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Abstract—In the futur e, wir elessnetworking will be embeddedinto a
wide variety of common, everyday objects[1]. In many embeddednet-
working situations, the communicating nodeswill be very small and bat-
tery powered. For this reasoniit is crucial that power consumptionis as
low aspossible. A techniquefor reducing power consumptionis to place
nodesinto a sleepmodewhenever possible,and have them occasionally
awaken to interact with other nodes. This type of action is referred to as
anoderendezvousand canbe usedin a variety of different ways.

In this paper we considerpower-efficient sewice rendezwusin embed-
ded wir elessnetworks with extemal triggering. We first definetwo basic
rendezwus mechanisms,namely, serverbeaconingand client beaconing
We shaw that server beaconingis preferred when the client arri val rate is
below a parameter dependentthr eshold. Above this level, the useof client
beaconingresultsin lower power consumption. We alsoconsidera hybrid
techniguewhereby sewver nodesindependently selectthe beaconingmode
sothat total power consumptionis reducedover a wide range of system
parameter values. The operation of the client nodesis transparent to this
selection.

Wealsointr oducethe useof adaptiveserverbeaconing In astatic sewver
beaconingsystem,the optimum beaconingrate is an increasingfunction
of the client loading level. It is shawvn that by adapting the sewer beacon
rate in anintelligent way, total power consumptioncanbegreatly reduced
over alargerange of traffic loading conditions. A very simple method is
intr oducedfor performing this adaptation.

Several other innovations are discussedwhich can be usedto reduce
power consumptionin embeddednetworks. We investigatethe useof an
AC mains-powered rendezvouserverfor power reduction, and we discuss
adistrib uted power reductiontechniquereferred to asclient beaconprox-
ying. It is shawn that by performing rendezwusin an intelligent manner,
total power consumptionmay be greatly reducedin many situations.

|. INTRODUCTION

In the future, embeddedwireless networking will be in-
cludedin mary common, everyday objects. It is expected
that this addedfunctionality will enablean enormousvariety
of applicationsand serviceswhich have yet to be achieved
or ervisioned[1]. Possibleexamplesof suchembeddedet-
works include sensorsystemswhich monitor and control the
ervironment, smarttoys and games,smartappliancesglec-
tronic accesscontrol, and a myriad of other in-home, busi-
ness,andmanufcturingapplications.At AT&T Laboratories
Cambridgefor example,the PrototypeEmbeddedNetworking
Project(PEN) is a testbedfor the provisioning of embedded
wirelessnetworksfor mary of theseuseq1].

A unique aspectof embeddedwireless networking is its

deemphasisn classicalperformancemeasuresuchasMAC
channelcapacity andanincreasingfocuson low costandre-
ducednodepowerconsumptionlt shouldbenotedthatevenin
standarchetworks suchasIEEE 802.11andHIPERLAN, fea-
tureshave alreadybeenincludedwhich explicitly sacrificeca-
pacityperformancén favor of reducedowerconsumptiori2],
[3].

We canview embeddedvirelessnetworksto be configured
in eitherdensemodeor spaise modeapplications. In sparse
mode,the typical numberof sener nodesperwirelesscover-
ageareais very small. Thereare mary applicationsof this
kind, meterreadingtemperaturandheatsensorsarepossible
examples. Sparsemodesystemsconsistof islandsof service
offeringswhoseperformances clearly not constrainedy the
availablechannekapacity

In densemode,thereis typically a muchlarger numberof
embeddechodesper wirelesscoveragearea. An example of
this is a bookshelfwhere eachbook containsan embedded
nodewhich periodically announceghe title of the book. In
densemodesystemshereare often opportunitiesfor collabo-
rative nodeoperation.Evenin densemodesystemshowever,
mary of the applicationswill be suchthat nodeinteractions
will bevery short-livedandinfrequent,sothatchannelcapac-
ity performances notanimportantfactor

An importantissuein embeddedvirelesssystemds the se-
lectionof theobjective functionusedasabasisfor power opti-
mization. In this papemwe will employ anavermage total power
(ATP) criterion,i.e.,we will assessarioussystemson theba-
sis of averagetotal power dissipated.One canarguethatthis
criterionapproximateshe costof batteryreplacementassum-
ing a constanbatterydrainwhenthe nodeis active. However,
in mary casethercriteriamaybejust asappropriate.

A techniqudor reducingpower consumptiorthisis to place
nodesinto a low power sleep(or doze)modewheneer pos-
sible, and have them occasionallyawvaken to communicate
with other nodes[2]. This type of actionis referredto as
a noderendezvousand can occurin a numberof different
ways. A servicerendezvouss when nodesfirst communi-
catefor the purposesf exchangingapplicationinformation.
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Fig. 1. Embeddedsener SystemModel

Servicerendezwousincludesthe act of determininga pointin
time wherea desirednodeserviceis availablesothatit canbe
accessedOncethis happensthe nodesinvolved canengage
in a client/serversession This involvesthe exchangeof user
information in accordancewith the applicationthat is being
run. In mary systemshe sessiormay consistof a very short
interactionbetweenthe nodesinvolved. An exampleof this
would bewherea nodequeriesandrecordsthereadingfrom a
power metemode.Corverselythesessiomrmayinvolvealong-
termassociatiorbetweertheclientandsener. An exampleof
thiswould beawirelessdoorlock/sensorvhichcommunicates
overalongtime periodto a controlpanelin thesameroom. In
this case,the sessionitself could involve repeatednstances
of noderendezwusfor the purposeof occasionalnformation
exchange. This type of rendezwousis referredto as session
rendezvous The useof sessiorrendezwusnormally implies
a relatively long-termassociatiorbetweenthe nodesin ques-
tion. The|lEEE 802.11standardncludesa sessiorrendezwous
mechanismwhere stationsin sleepmode awaken simultane-
ously and listen to the channelfor the durationof an ATIM
time window [2].

In embeddedsystemsof this type, it is often importantto
distinguishbetweerservicerendezwusandservicediscovery.
A mobilenodearriving ata new locationmay engagen a ser
vice discovery processwvhereit learnsof the servicesoffered
by nodeswithin its radio coveragearea. Onceit determines
this information, it may decideto usethoseservicesthatit is
interestedn. Onthe otherhand,servicerendezwusis theact
of initiating a client/serer interactiononcethedesiredservice
is known to exist. In mary applications servicediscovery is
inherentin the designof the systemand the nodesare pre-
programmedo accesshe servicefor which they areintended.
In this caseservicediscoveryis unnecessargndaclient node
directly initiatesa servicerendezwusto accessheservice.In
systemsof this kind, beaconingis a term usedto describea
paclet broadcastvhich is usedby an awakeningnodeto ad-
vertiseor solicit aninteractionbetweertwo or morenodes.

In systemawith long-termclient/sener associationghe to-

tal enepgy dissipateddueto servicediscovery andserviceren-
dezwusis likely to be very small comparedwith that dissi-
pateddueto the sessionitself. On the otherhand,thereare
mary applicationgfor which the total power dissipateddueto
servicerendezwus can be much higher than that associated
with the client/sener session. An exampleof this would be
wherea hand-heldclient nodequeriesthe contentsof a ship-
ping carton.In this casethe actualtransferof applicationdata
may take just a few milli-seconds,whereasthe serviceren-
dezwusmay expendnodeenepy for severalsecondsin such
casegherecanoften be mary ordersof magnitudedifference
betweenthe rendezwus and sessionenegy dissipations. In
this paperwe considerthis latter type of system,i.e., where
theenegy expendeddueto servicerendezwusis a significant
fractionof thetotal. Whenthisis the casethetechniquesised
for servicerendezwusareveryimportantfrom a power saving
viewpoint.

To furtherreducepower consumptiorin embeddedystems,
nodesmay usea form of externaltriggering. Considerfor ex-
ample,anapplicationwherean operatorusesa wirelesswand
to readthe outputof a power meter Ratherthanhaving the
client node consumingpower at all times, the operatormay
pushabuttononthewandto activatethenode.Uponreceving
this externalsignal, the nodewould power up, andengagen
a servicerendezwuswith the power meternode. After down-
loadingthe pertinentinformation,the nodewould thenswitch
its power off until thenext activationtrigger Many othertypes
of externaltriggersmay be employedin suchsystems.Light
sensing,magneticinduction, control-channepower sensing,
and physicalmovementare a few examplesof othertypesof
externaltriggers.In this paperwe will focuson systemswhich
useexternaltriggeringto initiate servicerendezwus.

Therehasbeenotherrecentwork which considerghe gen-
eralissueof low power MA C protocolsfor wirelessnetworks.
In [4], techniquesvereconsideredor errorrecovery underdif-
ferentchannelfading conditions. In [5] and[6], comprehen-
sive studiesof the power dissipationperformancearegivenfor
variouswirelessATM MAC protocols. Gooddiscussionsare



provided on how to reduceportablestationpower consump-
tion underbasestatiorcontrol. In [7], a MAC protocolis pro-
posedwhich usesresenation/schedulindor power reduction
in theportablestations.Similartechniquetiave beenproposed
in [8], [9].

In this paperwe considempower-efficientrendezwousin em-
beddedwirelessnetworks using the ATP criterion discussed
abore. We first define two basic beaconingmechanisms,
namely serverbeaconingandclientbeaconing A simplesys-
tem modelis usedto characterizehe power performanceor
theseclasse®f embeddechetworks. We find thatwhenclient
nodescontendor asingleservice senerbeaconings thepre-
ferred mechanisnwhenthe client arrival rateis below a pa-
rameterdependenthreshold. This resultimpliesthatit is im-
portantthat the network operatingcharacteristicare known
sufficiently well in advanceif power efficient operationis de-
sired. A hybrid techniquds introducedwherebysener nodes
canindependentlyselectthe mode of operationso that total
power consumptionis reducedover a wide rangeof system
parameteralues.

Adaptive Sener Beaconings alsointroducedin this paper
We show that by adaptingthe sener inter-beacontimesin an
intelligent fashion,a sener beaconingsystemcangreatly re-
ducetotal power consumptiorover a large rangeof client ar-
rival rates.A simplemethodis introducedfor performingthis
adaptation.

Several otherinnovationsare discussedvhich canbe used
to reducepower consumptiorin embeddedetworks. We in-
vestigatethe useof an AC mains-paveredrendezvouserver
Therendezwussener providestiming informationto arriving
clientsso that the power dissipatedn performingthe service
rendezwuscanbe reduced.Our resultsshow thatthis method
performsextremelywell acrossawide rangeof clientloading.
Whenloadingis very high however, lower power consumption
is attainedby clientbeaconing.

Finally, we discussa techniquereferredto asclient beacon
proxying Thisis amethodwherearriving clientsco-operateo
reducetotal power consumptionBy performingrendezwusin
anintelligentmanneytotal power consumptiommaybegreatly
reducedn mary situations.

Il. EMBEDDED SYSTEM MODEL

In Figurel we shav thesystemmodelusedn thispaper We
considerthe casewhereanembeddedhodeprovidesa service
to a possiblylarge populationof clientnodes.We will assume
a sparsemodesituationwherethe coverageareaof the sener
node doesnot overlap significantly with that of other sener
nodes. However, we will alsopresentresultswhich consider
the systemin the presencef contendingnodetraffic. As dis-
cussedn the introduction,we assumethat an arriving client
is externallyactivatedat somepoint afterenteringthe wireless
coverageareaof thesener. In thefigure we have shavn both
unactvatedandactivatedclient nodesinsidethe sener cover-
agearea.Uponbeingactivated the clientnodewould proceed

to initiate contactwith the sener node,i.e., performaservice
rendezwus. As mentionedpreviously, it is assumedhat the
applicationis suchthatservicediscoveryis notneeded.Once
theclientnodemakescontactwith thesener, they engagen a
client/senerinteractionsessionWe assumehatfollowing this
exchangetheclientnodepowersdown andleavesthe system.

Normally in sucha system,one would specify a response
time targetin attainingthe servicerendezwus. In a sensor
readingapplicationfor example thedesignwouldtry to ensure
thatunderlight loadingconditions the time to initiate contact
with the sener is boundedby somefactor denotedoy D4 -
Of coursewhentheloadingis higherthanthis, userswill ex-
periencea degradationin this performanceasis commonly
thecasein paclet-switchedsystemsAlso, becaus@f channel
errors,this boundis normally a statisticalone.

I1l. CLIENT AND SERVER BEACONING

In this sectionwe introducetwo basic beaconingmecha-
nisms,namely Client Beaconing(CB), and Sener Beaconing
(SB). To aid in the description,we will focuson the actions
of a particularsener nodeandthe client nodeswhich arrive
to its radio coveragearea.As discussedn Sectionll, we con-
siderthe commoncasewherethe visiting clientsare enabled
throughexternalactivationafterhaving arrivedatthe coverage
area. Accordingly, we assumehatthe systemis designedso
thatservicediscovery is notrequired. The objectie is to per
form servicerendezwussothata serviceinteractioncanoccur
betweenreachclient andthe sener. Clientandsener beacon-
ing bothaccomplishthisin thefollowing manner

ServerBeaconingSB): Underthe SB mechanismthe sener
sleepsand awakens periodically every tsp seconds. Upon
awakening, the sener sendsa sener beaconwhich is trans-
mitted asa broadcas{or multicast)paclet. Theseactionsen-
able servicerendezwusto occurandare shovn in Figure 2.
In the figure, a total of threesener beacontransmissionsre
shawvn. Following eachbeaconthe sener waits for responses
from client nodeswhich may be waiting for service. An ef-
ficient mechanisnfor signallingthis is to include a shortre-
sponsavindow (RW) atthe endof eachsenerbeacon Await-
ing clients cantransmita short carrier burstinto this RW to
signalthe presenceof one or more awaiting clients. The ab-
senceof aresponsén thisRW will causéhesenerto revertto
sleepmodeuntil the next scheduledeacortime. In this case
thesener only dissipatepower for the durationof thebeacon
andits associatedRW. The describednteractionis shawvn in
Figure?2.

An arriving client mustfirst be externally actvated.An exam-
ple clientarrival andits activationtime areshown in thefigure.
An activatedclientnodeturnsonits recever andlistensonthe
communicatiorchanneffor the next sener beacon.Whenthe
beaconis receved it indicatesthe presencef the sener, and
theclientproceeddy transmittingits requesto thesener. We
referto this asthe client/sener sessiorasshowvn in thefigure.
In Figure 2 we have shavn a single client and sener paclet
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transmissiorbut in practicethe exchangemay be more com-
plex. This interactionis obviously applicationdependenand
in somesituationsmay involve a very long term association
betweenthe client and sener. Corversely in mary systems
theinteractionmay be very shortand may concludeoncethe
desiredinformationhasbeenreturnedfrom the sener. In this
casethe power dissipatedn the client/serer interactionmay
actually be very small comparedwith that dissipatedor ser
vicerendezwus.In thecaseshownn, theclientdissipatepower
fromthetimeit is activateduntil theendof theclient/sererin-
teraction.In thefigure we have shovn a RW at the endof the
client/sener interactioninterval thatthe sener usesto testfor
additionalactivatedclients.

ClientBeaconingCB): Underthe CB mechanismthe sener
is operatedso thatits recever is actively listeningat all times
(Whenthe sener is transmitting,its recever is turnedoff, of
course). Accordingly, an activated client node canimmedi-
ately engagein the client/senrer interactionwithout waiting.
This is shavn in Figure 3. Sincethe sener is always avail-
able,beaconinds notneededor servicerendezwuspurposes.
Therefore,in systemswithout servicediscovery, client nodes
canengagehe senerimmediately It shouldbe notedthatin
systemawith servicediscovery, thesenerin aclientbeaconing
systemmay beacorfor servicediscovery purposes.

It is obviousthatin this schemehe sener is constantlydissi-
pating power. For this reasonthis schememay be more ap-
propriatewhenthe senershave large batteryresource®r are
connectedo AC mainspower. However, we will seethatun-
dersomeconditions thetotal client nodepower may be much
lowerthanthatof senerbeaconinglueto areductionin client
receve power.

Notethatall of the paclketsshavn maybedelayeddueto chan-
nel contention.For simplicity we have not depictedthisin the
figures. It shouldalsobe notedthat thereare other more so-
phisticatedtypesof client beaconing.Thesewill bediscussed
in afuture paper

An importantissuein the Sener Beaconingschemes that
of verifying that a beaconhasbeensuccessfullytransmitted.
In normalunicasttransmissionthis is typically accomplished
via anacknavledgementeturnedrom thedestinatiomode.If
themediaaccesss basednasimpleprotocolsuchasCSMA,
thenalack of responseo the beacorcanbeinterpretedn two
ways. Eitherthe beaconwaslost dueto a collision (or bit er
ror), or, it may have beensuccessfuandthereare no client
nodeslistening. In thefirst case the beacorwould ideally be
re-transmittedintil it is successfulOf coursewhenthesener
coverageareais disjoint from all others thenthis is not anis-
suesincethe sener is in explicit control of the channeland
cantransmitin a conflict-freefashion. Whenthis is not the
case,thena numberof techniqguexanbe usedto reducethe
likelihood of beaconloss. In this paper the CSMA protocol
prioritizesbeacortransmissionsver thatof regulardatapack-
ets.

As a final point, it should be notedthat the “client” and
“server” terminologywe have usedmay be confusingin cer
tainsituationswherenodespossesbothtypesof functionality.
More accuratdgermsmightbe“requestor’and“responder”.In
therestof thepaperwe will usetheclient/sererterms.

A. PowerPerformance

In the embeddedsystemmodel shovn in Figure 1, client
nodesarrive randomlyto the sener radio coveragearea. Ac-
cordingly, we will assumehatactivatedclient arrivals appear
attheseneraccordingo aPoissorarrival processvith amean
of \¢ arrivalspersecondAs discussegbreviously, the statisti-
cal natureof the client/sener interactionis applicationdepen-
dent. In this expository paper we will assumehe casewhere
thereis a singleclient/sener interactionsessiorbetweeneach
client andthe sener node. Interactionsof the type would be
typical of mary sensorand small databasepplications. We
will assumehatthe nodesusep-persistenCSMA asthe me-
diaaccessontrol(MAC) protocol[2].



A lower boundon systempower performancecan be ob-
tainedby ignoring the effectsof propagatiordelayandMAC
channelcontention. We thus startby consideringthe system
whenperfectqueueings in effect. We will seethatthis actu-
ally resultsin a very tight boundon actualperformance.This
is becausaevhenradiocoverageareasarein the 10’s of meters
in range,with afairly modestchannebit rate,the normalized
end-to-endpropagatiordelay parametera, is expectedto be
very low. As aresult,overheadsssociateavith largervalues
of a arenotpresent.

Undertheseassumptionsthe Client Beaconingcasecanbe
modeledasasimpleM/G/1 queueingsystemwith clientarrival
rate,\¢. A client'snodepoweris dissipatedrom thetime the
nodeis activateduntil it hasfinishedits interactionwith the
sener. Thisincludesthetime spentwaiting in the “distributed
gueue”of activatedclients. For this reasonthe M/G/1 service
time of eachclientconsistof thefull durationof its interaction
with thesener. In Figure3 for example theservicetime of the
clientshavnis thedurationof the C/SsessionTheaverageo-
tal clientenepiesdissipatediueto transmissiorandreception
overalonginterval of lengtht aregivenby

ne(t)
EL(t) = m Y Tos(i), @
i=1
ne(t)
EL(t) = ne Y (W(i)+ Tss(i)-
=1

wheren, andn, aretheenegiesdissipatecerunittime when
thenodeis transmittingandreceving respectiely. Tos(¢) and
Tss(i) arethe timesto transmitthe it® client serviceandit”
sener servicepacletsrespectiely. W (i) is the queuewaiting
time of client.

Similarly, over a time periodof ¢t secondsthe enegiesdis-
sipatedby theseneraregivenby

ne(t)

Tt Z TSS(i)a
i=1

ne(t)

nr(t — Z Tss(i))-

Ei () = )

EX(#)

In the above expressionsn.(t) is the numberof client nodes
processedn the time interval considered.By multiplying the
above expressiondy n.(t) /n.(t) anddividing ¢, thentaking
thelimit ast — oo, we easilyobtainthefollowing expressions
for averagepower dissipatecdbverall time.

-—C

P, = nATos,

P = mAc(Wayan +Tss), ©))
Py, = mAcTss,

Py, = n:(1—XcTss).

It will beassumedhatthe power dissipationof thenodeis the
samewhenthe nodeis awake andlistening/recering aswhen

it is awake andtransmitting. This is roughly the casefor the
AT&T ResearctfCambridgePrototypeEmbeddedNetworking

Version3 nodesdescribedn [1], andis typical of othercom-
mercialradio products. The resultsin this papermay be eas-
ily extendedo accommodatenequatransmit/receie powers.
Accordingly, we assumehatrn, = 7, = 7. In thiscasetheav-

eragepower dissipatedinderClient Beaconings givenby

(1 +Xc(Wayapn +Tes +Tss)),
= 1+ Ny +Ac(Teos +Tss)-

Pop =
4)

In the final expressionwe have normalizedthe power units
sothatnp = 1, anddefinedN /g /1 to be the meannum-

ber of clientswaiting in the M/G/1 queue,i.e., NM/G/l =

W G 1 Ac from Little’s Theorem.
In asimilarway, for the Sener Beaconingystemwe obtain
asetof equationsasfollows.

=

P, = mXcTes,
P, = mAo(Wa+Tss), (5)
Py, = m(\cTss+Tsp/tss),
P, = mAcTos.
Thetotal averagepower consumedn this cases
Psg = 7sp+Ac(Wa+2(Tcs +Tss)),
= 758+ Ng+2X\c(Tcs +Tss). (6)

Herewe have definedrsg = T'sp/tse, which canbe viewed
asa normalizedmeasureof the power dissipatedn perform-
ing the sener beaconing.Sincewe are consideringthe ideal
gueueingcase,we have assumedhat the responsevindows
shawvn in Figure 2 arenot present.In this casethe systemis
not M/G/1, but is a queueingsystemwith synchronougating,
whosemearwaitingtime is denotedby W . In suchasystem,
new arrivals wait until the next gatinginstant(i.e., the sener
beacornime). Oncethis time haspassedthenthe arrivalsare
gueuedfor service. Suchmodelsare usedto describesener
systemswhere(asin our case)the sener makes periodic re-
appearancesndremainsn the systemuntil customebacklog
is eliminated[10]. The queueingoehaior of this type of sys-
tem canbe solvedfor afixed client/sener interactiontime by
embeddinga Markov chainat the sener beaconinstants.We
assumaen this casethatthe client/sener sessiortime is fixed
in duration,which is typical of mary applications. This MC
canthenbe solved by evaluatingthe setof b boundarycon-
ditions for the chain, whereb is the numberof client/sener
interactiongpossiblewithin the choseninter-beacortime, i.e.,
b = (tsp — Tsp)/Ts, whereT, is the total client/serer in-
teractiontime. In this casewe have assumedhattherearean
integral numberof client/sener interactionintervals per bea-
conperiod,i.e.,b is aninteger.

A comparisonof Equations4 and 6 showv that undercon-
ditionswhere \¢ is small,ﬁSB/ﬁCB ~ Tgpg, andthusit is



typically the casethat 1353 < 13(;3. However, when )\ is
muchlarger, Psp/Pep = Na/Nyypp- It is well known
from queueingheorythatthe meandelayin anM/D/1 system
is a lower boundfor all Poissonarrival systemswhich sched-
ule customersndependentlpf theirservicerequirement§l0].
Using Little’s Theoremwe have that N;/p/1 < Ng and

thereforeﬁSB > 130)3 underheavy traffic conditions. Thus
in the perfectly scheduledctase thereis a crosswer client ar
rival pointwhereclientbeaconings preferred.

A more detailedcomparisonof the two basic schemesds
shawvn in Figure4. In this figure we have plottedthe normal-
izedmeanpower dissipatiorasafunctionof total clientarrival
ratefor bothclient beaconingandsener beaconingor differ-
entvaluesof tsg. The curvesweregeneratedisingthe above
models.In thecurveswe have normalizedthetime unitsto the
total client/sener sessiortime, T,;. We have assumedhatthe
sener beacoris one-halfof this value. This represents fairly
shortinteractiontime which would befairly typical of sensor
type applications. All other parametersare in termsof this
normalization.In the figure we have alsoincludedsimulation
pointsshowving the performanceof the systemwhena CSMA
MAC protocolis usedfor channelaccessin theseresults the
95% confidencentervals arewithin 3% of the plottedpoints.
In Figure4 power dissipationis normalized sothata valueof
unity correspondgo a single nodehaving its transmitter(or
recever)on continuously

The first thing to noteis that underlow client arrival rates
the SB schemesll give lower power consumptiorthandoes
CB. At thesevalues,systempower consumptioris dominated
by that of the sener alone. In the CB systemthe sener is
never sleepingsothatthe leastpower consumptiorpossibleis
avalueof 1, asshovn at \c = 0. We alsoseethatastsg
is decreasedthe slopeof the power curve decreasesnaking
smallervaluesof ts g betterfor higherclientarrival rates.This
trendcontinueauntil we reachthe pointwherethe channeluti-
lization of the systembegins to suffer dueto the overheadof
senerbeacortransmissionThisbecomesignificantwhenthe
inter-beacontimesarewithin aboutan orderof magnitudeof
the client beacontransmissiortime. For this reason,in the
examplegiven,thereis little to be gainedby reducingtsp be-
low the minimumvalueshownn. As aresult,underheavy client
arrival rates,client beaconings always preferredover sener
beaconing.

It canbe seenthatwhenqueueingbecomes highly domi-
nantpower dissipationfactor, the boundis notvery tight since
theeffectsof CSMA channekontentiorarenot consideredin
Figure4 for theclientbeaconingaseataclientarrival rateof
0.6,theboundis about14%lower thanthe actualpower dissi-
pated.Thesameeffectobviouslyoccursfor muchlargervalues
of power dissipationin the sener beaconingcases.However,
it isimportantto notethatin thecasesvheretheboundis nota
very tight one, this correspondso regionsof very high power
operation. Theseregionsof operationare unlikely to be fea-
siblein mary low power embeddedetwork applications.In

SectionlV we will usethis factto proposea simple criterion
for adaptingheinter-beacortime in senerbeacorsystems.

An importantpointto make in Figure4 is thattheadwantage
that SB shavs underlight client loadingis a very important
one. This is becauset is expectedthat mary embeddedet-
workswill operataundervariousclientloadingregimes.When
deployedin a situationwherethe aggreyateclient loading is
very low, it is highly desirablethatthe nodescanextendtheir
batterylife asmuchaspossible.Operationin thisregion using
anappropriatevaluefor tsp makesthis possible.

As afinal note,we canconcludefrom Figure4 that client
beaconingis only preferredin situationswhere clients are
denseand provide relatively high total aggreyateloads. In
mary low-endapplicationghis would notbethecase.

The comparisorof sener andclient beaconings markedly
differentwhenthe client/serer interactiontimes are compa-
rable to, or larger than the interbeaconinterval. This case
correspondgo the situation where the associationtime be-
tweenclientandseneris muchlargerthanthecaseconsidered
above. In thiscasetheaveragepowerdissipations dominated
morestronglyby the servicetimesof the clientsinsteadof by
power dissipatedn performingthe servicerendezwus func-
tion. Also, the overheadassociatedvith beaconingitself is
not a significantpower consumptiorterm. Underlight load-
ing the sener beaconingystemsaresuperiorasbhefore.How-
everunderheavier loadthereis lessdistinctionbetweersener
and client beaconingsince power consumptionis dominated
by sessiorgueueingandservice.In this casesener beaconing
is generallypreferredover client beaconingn all regions of
clientarrival rate.

It is expectedthatin future embeddedetworks, therewill
be mary applicationsfor which eachof the above situations
hold. In mary sensorapplicationsfor example,it is expected
thattsp > T. In mary office situationswherea mobile node
arrivesandremainsfor mary hours,thenthetotal client/sener
interactiontime may be very large. In this paperwe con-
siderthe former case,that is, wherethe power consumption
dueto servicerendezwous may be large comparedo that of
client/sererinteraction.

Note thatin the abose comparisonsve have assumedhat
thereis asingleinteractionbetweertheclientandsener. This,
of course,is applicationdependentind there may very well
bealong-termassociatiometweertheclientandsenerwhere
thetwo nodesawakenandcommunicatenary times.

We have alsocomparedhesesystemavhenthereis signifi-
cantbackgroundraffic within the coverageareaof the sener.
In the interestsof brevity theseresultsare not includedhere.
Whenthereis a significantincreasen backgroundraffic, the
samegeneraltrendsexist asin the previous case. Client bea-
coningis shavn to perform significantly betterunderheary
arrival rateswherethe power dissipationis high.

Finally, it is importantto note that in certain situations,
the preferredbeaconingmechanismis obvious. For exam-
ple, when the sener nodeis connecteddirectly to the AC



Server Beaconing Power Consumption

[m]

Mean Power Dissipation
w

CB Bound ——
CB +
+ SB:tsb=10 O

+ :
/ SB:tsh=50 &
SB Bound: tsbh =50 -----

SB'Bound: tsh’ =10~ ]

SB:tsb =100 <
SB Bound:itsb = 100 - ---

0 0.2 0.4

. 0.
Client Arrival Rate

0.8 1

Fig.4. SenerandClientBeaconingTs=1

power mains,thenthe ideaLscheduIingmodeI gives ]3(;3 =
Ae(Tes +Waypy) andPsg = Ac(Tes + Wea). Inthis
caseﬁCB < 1353 andthusclient beaconings always supe-
rior to senerbeaconingincethe seneris beingpowered“for
free”. Corversely when the clients are mains-pavered, we
have thatfoB =1 andﬁgB = AcTcs + 7sB. In this case
Pcp > Psp andsener beaconings always preferred. An
exampleof thefirst caseis in the Olivetti Active BadgeSys-
tem[11]. In this system battery-paveredbadgesawakenand
transmita12msIR beacorevery 10secondsThebadgesom-
municatewith AC mains-paverednodeswhoseknown physi-
callocationis usedto trackthelocationof themobilenodes.In
this systemwe canview thefixednodesasproviding alocation
registrationserviceto the mobileclient nodes.

B. Hybrid Serverand Client Beaconing

In Sectionll we found that when client/serer interaction

timesaresmall, SB is heavily preferredunderlight to mod-
erateclient loading,andthat CB may be preferredotherwise.
Thisraiseshequestionof how a systemshouldoperatevhose
loadingcharacteristicareeitherunknavnin advance or varies
widely over time. In this sectionwe considera very simple
schemeavherebya senernodeindependentlgelectdhemode
of operationto use,in a way thatis transparento the client
nodes.
Hybrid SB/CB: The intent of this schemeis to operateas a
client beaconingsystemunderheary client loading,andasa
sener beaconingsystemunderlight loading. The schemes
suchthatthe sener cansetthe modeof operationdynamically
andtransparentlyvith respecto the arriving clients.

Ordinarily, anactivatedclient would have to know the modeof

operationsothatit knows whetherto wait for a sener beacon
or not. In thehybrid schemeall activatedclientstransmittheir

beaconimmediately If the sener is currentlyin CB mode,
thenthe sener will respondand the client/serer interaction
proceedslf theseneris currentlyin SB mode,thenthe client

will not receve animmediateresponseo its beacon.In this

casethe client thenremainswith its recever on, listeningfor

a sener beacon.Whenthe sener beaconoccurs,the system
proceedsasin acorventionalsenerbeacorsystem.Deadlocks
may occurif, asan example,a client missesthe final sener

beaconjust beforethe sener switchesfrom SB to CB mode.
To preventthis, a client will timeoutandre-beacorif it does
not hearthe sener beaconwithin a period of time equalto

tsp. Thisbehaior is alsoneededor recovery in the event of

asenerresponsavhichis lostdueto channekontentioror bit

error.

UsingEquationgt and6 from Sectionl, it caneasilybeshovn

thatunderlight loadingconditions theidealqueueingCB and
SB curvesintersectwhen

tsp —Tsp
tss +tcs +t53/2 +Tsp’

()

Ao -tsp ~

Using this approximationa sener nodecanselectthe mode
of operationby making a local measureof the currentclient
loading. A simpleheuristicis to apply SB whenthe measured
loadingis lessthanthe crosswer predictedby Equation?7, and
to useCB otherwise.

In Figure5 we shav an exampleof the meanpower con-
sumptionof this hybrid systemwherethe seneruseshenum-
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berof clientssenedoverawindow of 10 beacorperiodsto es-
timatetheclientload. Themodeis thenswitched,if indicated.
In the graphswe shav the CB and SB systemdor 3 different
valuesof tsg. We have alsoplottedthe power consumptiorof
the hybrid scheme.We have madethesecomparisonsver a
wide rangeof parameteralues,andthis graphis representa-
tive of theresultswe have found.

In generalwe find thatthe systemapproximateshe bestof
the SB andCB curves. This approximatioris betterfor larger
valuesof tgg wheretheloadingcrosseerpointis atlowerval-
uesof clientarrival rate. Notethatin the hybrid schemeclient
requestpacletsare alwaystransmittedtwice whenthe sener
is in SB mode. For this reasonwhenthe crosseer point oc-
cursat higherarrival rates theseadditionaltransmissionson-
tribute more significantly to the total power consumed.This
accountsfor the significantly poorerpower consumptionap-
proximationin thetspg 10 case. However, the schemes
generallyusefulasan adaptie techniquewhich achiezesbet-
ter power consumptiorover awider rangeof parametewalues
thaneither SB or CB alone. However, it shouldbe cautioned
thattheloadingcrosswer pointsmaybeatrelatively largeval-
uesof clientarrival rate,which maylimit theusefulnesf this
schemén mary applications.

C. Transmit-OnlyServes

In this sectionwe briefly introducea variationin the above
systemwhich maybeusedin certainvery low power, low cost
situations.In someapplicationgheamountof informationpro-
vided by anembeddedener nodemay bevery small. In ad-
dition, this informationmaybe providedfreeto ary interested

node,sothatidentificationandauthenticatiorof clientsis not
needed.An exampleof this might be a nodewith anattached
temperaturesensar In this case theremay be no needfor ary
interactionon a client by client basisandthe currenttempera-
turevaluecouldbesimplyincludedin thepayloadof thesener
beacorpaclet. In this casetheremaybe no needfor areceve
function at the sener, from an applicationstandpoint.In this
caseit is possiblefor the nodeto be deployed with a radio
transmitteronly. We refer to sucha nodeas a transmit-only
server(TOS). Obviously one mustbe carefulin this type of
situationsincenormally a nodereceveris requiredin orderto
properlyengagen channelaccessat the MAC level. Clearly
one would never deploy suchnodeswheretraffic conditions
coulddevelopto the pointwherechannekontentionadwersely
affectstheoperationof thesystem.This maynotbeanissuein
mary casedecausef the smallradio coverageareasandthe
low transmitduty cycle of suchnodes.In the examplegiven,
with a10secondnter-beacortime anda 10 msbeacorpaclet,
theduty cycleis only 0.1%.

In a systemwith a singlesener of this type, a successfully
transmittecbeacorcanserviceall awaitingclients. In thiscase,
usingthe above power modelwe have that, P;, = 0, P, =
77,)\0(?553/2 + TSB)' ?:x = NTSB, and?fx =0.

In Figure 6 we have plottedthe power performanceof this
systemcomparedwith client beaconing. The client beacon-
ing caseis the sameasheforewhereclientsmustindividually
solicit response$rom the sener. We have assumedhat the
senerbeacorin theTOSsystemhasatransmissiortime equal
to the sessiortime of thesenerbeacorsystemwhichis being
very generous.
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Fig. 6. Transmit-OnlySener (TOS)
large valuesof tsp leadto excessvely large valuesof power
consumption.Clearly, a rationalstrateyy would be to provide
for adaptatiorof the sener inter-beacortime so that this pe-
riod decreasem situationswherethe clientloadingis higher

It canbeseerthatin this casethereis no poweradwantagen
In this sectionwe considetthe simpleuseof thistechniqueand

clientbeaconingegardlesof loading.Evenfor very highval-

uesonecanalwayschooseaninter-beacortime sothatpower
dissipationis lower for the TOS. This is reasonableincethe

TOSsystemhaseliminatedtheindividual client/sererinterac-
tion sessionsFor thisreasonthe dominanttermis thatdueto

shav thatit can greatly reducepower consumptionin mary

situations.

It caneasilybe shavn thatfor a sener beaconingsystem,
theaveragepower dissipateds approximatelygivenby

clientreceve power. However, thechoiceof inter-beacortime
is adifficult onefor this type of system.In the next sectionwe
will discusshow inter-beacontimesin sener beaconingsys-

temscanbe adaptedor power reduction. Unfortunately this
is difficult for a transmit-onlysener sincethereis no direct

way for the senerto determinethe conditionsthatit is operat-

~

ing under
IV. ADAPTIVE SERVER BEACONING

In Figure4 we saw thatastsg decreaseshe slopedrops
for the SB power consumptiorcurves. A cursorylook at this
figure might suggesthatthereis no advantageto usinglarger
valuesof senerinter-beacortime. This of courseis notacor

rect conclusionbecausef the behaior of the curvesat very
low valuesof client arrival rate. Although it cannotbe seen
in Figure 4, the curvesall crossat somepoint, the onesfor
highervaluesof tsp having lower power-axis intercepts.For
thisreasonpsingavery largevaluefor tsg maybe highly de-
sirableto ensurea very long batterylifetime for a sener node
which happengo be deployed wherethe client arrival rateis
small. Anotherexamplewould be whereat night, the client
arrival ratedropsto zerofor mary hours. This situationalso
suggestshe useof alargevalueof tsp overthis period. Con-

versely Figure4 shows that asthe arrival rateincreasesyery

NSBtSB/2 + (NgB + NSB)TS/Q + NSBTS
tss

(8)

Psp

+ 7sB,

whenNgspTs < tsp, whereNgp and N2 arethefirst two
momentsof the numberof clientsfoundwaiting at the startof
theinter-beacorinterval. Usingthe Poissorarrival assumption

andthefactthattheinter-beacorinterval is fixedin length,this
expressiorcanbere-writtenasfollows,

Alst) 4 ron. (9)

Actss
2

Psp + AoTs(2 +
In Equation9 the contribution of eachtermis clear Thefirst
is for clientsawaiting the sener beacon.The secondtermis
dueto the client/serer sessionandthe lasttermis the power
dissipateddue to sener beaconingalone. It can be easily
shawn thatthis functionis corvex andhasa global minimum

attgp = tsp, Wwhere
t* _ 2TSB
587 V(@ +AcTy)’

~
~

(10)
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This result suggestsa very simple way of performing the
beaconrate adaptation. The sener continuously monitors
the value of A¢, then simply usesEquation10 to compute
the proper inter-beacontime to use. When applying this
schemethe sener would setthe inter-beacontime to tsg =
max{ttg, Dmqz/2}, SO that the adaptationalways tries to
meettheD,,,,, delayconstraint.

In Figure7 we have plotteda setof normalizeccurveswhich
comparethe total averagepower dissipatedor variousvalues
of senerinter-beacortime comparedvith thatof the adaptie
schemausingtheabove approximationln the curves,boththe
client arrival rateandtsg arenormalizedto the client/sener
interactiontime. As beforewe have assumedhat the sener
beacortransmissionime is 50% of this value.

Considerthe following examplewhich illustratesthe power
savzing which is possibleusingsener inter-beacoradaptation.
Considera anembeddediodewhich is actingasa sener for
a temperaturesensor Let us assumehat we would like to

satisfy an applicationresponsdime of D,,,,, = 10 seconds.

Thismeanghatwhenclientloadingis light, thenfrom thetime
thata nodeis activated,we would like to have the initial ren-
dezwusoccurwithin 10 seconds.In addition,we would also
like to minimize the power dissipatedwhen the nodeis not
experiencingclient arrivals. Accordingly, we settsg = 10
secondssothatan activatedclient mustwait at mostthis long
to hearthe sener beacon.For this examplewe will choosea
client/sener interactiontime of 10 mswhich might betypical
for thistype of application.To useFigure7 we first determine
the normalizedvaluefor tsp, whichis 10 secondglivided by
10 ms, which givesus 1000. Looking at the extremeleft of
the figure usingthe tsg = 1000 curve we seethat the nor-
malized averagepower dissipationis about0.0005,which is
very low. However, now considerwhathappensvhena node
using this inter-beaconperiod is usedin a systemwherethe
client arrival rateis slightly higherthanthis, at say a value
of one client arrival every 100 seconds. This is clearly still
a fairly low client arrival rate. The normalizedvalue of this
clientarrival rateis (100/10ms)~! or 10~*. FromFigure7 we
seethatatthis arrival rateandsener inter-beacortime, we are
dissipatingan averagepower of 0.05. However at this value
of client arrival rateit canbe seenthatif we wereto usethe
adaptve schemenddecreaseurinter-beacortime, wewould
actuallyimprove our time responsienessandour power dis-
sipationwould be only 0.01, i.e., failing to adaptthe sener
inter-beacortime hasresultedin a power dissipationwhich is
500%higherthannecessanyt canbeseerfrom thecurvesthat
if thearrival rateincrease®y anotherrderof magnitudethen
the fixed inter-beaconsystemwill be dissipatingover 1400%
more power thanthe adaptve scheme.lt is clearthatin this
typeof systemtherearesubstantiagjainsto be madeby adapt-
ing theinter-beacortimessothatpower dissipationis reduced
for the operatingenvironmentconsidered.This examplealso

illustratesthe negative consequencesf a greedypower allo-
cationmechanism.The static settingusedinitially is the one
thatminimizespowerin thesener, yetresultsin amuchhigher
client power dissipatiornthanis necessary

In Figure7 we have alsoshavn the curve resultingfrom the
useof the adaptve schemesuggestedibove. It canbe seen
that total power consumptionusing this techniquetracksthe
lower limit of the power curves shavn for the non-adaptie
sener inter-beacorvalues. The power savings possibleusing
this methodcanbereadily seenfrom thegraph.

Finally, it shouldbe notedthataform of adaptie beaconing
is usedin the Olivetti Active BadgeSystem[11] referredto in
Sectionlll. In this systemthe badgesnormally beaconevery
10 seconds.However, the front of the badgeis fitted with a
light-dependentesistorwhich reduceghis rateto effectively
zerowhenin darkness.This reduceghe power consumption
of thebadgein mary situationswhenit would notnormallybe
used suchasduringthenight, or whenenclosedn a briefcase.
It is expectedthatthis type of on/off adaptatiormay be very
usefulin mary embeddedadioapplications.

V. RENDEZVOUS SERVER

In someembeddedhetworking situationsit is possiblethat
theremaybeoneor moreAC mains-paverednodeswithin the
coverageareaof a battery-paveredsener node. Whenthis is
the case,the mains-paverednodecan be usedto reducethe
total power consumptionin the system.We refer to this node
asarendezvouserver(RS). It is possibleto do this in a way
thatis transparento the senernode.

Therendezwoussener listensto the radio channelcontinu-
ally andtrackstheinter-beacortimesof the sener or seners
in question. To enablethis, the sener beaconpaclket would
containthe scheduledime of thenext senerbeaconTheren-
dezwussener cacheghis informationalongwith the identity
andotherappropriatedetailsof the sener nodethatit is func-
tioning on behalfof.

An exampleof rendezwussener operationis describedas
follows. Whena client nodearrives,it initially functionsasin
thehybrid sener/clientbeacorsystendescribedn Sectionlll-
B. It startsby transmittingits requesto the sener node. This
requests interceptedoy the rendezwussener which replies
backto theclientnode.This reply includesa field which con-
tainsthe time until the next scheduledsener beaconinstant.
Upon receving this information, the client nodecanresume
sleepinguntil the next senerbeacortime. Theclientawakens
justbeforethe scheduledeacortime for thesener.

An inefficiengy in this schemds thattherendezwussener
may interceptthe client paclet eventhoughthe sener nodeis
still listening. A moreefficient schemewould be to prioritize
the sener responsever that of the rendezwoussener sothat
thelatteronly respondsf the senernodeis currentlysleeping.

In Figure 8 we shav an exampleof the power savings pos-
sibleusingtherendezwussener. In this figure we have taken
Figure7 andaddedherendezwussener curve. In adesignof
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thistypeonewouldsetthesenerinter-beacorto themaximum
possible,subjectto the desiredaccesdime constraint. In the
examplecurve shovn we have usedthe valueof tgg = 1000

which we quotedin the examplegiven nearthe end of Sec-
tion IV. It canbe seenfrom Figure 8 that very large power
savings over a wide rangeof client loadingscan be obtained
usingthis technique. At theright of the graph,the power sas-

ings are eventually lost as indicatedin Figure 8. It is clear
however, thatif the useof arendezwousseneris anoption, it
shouldbe consideredAn importantdesignissuein this caseis
to ensurehatthenodeshave the neededime-baseaccurayg to
performtherendezwusfunctionsdescribed.

Notethatthe good power performanceof RS doesnot con-
tinue for all valuesof client loading. As seenin Figure 8,



eventuallyatvery high arrival ratesthe power consumptiorin-
creasesandthis systems outperformedy basicclientbeacon-
ing. Thereasorfor this effectis thatin the basicschemeout-
lined above, eachclient requests possiblytransmittedtwice,
i.e., onceto the RS andonceto the sener. As aresult,when
theserequestarea significantfractionof theclient/sener ses-
siontime, this overheadimits the capacityof the system.

VI. CLIENT BEACON PROXYING

In this sectionwe briefly discussa simple techniquefor
power conserationreferredto asclient beacorproxying This
is a collaboratve methodwherearriving client nodesexploit
eachotherspresenceo reducepower consumption.Thereare
mary options.We will give anexampleof onepossibility.

Arriving nodesoperateas in normal hybrid client/sener
mode. The sener beacorrateis setto twice the requirement
dictatedby desiredresponsdime considerations.As in hy-
brid client/serer beaconingwhen client nodesare activated
they beacorimmediately If thereis noresponseo thebeacon,
theclientproceedssin hybrid client/senermodeandremains
with its recever on. It becomedhe “proxying node”. While
waiting in this mode,if it seesanotherclient beacon,jt will
respondand the two nodesarrangeto rendezwous,tsg sec-
ondsaftertheinitial arrival of theproxy node.This permitsthe
secondnodeto immediatelyentersleepmode,while the first
remainsactive, waiting for the sener beacon. Otherarriving
nodeswork in the sameway. Note thatthe rendezwoustime
is the samefor all nodessened by the proxying node. Once
the sener beaconoccurs,the active client synchronizego its
beaconingThisinformationis relatedto the otherclientnodes
atthetime of rendezwous.

Variousoptionsandenhancementrepossible An unfortu-
nateaspecbf this schemas thathigherreliability dictateghat
thefirst nodebe the onewhich remainsactive throughoutthe
waiting period. This is to help ensurethat all sleepingnodes
were within receptionrangeof the proxy nodeat the time of
activation.

VII. CONCLUSIONS

In this papemwe have considereghower-efficientrendezous
for embeddedvirelessnetworks. We first definedthe sener
and client beaconingendezwus mechanisms.Under a total
power dissipatiorcriterion, client beaconings preferredwhen
the systemloading exceedsa parametedependenthreshold.
Whenloadingvaluesarebelow thislevel, senerbeaconinge-
sultsin lower power consumptionWe investigatedhe useof a
hybrid techniquewherebysener nodescanindependentlyse-
lectthebeaconingnodeof operation We find thatthis method
works quite well especiallywhenthe interbeacontimes are
large. However, it shouldbe notedthat the crosseer points
tendto occurat relatively large valuesof client loadingwhen
the inter-beacontimes are small. For this reason the useof
this techniqueis probablyrestrictedto high power dissipation
regimes.

In this paperwe alsointroducedthe useof adaptie sener
beaconing.In a static sener beaconingsystem the optimum
inter-beacorrateis anincreasingunctionof theclientloading
level. For this reasorpower savings canbe madeby properly
adaptingthe inter-beaconrate as loading conditionschange.
Very large savings in power consumptionare possibleusing
this technique. This is a very useful mechanisnsinceit is
expectedthat embeddedhodeswill be deployedin situations
wheretheremay be mary ordersof magnitudedifferencein
theoperatingconditionsencounteredAlso, loadingconditions
may vary greatly over time. A very simple methodwas in-
troducedfor performingthis beacorrate adaptatiorbasedon
having the sener nodetrackthe currentclientloadinglevel.

Several other innovations were also discussedwhich can
be usedto reducepower consumptiorin embeddedhetworks.
We investigatedhe useof an AC mains-peveredrendezvous
serverfor power reduction. It was shavn that a rendezwous
sener candramaticallydecreas¢he averagepower dissipated
underlow power client loading situations. Finally we dis-
cusseda distributed power reductiontechniquereferredto as
client beaconproxying It is shavn that by performingren-
dezwusin anintelligentmannertotal powerconsumptiormay
be greatlyreducedn mary situations.
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