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ABSTRACT
We considera connectionlessapproach to large scalesen-
sor network. Givena �xed traf�c load and fadingcharac-
teristics,analyticalexpressionsfor energyconsumptionare
derivedfor two typesof networkarchitectures: the �at ad
hocsensornetworkandsensornetworkwith mobileaccess.
We investigatethe energy scalingbehaviorfor both data-
centricandlocation-centricapplications.

1. INTRODUCTION

1.1. ConnectionlessNetworking

The idea of connectionlessnetworking, as pointedout in
[1], “is thecapabilityof having informationmove between
networkelementswithoutapreconceivedpathbetweensource
and destination.” By not having to maintainconnections
at both physical andnetwork layers,for applicationswith
low traf�c load, signi�cant reductionof energy consump-
tion canbe expected. This is oneof the reasonsthat mo-
tivatestheDARPA connectionlessprogram[2] thataimsat
developing“technologyto allow radionetworksto sendand
receivemessageswithoutany initial link acquisition,or any
previoussharingof routing information. This will, in turn,
improveenergy perbit of deliveredinformationby asmuch
as100- 1000times.”

Connectionlessnetworking canbeviewed,perhaps,as
a reactive approachto networking. By this we meannot
only areactivenetworking layerbut alsoareactivephysical
layer, whereeachnodeshutsdown mostof its circuitry and
initiatesconnectionsonly whenthereis a messageto trans-
mit. In contrast,a proactive physical layer will maintain
the synchronizationandupdatechannelstateinformation,
readyto transmitwhenever thereis amessage.

0Thiswork wassupportedin partby theMultidisciplinaryUniversity
ResearchInitiative(MURI) undertheOf�ce of Naval ResearchContract
N00014-00-1-0564,andArmy ResearchLaboratoryCTA onCommuni-
cationandNetworksunderGrantDAAD19-01-2-0011.

To a large extent, whetherto have a proactive or a re-
active physical layerhasnot beenconsideredan important
factor in the literature. Indeed,if the designmetric is to
maximizethe throughputor minimize the delay, the phys-
ical layer strategy, proactive or reactive, will have a mini-
mum impact. If the objective is to minimize energy con-
sumption,however, thereis a differencebetweenthe two
physical layers,andsucha differenceis especiallysignif-
icant whenwaking up a nodeandbringing it to the ready
stateof transmissioncanconsumeconsiderableamountof
energy. It is apparentthatthereis a tradeoff betweenproac-
tiveandreactivephysicallayersasafunctionof themessage
dutycycle.

1.2. ConnectionlessApproachto SensorNetworks

Energy consumptionis a dominantfactor in the designof
largescalesensornetworks,which makesa connectionless
approachappropriate.Sensornetworksareapplicationspe-
ci�c, and it is necessarythat network architectureis part
of the designconsideration.One type of sensornetwork
is basedon thearchitectureof adhocnetworking in which
sensorscommunicatewith eachother and route informa-
tion toward gateway nodes[11]. An alternative schemeis
sensornetwork with mobileaccess(SENMA) [3–5]—ahi-
erarchicalarchitecturefor low powerandlargescalesensor
networkswasproposed.

As shown in Figure1, SENMA hastwo typesof nodes:
sensorsandmobileAccessPoints(APs).Sensorsin SENMA
are low cost nodeswith limited processingand commu-
nicationcapability. They are deployed randomlyin large
quantity. For someapplicationssuchas radio frequency
tags,sensorsmay even be passive. The primary function
of sensorsaredatacollection,local processing,anddeliv-
eringdatato mobileAPs. ThemobileAPs,in contrast,are
powerful nodesbothin theircommunicationandprocessing
capabilityandin their ability to traversethe network. Ex-
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Fig. 1: SensorNetworkswith Mobile Access

amplesaremanned/unmannedaerialvehicles,groundvehi-
clesequippedwith power generators,or speciallydesigned
light nodesthat can hop aroundin the network. Access
pointsretrieve thedatafrom sensors,anddeliver it to a re-
motecontrolcenter(possiblyvia asatellitelink). They may
form asmalladhocnetwork andperformcollaborativedata
collectionandpostprocessing,addinga new dimensionin
the space-timedomain. Accesspointsneednot alwaysbe
presentor operationalalongwith thesensors;they maybe
calleduponfor datacollection,or they maybeembeddedin
thenetwork, stayingpassiveuntil called.

Onecanview SENMA asan“inversion”of thecellular
architecture:mobile usersin cellular network correspond
to stationarysensorsin SENMA, stationarybasestations
themobileAPs. In botharchitectures,thenetwork hastwo
typesof nodeswith thesmallernumberof powerful nodes
taking theresponsibilityof network operations.Sucha di-
vision of network function is crucial to thescalabilitywith
respectto thenumberof end-nodes:phonesin thecellular
network andsensorsin SENMA.

Thepresenceof mobileAPsmakesSENMA a suitable
candidatefor connectionlessnetworking: sensorscommu-
nicatewith mobile accesspointsdirectly, delivering infor-
mation to and receiving instructionsfrom mobile access
points. If data needto be transportedfrom one part of
thenetwork to theother, mobileAPscanserve asrelaying
nodes.In a way, thenetwork is connectedthroughmobile
APs,andtheconnectionis setuponly whennecessary.

The fundamentalideabehindconnectionlessnetwork-
ing over theSENMA architectureis to shift network func-
tions,asmuchaspossible,away from the sensornodesto
mobileaccesspointsthatarenotenergy andbandwidthcon-
strained. The combinationof direct sensor-mobile access
pointstransmissionandthedown link broadcastfrom mo-
bile accesspointsto thesensornetwork canbeusedeffec-
tively for suchpurposes.For example,at thephysicallayer,

timing recovery andsynchronizationamongsensorscanbe
simpli�ed by the presenceof strongbeaconsignalstrans-
mitted by the mobile APs. For someapplications,sensors
needto know their own locations.This, too, canbe facili-
tatedby themobileAP. Themediumaccesscontrol(MAC)
layer of SENMA is also simpli�ed; the MAC becomesa
many-to-onecommunicationproblem,allowing the useof
a numberof energy ef�cient distributedschemes[5–7]. In
SENMA, routing packets from onepart of the network to
another, if needed,is carriedoutby mobileAPs,whichwill
notbeconsideredin thispaper.

1.3. Summary of Resultsand Organization

In this paper, we take a theoreticalapproachto analyzing
energy consumptionof SENMA ascomparedwith thepre-
vailing architecture— multihopadhocstructure(seeFig-
ure2) wheresensorspropagatedatain multihopstowardthe
gateway nodeat thecenterof thenetwork. We areparticu-
larlly interestedin thefollowing questions:how theenergy
consumptionscaleswith thenumberof sensornodes,by in-
creasingeitherthenodedensityor thegeographicsizeof the
network? which network operation,messagetransmission
or reception,dominatesthetotalenergy consumption.Such
questions,while possibleto betackledvia simulations,are
moresuitablefor ananalyticalapproach.
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Fig. 2: Multihop adhocsensornetworkswith
gatewaynodes.

We begin with speci�cationsof the network andradio
modelsin Section2. We thenpresentbasicelementsin our
energy analysis.Energy ef�ciency of adhocandSENMA
architecturesfor data-centricand location-centricapplica-
tionsareanalyzedin Section4 and5, respectively.

1.4. RelatedWork

TheSENMAarchitectureisdiscussedin [3,4]. Themedium
accesscontrol in SENMA is consideredin [5–10]. Most of
the literatureon sensornetworks focuseson the multihop
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architecture(see[11] for asurvey). In [12], anextensionof
themultihoparchitecturewith mobilesensorsis considered,
anda speci�c MAC protocol—Eavesdrop-And-Register—
is introducedthatintegratesmobilenodesinto thenetwork.
Nonetheless,theprimarynetwork functionsin [12] arenot
handledby the mobile nodes. In [13], the idea of using
mobile nodesfor messageferry is considered,wherethe
objective is to usemobilesto providenon-randomproactive
routes. BansalandLiu consideredthe additionof mobile
nodesto relaypackets[14].

Theenergyef�ciency comparisonbetweenSENMAand
theadhocarchitectureis �rst presentedin [3] althoughthe
calculationtheredoesnot take into accountthe possibility
of scalingthe transmissionradiusaccordingto the sizeof
thenetwork. Thedifferencebetweenpreviousanalyseson
energy consumption[15–17]andoursis thatwe explicitly
accountfor both transmissionandreceptionenergies. The
physicalbasisof ourmodelcomesfrom [18], whereenergy
consumptionis characterizedat the circuit level, and it is
statedthat the transceiver consumes2-3 timesmorepower
in receiving thanin transmitting.

2. PROBLEM STATEMENT

2.1. Network and Radio Model

We considera network with N sensornodesrandomlydis-
tributedin adiskof radiusR. Nodesarehalf duplex andca-
pableof adjustingthetransmissionpower to cover a neigh-
borhoodof radiusr .

Nodes,whenthereis no on-goingcommunication,are
in thesleepstateby turningoff its transceiver. We assume
that a nodein the sleepstatecanbe waken up by RF sig-
nals,whichcanbeachievedbyequippingeachnodewith ei-
theranenergy detectoror adevicecalledremotelyactivated
switch(RAS)[19,20] enabledby thetechnologyof RFtags.
WhentheRAS receivesa correctpagingsequence,it turns
on thetransceiverandbringsthenodeto theactivestate.In
ouranalysis,weassumethateachnodehasauniquepaging
sequencewhich canbea predeterminedfunctionof its ID.
Note thatwhennodesarewakenup by anenergy detector,
nodescannotbewakenupindividually; all nodeswithin the
transmissionranger of thetransmittingnodewill bewaken
up. In thecalculationof energy ef�ciency, weignoretheen-
ergy consumedin the sleepstateandenergy consumedby
theRASandenergy detector. It is,however, straightforward
to incorporatetheminto ouranalysis.

Whenanodeisactively receiving, it consumesE rx Joule
perbit; Thetransmissionof thenodethatcoversaneighbor-
hoodof radiusr consumesE tx(r ) Joule/bitwhich is given

by [18,21],

E tx(r ) = etx + maxf emin; eoutr � g (1)

whereetx is the energy consumedby the transmissioncir-
cuitry, eout theantennaoutputenergy to reach,with anac-
ceptableSNR,thedestinationunit distanceaway, andemin
J/bit the minimum energy radiatedregardlessof the trans-
missionrange.Note that emin imposesa hardlimit on the
minimumtransmissionrange:

r � r0
�= (

emin
eout

)
1
� : (2)

2.2. Application Speci�cations

Sensornetworks areapplicationspeci�c, thus the speci�-
cationof applicationdomainis necessary. To this end,we
considerquery-replyoperationswherespeci�c typeof data
arerequestedandgathered.In particular, we areinterested
in two differenttypesof queries:(i) data-centricqueryand
(ii) location-centricquery. Data-centricquerymeansthat
speci�c typeof data(not necessarilytheorigin of thedata)
are requested. For example, it may be desirableto col-
lect from thosenodeswho have measurementswith certain
characteristics(e.g.,temperaturemeasurementshigherthan
100oF ). In suchcases,the accesspoint (gateway nodeor
mobileaccesspoint)doesnotknow thelocationswherethe
requesteddataresidethusmust �ood the requestthrough-
out thenetwork. For location-centricquery, in contrast,the
accesspoint collectsdatafrom speci�c locationstherefore
knowsthegenerallocationwherethedatareside.An exam-
ple is theretrieval of datafrom any sensorlocatedin asmall
geographicarea.

3. BASIC ELEMENTS OF ENERGY ANALYSIS

In this section,we presentbasicelementsuponwhich the
network levelenergyanalysisfor adhocarchitectureisbuilt.

3.1. The Minimum TransmissionRange

In ourenergyanalysis,thetransmissionranger isoptimized
for energy ef�ciency. We�rst characterizetheinterval from
which r canassumevalues.

The �rst constrainton r is the hardwarelimit given in
(2). The secondconstraintis network connectivity, i.e., r
shouldbe largeenoughthat thenetwork is connectedwith
high probability. Let r c(N ) denotetheminimumtransmis-
sion rangeto ensureconnectivity with probability 1 for a
network with N uniformly distributednode,we have, from
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[22],

r � r c(N ) N !1! R

r
logN

N
=

(
O(

q
log N

N ) � "
O(

p
logN ) R "

:

(3)
We seethat when the network sizeN is increasedby in-
creasingthenodedensity� , theminimumtransmissionrange
r c(N ) eventually goesto 0. If, however, N is increased
by increasingthegeographicsizeR, thetransmissionrange
hasto grow to in�nity with rate

p
logN to ensurenetwork

connectivity.

Combining(2) and(3), we obtainthe minimum trans-
missionrangermin as

r � rmin
�= maxf r 0; R

r
logN

N
g: (4)

Theminimumnumberof neighborsof a nodeis thusgiven
by

N r (rmin) =
r 2
min
R2 (N � 1) =

8
<

:

O(log N ) � " ; r 0 = 0
O(N ) � " ; r 0 > 0
O(log N ) R "

:

(5)

3.2. OneHop Transmission

Wenow analyzetheenergy consumedin onehoptransmis-
sionwherea nodeA transmitsto oneof its neighbors,say
B . Theenergy consumptionof this network operationde-
pendson the waken-upscheme.First, considerthat each
nodehasapagingdevicethatcanwakeupindividualnodes.
In this case,theenergy consumedin onehop transmission
includesthetransmittingenergy of A andthereceiving en-
ergy of B , i.e.,

E1 = min
r � r min

(E tx(r ) + Erx)

= min
r � r min

(etx + eoutr � + Erx)

=

8
><

>:

O((
q

log N
N ) � ) � " ; r0 = 0

O(1) � " ; r 0 > 0
O(

p
(log N ) � ) R "

: (6)

In all cases,theoptimal transmissionrangefor minimizing
theon-hopenergy consumptionis r min givenin (4).

If, on the otherhand,a transmissionwakesup all the

neighborsof thetransmittingnodes,wehave

E1 = min
r � r min

(E tx(r ) +
r 2

R2 (N � 1)Erx)

= min
r � r min

(etx + eoutr � +
r 2

R2 (N � 1)Erx) (7)

=

8
<

:

O(log N ) � " ; r 0 = 0
O(N ) � " ; r 0 > 0
O(

p
(log N ) � ) R "

: (8)

Similar to thecasewith perfectwaken-upscheme,theop-
timal transmissionrangefor minimizing theon-hopenergy
consumptionis r min givenin (4).

From (4) and (7), we seethat when � increases,the
energy consumedin listening dominates;perfect waken-
up scheme(see(6)) leadsto signi�cant energy reduction
in largenetworks. WhenR increases,however, theenergy
consumedin transmissiondominates;theperfectwaken-up
schemedoesnot changethescalingbehavior of theenergy
consumption.

3.3. Point-To-Point Transmission

We now considerthe multi-hop communicationbetween
two randomlychosennodesA andB . Let h(x; r ) denote
thenumberof hopsfrom A to B giventhatthedistancebe-
tweenthemis x andthe transmissionrangeis r . It canbe
shown that whenN increasesby increasingeither� or R,
wehave

h(x; r ) N !1!
x
r

: (9)

Consider�rst theperfectwake-upscheme.Using theone-
hopenergy consumptiongivenin (6), weobtain

E = min
r � r min

Z 2R

0
E1(r )h(x; r )p(x)dx

= min
r � r min

(E tx(r ) + Erx)
�x
r

=
�

O(1) � "
O(

p
N (log N ) � � 1) R "

For thecasewhereall neighborslistento thetransmis-
sion,wehave,

Es = min
r � r min

Z 2R

0
E1(r )h(x; r )p(x)dx

= min
r � r min

(E tx(r ) + (
r 2

R2 (N � 1))Erx)
�x
r

=

8
<

:

O(
p

N logN ) � " ; r 0 = 0
O(N ) � " ; r 0 > 0
O(

p
N (log N ) � � 1) R "
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In all cases,theoptimal transmissionrangeis givenby
rmin. Again,weseethatperfectwaken-upschemeresultsin
signi�cant energy reductionwhen� increasesbut thesame
scalingbehavior whenR increases.

3.4. Flooding

We now considerthe operationwhereonesenornode(or
the gateway node) �oods a messageover the whole net-
work. Speci�cally, everynode,uponreceiving thismessage
for the �rst time, transmitsthe messageto all the neigh-
bors. We thushave total N one-hoptransmissionswhere
all neighborslisten,i.e.,

E = min
r � r min

N (E tx +
r 2

R2 (N � 1)Erx)

= min
r � r min

N (etx + eoutr � +
r 2

R2 (N � 1)Erx)

=

8
<

:

O(N logN ) � " ; r 0 = 0
O(N 2) � " ; r0 > 0
O(N (log N ) � ) R "

:

4. ENERGY EFFICIENCY FOR DATA-CENTRIC
APPLICATIONS

Wenow analyzethenetwork-level energy consumption.We
assumeheresensorsarewaken up by an energy detector,
i.e., a transmittingnodewakesup all its neighbors.Using
thebasicelementsgivenin Section3, it is straightforwardto
obtaintheanalysisfor thecaseof perfectwakenupscheme.

We �rst considerdata-centricapplicationswheresen-
sorswith certainmeasurementsneedto transmittheir data
to theaccesspoints.In the�at adhocarchitecture,thegate-
way node�rst broadcastthe requestto all sensorsin one
transmission1. Sensorswith the requesteddatathen start
to transmitto Assumethata fraction� of sensorshave the
requesteddata,andthey areuniformlydistributedin thenet-
work. We obtainthe total energy consumedin completing
this requestas

E(d)
AdHoc = N Erx + � N min

r � r min
(E tx(r ) +

r 2

R2 (N � 1)Erx)
�x
r

=

8
<

:

O(
p

N 3 logN ) � " ; r 0 = 0
O(N 2) � " ; r0 > 0
O(

p
N 3(log N ) � � 1) R "

(10)

1If thegatewaynodecannot reachall sensorsin onehop,therequest
needstobe�ooded overthenetwork in multiplehops.Theanalysisgiven
in Section3.4 can be appliedhereto derive the network-level energy
consumption.

wherefor simplicity, wehaveassumedthatboththerequest
andthedatafrom sensorscontainonly onebit.

In SENMA, the mobile accesspoint scansthe sensor
�eld andbroadcaststherequest.Activatedsensorswith the
requesteddatathen transmitdirectly to the mobile access
point. Assumethatmobileaccesspoint is H away from the
activatedsensors,wehave

E(d)
SENMA = N Erx + � N E tx(H ) = O(N ): (11)

Shown in Figure3 arenumericalresultson theenergy
consumption.Hereweconsiderincreasingthenetwork size
by increasingthe density� . The shapeof the curvescon-
�rms the scalinglaws given in (10,11). Ordersof magni-
tudeof improvementin energy ef�ciency canbe achieved
by SENMA in largescalesensornetworks.
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Fig. 3: Energy consumptionfor data-centric
applications.

5. ENERGY EFFICIENCY FOR
LOCATION-CENTRIC APPLICATIONS

In location-centricapplications,the accesspoint is inter-
estedin a particulargeographiclocationin thesensor�eld.
For the �at ad hoc architecture,the gateway node trans-
mitstherequestto theareaof interestusingapredetermined
route.Oneof thesensorslocatedin theareaof interestthen
transmitsits measurementto the gateway node. Using the
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basicelementsgivenin Section3, wehave

E(q)
AdHoc = 2 min

r � r min
(E tx(r ) +

r 2

R2 (N � 1)Erx)
�x
r

=

8
<

:

O(
p

N logN ) � " ; r 0 = 0
O(N ) � " ; r 0 > 0
O(

p
N (log N ) � � 1) R "

(12)

In SENMA, themobileaccesspoint movesto thearea
of interestsandactivatessensorslocatedin thatarea.Let d
denotetheradiusof thecoverageareaof themobileaccess
point. Thetotal energy consumptionis givenby

E(q)
SENMA = min

d� d0

d2

R2 N Erx + E tx(H ); (13)

whered0 is the hardware limit on the minimum radiusof
thecoveragearea.

First, considerthe network sizeN is increasedby in-
creasingthe nodedensity � . If d0 > 0, a �x ed fraction
d2

0=R2 of the network populationwill be activatedby the
mobileaccesspoints. Theenergy consumptionthusscales
with N . If, on theotherhand,d0 = 0, we canthenshrink
theconvergeareasothatthenumberof activatedsensorsre-
mainsconstant.Thetotal energy consumptionis thuscon-
stant.

Whenthenetwork sizeN is increasedby increasingthe
network radiusR, thehardwarelimit d0 is irrelevant. The
numberof activatedsensorsdoesnotgrow with thenetwork
size, resultingin constantenergy consumption.The scal-
ing behavior of thetotal energy consumptionin SENMA is
givenby

E(q)
SENMA =

8
<

:

O(1) � " ; d0 = 0
O(N ) � " ; d0 > 0
O(1) R "

(14)

Shown in Figure4 arenumericalresultswherethenet-
work sizeis increasedby increasing� . Theseresultsagree
with thescalinglaws givenby (12,14)anddemonstratethe
potentialgainachievedbySENMAin largesensornetworks.

6. CONCLUSION

A key objective of connectionlessnetworking is energy ef-
�ciency, which makes the connectionlessparadigmespe-
cially appropriateto sensornetworks. We presentedin this
paperan analyticalframework for evaluationenergy con-
sumptionof speci�c networking strategies. The analytical
expressionsobtainedin this paper, especiallythosebasic
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Fig. 4: Energy consumptionfor location-centric
applications.

analysiscomponentspresentedin Section3 canbeapplied
to othersituationsandnetworkingstrategies[23].

A few cautionaryremarksare in order when we ex-
aminethe comparisonbetweenthe �at ad hoc sensornet-
works andSENMA. Speci�cally, the energy consumedby
themobileAP is not includedin theoverall calculationfor
SENMA. The assumptionis that the mobile AP is not en-
ergy constrainedandthe energy sourceis renewable. Be-
causethederivation is basedon asymptoticresults,thean-
alytical expressionsarevalid for largescalenetworks,say,
hundredsof nodes.

Sensornetworksmayoperatein drasticallydifferentstates,
frompassivemonitoringtoactiverespondingtocertainevents.
What is neededis an adaptive connectionlessnetworking
strategy thatallow thenetworkoperatingseamlesslyfor var-
ious traf�c demandsandtraf�c patterns.Onesuchan ap-
proachis consideredin [24].
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