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Abstract—This paper proposesS-MAC, a medium-accesgontrol (MAC)
protocol designedfor wir elesssensornetworks. Wir elesssensornetworks
use battery-operated computing and sensingdevices. A network of these
deviceswill collaborate for a common application such as environmental
monitoring. We expectsensometworks to be deployedin an ad hocfashion,
with individual nodesremaining largely inactive for long periods of time,
but then becomingsuddenlyactivewhensomethingis detected.Thesechar-
acteristicsof sensornetworks and applications motivate a MAC that is dif-
ferent from traditional wirelessMACssuchaslEEE 802.11in almostevery
way: energy consewration and self-con guration are primary goals,while
per-node fair nessand latency are lessimportant. S-MAC usesthr eenovel
techniquesto reduceenemgy consumption and support self-con guration.
To reduceenergy consumptionin listening to an idle channel,nodesperiod-
ically sleep. Neighboring nodesform virtual clustersto auto-synchronize
on sleepschedules. Inspired by PAMAS, S-MAC also setsthe radio to
sleepduring transmissionsof other nodes. Unlike PAMAS, it only uses
in-channel signaling. Finally, S-MAC applies messagepassingto reduce
contention latency for sensornetwork applications that require store-and-
forward processingas data move through the network. We evaluate our
implementation of S-MAC over a samplesensornode, the Mote, developed
at University of California, Berkeley The experimentresultsshow that, on
a source node, an 802.11-like MAC consumes2—6 times more energy than
S-MAC for traf ¢ load with messagesentevery 1-10s.

I. INTRODUCTION

IRELESSsensometworking is an emeping technology

that hasa wide rangeof potentialapplicationsinclud-
ing ervironmentmonitoring,smartspacesmedicalsystemsand
roboticexploration. Suchanetwork normallyconsistf alarge
numberof distributed nodesthat organize themseles into a
multi-hop wirelessnetwork. Eachnodehasone or more sen-
sors, embeddedrocessorand low-power radios,and is nor-
mally batteryoperatedTypically, thesenodescoordinatdo per
form acommontask.

Like in all shared-mediumetworks, mediumaccessontrol
(MAC) is animportanttechniquehatenableghesuccessfubp-
erationof the network. Onefundamentataskof the MAC pro-
tocol is to avoid collisionssothattwo interferingnodesdo not
transmitat the sametime. Therearemary MAC protocolsthat
have beendevelopedfor wirelessvoiceanddatacommunication
networks. Typical examplesincludethe time division multiple
accesyTDMA), codedivision multiple acces§YCDMA), and
contention-basegrotocolslike IEEE 802.11[1].

To designa good MAC protocolfor the wirelesssensomet-
works,we have consideredhefollowing attributes. The rst is
the enegy ef ciency. As statedabove, sensomodesarelikely
to be batterypowered,andit is oftenvery dif cult to changeor
rechage batteriefor thesenodes.In fact, somedaywe expect
somenodesto be cheapenoughthat they are discardedrather
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thanrechaged.Prolongingnetwork lifetime for thesenodesds a
criticalissue.Anotherimportantattributeis thescalabilityto the
changén network size,nodedensityandtopology Somenodes
may die over time; somenen nodesmayjoin later; somenodes
maymove to differentlocations.The network topologychanges
over time aswell dueto mary reasons.A good MAC proto-
col shouldeasily accommodatsuchnetwork changes.Other
important attributes include fairness,lateng, throughputand
bandwidthutilization. Theseattributesaregenerallytheprimary
concernsn traditionalwirelessvoice anddatanetworks, but in
sensometworksthey aresecondary

This papempresentsensotMAC (S-MAC), anev MAC pro-
tocol explicitly designedfor wirelesssensometworks. While
reducingenegy consumptioris the primarygoalin our design,
our protocol also hasgood scalability and collision avoidance
capability It achiesesgoodscalabilityandcollision avoidance
by utilizing a combinedschedulingandcontentionscheme.To
achieve the primary goal of enegy ef ciency, we needto iden-
tify what arethe main sourceghat causeinef cient useof en-
ergy aswell aswhattrade-ofs we canmale to reduceenegy
consumption.

We have identi ed the following major sourcesof enegy
waste. The rst oneis collision. When a transmittedpaclet
is corruptedit hasto be discarded,and the follow-on re-
transmissiongcreaseenegy consumptionCollisionincreases
lateny aswell. The secondsourceis overhearing meaning
that a nodepicks up pacletsthat are destinedto othernodes.
The third sourceis contol padket overhead Sendingandre-
ceiving control paclets consumesnepgy too, and lessuseful
datapacletscanbetransmitted.The last major sourceof inef-
ciency is idle listening i.e., listeningto receve possibletraf-
¢ thatis not sent. This is especiallytrue in mary sensomet-
work applications.If nothingis sensednodesarein idle mode
for mostof the time. However, in mary MAC protocolssuch
as |IEEE 802.11or CDMA nodesmust listen to the channel
to receve possibletrafc. Marny measurementhave shovn
that idle listening consumes$0-100%of the enegy required
for receving. For example,StemmandKatz measureghatthe
idle:receve:sendratiosare 1:1.05:1.4[2], while the Digitan 2
Mbps WirelessLAN module (IEEE 802.11/2Mbps)speci ca-
tion shavsidle:receve:sendatiosis 1:2:2.5[3].

S-MAC triesto reducethewasteof enegy from all theabore
sourcesln exchangewe accepisomereductionin bothperhop
fairnessandlateng. Althoughperhopfairnessandlateng are
reducedwe will aguethatthe reductiondoesnot necessarily
resultin lower end-to-endairnessandlateng.

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



sendingor receving paclets for their own applications. Per
hop MAC level fairnesds thusanimportantissue.However, in
sensometworks, all nodescooperatdor a singlecommontask.
Normally thereis only oneapplication.At certaintime, a node
mayhave dramaticallymoredatato sendthansomeothernodes.
In this casefairnesss notimportantaslong asapplication-leel
performances not degraded. In our protocol, we re-introduce
the conceptof messageassingto efciently transmita very
long messageThebasicideais to divide thelong messagénto
smallfragmentsandtransmitthemin a burst. Theresultis that
anodewho hasmoredatato sendgetsmoretime to accesghe
medium. This is unfair from a perhop, MAC level perspec-
tive, for thosenodeswho only have someshortpacletsto send,
sincetheir shortpacletshave to wait a long time for very long
paclets. However, aswe will shov later, messagg@assingcan
achieve enegy savingsby reducingcontroloverheadandavoid-
ing overhearing.

Lateny canbeimportantor unimportantdependingon what
applicationis runningandthe nodestate. During a periodthat
thereis no sensingevent, thereis normallyvery little data o w-
ing in the network. Most of the time nodesarein idle state.
Sub-secondateng is notimportant,andwe cantradeit off for
enepgy savings. S-MAC thereforelets nodesperiodicallysleep
if otherwisethey arein the idle listeningmode. In the sleep
mode,anodewill turn off its radio. The designreducegheen-
ergy consumptiordueto idle listening. However, thelateng is
increasedsincea sendemustwait for the recever to wake up
beforeit cansendout data.

An importantfeatureof wirelesssensometworks is the in-
network dataprocessing. It can greatly reduceenegy con-
sumptioncomparedo transmittingall the raw datato the end
node[4], [5], [6].- In-network processingequiresstore-and-
forward processingof messages.A messages a meaningful
unit of datathata nodecanprocesqaverageor lter, etc). It
may belong andconsistof mary smallfragmentsin this case,
MAC protocolgthatpromotefragment-l@el fairnessactuallyin-
creasemessage-kee| lateny for the application. In contrast,
messageassingreducesmessage-kel latengy by trading off
thefragment-leel fairness.

To demonstratehe effectivenessand measurethe perfor
manceof our MAC protocol, we have implementedt on our
testbedwireless sensornodes, Motes developed by Univer
sity of California, Berkeley [7]. The mote hasa 8-bit Atmel
AT90LS8535microcontrollerrunningat 4 MHz. It hasa low
power radiotransceier module TR1000from RF Monolithics,
Inc [8], which operatesit 916.5MHz frequeng andprovidesa
transmissiomateof 19.2Kbps. The moterunson avery small
event-driven operatingsystemcalled TinyOS [9]. In orderto
comparethe performanceof our protocolwith someotherpro-
tocols,we alsoimplementeda simpli ed IEEE802.11IMAC on
this platform.

Thecontritutionsof this work aretherefore:

The schemeof periodiclisten andsleepreducesnegy con-
sumptionby avoiding idle listening. The useof synchroniza-
tion to form virtual clustersof nodeson the samesleepsched-
ule. Theseschedulesoordinatenodesto minimize additional
lateng.

The use of in-channelsignalingto put eachnodeto sleep
whenits neighboris transmittingto anothemode. This method
avoidstheoverhearingoroblemandis inspiredby PAMAS [10],
but doesnot requireanadditionalchannel.

Applying messagpassingo reduceapplication-perceiedla-
teng/ andcontroloverhead Pernodefragment-leel fairnesss
reducedsincesensometwork nodesare often collaboratingto-
wardsa singleapplication.

Evaluatinganimplementatiorof our nev MAC over sensor
netspeci ¢ hardware.

Il. RELATED WORK

Themediumaccessgontrolis abroadresearclkareaandmary
researcherfiave doneresearchwork in the new areaof low
power andwirelesssensometworks[11], [12], [13], [14].

Current MAC designfor wirelesssensornetworks can be
broadly divided into contention-base@nd TDMA protocols.
ThestandardizetEEE 802.11distributedcoordinatiorfunction
(DCF) [1] is an exampleof the contention-basegrotocol,and
is mainly built on the researchprotocol MACAW [15]. It is
widely usedin adhocwirelessnetworksbecausef its simplic-
ity androbustnesgo the hiddenterminalproblem.However, re-
centwork [2] hasshavn thatthe enegy consumptiorusingthis
MAC is very highwhennodesarein idle mode.Thisis mainly
dueto theidle listening. PAMAS [10] madean improvement
by trying to avoid the overhearingamongneighboringnodes.
Our paperalsoexploits similar methodfor enegy savings. The
maindifferenceof our work with PAMAS is thatwe do not use
ary out-of-channekignaling. Whereasn PAMAS, it requires
two independentadio channelswhich in mostcasedndicates
two independentadio systemsn eachnode.PAMAS doesnot
addressheissueof reduceidle listening.

The other classof MAC protocolsare basedon resenation
and scheduling for example TDMA-basedprotocols. TDMA
protocolshave a naturaladvantageof enegy conserationcom-
paredto contentionprotocols,becausehe duty cycle of thera-
dio is reducedandthereis no contention-introducedverhead
and collisions. However, using TDMA protocol usually re-
quiresthenodedo form realcommunicatiorclusterslike Blue-
tooth[16], [17] andLEACH [13]. Managinginter-clustercom-
municationandinterferences notaneasytask.Moreover, when
the numberof nodeswithin a clusterchangesit is not easyfor
a TDMA protocolto dynamicallychangeits framelengthand
time slot assignmentSoits scalabilityis normally not asgood
asthat of a contention-basegrotocol. For example,Bluetooth
may have at most8 active nodesin acluster

SohrabiandPottie[12] proposed self-oganizationprotocol
for wirelesssensometworks. Eachnodemaintainsa TDMA-
like frame,calledsuperframe,in which the nodescheduleslif-
ferenttime slotsto communicatewith its known neighbors.At
eachtime slot, it only talks to one neighbor To avoid inter-
ferencebetweenadjacentlinks, the protocol assignsdifferent
channelsj.e., frequeny (FDMA) or spreadingcode(CDMA),
to potentiallyinterferinglinks. Althoughthe superframestruc-
tureis similarto a TDMA frame, it doesnot preventtwo inter-
fering nodesfrom accessinghe mediumatthe sametime. The
actualmultiple accesss accomplishedyy FDMA or CDMA. A



drawback of the schemeis its low bandwidthutilization. For
example,if a nodeonly haspacletsto be sentto oneneighbor
it cannotreusethetime slotsscheduledo otherneighbors.

Piconef11] is anarchitecturalesignedor low-poweradhoc
wirelessnetworks. Oneinterestingfeatureof piconetis thatit
alsoputsnodesinto periodicsleepfor enegy conseration. The
schemethat piconetusesto synchronizeneighboringnodesis
to let a nodebroadcastts addresdeforeit startslistening. If
anodewantsto talk to a neighboringnode,it mustwait until it
receivestheneighbors broadcast.

Woo and Culler [14] examineddifferent con gurations of
carrier sensemultiple acces§CSMA) and proposedan adap-
tive ratecontrol mechanismywhosemain goalis to achieve fair
bandwidthallocationto all nodesin a multi-hop network. They
have usedthe motesand TinyOS platform to testand measure
differentMAC schemesin comparisonpur approactdoesnot
promotepernodefairnessandeventradeit off for furtheren-
ergy savings.

I1l. SENSOR-MAC ProOTOCOL DESIGN

The main goalin our MAC protocoldesignis to reduceen-
ergy consumptionwhile supportinggoodscalabilityandcolli-
sion avoidance. Our protocoltries to reduceenegy consump-
tion from all the sourcesthat we have identi ed to causeen-
ergy waste,.e., idle listening,collision, overhearingandcontrol
overhead.To achieve thedesigngoal,we have developedthe S-
MAC that consistsof threemajor componentsperiodiclisten
and sleep, collision and overhearingavoidance,and message
passing. Before describingthemwe rst discussour assump-
tionsaboutthe wirelesssensometwork andit applications.

A. Networkand ApplicationAssumptions

Sincesensonetworksaresomeavhatdifferentthantraditional
IP networks or ad hoc networks of laptop computerswe next
summarizeour assumptionaboutsensonetworksandapplica-
tions.

We expect sensometworks to be composedf mary small
nodesdeplo/ed in an ad hoc fashion. Sensornetworks will
be composedf mary small nodesto take advantageof phys-
ical proximity to the targetto simplify signalprocessing.The
large numberof nodescan alsotake adwantageof short-range,
multi-hop communication(insteadof long-rangecommunica-
tion) to consere enegy [4]. Most communicatiorwill be be-
tweennodesas peersratherthanto a single base-stationBe-
causethereare mary nodes,they will be deplgyed casuallyin
anadhocfashion ratherthancarefully positioned.Nodesmust
thereforeself-con gure.

We expectmostsensometworks to be dedicatedo a single
applicationor afew collaboratve applicationsthusratherthan
node-level fairnesglike in the Internet),we focuson maximiz-
ing system-wideapplicationperformance.

In-network processingis critical to sensornetwork life-
time [5], [6]. Sincesensometworks are committedto one or
afew applications application-speci ccodecanbe distributed
throughthenetwork andactivatedwhennecessargr distributed
on-demand. Techniquessuchas dataaggreation can reduce
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Fig. 1. Periodiclistenandsleep.

traf c, while collaboratve signalprocessingcanreducetrafc
andimprove sensingquality. In-network processingmpliesthat
datawill beprocessedswholemessageatatimein store-and-
forward fashion,so paclet or fragment-leel interlearing from
multiple sourcenly increasesverall lateng.

Finally, we expectthat applicationswill have long idle pe-
riods and cantoleratesomelateng. In sensornetworks, the
applicationsuchas suneillanceor monitoringwill be vigilant
for long periodsof time, but largely inactive until something
is detected.For suchapplications network lifetime is critical.
Theseclassef applicationscan often alsotoleratesomead-
ditional lateng. For example,the speedof the sensedbject
placesa boundon how rapidly the network mustdetectan ob-
ject. (Oneapplication-l@el approachto managedateng is to
deploy a slightly larger sensornetwork and have edgenodes
raisethe network to heightenedawarenessvhen somethingis
detected.)

These assumptionsabout the network and application
stronglyin uence our MAC designandmotivateits differences
from existing protocolssuchas|EEE 802.11.

B. Periodic ListenandSleep

As statedabove, in mary sensometwork applicationspodes
arein idle for along time if no sensingeventhappens.Given
the fact that the datarate during this periodis very low, it is
not necessaryo keepnodedisteningall thetime. Our protocol
reducesthe listen time by letting node go into periodic sleep
mode. For example,if in eachseconda nodesleepsfor half
secondandlistensfor the otherhalf, its duty cycleis reducedo
50%. Sowe canachiese closeto 50%enegy savings.

B.1 BasicScheme

The basicschemds showvn in Figure 1. Eachnodegoesto
sleepfor sometime, andthenwakesup andlistensto seeif ary
othernodewantsto talk to it. During sleep,the nodeturns off
its radio,andsetsatimerto awake itself later

Thedurationof timefor listeningandsleepingcanbeselected
accordingo differentapplicationscenariosFor simplicity these
valuesarethe samefor all thenodes.

Our schemerequiresperiodicsynchronizatioramongneigh-
boringnodeso remedytheir clock drift. We usetwo techniques
to make it robustto synchronizatiorerrors.First, all timestamps
that are exchangedare relative ratherthan absolute. Second,
thelistenperiodis signi cantly longerthanclock erroror drift.
For example,the listen durationof 0.5sis morethan10° times
longer than typical clock drift rates. Comparedwith TDMA
schemewith very shorttime slots, our schemerequiresmuch
loosersynchronizatiommongneighboringhodes All nodesare
free to choosetheir own listen/sleepschedules. However, to
reducecontrol overhead we prefer neighboringnodesto syn-
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Fig. 2. NeighboringnodesA andB have differentschedulesThey synchronize
with nodesC andD respecitiely.

chronizetogether Thatis, they listenatthe sametime andgo to
sleepat the sametime. It shouldbe noticedthat not all neigh-
boring nodescansynchronizeogetherin a multi-hop network.
Two neighboringnodesA andB mayhave differentscheduled
they eachin turn mustsynchronizewith differentnodes,C and
D, respectrely, asshavnin Figure2.

Nodesexchangetheir scheduledy broadcastingt to all its
immediateneighbors. This ensureghat all neighboringnodes
cantalk to eachotherevenif they have differentschedulesFor
example,in Figure2 if nodeA wantsto talk to nodeB, it just
wait until B is listening. If multiple neighborswantto talk to
anode,they needto contendfor the mediumwhenthe nodeis
listening. Thecontentiormechanisnis thesameasthatin IEEE
802.11,i.e., usingRTS (RequesfTo Send)andCTS (Clear To
Send)paclets. The nodewho rst sendsout the RTS paclet
winsthemedium,andthereceverwill replywith aCTSpaclet.
After they startdatatransmissionthey do notfollow their sleep
schedulesintil they nish transmission.

Another characteristioof our schemeis that it forms nodes
into a at topology Neighboringnodesarefreeto talk to each
otherno matterwhatlisten scheduleshey have. Synchronized
nodesfrom avirtual cluster But thereis no real clusteringand
thusno problemsof inter-clustercommunicationgandinterfer
ence. This schemds quite easyto adaptto topologychanges.
We will talk aboutthisissuelater.

The downsideof the schemsds thatthe lateng is increased
due to the periodic sleepof eachnode. Moreover, the delay
canaccumulaten eachhop. Sothe lateng requiremenbf the
applicationplacesafundamentalimit onthesleeptime.

B.2 ChoosingandMaintainingSchedules

Beforeeachnodestartsits periodiclistenandsleep,it needs
to choosea scheduleandexchangeit with its neighbors.Each
nodemaintainsa scheduletable that storesthe schedulesf all
its known neighbors. It follow the stepsbelow to chooseits
scheduleandestablishts schedulaable.

1. Thenode rst listensfor a certainamountof time. If it does
not heara scheduleéfrom anothemode,it randomlychoosesa

time to go to sleepandimmediatelybroadcastéts scheduldn

a SYNC messageindicatingthatit will goto sleepaftert sec-
onds. We call sucha nodea syndironizer, sinceit choosests

scheduleindependentlyand othernodeswill synchronizewith

it.

2. If thenoderecevesascheduldrom aneighbotbeforechoos-
ing its own schedule,it follows that scheduleby setting its

scheduleto be the same. We call sucha nodea follower. It

thenwaitsfor arandomdelayty andrebroadcastthis schedule,
indicatingthatit will sleepint t4 secondsTherandomdelay
is for collision avoidance,so that multiple followerstriggered
from the samesynchronizedo not systematicallycollide when

rebroadcastintheschedule.

3. If anodereceves a different scheduleafter it selectsand
broadcaststs own schedule,t adoptsboth scheduleqi.e., it
scheduledtself to wake up at thetimesof bothis neighborand
itself). It broadcast#& own schedulébeforegoingto sleep.

We expectthat nodesonly rarely adoptmultiple schedules,
sinceevery nodetriesto follow existing schedule®eforechoos-
ing anindependenbne. On the otherhand,it is possiblethat
someneighboringnodedfail to discorer eachotherat beginning
dueto collisionswhenbroadcastingchedulesThey may still
nd eachotherlaterin their subsequernperiodiclistening.

To illustrate this algorithm, considera network where all
nodescanheareachother Thetimer of onenodewill re rst
andits broadcaswill synchronizeall of its peerson its sched-
ule. If insteadwo nodesndependentlhassignschedulegeither
becausdhey cannotheareachother or becauseghey happen
to transmitat nearly the sametime), thosenodeson the bor
der betweenthe two schedulewill adoptboth. In this way, a
nodeonly needsto sendoncefor a broadcaspaclet. The dis-
adwantagds thatthesebordernodeshave lesstime to sleepand
consumemoreenegy thanothers.

Anotheroptionis to let the nodeson the borderadoptonly
oneschedulewhich is the oneit receves rst. Sinceit knows
anotherschedulethat someother neighborsfollow, it canstill
talk to them. However, for broadcaspaclets,it needsto send
twice to the two differentschedulesThe advantageis thatthe
bordernodeshave the samesimple patternof 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 scheduledo prevent long-time
clock drift. The updatingperiod canbe quite long. The mea-
surement®n our testbechodesshaw thatit canbeontheorder
of tensof seconds.

Updating schedulesis accomplishedby sendinga SYNC
paclet. The SYNC paclet is very short, andincludesthe ad-
dressf thesendemndthetime of its next sleep.Thenext-sleep
time is relative to the momentthatthe sendernishes transmit-
ting the SYNC paclet, which is approximatelywhenrecevers
getthe paclet (sincepropagtion delaysare short). Recevers
will adjusttheirtimersimmediatelyafterthey recevethe SYNC
paclet. A nodewill goto sleepwhenthetimer res.

In orderfor a nodeto receve both SYNC pacletsand data
paclets, we divide its listen interval into two parts. The rst
partis for receving SYNC paclets,andthe secondoneis for
receving RTS paclets,asshovn in Figure3. Eachpartis fur-
therdividedinto mary time slotsfor senderso performcarrier
sense.For example,if a sendemwantsto senda SYNC paclet,
it startscarriersensevhentherecever beginslistening. It ran-
domly selectsatime slotto nish its carriersenself it hasnot
detectedary transmissiorby theendof thetime slot, it winsthe
mediumand startssendingits SYNC paclet at thattime. The
sameprocedures followedwhensendingdatapaclets.



Receiver Listen
for SYNC ! for RTS Sleep

Sender 1 SYNC

. CS H Sleep
Sender 2 RTS

| cs Send data if CTS received
Sender 3 SYNC RTS

. CS H CSs Send data if CTS received

Fig. 3. Timing relationshipbetweerareceveranddifferentsendersCSstands
for carriersense.

Figure 3 also shaws the timing relationshipof three possi-
ble situationsthat a sendertransmitsto a recever. CS stands
for carriersense.In the gure, senderl only sendsa SYNC
paclet. Sender2 only wantsto senddata. Sender3 sendsa
SYNC pacletanda RTS paclet.

EachnodeperiodicallybroadcastSYNC pacletsto its neigh-
borsevenif it hasnofollowers. Thisallows nev nodedo join an
existing neighborhood The new nodefollows the sameproce-
durein the above subsectiorto chooseits schedule Theinitial
listen period shouldbe long enoughso that it is ableto learn
andfollow anexisting schedulédeforechoosinganindependent
one.

C. CollisionandOverhearingAvoidance

Collision avoidanceis a basictask of MAC protocols. S-
MAC adoptsa contention-basedchemelt is commonthatary
paclettransmittecby anodeis recevedby all its neighborsven
thoughonly oneof themis theintendedrecever. Overhearing
malkes contention-basegrotocolslessef cient in enegy than
TDMA protocols.Soit needgo beavoided.

C.1 Collision Avoidance

Sincemultiple sendergnay wantto sendto a recever at the
sametime, they needto contendfor the mediumto avoid col-
lisions. Among contentionbasedprotocols,the 802.11doesa
very goodjob of collision avoidance.Our protocolfollows sim-
ilar proceduresncludingbothvirtual andphysicalcarriersense
andRTS/CTSexchange We adoptthe RTS/CTSmechanisno
addresghehiddenterminalproblem[15].

Thereis aduration eld in eachtransmittecpaclet thatindi-
cateshow long theremainingtransmissiowill be. Soif anode
receivesa paclet destinedto anothemode, it knows how long
it hasto keepsilent. The noderecordsthis valuein anvariable
calledthe network allocationvector(NAV) [1] andsetsa timer
for it. Every time whenthe NAV timer res, the nodedecre-
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Fig. 4. Who shouldsleepwhennodeA is transmittingto B?

mentsthe NAV value until it reacheszero. Whena nodehas
datato send,it rst looksattheNAV. If its valueis notzero,the
nodedetermineghatthe mediumis busy. Thisis calledvirtual
carriersense.

Physical carrier senses performedat the physical layer by
listening to the channelfor possibletransmissions.The pro-
cedurewas describedn sectionlll-B.3. The randomizedcar
rier senseime is very importantfor collision avoidance. The
mediumis determinedasfreeif bothvirtual andphysicalcarrier
sensandicatethatit is free.

All sendergperformcarriersenséeforeinitiating atransmis-
sion. If anodefailsto getthemedium,it goesto sleepandwakes
upwhenthereceveris freeandlisteningagain. Broadcaspack-
etsaresentwithout usingRTS/CTS.Unicastpacletsfollow the
sequenc®f RTS/CTS/DATA/ACK betweerthe senderandthe
recever.

C.2 OverhearingAvoidance

In 802.11eachnodekeepdisteningto all transmissiongrom
its neighborsn orderto performeffective virtual carriersensing.
As a result,eachnodeoverhearsa lot of pacletsthat are not
directedtoitself. Thisis asigni cant wasteof enepgy, especially
whennodedensityis highandtrafc loadis heavy.

Our protocoltriesto avoid overhearingoy letting interfering
nodesgo to sleepafterthey hearan RTS or CTS paclet. Since
DATA pacletsarenormally muchlongerthancontrol paclets,
theapproacltpreventsneighboringnodesrom overhearindong
DATA pacletsandthefollowing ACKs. In next subsectiorwe
describehow to ef ciently transmita long paclet combining
with the overhearingavoidance. Now we look at which nodes
shouldgo to sleepwhenthereis an active transmissiorgoing
on.

As shavn in Figure 4, nodeA, B, C, D, E, andF forms a
multi-hopnetwork whereeachnodecanonly hearthetransmis-
sionsfrom its immediateneighbors. SupposenodeA is cur
rently transmittinga datapacketto B. Thequestionis, which of
theremainingnodesshouldgo to sleepnow.

Remembethat collision happensat the recever. It is clear
thatnodeD shouldgo to sleepsinceits transmissionnterferes
with B's reception. It is easyto shav that nodeE and F do
not produceinterference so they do not needto go to sleep.
ShouldnodeC goto sleep?C is two-hopaway from B, andits
transmissiordoesnot interferewith B's reception,soit is free
to transmitto its otherneighbordik e E. However, C is unableto
getary replyfrom E, e.g., CTSor databecausé&'stransmission
collideswith A'stransmissiorat nodeC. SoC's transmissions
simply awasteof enegy. In summaryall immediateneighbors
of boththe senderandtherecever shouldsleepafterthey hear
theRTS or CTS pacletuntil the currenttransmissions over.

Eachnodemaintainsthe NAV to indicatethe activity in its
neighborhoodWhena nodereceiesa paclet destinedo other



nodes,it updatests NAV by the duration eld in the paclet.
A non-zeroNAV value indicatesthat thereis an active trans-
missionin its neighborhoodThe NAV valuedecrementsvery
time whenthe NAV timer res. Thusa nodeshouldsleepto
avoid overhearingf its NAV is not zero. It canwake up when
its NAV becomegero.

D. Messae Passing

This subsectiordescribeshow to ef ciently transmita long
messag@ bothenegy andlateng. A messgeis thecollection
of meaningful,interrelatedunits of data.It canbealong series
of pacletsor a shortpaclet, and usually the recever needsto
obtainall the dataunits beforeit canperformin-network data
processin@r aggreation.

Thedisadwantageof transmittingalong messagasa single
pacletis thehighcostof re-transmittinghelong pacletif only a
few bits have beencorruptedn the rst transmissionHowever,
if we fragmentthe long messagénto mary independensmall
paclets, we have to pay the penaltyof large control overhead
andlongerdelay It is sobecaus¢he RTS andCTS pacletsare
usedin contentionfor eachindependenpaclet.

Our approachis to fragmentthe long messagento mary
small fragments,and transmitthemin burst. Only one RTS
pacletandoneCTS paclet areused.They resere the medium
for transmittingall the fragments.Every time a datafragment
is transmitted the senderwaits for an ACK from the recever.
If it fails to receve the ACK, it will extendthereseredtrans-
missiontime for onemorefragment.andre-transmithe current
fragmentimmediately

As before,all paclets have the duration eld, which is now
the time neededfor transmittingall the remainingdatafrag-
mentsand ACK paclets. If a neighboringnodehearsa RTS
or CTS paclet, it will go to sleepfor the time thatis neededo
transmitall thefragments.

Switching the radio from sleepto active doesnot occurin-
stantaneouslyFor example theRFM radioon ourtestbecheeds
20 sto switchfrom sleepmodeto receive mode[8]. Therefore,
it is desirableto reducethefrequeng of switchingmodes.The
messageassingschemetries to put nodesinto sleepstateas
long aspossible andhencereduceswitchingoverhead.

The purposeof usingACK aftereachdatafragmentis to pre-
vent the hiddenterminal problem. It is possiblethat a neigh-
boring nodewakes up or a new nodejoins in the middle of a
transmissionlf thenodeis only theneighborof therecever but
notthe senderit will not hearthe datafragmentseingsentby
the sender If the receiver doesnot sendACK frequently the
newv nodemay mistalenly infer from its carrier sensethat the
mediumis clear If it startstransmitting,the currenttransmis-
sionwill becorruptedattherecever.

Eachdatafragmentand ACK paclet also hasthe duration
eld. Inthisway, if anodewakesup or a nev nodejoinsin the
middle,it canproperlygoto sleepno matterif it is theneighbor
of the senderor the recever. For example, supposea neigh-
boring nodereceives an RTS from the senderor a CTS from
therecever, it goesto sleepfor the entiremessagdéime. If the
senderextendsthe transmissiortime dueto fragmentlossesor
errors,the sleepingneighborwill not be awareof the extension

immediately However, the nodewill learnit from the extended
fragmentor ACKs whenit wakesup.

It is worth to notethat IEEE 802.11alsohasthe fragmenta-
tion support. We shouldpoint out the differencebetweenthat
schemawith our messag@assing.

In 802.11,the RTS and CTS only reseresthe mediumfor
the rst datafragmentandthe rst ACK. The rst fragmentand
ACK then resenres the mediumfor the secondfragmentand
ACK, andsoforth. Sofor eachneighboringnode,afterit re-
ceivesa fragmentor an ACK, it knows that thereis one more
fragmentto be sent. So it hasto keeplistening until all the
fragmentsaresent. Again, for enegy-constrainechodes,over
hearingby all neighborsvastesa lot of eneny.

The reasonfor 802.11to do so is to promotefairness. If
the senderfails to getan ACK for ary fragment,it mustgive
up the transmissiorand re-contendor the medium. So other
nodeshave a chanceto transmit. This causes long delay if
the recever really needthe entire messagédo startprocessing.
In contrastmessag@assingextendsthe transmissiortime and
re-transmitghe currentfragment.Thusit hasfewer contentions
andasmalllateng. Thereshouldbealimit onhow mary exten-
sionscanbe madefor eachmessagén casethatthereceveris
really deador lostin connectiorduringthetransmissionHow-
ever, for sensometworks, application-l@el fairnesss the goal
asopposedo pernodefairness.

E. Enegy Savingsss. Increased_atency

This subsectioranalyzesthe trade-ofs betweenthe enegy
savingsandtheincreasedateny dueto nodessleepschedules.
We compareour protocolwith protocolsthatdo not have peri-
odic sleepsuchasthe [EEE802.11,

For a paclet moving througha multi-hop network, it experi-
enceghefollowing delaysat eachhop:

Carrier sensedelayis introducedwhenthe sendemperforms
carriersenselts valueis determinedy the contentiorwindow
size.

Badkoff delay happensvhen carrier sensefailed, either be-
causdahenodedetectsanotheitransmissioror becauseollision
occurs.

Transmissiondelay is determinedby channelbandwidth,
pacletlengthandthe codingschemeadopted.

Propagationdelayis determinedy the distancebetweerthe
sendingandreceving nodes.In sensonetworks,nodedistance
is normally very small,andthe propa@tiondelaycannormally
beignored.

Processingdelay The recever needsto processhe paclet
beforeforwardingit to thenext hop. This delaymainly depends
on the computingpower of the nodeandthe ef ciency of in-
network dataprocessinglgorithms.

Queuingdelaydepend®nthetrafc load.In theheary trafc
casegueuingdelaybecomes dominantfactor

The above delaysareinherentto a multi-hop network using
contention-basetMAC protocols. Thesefactorsare the same
for both S-MAC and 802.11-lile protocols. An extra delayin
S-MAC is causedby nodesperiodic sleeping. Whena sender
getsa paclet to transmit,it mustwait until the recever wakes
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Fig. 5. Enegy savingsvs. averagesleepdelayfor thelistentime of 30ms.

up. We call it sleepdelaysinceit is causeddy the sleepof the
recever.

We call acompletecycle of thelistenandsleepa frame As-
sumeapacletarrivesatthesendemwith equalprobabilityin time
within aframe. Sothe averagesleepdelayon the sendeiis

Ds = Tirame™2 )

where

)

Comparingwith protocolswithout periodicsleep therelative
enegy savzingsin S-MAC is

Tirame= Tiisten™ Tsleep

Tlisten
Tirame

T
E. = sleep _ 1
Tframe

®3)

The lastitem in the abore equationis the duty cycle of the
node. It is desirableto have thelistentime asshortaspossible
sothatfor a certainduty cycle, the averagesleepdelayis short.
In ourimplementatiorwe setthelistentime as300ms.Figure5
shows the percentagef enegy savings Es vs. averagesleep
delayDs on eachnodefor thelistentime of 300msand200ms.
We canseethatevenif thesleeptimeis zero(no sleepingthere
is still adelay This effect is becausecontentiononly startsat
thebeginning of eachlisteninterval.

IV. PROTOCOL IMPLEMENTATION

The purposeof ourimplementatioris to demonstrat¢he ef-
fectivenessof our protocolandto compareour protocol with
802.11throughsomebasicexperiments.

A. Testbed

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

Fig.6. TheUCB ReneMote.

AT90LS8535microcontroller[18], which has8K bytesof pro-
grammableash and512bytesof datamemory

Theradiotransceier on the moteis the model TR1000from
RF Monolithics, Inc [8]. Whenusingthe OOK(on-of keyed)
modulation, it provides a transmissiorrate of 19.2 Kbps. It
hasthreeworking modesj.e., receving, transmittingandsleep,
eachdrawing theinputcurrentof 4.5mA,12mA (peak)and5 A
respectiely.

Our motesuse TinyOS, an efcient event-driven operating
system[9], [19]. It providesthe basicmechanisnfor paclet
transmitting receving andprocessingTinyOS promotesmod-
ularity, datasharingandreuse.

As of July 2001,the standardeleasenf TinyOShasonly one
type of paclet, which consistsof a headerthe payloadanda
cyclic redundang check(CRC).Thelengthof theheadeor the
payloadcanbe changedo differentvalues.However, oncethey
arede ned, all pacletshave the samelengthandformat. In our
MAC implementationtheheaderpayloadandCRC elds have
6B, 30B and2B respectiely.

Normally the control paclets, suchasRTS, CTS and ACK,
arevery shortandwithout payload.Sowe have createcanother
paclet typein TinyOS, the control paclet, which only hasthe
6-byte headerand the 2-byte CRC. We have modi ed several
TinyOS component$o accommodat¢he new paclet. This en-
ablesusto ef ciently implementMAC protocolsandaccurately
measurgheir performance.

B. Implementatiorof MAC Protocols

We have implementedhreeMAC moduleson the moteand

TinyOS platform, aslisted below.

1. Simplied IEEE802.11DCF

2. Messageassingwith overhearingavoidance
3. ThecompleteS-MAC

For the purposeof performancecomparisonwe rst imple-
menteda simpli ed versionof IEEE 802.11DCF It hasthefol-
lowing major pieces: physical andvirtual carrier sensepack-
off andretry, RTS/CTS/DATA/ACK paclet exchangeandfrag-
mentationsupport.

The durationof eachcarrier senseis a randomtime within
the contentiorwindow. Therandomizatioris very importantto
avoid collisionsat the rst step. For simplicity, the contention
window doesnot exponentiallyincreasevhenbacloff happens.
Thefragmentatiorsupportfollows the sameprocedureasin
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Fig. 7. Topologyusedin experiments:two-hopnetwork with two sourcesand
two sinks.

IEEE802.11standard1] andis describedn Section3 of this
paper

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

The secondmoduleis the messag@assingwith overhearing
avoidance.It achiezesenegy savings by avoiding overhearing,
reducingcontroloverheadandcontentiontimes. It doesnotin-
cludetheperiodlistenandsleep.Sothereis no additionaldelay
comparingwith the simpli ed IEEE 802.11. Theradioof each
nodegoesinto the sleepmodeonly whenits neighborsarein
transmission.

With themessagg@assingnodulewe have incorporatedgeri-
odic listen andsleep,and completedmostbasicfunctionalities
in S-MAC. Currently thelistentimefor eachnodeis 300msand
sleeptime canbe changedo differentvalues,suchas300ms,
500ms,1s, etc, which makesdifferentduty cyclesof theradio.
We canalsospecifythefrequeny thatthe SYNC pacletis sent
for scheduleupdatebetweemeighboringnodes.In our follow-
ing experimentswe have choserthesleeptime as1 secondand
thefrequengy for scheduleupdateis 10 listen/sleegperiod,i.e.,
13seconds.

It shouldbenotedthattheenegy savingsin thecurrentimple-
mentationis only dueto the sleepof theradio. In otherwords,
the microcontrollerdoesnot go to sleep.It actuallyhasa sleep
mode,which consumesnuchlessenegy andcanbe waked up
by a low-frequeny watchdogtimer. If we put the microcon-
troller into the sleepmodeaswell whentheradiois sleeping,
we areableto save moreenegy.

V. EXPERIMENTATION

The main goal of the experimentationdescribedhereis to
measurghe enegy consumptiorof theradiofor usingeachof
the MAC moduleswve have implemented.

A. ExperimenSetup

Figure 7 is the topology we usedin our experiments. This
is a two-hopnetwork with two sourcesandtwo sinks. Packets
from sourceA ow throughnodeC andendat sink D, while
thosefrom B alsopassthroughC but endat E. Thetopologyis
simple,butit is sufcient to shav thebasiccharacteristicsf the
MAC protocols.

We will look at the enegy consumptiorof 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.We did not
measureghe 802.11MAC without fragmentationwhich treats
eachfragmentasanindependenpaclet andusesRTS/CT Sfor
eachof them,sinceit is obviousthatthis MAC consumesnuch
moreenegy thanthe onewith fragmentation.In our protocol,
messag@assings used andfragmentof amessagarealways
transmittedn aburst.

We changethetraf c loadby varyingtheinter-arrival period
of themessagedf themessagter-arrival periodis 5 seconds,
a messages generatedvery 5 seconddy eachsourcenode.
In our following experimentsthe messagénter-arrival period
variesfrom 1sto 10s.

For eachtrafc pattern,we have done 10 independentests
to measurethe enegy consumptionof eachnodewhen using
different MAC protocols. In eachtest, eachsourceperiodi-
cally generate§0 messagesyhichin turnis fragmentednto 10
small datapaclets supportedby the TinyOS. Thusin eachex-
perimentthereare 200 TinyOS datapacletsto be passedrom
their sourcego their sinks. For the highestratewith a 1sinter
arrival time, the wirelesschannelis nearlyfully utilized dueto
its low bandwidth.

We measurehe amountof time that eachnodehasusedto
passthesepacletsaswell asthe percentageime its radio has
spentin eachmode(transmitting,receving, listeningor sleep).
Theenegy consumptionn eachnodeis thencalculatedy mul-
tiplying the time with therequiredpowerto operatetheradioin
thatmode.Wefoundthepowerconsumptiorirom thedatasheet
of theradiotransceier, whichis 13.5mW 24.75mWand15 W,
in receving, transmittingandsleeprespectrely. Thereis nodif-
ferencebetweerlisteningandreceving in thisradiotranscerer
model.

B. Resultsand Analysis

The experimentsare carriedout on the threeMAC modules
we haveimplementednourtestbechodes.In theresultgraphs,
the simpli ed IEEE 802.11DCF is denotedas ' IEEE 802.11".
The messagepassingwith overhearingavoidanceis identi ed
as "Overhearingavoidance'. The completeS-MAC protocol,
whichincludesall piecesof our new protocol,is denotedas’S-
MAC'.

We rst look at the experimentresultson the sourcenodes
A andB. Figure8 is the measure@verageenegy consumption
from thesetwo nodes. Thetrafc is heary whenthe message
interarrival timeis lessthan4s. In this case802.11MAC uses
morethantwice theenegy usedby S-MAC. Sinceidle listening
rarely happensgnepgy savings from periodic sleepingis very
limited. S-MAC achieves enegy savings mainly by avoiding
overhearingandef ciently transmittingalong message.

Whenthemessag@ter-arrival periodis largerthan4s,traf ¢
load becomedight. In this casethe completeS-MAC protocol
hasthe bestenegy property andfar outperforms302.11MAC.
Messagassingwvith overhearingavoidancealsoperformsbet-
ter than802.11MAC. However, asshown in the gure, when
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Fig. 8. Measuredenegy consumptiorin thesourcenodes.

idle listening dominateghe total enegy consumptionthe pe-
riodic sleepplays a key role for enegy savings. The enegy
consumptiorof S-MAC is relatively independenof thetrafc

pattern.

Comparedwith 802.11, messagegassingwith overhearing
avoidancesaves almostthe sameamountof enegy underall
traf ¢ conditions. This resultis dueto overhearingavoidance
amongneighboringnodesA, B and C. The numberof paclets
to be sentby eachof themarethesamein all trafc conditions.

Figure9 shaws the percentagef time thatthe sourcenodes
arein the sleepmode.lt is interestingthatthe S-MAC protocol
adjuststhe sleeptime accordingto trafc patterns.Whenthere
is little trafc, the nodehasmoresleeptime (althoughthereis
a limit by the duty cycle of the node). Whentrafc increases,
nodeshave fewer chanceso goto periodicsleepandthusspend
moretimein transmission.

Thisis ausefulfeaturefor sensonetwork applicationssince
thetraf ¢ loadindeedchange®vertime. Whenthereis nosens-
ing event,thetrafc is very light. Whensomenodesdetectsan
event,it maytriggerabig sensotik e acamerawhich will gen-
erateheavy trafc. The S-MAC protocolis ableto adaptto the
traf c changesIn comparisonthe moduleof messagg@assing
with overhearingavoidancedoesnot have periodic sleep,and
nodesspendmoreandmoretime in idle listeningwhentrafc
loaddecreases.

Figure10 shawvs the measureagnegy consumptionin thein-
termediatenodeC. We canseein the light trafc case,it still
outperforms802.11MAC. In heave trafc case,it consumes
slightly more enegy than802.11. Onereasonis that S-MAC
hassynchronizatioroverheadof sendingandreceiving SYNC
paclets. Anotherreasoris thatS-MAC introducesnorelateng
andactuallyusesmoretime to passthe sameamountof data.

In fact,if thetrafc is extremelyheary anda nodedoesnot
have ary chanceo follow its sleepschedulethe schemeof pe-
riodic listenandsleepdoesnotbene t atall. However, message
passingand overhearingavoidanceare still effective meansof
saving enegy. This hasbeenillustratedin the resultsof the
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sourcenodes(Figure 8). But we cannotseesimilar resultson
theintermediatenodeC, sinceall paclet transmissiongnvolve
thisnode.In this casejts enegy consumptions aboutthesame
asthatof usingthe802.11MAC.

VI. CONCLUSIONS AND FUTURE WORK

This paperpresentsa nev MAC protocolfor wirelesssensor
networks. It hasvery goodenegy conservingpropertiescom-
paringwith IEEE 802.11. Anotherinterestingpropertyof the
protocolis thatit hasthe ability to make trade-ofs betweeren-
emgy andlateny accordingto trafc conditions. The protocol
hasbeenimplementedon our testbednodes,which shaws its
effectiveness.

Futurework includessystemscaling studiesand parameter
analysis.More testswill be doneon largertestbedswith differ-
entnumberof nodesandsystemcompleity.
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