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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 reason,it is crucial that power consumption is as
low aspossible.A techniquefor reducingpower consumption is to place
nodesinto a sleepmodewhenever possible,and have them occasionally
awaken to interact with other nodes.This type of action is referred to as
a noderendezvous, and canbeusedin a variety of different ways.

In this paper weconsiderpower-efficient service rendezvousin embed-
ded wirelessnetworks with external triggering. We first definetwo basic
rendezvous mechanisms,namely, serverbeaconingand client beaconing.
Weshow 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.Wealsoconsidera hybrid
techniquewherebyserver nodesindependentlyselectthe beaconingmode
so that total power consumption is reducedover a wide range of system
parameter values.The operation of the client nodesis transparent to this
selection.

Wealsointr oducethe useof adaptiveserverbeaconing. In a static server
beaconingsystem,the optimum beaconingrate is an increasingfunction
of the client loading level. It is shown that by adapting the server beacon
rate in an intelligent way, total power consumptioncanbegreatly reduced
over a large range of traffic loading conditions. A very simple method is
intr oducedfor performing this adaptation.

Several other innovations are discussedwhich can be used to reduce
power consumption in embeddednetworks. We investigatethe useof an
AC mains-powered rendezvousserverfor power reduction,and wediscuss
a distributed power reduction techniquereferred to asclient beaconprox-
ying. It is shown that by performing rendezvous in an intelligent manner,
total power consumptionmay begreatly reducedin many situations.

I . INTRODUCTION

In the future, embeddedwirelessnetworking will be in-
cluded in many common,everyday objects. It is expected
that this addedfunctionality will enablean enormousvariety
of applicationsand serviceswhich have yet to be achieved
or envisioned[1]. Possibleexamplesof suchembeddednet-
works includesensorsystemswhich monitor andcontrol the
environment,smart toys and games,smartappliances,elec-
tronic accesscontrol, and a myriad of other in-home, busi-
ness,andmanufacturingapplications.At AT&T Laboratories
Cambridgefor example,thePrototypeEmbeddedNetworking
Project(PEN) is a testbedfor the provisioning of embedded
wirelessnetworksfor many of theseuses[1].

A unique aspectof embeddedwirelessnetworking is its

deemphasison classicalperformancemeasuressuchasMAC
channelcapacity, andan increasingfocuson low costandre-
ducednodepowerconsumption.It shouldbenotedthatevenin
standardnetworkssuchasIEEE 802.11andHIPERLAN, fea-
tureshave alreadybeenincludedwhich explicitly sacrificeca-
pacityperformancein favorof reducedpowerconsumption[2],
[3].

We canview embeddedwirelessnetworksto beconfigured
in eitherdensemodeor sparsemodeapplications. In sparse
mode,the typical numberof server nodesper wirelesscover-
ageareais very small. Thereare many applicationsof this
kind, meterreading,temperatureandheatsensors,arepossible
examples.Sparsemodesystemsconsistof islandsof service
offeringswhoseperformanceis clearlynot constrainedby the
availablechannelcapacity.

In densemode,thereis typically a muchlarger numberof
embeddednodesper wirelesscoveragearea. An exampleof
this is a bookshelfwhereeachbook containsan embedded
nodewhich periodically announcesthe title of the book. In
densemodesystemsthereareoftenopportunitiesfor collabo-
rative nodeoperation.Even in densemodesystemshowever,
many of the applicationswill be suchthat nodeinteractions
will bevery short-livedandinfrequent,sothatchannelcapac-
ity performanceis not animportantfactor.

An importantissuein embeddedwirelesssystemsis these-
lectionof theobjectivefunctionusedasabasisfor poweropti-
mization.In this paperwewill employ anaveragetotal power
(ATP) criterion,i.e.,we will assessvarioussystemson theba-
sisof averagetotal power dissipated.Onecanarguethat this
criterionapproximatesthecostof batteryreplacement,assum-
ing a constantbatterydrainwhenthenodeis active. However,
in many casesothercriteriamaybejust asappropriate.

A techniquefor reducingpowerconsumptionthis is to place
nodesinto a low power sleep(or doze)modewhenever pos-
sible, and have them occasionallyawaken to communicate
with other nodes[2]. This type of action is referredto as
a node rendezvous, and can occur in a numberof different
ways. A servicerendezvousis when nodesfirst communi-
catefor the purposesof exchangingapplicationinformation.
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Fig. 1. EmbeddedServer SystemModel

Servicerendezvousincludestheact of determininga point in
time wherea desirednodeserviceis availablesothatit canbe
accessed.Oncethis happens,the nodesinvolved canengage
in a client/serversession. This involvesthe exchangeof user
information in accordancewith the applicationthat is being
run. In many systemsthesessionmay consistof a very short
interactionbetweenthe nodesinvolved. An exampleof this
would bewherea nodequeriesandrecordsthereadingfrom a
powermeternode.Conversely, thesessionmayinvolvealong-
termassociationbetweentheclient andserver. An exampleof
thiswouldbeawirelessdoorlock/sensorwhichcommunicates
overa long timeperiodto acontrolpanelin thesameroom. In
this case,the sessionitself could involve repeatedinstances
of noderendezvousfor thepurposeof occasionalinformation
exchange. This type of rendezvous is referredto as session
rendezvous. The useof sessionrendezvousnormally implies
a relatively long-termassociationbetweenthe nodesin ques-
tion. TheIEEE802.11standardincludesa sessionrendezvous
mechanismwherestationsin sleepmodeawaken simultane-
ously and listen to the channelfor the durationof an ATIM
timewindow [2].

In embeddedsystemsof this type, it is often importantto
distinguishbetweenservicerendezvousandservicediscovery.
A mobilenodearriving at a new locationmayengagein a ser-
vice discovery processwhereit learnsof the servicesoffered
by nodeswithin its radio coveragearea. Onceit determines
this information,it may decideto usethoseservicesthat it is
interestedin. On theotherhand,servicerendezvousis theact
of initiating aclient/server interactiononcethedesiredservice
is known to exist. In many applications,servicediscovery is
inherentin the designof the systemand the nodesare pre-
programmedto accesstheservicefor which they areintended.
In thiscase,servicediscovery is unnecessaryandaclientnode
directly initiatesa servicerendezvousto accesstheservice.In
systemsof this kind, beaconingis a term usedto describea
packet broadcastwhich is usedby an awakeningnodeto ad-
vertiseor solicit aninteractionbetweentwo or morenodes.

In systemswith long-termclient/serverassociations,theto-

tal energy dissipateddueto servicediscoveryandserviceren-
dezvous is likely to be very small comparedwith that dissi-
pateddue to the sessionitself. On the otherhand,thereare
many applicationsfor which thetotal power dissipateddueto
servicerendezvouscan be much higher than that associated
with the client/server session.An exampleof this would be
wherea hand-heldclient nodequeriesthe contentsof a ship-
ping carton.In this casetheactualtransferof applicationdata
may take just a few milli-seconds,whereasthe serviceren-
dezvousmayexpendnodeenergy for severalseconds.In such
casestherecanoftenbemany ordersof magnitudedifference
betweenthe rendezvousand sessionenergy dissipations. In
this paperwe considerthis latter type of system,i.e., where
theenergy expendeddueto servicerendezvousis a significant
fractionof thetotal. Whenthis is thecase,thetechniquesused
for servicerendezvousarevery importantfrom apowersaving
viewpoint.

To furtherreducepowerconsumptionin embeddedsystems,
nodesmayusea form of externaltriggering. Considerfor ex-
ample,anapplicationwhereanoperatorusesa wirelesswand
to readthe outputof a power meter. Ratherthanhaving the
client nodeconsumingpower at all times, the operatormay
pushabuttononthewandto activatethenode.Uponreceiving
this externalsignal,the nodewould power up, andengagein
a servicerendezvouswith thepower meternode.After down-
loadingthepertinentinformation,thenodewould thenswitch
its poweroff until thenext activationtrigger. Many othertypes
of externaltriggersmay be employed in suchsystems.Light
sensing,magneticinduction, control-channelpower sensing,
andphysicalmovementarea few examplesof other typesof
externaltriggers.In thispaperwewill focusonsystemswhich
useexternaltriggeringto initiateservicerendezvous.

Therehasbeenotherrecentwork which considersthegen-
eral issueof low powerMAC protocolsfor wirelessnetworks.
In [4], techniqueswereconsideredfor errorrecoveryunderdif-
ferentchannelfadingconditions. In [5] and[6], comprehen-
sivestudiesof thepowerdissipationperformancearegivenfor
variouswirelessATM MAC protocols. Gooddiscussionsare



provided on how to reduceportablestationpower consump-
tion underbasestationcontrol. In [7], a MAC protocolis pro-
posedwhich usesreservation/schedulingfor power reduction
in theportablestations.Similartechniqueshavebeenproposed
in [8], [9].

In thispaperweconsiderpower-efficient rendezvousin em-
beddedwirelessnetworks using the ATP criterion discussed
above. We first define two basic beaconingmechanisms,
namely, serverbeaconingandclientbeaconing. A simplesys-
tem model is usedto characterizethe power performancefor
theseclassesof embeddednetworks. We find thatwhenclient
nodescontendfor asingleservice,serverbeaconingis thepre-
ferredmechanismwhenthe client arrival rate is below a pa-
rameterdependentthreshold.This resultimplies that it is im-
portant that the network operatingcharacteristicsare known
sufficiently well in advance,if power efficient operationis de-
sired. A hybrid techniqueis introducedwherebyserver nodes
can independentlyselectthe modeof operationso that total
power consumptionis reducedover a wide rangeof system
parametervalues.

Adaptive Server Beaconingis alsointroducedin this paper.
We show thatby adaptingthe server inter-beacontimesin an
intelligent fashion,a server beaconingsystemcangreatlyre-
ducetotal power consumptionover a large rangeof client ar-
rival rates.A simplemethodis introducedfor performingthis
adaptation.

Several other innovationsarediscussedwhich canbe used
to reducepower consumptionin embeddednetworks. We in-
vestigatetheuseof anAC mains-poweredrendezvousserver.
Therendezvousserverprovidestiming informationto arriving
clientsso that the power dissipatedin performingthe service
rendezvouscanbereduced.Our resultsshow thatthis method
performsextremelywell acrossawide rangeof client loading.
Whenloadingis veryhighhowever, lowerpowerconsumption
is attainedby clientbeaconing.

Finally, we discussa techniquereferredto asclient beacon
proxying. This is amethodwherearriving clientsco-operateto
reducetotalpowerconsumption.By performingrendezvousin
anintelligentmanner, totalpowerconsumptionmaybegreatly
reducedin many situations.

I I . EMBEDDED SYSTEM MODEL

In Figure1weshow thesystemmodelusedin thispaper. We
considerthecasewhereanembeddednodeprovidesa service
to a possiblylargepopulationof client nodes.We will assume
a sparsemodesituationwherethecoverageareaof theserver
nodedoesnot overlapsignificantly with that of other server
nodes.However, we will alsopresentresultswhich consider
thesystemin thepresenceof contendingnodetraffic. As dis-
cussedin the introduction,we assumethat an arriving client
is externallyactivatedat somepointafterenteringthewireless
coverageareaof theserver. In thefigurewe have shown both
unactivatedandactivatedclient nodesinsidetheserver cover-
agearea.Uponbeingactivated,theclientnodewouldproceed

to initiate contactwith theserver node,i.e., performa service
rendezvous. As mentionedpreviously, it is assumedthat the
applicationis suchthatservicediscovery is not needed.Once
theclientnodemakescontactwith theserver, they engagein a
client/serverinteractionsession.Weassumethatfollowing this
exchange,theclientnodepowersdown andleavesthesystem.

Normally in sucha system,onewould specify a response
time target in attaining the servicerendezvous. In a sensor
readingapplicationfor example,thedesignwouldtry to ensure
thatunderlight loadingconditions,thetime to initiate contact
with theserver is boundedby somefactor, denotedby ��
���� .
Of course,whenthe loadingis higherthanthis, userswill ex-
periencea degradationin this performance,as is commonly
thecasein packet-switchedsystems.Also, becauseof channel
errors,this boundis normallyastatisticalone.

I I I . CLIENT AND SERVER BEACONING

In this sectionwe introducetwo basicbeaconingmecha-
nisms,namely, Client Beaconing(CB), andServer Beaconing
(SB). To aid in the description,we will focuson the actions
of a particularserver nodeand the client nodeswhich arrive
to its radiocoveragearea.As discussedin SectionII, we con-
siderthe commoncasewherethe visiting clientsareenabled
throughexternalactivationafterhaving arrivedat thecoverage
area. Accordingly, we assumethat the systemis designedso
thatservicediscovery is not required.Theobjective is to per-
form servicerendezvoussothataserviceinteractioncanoccur
betweeneachclient andtheserver. Client andserver beacon-
ing bothaccomplishthis in thefollowing manner.
ServerBeaconing(SB): UndertheSB mechanism,theserver
sleepsand awakensperiodically, every ����� seconds. Upon
awakening, the server sendsa server beaconwhich is trans-
mittedasa broadcast(or multicast)packet. Theseactionsen-
ableservicerendezvousto occurandareshown in Figure2.
In the figure, a total of threeserver beacontransmissionsare
shown. Following eachbeacon,theserver waits for responses
from client nodeswhich may be waiting for service. An ef-
ficient mechanismfor signallingthis is to includea short re-
sponsewindow (RW) at theendof eachserverbeacon.Await-
ing clients can transmita short carrier burst into this RW to
signal the presenceof oneor moreawaiting clients. The ab-
senceof aresponsein thisRW will causetheserverto revertto
sleepmodeuntil thenext scheduledbeacontime. In this case
theserveronly dissipatespower for thedurationof thebeacon
andits associatedRW. The describedinteractionis shown in
Figure2.
An arriving client mustfirst beexternallyactivated.An exam-
pleclientarrival andits activationtimeareshown in thefigure.
An activatedclientnodeturnson its receiverandlistenson the
communicationchannelfor thenext server beacon.Whenthe
beaconis received it indicatesthe presenceof the server, and
theclientproceedsby transmittingits requestto theserver. We
referto this astheclient/server sessionasshown in thefigure.
In Figure2 we have shown a singleclient andserver packet
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transmissionbut in practicethe exchangemay be morecom-
plex. This interactionis obviously applicationdependentand
in somesituationsmay involve a very long term association
betweenthe client andserver. Conversely, in many systems
the interactionmay be very shortandmay concludeoncethe
desiredinformationhasbeenreturnedfrom theserver. In this
casethe power dissipatedin the client/server interactionmay
actuallybe very small comparedwith that dissipatedfor ser-
vicerendezvous.In thecaseshown, theclientdissipatespower
from thetimeit is activateduntil theendof theclient/serverin-
teraction.In thefigurewe have shown a RW at theendof the
client/server interactioninterval that theserver usesto testfor
additionalactivatedclients.
Client Beaconing(CB): UndertheCB mechanism,theserver
is operatedso that its receiver is actively listeningat all times
(Whenthe server is transmitting,its receiver is turnedoff, of
course). Accordingly, an activatedclient nodecan immedi-
ately engagein the client/server interactionwithout waiting.
This is shown in Figure3. Sincethe server is always avail-
able,beaconingis notneededfor servicerendezvouspurposes.
Therefore,in systemswithout servicediscovery, client nodes
canengagetheserver immediately. It shouldbe notedthat in
systemswith servicediscovery, theserverin aclientbeaconing
systemmaybeaconfor servicediscoverypurposes.
It is obviousthat in this schemetheserver is constantlydissi-
patingpower. For this reason,this schememay be moreap-
propriatewhentheservershave largebatteryresourcesor are
connectedto AC mainspower. However, we will seethatun-
dersomeconditions,thetotal client nodepowermaybemuch
lower thanthatof serverbeaconingdueto areductionin client
receivepower.

Notethatall of thepacketsshown maybedelayeddueto chan-
nel contention.For simplicity we have not depictedthis in the
figures. It shouldalsobe notedthat thereareothermoreso-
phisticatedtypesof client beaconing.Thesewill bediscussed
in a futurepaper.

An importantissuein the Server Beaconingschemeis that
of verifying that a beaconhasbeensuccessfullytransmitted.
In normalunicasttransmission,this is typically accomplished
via anacknowledgementreturnedfrom thedestinationnode.If
themediaaccessis basedonasimpleprotocolsuchasCSMA,
thena lack of responseto thebeaconcanbeinterpretedin two
ways. Either thebeaconwaslost dueto a collision (or bit er-
ror), or, it may have beensuccessfuland thereare no client
nodeslistening. In thefirst case,thebeaconwould ideally be
re-transmitteduntil it is successful.Of course,whentheserver
coverageareais disjoint from all others,thenthis is not anis-
suesincethe server is in explicit control of the channeland
can transmitin a conflict-freefashion. When this is not the
case,thena numberof techniquescanbe usedto reducethe
likelihoodof beaconloss. In this paper, the CSMA protocol
prioritizesbeacontransmissionsoverthatof regulardatapack-
ets.

As a final point, it shouldbe noted that the “client” and
“server” terminologywe have usedmay be confusingin cer-
tainsituationswherenodespossessbothtypesof functionality.
Moreaccuratetermsmightbe“requestor”and“responder”.In
therestof thepaperwe will usetheclient/server terms.

A. PowerPerformance

In the embeddedsystemmodel shown in Figure 1, client
nodesarrive randomlyto the server radiocoveragearea. Ac-
cordingly, we will assumethatactivatedclient arrivalsappear
at theserveraccordingto aPoissonarrival processwith amean
of ��� arrivalspersecond.As discussedpreviously, thestatisti-
cal natureof theclient/server interactionis applicationdepen-
dent. In this expositorypaper, we will assumethecasewhere
thereis a singleclient/server interactionsessionbetweeneach
client andthe server node. Interactionsof the type would be
typical of many sensorandsmall databaseapplications. We
will assumethat thenodesusep-persistentCSMA astheme-
diaaccesscontrol(MAC) protocol[2].



A lower boundon systempower performancecan be ob-
tainedby ignoring the effectsof propagationdelayandMAC
channelcontention. We thusstartby consideringthe system
whenperfectqueueingis in effect. We will seethat this actu-
ally resultsin a very tight boundon actualperformance.This
is becausewhenradiocoverageareasarein the10’sof meters
in range,with a fairly modestchannelbit rate,thenormalized
end-to-endpropagationdelayparameter, � , is expectedto be
very low. As a result,overheadsassociatedwith largervalues
of � arenot present.

Undertheseassumptions,theClient Beaconingcasecanbe
modeledasasimpleM/G/1 queueingsystemwith clientarrival
rate, ��� . A client’snodepower is dissipatedfrom thetime the
nodeis activateduntil it hasfinishedits interactionwith the
server. This includesthetime spentwaiting in the“distributed
queue”of activatedclients.For this reason,theM/G/1 service
timeof eachclientconsistsof thefull durationof its interaction
with theserver. In Figure3 for example,theservicetimeof the
clientshown is thedurationof theC/Ssession.Theaverageto-
tal clientenergiesdissipateddueto transmissionandreception
overa long interval of length � aregivenby "!#%$'& ��(*) +-, .0/21 ,435 6 798": �9; &4< (�= (1)

 "!> $ & ��(*) +0? . / 1 ,435 6 798 &A@B&4< (DC : ;E; &%< (F(�G
where+H, and + ? aretheenergiesdissipatedperunit timewhen
thenodeis transmittingandreceiving respectively. : �9; &4< ( and: ;E; &%< ( arethe timesto transmitthe < ,%I client serviceand < ,%I
server servicepacketsrespectively. @B&4< ( is thequeuewaiting
timeof client < .

Similarly, over a time periodof � seconds,theenergiesdis-
sipatedby theserveraregivenby KJ#4$�& ��(L) + , . / 1 ,435 6 7M8 : ;E; &%< (�= (2)

 J> $ & ��(L) + ? & �ON .-/P1 ,435 6 798": ;�; &4< (�(QG
In the above expressions,R ! & ��( is the numberof client nodes
processedin the time interval considered.By multiplying the
above expressionsby R ! & ��(FSTR ! & ��( anddividing � , thentaking
thelimit as �VUXW , weeasilyobtainthefollowing expressions
for averagepowerdissipatedoverall time.Y !#4$ ) +H,���� : �9;D=Y !> $ ) +-?Z� � & @\[^]2_9] 8 C : ;E; (Q= (3)Y J#4$ ) + , � � : ;E; =Y J> $ ) +-? &a` Nb� � : ;�; (�G
It will beassumedthatthepowerdissipationof thenodeis the
samewhenthenodeis awake andlistening/receiving aswhen

it is awake andtransmitting. This is roughly the casefor the
AT&T ResearchCambridgePrototypeEmbeddedNetworking
Version3 nodesdescribedin [1], andis typical of othercom-
mercialradioproducts.The resultsin this papermay be eas-
ily extendedto accommodateunequaltransmit/receivepowers.
Accordingly, weassumethat + , )c+-?d)c+ . In thiscase,theav-
eragepowerdissipatedunderClient Beaconingis givenbyeY �Df ) + &a` Cg��� & @h[^]2_9] 8 C : �9;"C : ;E;i(�(�=) ` C j ["]F_M] 8 Ck��� & : �9;"C : ;E;�(QG (4)

In the final expressionwe have normalizedthe power units
so that +l) ` , and defined j [^]2_9] 8 to be the meannum-
ber of clients waiting in the M/G/1 queue,i.e., j [^]2_9] 8 )@h[^]2_9] 8 � � from Little’sTheorem.

In asimilarway, for theServerBeaconingsystemweobtain
a setof equations,asfollows.Y !#4$ ) +H,���� : �9;D=Y !> $ ) +-?m� � & @ _ C : ;E; (�= (5)Y J#4$ ) + , & � � : ;E; C : ;�f Sn� ;�f (Q=Y J> $ ) + ? ��� : �M;oG
Thetotalaveragepowerconsumedin this caseiseY ;�f ) pZ;0fqCk��� & @ _ Csr & : �9;KC : ;E;�(F(�=) p ;0f C j _ Cgr-� � & : �M; C : ;�; (�G (6)

Herewe have definedp ;0f ) : ;�f ST� ;0f , which canbeviewed
asa normalizedmeasureof the power dissipatedin perform-
ing the server beaconing.Sincewe areconsideringthe ideal
queueingcase,we have assumedthat the responsewindows
shown in Figure2 arenot present.In this casethe systemis
not M/G/1, but is a queueingsystemwith synchronousgating,
whosemeanwaitingtimeis denotedby @ _ . In suchasystem,
new arrivals wait until the next gatinginstant(i.e., the server
beacontime). Oncethis time haspassed,thenthearrivalsare
queuedfor service. Suchmodelsareusedto describeserver
systemswhere(as in our case)the server makesperiodic re-
appearancesandremainsin thesystemuntil customerbacklog
is eliminated[10]. Thequeueingbehavior of this typeof sys-
temcanbesolvedfor a fixedclient/server interactiontime by
embeddinga Markov chainat the server beaconinstants.We
assumein this casethat the client/server sessiontime is fixed
in duration,which is typical of many applications.This MC
can thenbe solved by evaluatingthe setof t boundarycon-
ditions for the chain, where t is the numberof client/server
interactionspossiblewithin thechoseninter-beacontime, i.e.,tu) & � ;�f N : ;�f (FS : J , where : J is the total client/server in-
teractiontime. In this case,we have assumedthat therearean
integral numberof client/server interactionintervals per bea-
conperiod,i.e., t is aninteger.

A comparisonof Equations4 and6 show that undercon-
ditions where ��� is small,

eY ;�fvS eY �Dfxwypm;�f , andthus it is



typically the casethat z{O|�}X~ z{M�D} . However, when � is
much larger, z{ |�}v� z{ �D}�� ����� ���"�F���P�

. It is well known
from queueingtheorythatthemeandelayin anM/D/1 system
is a lower boundfor all Poissonarrival systemswhich sched-
ulecustomersindependentlyof theirservicerequirements[10].
Using Little’s Theoremwe have that

���^�2������� ���
and

therefore z{ |�}y� z{ �D} underheavy traffic conditions. Thus
in the perfectlyscheduledcase,thereis a crossover client ar-
rival pointwhereclientbeaconingis preferred.

A more detailedcomparisonof the two basicschemesis
shown in Figure4. In this figurewe have plottedthenormal-
izedmeanpowerdissipationasafunctionof totalclientarrival
ratefor bothclient beaconingandserver beaconingfor differ-
entvaluesof � |0} . Thecurvesweregeneratedusingtheabove
models.In thecurveswehavenormalizedthetimeunitsto the
total client/server sessiontime, ��� . We have assumedthat the
serverbeaconis one-halfof this value.This representsa fairly
shortinteractiontime which would befairly typical of sensor-
type applications. All other parametersare in termsof this
normalization.In thefigurewe have alsoincludedsimulation
pointsshowing theperformanceof thesystemwhena CSMA
MAC protocolis usedfor channelaccess.In theseresults,the
95%confidenceintervalsarewithin 3% of the plottedpoints.
In Figure4 power dissipationis normalized,sothata valueof
unity correspondsto a single nodehaving its transmitter(or
receiver)on continuously.

The first thing to noteis that underlow client arrival rates
the SB schemesall give lower power consumptionthandoes
CB. At thesevalues,systempower consumptionis dominated
by that of the server alone. In the CB systemthe server is
neversleepingsothattheleastpowerconsumptionpossibleis
a valueof 1, asshown at � �x���

. We alsoseethat as � |�}
is decreased,the slopeof the power curve decreases,making
smallervaluesof � |�} betterfor higherclientarrival rates.This
trendcontinuesuntil we reachthepointwherethechanneluti-
lization of the systembegins to suffer dueto the overheadof
serverbeacontransmission.Thisbecomessignificantwhenthe
inter-beacontimesarewithin aboutan orderof magnitudeof
the client beacontransmissiontime. For this reason,in the
examplegiven,thereis little to begainedby reducing� |�} be-
low theminimumvalueshown. As aresult,underheavy client
arrival rates,client beaconingis alwayspreferredover server
beaconing.

It canbeseenthatwhenqueueingbecomesa highly domi-
nantpowerdissipationfactor, theboundis not very tight since
theeffectsof CSMA channelcontentionarenotconsidered.In
Figure4 for theclientbeaconingcase,ataclientarrival rateof
0.6,theboundis about14%lower thantheactualpowerdissi-
pated.Thesameeffectobviouslyoccursfor muchlargervalues
of power dissipationin the server beaconingcases.However,
it is importantto notethatin thecaseswheretheboundis nota
very tight one,this correspondsto regionsof very high power
operation. Theseregionsof operationareunlikely to be fea-
sible in many low power embeddednetwork applications.In

SectionIV we will usethis fact to proposea simplecriterion
for adaptingtheinter-beacontime in serverbeaconsystems.

An importantpoint to makein Figure4 is thattheadvantage
that SB shows underlight client loading is a very important
one. This is becauseit is expectedthat many embeddednet-
workswill operateundervariousclient loadingregimes.When
deployed in a situationwherethe aggregateclient loading is
very low, it is highly desirablethat thenodescanextendtheir
batterylife asmuchaspossible.Operationin this regionusing
anappropriatevaluefor � |�} makesthis possible.

As a final note,we canconcludefrom Figure4 that client
beaconingis only preferredin situationswhere clients are
denseand provide relatively high total aggregate loads. In
many low-endapplicationsthiswould not bethecase.

Thecomparisonof server andclient beaconingis markedly
differentwhen the client/server interactiontimes arecompa-
rable to, or larger than the inter-beaconinterval. This case
correspondsto the situation where the associationtime be-
tweenclientandserver is muchlargerthanthecaseconsidered
above. In thiscase,theaveragepowerdissipationis dominated
morestronglyby theservicetimesof theclientsinsteadof by
power dissipatedin performingthe servicerendezvousfunc-
tion. Also, the overheadassociatedwith beaconingitself is
not a significantpower consumptionterm. Under light load-
ing theserverbeaconingsystemsaresuperiorasbefore.How-
everunderheavier loadthereis lessdistinctionbetweenserver
andclient beaconingsincepower consumptionis dominated
by sessionqueueingandservice.In this caseserverbeaconing
is generallypreferredover client beaconingin all regionsof
clientarrival rate.

It is expectedthat in future embeddednetworks, therewill
be many applicationsfor which eachof the above situations
hold. In many sensorapplicationsfor example,it is expected
that � |�}k� ��� . In many officesituationswhereamobilenode
arrivesandremainsfor many hours,thenthetotal client/server
interactiontime may be very large. In this paperwe con-
sider the former case,that is, wherethe power consumption
due to servicerendezvousmay be large comparedto that of
client/server interaction.

Note that in the above comparisonswe have assumedthat
thereis asingleinteractionbetweentheclientandserver. This,
of course,is applicationdependentand theremay very well
bea long-termassociationbetweentheclientandserverwhere
thetwo nodesawakenandcommunicatemany times.

We havealsocomparedthesesystemswhenthereis signifi-
cantbackgroundtraffic within thecoverageareaof theserver.
In the interestsof brevity theseresultsarenot includedhere.
Whenthereis a significantincreasein backgroundtraffic, the
samegeneraltrendsexist asin the previouscase.Client bea-
coning is shown to perform significantly betterunderheavy
arrival rateswherethepowerdissipationis high.

Finally, it is important to note that in certain situations,
the preferredbeaconingmechanismis obvious. For exam-
ple, when the server node is connecteddirectly to the AC
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power mains,then the ideal schedulingmodelgives ��M�D�x�� �¡  ¢d�M£¥¤ ¦h§^¨2©�¨�ªm«
and ��O£��¬� � �¡  ¢d�M£¥¤ ¦�­�« . In this

case ��M�D�¯® ��O£�� andthusclient beaconingis alwayssupe-
rior to serverbeaconingsincetheserver is beingpowered“for
free”. Conversely, when the clients are mains-powered,we
have that ��M�D�\�¯° and ��M£��\� � � ¢¡�9£¥¤²±m£�� . In this case��M�D�´³ ��M£�� andserver beaconingis always preferred. An
exampleof the first caseis in the Olivetti Active BadgeSys-
tem[11]. In this system,battery-poweredbadgesawakenand
transmita12msIR beaconevery10seconds.Thebadgescom-
municatewith AC mains-powerednodeswhoseknown physi-
cal locationis usedto trackthelocationof themobilenodes.In
thissystemwecanview thefixednodesasprovidingalocation
registrationserviceto themobileclient nodes.

B. Hybrid ServerandClientBeaconing

In SectionII we found that when client/server interaction
times aresmall, SB is heavily preferredunderlight to mod-
erateclient loading,andthatCB maybe preferredotherwise.
This raisesthequestionof how asystemshouldoperatewhose
loadingcharacteristicsareeitherunknownin advance,orvaries
widely over time. In this sectionwe considera very simple
schemewherebyaservernodeindependentlyselectsthemode
of operationto use,in a way that is transparentto the client
nodes.
Hybrid SB/CB: The intent of this schemeis to operateas a
client beaconingsystemunderheavy client loading,andasa
server beaconingsystemunderlight loading. The schemeis
suchthattheservercansetthemodeof operationdynamically
andtransparentlywith respectto thearriving clients.

Ordinarily, anactivatedclientwouldhaveto know themodeof
operationsothat it knows whetherto wait for a server beacon
or not. In thehybridscheme,all activatedclientstransmittheir
beaconimmediately. If the server is currently in CB mode,
then the server will respondand the client/server interaction
proceeds.If theserver is currentlyin SB mode,thentheclient
will not receive an immediateresponseto its beacon.In this
casethe client thenremainswith its receiver on, listeningfor
a server beacon.Whenthe server beaconoccurs,the system
proceedsasin aconventionalserverbeaconsystem.Deadlocks
may occur if, asan example,a client missesthe final server
beaconjust beforethe server switchesfrom SB to CB mode.
To prevent this, a client will timeoutandre-beaconif it does
not hear the server beaconwithin a period of time equal toµ £��

. This behavior is alsoneededfor recovery in theeventof
aserverresponsewhich is lostdueto channelcontentionor bit
error.
UsingEquations4 and6 from SectionII, it caneasilybeshown
thatunderlight loadingconditions,theidealqueueingCB and
SBcurvesintersectwhen� �q¶ µ £��k· µ £��b¸q¢o£��µ £E£ ¤ µ �9£ ¤ µ £��v¹-º ¤b¢ £��¼» (7)

Using this approximation,a server nodecanselectthe mode
of operationby makinga local measureof the currentclient
loading.A simpleheuristicis to applySB whenthemeasured
loadingis lessthanthecrossoverpredictedby Equation7, and
to useCB otherwise.

In Figure 5 we show an exampleof the meanpower con-
sumptionof thishybridsystemwheretheserverusesthenum-
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berof clientsservedoverawindow of 10beaconperiodsto es-
timatetheclient load.Themodeis thenswitched,if indicated.
In thegraphswe show theCB andSB systemsfor 3 different
valuesof ½�¾�¿ . We havealsoplottedthepowerconsumptionof
the hybrid scheme.We have madethesecomparisonsover a
wide rangeof parametervalues,andthis graphis representa-
tiveof theresultswehave found.

In generalwe find that thesystemapproximatesthebestof
theSB andCB curves.This approximationis betterfor larger
valuesof ½�¾�¿ wheretheloadingcrossoverpoint is at lowerval-
uesof client arrival rate.Notethatin thehybrid schemeclient
requestpacketsarealwaystransmittedtwice whenthe server
is in SB mode. For this reason,whenthe crossover point oc-
cursat higherarrival rates,theseadditionaltransmissionscon-
tribute moresignificantly to the total power consumed.This
accountsfor the significantly poorerpower consumptionap-
proximationin the ½ ¾�¿ÁÀÃÂZÄ case. However, the schemeis
generallyusefulasanadaptive techniquewhich achievesbet-
terpowerconsumptionoverawider rangeof parametervalues
thaneitherSB or CB alone. However, it shouldbe cautioned
thattheloadingcrossoverpointsmaybeat relatively largeval-
uesof clientarrival rate,whichmaylimit theusefulnessof this
schemein many applications.

C. Transmit-OnlyServers

In this sectionwe briefly introducea variationin theabove
systemwhichmaybeusedin certainvery low power, low cost
situations.In someapplicationstheamountof informationpro-
videdby anembeddedserver nodemaybevery small. In ad-
dition, this informationmaybeprovidedfreeto any interested

node,sothat identificationandauthenticationof clientsis not
needed.An exampleof this might bea nodewith anattached
temperaturesensor. In this case,theremaybeno needfor any
interactionon a client by client basisandthecurrenttempera-
turevaluecouldbesimplyincludedin thepayloadof theserver
beaconpacket. In this casetheremaybeno needfor a receive
functionat the server, from an applicationstandpoint.In this
caseit is possiblefor the nodeto be deployed with a radio
transmitteronly. We refer to sucha nodeasa transmit-only
server (TOS). Obviously onemust be careful in this type of
situationsincenormallya nodereceiver is requiredin orderto
properlyengagein channelaccessat the MAC level. Clearly
one would never deploy suchnodeswheretraffic conditions
coulddevelopto thepointwherechannelcontentionadversely
affectstheoperationof thesystem.Thismaynotbeanissuein
many casesbecauseof thesmall radiocoverageareasandthe
low transmitduty cycle of suchnodes.In the examplegiven,
with a10secondinter-beacontimeanda10msbeaconpacket,
theduty cycle is only 0.1%.

In a systemwith a singleserver of this type,a successfully
transmittedbeaconcanserviceall awaitingclients.In thiscase,
usingthe above power modelwe have that, Å^ÆÇ4È ÀÉÄ , Å^ÆÊ È ÀË-ÌZÍ�Î¡Ï ½ ¾�¿ÑÐ-ÒÑÓÕÔ�¾�¿�Ö , ÅØ×Ç4È À ËHÙÛÚ ¾�¿ , and Å^×Ê È ÀcÄ .

In Figure6 we have plottedthe power performanceof this
systemcomparedwith client beaconing. The client beacon-
ing caseis thesameasbeforewhereclientsmustindividually
solicit responsesfrom the server. We have assumedthat the
serverbeaconin theTOSsystemhasatransmissiontimeequal
to thesessiontimeof theserverbeaconsystem,which is being
verygenerous.



0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.2 0.4 0.6 0.8 1

M
ea

n 
P

ow
er

 C
on

su
m

pt
io

n

Client Arrival Rate

CB
TOS: tsb = 1
TOS: tsb = 5

TOS: tsb = 10
TOS: tsb = 25
TOS: tsb = 50

Fig. 6. Transmit-OnlyServer (TOS)

It canbeseenthatin thiscasethereis nopoweradvantagein
clientbeaconingregardlessof loading.Evenfor veryhighval-
uesonecanalwayschooseaninter-beacontime sothatpower
dissipationis lower for the TOS.This is reasonablesincethe
TOSsystemhaseliminatedtheindividualclient/serverinterac-
tion sessions.For this reason,thedominanttermis thatdueto
client receivepower. However, thechoiceof inter-beacontime
is adifficult onefor this typeof system.In thenext sectionwe
will discusshow inter-beacontimes in server beaconingsys-
temscanbe adaptedfor power reduction.Unfortunately, this
is difficult for a transmit-onlyserver sincethereis no direct
way for theserver to determinetheconditionsthatit is operat-
ing under.

IV. ADAPTIVE SERVER BEACONING

In Figure4 we saw that as Ü�Ý�Þ decreases,the slopedrops
for theSB power consumptioncurves. A cursorylook at this
figuremight suggestthat thereis no advantageto usinglarger
valuesof server inter-beacontime. This of courseis not a cor-
rect conclusionbecauseof the behavior of the curvesat very
low valuesof client arrival rate. Although it cannotbe seen
in Figure 4, the curvesall crossat somepoint, the onesfor
highervaluesof Ü Ý�Þ having lower power-axis intercepts.For
this reason,usingavery largevaluefor Ü�Ý�Þ maybehighly de-
sirableto ensurea very long batterylifetime for a server node
which happensto be deployedwherethe client arrival rate is
small. Anotherexamplewould be whereat night, the client
arrival ratedropsto zerofor many hours. This situationalso
suggeststheuseof a largevalueof Ü�Ý0Þ over this period.Con-
versely, Figure4 shows thatasthe arrival rateincreases,very

large valuesof Ü Ý0Þ leadto excessively large valuesof power
consumption.Clearly, a rationalstrategy would be to provide
for adaptationof the server inter-beacontime so that this pe-
riod decreasesin situationswheretheclient loadingis higher.
In thissectionweconsiderthesimpleuseof this techniqueand
show that it can greatly reducepower consumptionin many
situations.

It caneasilybe shown that for a server beaconingsystem,
theaveragepowerdissipatedis approximatelygivenbyßà Ý�Þ á â Ý�Þ Ü Ý0ÞÑãHä¡åçæ â�èÝ0Þ å â Ý�Þ�éaê�ëQãHä¡å â Ý�ÞVê�ëÜ Ý�Þåsì Ý0Þdí (8)

when â Ý�Þ ê ëØîïÜ�Ý�Þ , where â Ý0Þ and â èÝ�Þ arethefirst two
momentsof thenumberof clientsfoundwaiting at thestartof
theinter-beaconinterval. UsingthePoissonarrival assumption
andthefactthattheinter-beaconinterval is fixedin length,this
expressioncanbere-writtenasfollows,ßà Ý�Þ áÁð�ñ Ü Ý�Þä å ð�ñ ê�ënæAä¡å ð�ñ Ü Ý�Þä éDåbìZÝ0Þdò (9)

In Equation9 thecontribution of eachterm is clear. Thefirst
is for clientsawaiting the server beacon.The secondterm is
dueto theclient/server session,andthe last termis thepower
dissipateddue to server beaconingalone. It can be easily
shown that this function is convex andhasa globalminimum
at Ü�Ý�Þkó²ÜFôÝ�Þ , where

Ü ôÝ�Þ ó õ äTê Ý�Þð�ñ æaö�å ð�ñ êoë�é í (10)
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This result suggestsa very simple way of performing the
beaconrate adaptation. The server continuouslymonitors
the value of

ý�þ
, then simply usesEquation10 to compute

the proper inter-beacontime to use. When applying this
scheme,the server would setthe inter-beacontime to

� û�ü�������
	 ���û�ü�
���������� ù�� , so that the adaptationalways tries to
meetthe ������� delayconstraint.

In Figure7 wehaveplottedasetof normalizedcurveswhich
comparethe total averagepower dissipatedfor variousvalues
of server inter-beacontime comparedwith thatof theadaptive
schemeusingtheaboveapproximation.In thecurves,boththe
client arrival rateand

� û�ü arenormalizedto the client/server
interactiontime. As beforewe have assumedthat the server
beacontransmissiontime is 50%of thisvalue.

Considerthefollowing examplewhich illustratesthepower
saving which is possibleusingserver inter-beaconadaptation.
Considera an embeddednodewhich is actingasa server for
a temperaturesensor. Let us assumethat we would like to
satisfyan applicationresponsetime of ������� ����� seconds.
Thismeansthatwhenclient loadingis light, thenfrom thetime
thata nodeis activated,we would like to have the initial ren-
dezvousoccurwithin 10 seconds.In addition,we would also
like to minimize the power dissipatedwhen the nodeis not
experiencingclient arrivals. Accordingly, we set

� û0ü �����
secondsso thatanactivatedclient mustwait at mostthis long
to hearthe server beacon.For this examplewe will choosea
client/server interactiontime of 10 mswhich might betypical
for this typeof application.To useFigure7 we first determine
thenormalizedvaluefor

� û0ü , which is 10 secondsdividedby
10 ms, which givesus 1000. Looking at the extremeleft of
the figure using the

� û�ü ��� �!�"� curve we seethat the nor-
malizedaveragepower dissipationis about0.0005,which is
very low. However, now considerwhathappenswhena node
using this inter-beaconperiod is usedin a systemwherethe
client arrival rate is slightly higher than this, at say, a value
of one client arrival every 100 seconds.This is clearly still
a fairly low client arrival rate. The normalizedvalueof this
clientarrival rateis # � �"� � ��� ��$&%('*) or ��� ',+ . FromFigure7 we
seethatat thisarrival rateandserver inter-beacontime,weare
dissipatingan averagepower of 0.05. However at this value
of client arrival rate it canbe seenthat if we wereto usethe
adaptiveschemeanddecreaseourinter-beacontime,wewould
actuallyimprove our time responsiveness,andour power dis-
sipationwould be only 0.01, i.e., failing to adaptthe server
inter-beacontime hasresultedin a power dissipationwhich is
500%higherthannecessary. It canbeseenfrom thecurvesthat
if thearrival rateincreasesby anotherorderof magnitude,then
the fixed inter-beaconsystemwill be dissipatingover 1400%
morepower thanthe adaptive scheme.It is clear that in this
typeof systemtherearesubstantialgainsto bemadeby adapt-
ing theinter-beacontimessothatpowerdissipationis reduced
for the operatingenvironmentconsidered.This examplealso

illustratesthe negative consequencesof a greedypower allo-
cationmechanism.The staticsettingusedinitially is the one
thatminimizespowerin theserver, yetresultsin amuchhigher
clientpowerdissipationthanis necessary.

In Figure7 wehavealsoshown thecurveresultingfrom the
useof the adaptive schemesuggestedabove. It can be seen
that total power consumptionusing this techniquetracksthe
lower limit of the power curves shown for the non-adaptive
server inter-beaconvalues.The power savings possibleusing
this methodcanbereadilyseenfrom thegraph.

Finally, it shouldbenotedthata form of adaptivebeaconing
is usedin theOlivetti Active BadgeSystem[11] referredto in
SectionIII. In this systemthe badgesnormally beaconevery
10 seconds.However, the front of the badgeis fitted with a
light-dependentresistorwhich reducesthis rateto effectively
zerowhenin darkness.This reducesthe power consumption
of thebadgein many situationswhenit wouldnotnormallybe
used,suchasduringthenight,or whenenclosedin abriefcase.
It is expectedthat this type of on/off adaptationmay be very
usefulin many embeddedradioapplications.

V. RENDEZVOUS SERVER

In someembeddednetworking situationsit is possiblethat
theremaybeoneor moreAC mains-powerednodeswithin the
coverageareaof a battery-poweredserver node.Whenthis is
the case,the mains-powerednodecanbe usedto reducethe
total power consumptionin thesystem.We refer to this node
asa rendezvousserver(RS). It is possibleto do this in a way
thatis transparentto theservernode.

The rendezvousserver listensto the radiochannelcontinu-
ally andtracksthe inter-beacontimesof the server or servers
in question. To enablethis, the server beaconpacket would
containthescheduledtimeof thenext serverbeacon.Theren-
dezvousservercachesthis informationalongwith theidentity
andotherappropriatedetailsof theserver nodethat it is func-
tioningon behalfof.

An exampleof rendezvousserver operationis describedas
follows. Whena client nodearrives,it initially functionsasin
thehybridserver/clientbeaconsystemdescribedin SectionIII-
B. It startsby transmittingits requestto theserver node.This
requestis interceptedby the rendezvousserver which replies
backto theclient node.This reply includesa field which con-
tains the time until the next scheduledserver beaconinstant.
Upon receiving this information, the client nodecan resume
sleepinguntil thenext serverbeacontime. Theclient awakens
just beforethescheduledbeacontime for theserver.

An inefficiency in this schemeis that therendezvousserver
mayintercepttheclient packet eventhoughtheserver nodeis
still listening. A moreefficient schemewould be to prioritize
the server responseover thatof the rendezvousserver so that
thelatteronly respondsif theservernodeis currentlysleeping.

In Figure8 we show anexampleof thepower savingspos-
sibleusingtherendezvousserver. In this figurewe have taken
Figure7 andaddedtherendezvousservercurve. In adesignof
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thistypeonewouldsettheserverinter-beaconto themaximum
possible,subjectto the desiredaccesstime constraint. In the
examplecurve shown we have usedthevalueof -/.103254 6!6"6
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 loadingscanbe obtained
usingthis technique.At theright of thegraph,thepower sav-

ings are eventually lost as indicatedin Figure 8. It is clear
however, that if theuseof a rendezvousserver is anoption, it
shouldbeconsidered.An importantdesignissuein thiscaseis
to ensurethatthenodeshavetheneededtime-baseaccuracy to
performtherendezvousfunctionsdescribed.

Note that thegoodpower performanceof RSdoesnot con-
tinue for all valuesof client loading. As seenin Figure 8,



eventuallyatveryhigharrival ratesthepowerconsumptionin-
creasesandthissystemis outperformedbybasicclientbeacon-
ing. Thereasonfor this effect is that in thebasicschemeout-
lined above, eachclient requestis possiblytransmittedtwice,
i.e., onceto the RS andonceto the server. As a result,when
theserequestsareasignificantfractionof theclient/serverses-
siontime, this overheadlimits thecapacityof thesystem.

VI . CLIENT BEACON PROXYING

In this sectionwe briefly discussa simple techniquefor
powerconservationreferredto asclientbeaconproxying. This
is a collaborative methodwherearriving client nodesexploit
eachotherspresenceto reducepower consumption.Thereare
many options.We will giveanexampleof onepossibility.

Arriving nodesoperateas in normal hybrid client/server
mode. The server beaconrateis setto twice the requirement
dictatedby desiredresponsetime considerations.As in hy-
brid client/server beaconing,whenclient nodesareactivated
they beaconimmediately. If thereis noresponseto thebeacon,
theclientproceedsasin hybridclient/servermodeandremains
with its receiver on. It becomesthe “proxying node”. While
waiting in this mode,if it seesanotherclient beacon,it will
respondand the two nodesarrangeto rendezvous, 7/8!9 sec-
ondsaftertheinitial arrival of theproxynode.Thispermitsthe
secondnodeto immediatelyentersleepmode,while the first
remainsactive, waiting for the server beacon.Otherarriving
nodeswork in the sameway. Note that the rendezvoustime
is the samefor all nodesserved by the proxying node. Once
the server beaconoccurs,the active client synchronizesto its
beaconing.This informationis relatedto theotherclientnodes
at thetimeof rendezvous.

Variousoptionsandenhancementsarepossible.An unfortu-
nateaspectof thisschemeis thathigherreliability dictatesthat
the first nodebe the onewhich remainsactive throughoutthe
waiting period. This is to help ensurethat all sleepingnodes
werewithin receptionrangeof the proxy nodeat the time of
activation.

VI I . CONCLUSIONS

In thispaperwehaveconsideredpower-efficientrendezvous
for embeddedwirelessnetworks. We first definedthe server
andclient beaconingrendezvousmechanisms.Undera total
powerdissipationcriterion,clientbeaconingis preferredwhen
the systemloadingexceedsa parameterdependentthreshold.
Whenloadingvaluesarebelow this level, serverbeaconingre-
sultsin lowerpowerconsumption.Weinvestigatedtheuseof a
hybrid techniquewherebyserver nodescanindependentlyse-
lect thebeaconingmodeof operation.Wefind thatthismethod
works quite well especiallywhen the inter-beacontimes are
large. However, it shouldbe notedthat the crossover points
tendto occurat relatively largevaluesof client loadingwhen
the inter-beacontimesaresmall. For this reason,the useof
this techniqueis probablyrestrictedto high power dissipation
regimes.

In this paperwe alsointroducedthe useof adaptive server
beaconing.In a staticserver beaconingsystem,the optimum
inter-beaconrateis anincreasingfunctionof theclient loading
level. For this reasonpower savingscanbemadeby properly
adaptingthe inter-beaconrate as loading conditionschange.
Very large savings in power consumptionare possibleusing
this technique. This is a very useful mechanismsince it is
expectedthat embeddednodeswill be deployed in situations
wheretheremay be many ordersof magnitudedifferencein
theoperatingconditionsencountered.Also, loadingconditions
may vary greatly over time. A very simple methodwas in-
troducedfor performingthis beaconrateadaptationbasedon
having theservernodetrackthecurrentclient loadinglevel.

Several other innovationswere also discussedwhich can
beusedto reducepower consumptionin embeddednetworks.
We investigatedthe useof an AC mains-poweredrendezvous
server for power reduction. It wasshown that a rendezvous
server candramaticallydecreasetheaveragepower dissipated
under low power client loading situations. Finally we dis-
cusseda distributedpower reductiontechniquereferredto as
client beaconproxying. It is shown that by performingren-
dezvousin anintelligentmanner, totalpowerconsumptionmay
begreatlyreducedin many situations.
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