and transmit them in burst. Only one RTS
packet andoneCTSpacket areused.They reserve themedium
for transmittingall the fragments.Every time a datafragment
is transmitted,the senderwaits for an ACK from the receiver.
If it fails to receive theACK, it will extendthe reserved trans-
missiontimefor onemorefragment,andre-transmitthecurrent
fragmentimmediately.

As before,all packetshave the duration�eld, which is now
the time neededfor transmittingall the remainingdata frag-
mentsand ACK packets. If a neighboringnodehearsa RTS
or CTSpacket, it will go to sleepfor the time that is neededto
transmitall thefragments.

Switching the radio from sleepto active doesnot occur in-
stantaneously. For example,theRFM radioonourtestbedneeds
20� s to switchfrom sleepmodeto receivemode[8]. Therefore,
it is desirableto reducethefrequency of switchingmodes.The
messagepassingschemetries to put nodesinto sleepstateas
longaspossible,andhencereducesswitchingoverhead.

Thepurposeof usingACK aftereachdatafragmentis to pre-
vent the hiddenterminalproblem. It is possiblethat a neigh-
boring nodewakesup or a new nodejoins in the middle of a
transmission.If thenodeis only theneighborof thereceiverbut
not thesender, it will not hearthedatafragmentsbeingsentby
the sender. If the receiver doesnot sendACK frequently, the
new nodemay mistakenly infer from its carriersensethat the
mediumis clear. If it startstransmitting,the currenttransmis-
sionwill becorruptedat thereceiver.

Eachdatafragmentand ACK packet also hasthe duration
�eld. In this way, if a nodewakesup or a new nodejoins in the
middle,it canproperlygo to sleepnomatterif it is theneighbor
of the senderor the receiver. For example,supposea neigh-
boring nodereceives an RTS from the senderor a CTS from
thereceiver, it goesto sleepfor theentiremessagetime. If the
senderextendsthe transmissiontime dueto fragmentlossesor
errors,thesleepingneighborwill not beawareof theextension

immediately. However, thenodewill learnit from theextended
fragmentsor ACKswhenit wakesup.

It is worth to notethat IEEE 802.11alsohasthe fragmenta-
tion support. We shouldpoint out the differencebetweenthat
schemewith ourmessagepassing.

In 802.11,the RTS andCTS only reserves the mediumfor
the�rst datafragmentandthe�rst ACK. The�rst fragmentand
ACK then reserves the mediumfor the secondfragmentand
ACK, andso forth. So for eachneighboringnode,after it re-
ceivesa fragmentor an ACK, it knows that thereis onemore
fragmentto be sent. So it has to keep listening until all the
fragmentsaresent.Again, for energy-constrainednodes,over-
hearingby all neighborswastesa lot of energy.

The reasonfor 802.11to do so is to promotefairness. If
the senderfails to get an ACK for any fragment,it mustgive
up the transmissionandre-contendfor the medium. So other
nodeshave a chanceto transmit. This causesa long delay if
the receiver really needthe entiremessageto startprocessing.
In contrast,messagepassingextendsthetransmissiontime and
re-transmitsthecurrentfragment.Thusit hasfewercontentions
andasmalllatency. Thereshouldbealimit onhow many exten-
sionscanbemadefor eachmessagein casethat thereceiver is
really deador lost in connectionduringthetransmission.How-
ever, for sensornetworks,application-level fairnessis the goal
asopposedto per-nodefairness.

E. EnergySavingsvs. IncreasedLatency

This subsectionanalyzesthe trade-offs betweenthe energy
savingsandtheincreasedlatency dueto nodessleepschedules.
We compareour protocolwith protocolsthatdo not have peri-
odicsleepsuchastheIEEE802.11,

For a packet moving througha multi-hopnetwork, it experi-
encesthefollowing delaysateachhop:

Carrier sensedelayis introducedwhenthe senderperforms
carriersense.Its valueis determinedby thecontentionwindow
size.

Backoff delay happenswhen carrier sensefailed, either be-
causethenodedetectsanothertransmissionor becausecollision
occurs.

Transmissiondelay is determinedby channelbandwidth,
packet lengthandthecodingschemeadopted.

Propagationdelayis determinedby thedistancebetweenthe
sendingandreceiving nodes.In sensornetworks,nodedistance
is normallyvery small,andthepropagationdelaycannormally
beignored.

Processingdelay. The receiver needsto processthe packet
beforeforwardingit to thenext hop.Thisdelaymainlydepends
on the computingpower of the nodeand the ef�ciency of in-
network dataprocessingalgorithms.

Queuingdelaydependsonthetraf�c load.In theheavy traf�c
case,queuingdelaybecomesadominantfactor.

The above delaysareinherentto a multi-hop network using
contention-basedMAC protocols. Thesefactorsare the same
for both S-MAC and802.11-like protocols. An extra delay in
S-MAC is causedby nodesperiodicsleeping. Whena sender
getsa packet to transmit,it mustwait until the receiver wakes
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up. We call it sleepdelaysinceit is causedby thesleepof the
receiver.

We call a completecycle of thelistenandsleepa frame. As-
sumeapacketarrivesatthesenderwith equalprobabilityin time
within a frame.Sotheaveragesleepdelayon thesenderis

D s = Tframe=2 (1)

where

Tframe= Tlisten+ Tsleep (2)

Comparingwith protocolswithoutperiodicsleep,therelative
energy savingsin S-MAC is

Es =
Tsleep
Tframe

= 1 �
Tlisten
Tframe

(3)

The last item in the above equationis the duty cycle of the
node. It is desirableto have the listen time asshortaspossible
sothatfor a certainduty cycle, theaveragesleepdelayis short.
In our implementationwesetthelistentimeas300ms.Figure5
shows the percentageof energy savings Es vs. averagesleep
delayD s on eachnodefor thelistentime of 300msand200ms.
Wecanseethatevenif thesleeptime is zero(nosleeping)there
is still a delay. This effect is becausecontentiononly startsat
thebeginningof eachlisteninterval.

IV. PROTOCOL IMPLEMENTATION

Thepurposeof our implementationis to demonstratetheef-
fectivenessof our protocol and to compareour protocol with
802.11throughsomebasicexperiments.

A. Testbed

We useReneMotes,developedat UCB [7], asour develop-
ment platform and testbed(seeFigure 6). A mote is slightly
larger than a quarter. The heart of the node is the Atmel

Fig. 6. TheUCB ReneMote.

AT90LS8535microcontroller[18], which has8K bytesof pro-
grammable�ash and512bytesof datamemory.

Theradiotransceiver on themoteis themodelTR1000from
RF Monolithics, Inc [8]. Whenusingthe OOK(on-off keyed)
modulation,it provides a transmissionrate of 19.2 Kbps. It
hasthreeworkingmodes,i.e., receiving, transmittingandsleep,
eachdrawing theinputcurrentof 4.5mA,12mA(peak)and5� A
respectively.

Our motesuseTinyOS, an ef�cient event-driven operating
system[9], [19]. It provides the basicmechanismfor packet
transmitting,receiving andprocessing.TinyOSpromotesmod-
ularity, datasharingandreuse.

As of July2001,thestandardreleaseof TinyOShasonly one
type of packet, which consistsof a header, the payloadanda
cyclic redundancy check(CRC).Thelengthof theheaderor the
payloadcanbechangedto differentvalues.However, oncethey
arede�ned,all packetshave thesamelengthandformat. In our
MAC implementation,theheader, payloadandCRC�elds have
6B, 30Band2B respectively.

Normally the control packets,suchasRTS, CTS andACK,
areveryshortandwithoutpayload.Sowehavecreatedanother
packet type in TinyOS, the control packet, which only hasthe
6-byteheaderand the 2-byteCRC. We have modi�ed several
TinyOScomponentsto accommodatethenew packet. This en-
ablesusto ef�ciently implementMAC protocolsandaccurately
measuretheirperformance.

B. Implementationof MAC Protocols

We have implementedthreeMAC moduleson themoteand
TinyOSplatform,aslistedbelow.
1. Simpli�ed IEEE802.11DCF
2. Messagepassingwith overhearingavoidance
3. ThecompleteS-MAC

For the purposeof performancecomparison,we �rst imple-
mentedasimpli�ed versionof IEEE802.11DCF. It hasthefol-
lowing major pieces:physical andvirtual carriersense,back-
off andretry, RTS/CTS/DATA/ACK packetexchange,andfrag-
mentationsupport.

The durationof eachcarrier senseis a randomtime within
thecontentionwindow. Therandomizationis very importantto
avoid collisionsat the �rst step. For simplicity, the contention
window doesnotexponentiallyincreasewhenbackoff happens.
Thefragmentationsupportfollows thesameprocedureasin
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IEEE802.11standard[1] andis describedin Section3 of this
paper.

With 802.11the radio of eachnodedoesnot go into sleep
mode.It is eitherin listen/receiving modeor transmittingmode.

Thesecondmoduleis themessagepassingwith overhearing
avoidance.It achievesenergy savingsby avoiding overhearing,
reducingcontroloverheadandcontentiontimes. It doesnot in-
cludetheperiodlistenandsleep.Sothereis noadditionaldelay
comparingwith thesimpli�ed IEEE 802.11.Theradioof each
nodegoesinto the sleepmodeonly whenits neighborsare in
transmission.

With themessagepassingmodulewehave incorporatedperi-
odic listenandsleep,andcompletedmostbasicfunctionalities
in S-MAC.Currently, thelistentimefor eachnodeis300ms,and
sleeptime canbe changedto differentvalues,suchas300ms,
500ms,1s,etc., which makesdifferentduty cyclesof theradio.
We canalsospecifythefrequency thattheSYNCpacket is sent
for scheduleupdatebetweenneighboringnodes.In our follow-
ing experiments,wehavechosenthesleeptimeas1 secondand
thefrequency for scheduleupdateis 10 listen/sleepperiod,i.e.,
13seconds.

It shouldbenotedthattheenergysavingsin thecurrentimple-
mentationis only dueto thesleepof theradio. In otherwords,
themicrocontrollerdoesnot go to sleep.It actuallyhasa sleep
mode,which consumesmuchlessenergy andcanbewakedup
by a low-frequency watchdogtimer. If we put the microcon-
troller into the sleepmodeaswell whenthe radio is sleeping,
weareableto savemoreenergy.

V. EXPERIMENTATION

The main goal of the experimentationdescribedhere is to
measuretheenergy consumptionof theradio for usingeachof
theMAC moduleswehave implemented.

A. ExperimentSetup

Figure7 is the topologywe usedin our experiments. This
is a two-hopnetwork with two sourcesandtwo sinks. Packets
from sourceA �o w throughnodeC andendat sink D, while
thosefrom B alsopassthroughC but endat E. Thetopologyis
simple,but it is suf�cient to show thebasiccharacteristicsof the
MAC protocols.

We will look at the energy consumptionof eachnodewhen
utilizing different MAC protocolsand under different traf�c

loads.
The two sourcesperiodically generatea sensingmessage,

which is divided into somefragments.In the simpli�ed IEEE
802.11MAC, thesefragmentsaresentin a

burst,i.e., RTS/CTSis notusedfor eachfragment.Wedid not
measurethe 802.11MAC without fragmentation,which treats
eachfragmentasanindependentpacket andusesRTS/CTSfor
eachof them,sinceit is obviousthatthisMAC consumesmuch
moreenergy thantheonewith fragmentation.In our protocol,
messagepassingis used,andfragmentsof amessagearealways
transmittedin aburst.

We changethetraf�c loadby varyingtheinter-arrival period
of themessages.If themessageinter-arrival periodis 5 seconds,
a messageis generatedevery 5 secondsby eachsourcenode.
In our following experiments,the messageinter-arrival period
variesfrom 1sto 10s.

For eachtraf�c pattern,we have done10 independenttests
to measurethe energy consumptionof eachnodewhenusing
different MAC protocols. In eachtest, eachsourceperiodi-
cally generates10messages,whichin turnis fragmentedinto 10
small datapacketssupportedby the TinyOS.Thusin eachex-
periment,thereare200TinyOSdatapacketsto bepassedfrom
their sourcesto their sinks. For thehighestratewith a 1sinter-
arrival time, thewirelesschannelis nearlyfully utilized dueto
its low bandwidth.

We measurethe amountof time that eachnodehasusedto
passthesepacketsaswell asthe percentagetime its radio has
spentin eachmode(transmitting,receiving, listeningor sleep).
Theenergy consumptionin eachnodeis thencalculatedby mul-
tiplying thetimewith therequiredpower to operatetheradioin
thatmode.Wefoundthepowerconsumptionfrom thedatasheet
of theradiotransceiver, whichis 13.5mW, 24.75mWand15� W,
in receiving, transmittingandsleeprespectively. Thereis nodif-
ferencebetweenlisteningandreceiving in this radiotransceiver
model.

B. ResultsandAnalysis

The experimentsarecarriedout on the threeMAC modules
wehaveimplementedonourtestbednodes.In theresultgraphs,
the simpli�ed IEEE 802.11DCF is denotedas`IEEE 802.11'.
The messagepassingwith overhearingavoidanceis identi�ed
as `Overhearingavoidance'. The completeS-MAC protocol,
which includesall piecesof our new protocol,is denotedas`S-
MAC'.

We �rst look at the experimentresultson the sourcenodes
A andB. Figure8 is themeasuredaverageenergy consumption
from thesetwo nodes. The traf�c is heavy whenthe message
inter-arrival time is lessthan4s. In this case,802.11MAC uses
morethantwicetheenergy usedby S-MAC.Sinceidle listening
rarely happens,energy savings from periodicsleepingis very
limited. S-MAC achieves energy savings mainly by avoiding
overhearingandef�ciently transmittinga longmessage.

Whenthemessageinter-arrival periodis largerthan4s,traf�c
loadbecomeslight. In this case,thecompleteS-MAC protocol
hasthebestenergy property, andfar outperforms802.11MAC.
Messagepassingwith overhearingavoidancealsoperformsbet-
ter than802.11MAC. However, asshown in the �gure, when
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idle listeningdominatesthe total energy consumption,the pe-
riodic sleepplays a key role for energy savings. The energy
consumptionof S-MAC is relatively independentof the traf�c
pattern.

Comparedwith 802.11,messagepassingwith overhearing
avoidancesaves almost the sameamountof energy underall
traf�c conditions. This result is dueto overhearingavoidance
amongneighboringnodesA, B andC. The numberof packets
to besentby eachof themarethesamein all traf�c conditions.

Figure9 shows thepercentageof time that thesourcenodes
arein thesleepmode.It is interestingthattheS-MAC protocol
adjuststhesleeptime accordingto traf�c patterns.Whenthere
is little traf�c, the nodehasmoresleeptime (althoughthereis
a limit by the duty cycle of the node). Whentraf�c increases,
nodeshavefewerchancesto goto periodicsleepandthusspend
moretime in transmission.

This is ausefulfeaturefor sensornetwork applications,since
thetraf�c loadindeedchangesovertime. Whenthereis nosens-
ing event,thetraf�c is very light. Whensomenodesdetectsan
event,it maytriggerabig sensorlikeacamera,whichwill gen-
erateheavy traf�c. TheS-MAC protocolis ableto adaptto the
traf�c changes.In comparison,themoduleof messagepassing
with overhearingavoidancedoesnot have periodicsleep,and
nodesspendmoreandmoretime in idle listeningwhentraf�c
loaddecreases.

Figure10 shows themeasuredenergy consumptionin thein-
termediatenodeC. We canseein the light traf�c case,it still
outperforms802.11MAC. In heave traf�c case,it consumes
slightly moreenergy than802.11. Onereasonis that S-MAC
hassynchronizationoverheadof sendingandreceiving SYNC
packets.Anotherreasonis thatS-MAC introducesmorelatency
andactuallyusesmoretime to passthesameamountof data.

In fact, if the traf�c is extremelyheavy anda nodedoesnot
have any chanceto follow its sleepschedule,theschemeof pe-
riodic listenandsleepdoesnotbene�t atall. However, message
passingandoverhearingavoidancearestill effective meansof
saving energy. This hasbeenillustrated in the resultsof the
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sourcenodes(Figure8). But we cannotseesimilar resultson
the intermediatenodeC, sinceall packet transmissionsinvolve
thisnode.In thiscase,its energy consumptionis aboutthesame
asthatof usingthe802.11MAC.

VI. CONCLUSIONS AND FUTURE WORK

This paperpresentsa new MAC protocolfor wirelesssensor
networks. It hasvery goodenergy conservingpropertiescom-
paringwith IEEE 802.11. Another interestingpropertyof the
protocolis thatit hastheability to make trade-offs betweenen-
ergy andlatency accordingto traf�c conditions. The protocol
hasbeenimplementedon our testbednodes,which shows its
effectiveness.

Futurework includessystemscalingstudiesand parameter
analysis.More testswill bedoneon largertestbedswith differ-
entnumberof nodesandsystemcomplexity.
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