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ABSTRACT
We considera connectionlesapptoach to large scalesen-

sor network. Givena xed trafc load andfading charac-

teristics,analyticalexpressiongor enegy consumptiorare

derivedfor two typesof networkarchitectues: the at ad

hocsensometworkandsensometworkwith mobileaccess.
We investigatethe enegy scaling behaviorfor both data-

centricandlocation-centricapplications.

1. INTRODUCTION

1.1. ConnectionlessNetworking

The idea of connectionlessietworking, as pointedout in
[1], “is the capabilityof having informationmove between

network elementsvithoutapreconceiedpathbetweersource

and destinatiorf. By not having to maintain connections
at both physical and network layers,for applicationswith
low traf c load, signi cant reductionof enegy consump-
tion canbe expected. This is one of the reasonghat mo-
tivatesthe DARPA connectionlesprogram([2] thataimsat
developing“technologyto allow radionetworksto sendand
receve messagewithoutary initial link acquisition,or any
previous sharingof routinginformation. This will, in turn,
improve enepy perbit of deliveredinformationby asmuch
as100- 1000times’

Connectionlessetworking canbe viewed, perhapsas
a reactve approachto networking. By this we meannot
only areactive networking layerbut alsoareactie physical
layer, whereeachnodeshutsdown mostof its circuitry and
initiatesconnection®nly whenthereis a messagéo trans-
mit. In contrast,a proactie physical layer will maintain
the synchronizatiorand updatechannelstateinformation,
readyto transmitwhenever thereis amessage.
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To a large extent, whetherto have a proactie or are-
active physical layer hasnot beenconsideredanimportant
factorin the literature. Indeed,if the designmetric is to
maximizethe throughputor minimize the delay the phys-
ical layer stratgyy, proactive or reactve, will have a mini-
mum impact. If the objectve is to minimize enegy con-
sumption,however, thereis a differencebetweenthe two
physical layers,and sucha differenceis especiallysignif-
icantwhenwaking up a nodeandbringing it to the ready
stateof transmissiorcanconsumeconsiderablemountof
enepy. It is apparenthatthereis atradeof betweerproac-
tiveandreactive physicallayersasafunctionof themessage
duty cycle.

1.2. ConnectionlessApproachto SensorNetworks

Enegy consumptionis a dominantfactorin the designof
large scalesensometworks, which makesa connectionless
approachappropriate Sensometworksareapplicationspe-
cic, andit is necessarghat network architectureis part
of the designconsideration. One type of sensometwork
is basedon the architectureof ad hoc networking in which
sensorscommunicatewith eachother and route informa-
tion toward gatevay nodes[11]. An alternatve schemds
sensometwork with mobile acces{SENMA) [3-5]—ahi-
erarchicalrchitecturdor low power andlarge scalesensor
networkswasproposed.

As shavn in Figurel, SENMA hastwo typesof nodes:
sensorandmobileAccessPoints(APs). Sensorin SENMA
are low cost nodeswith limited processingand commu-
nication capability They are deployed randomlyin large
guantity For someapplicationssuch as radio frequeny
tags,sensoranay even be passve. The primary function
of sensorsaredatacollection,local processinganddeliv-
ering datato mobile APs. Themobile APs,in contrastare
powerful nodesbothin theircommunicatiorandprocessing
capabilityandin their ability to traversethe network. Ex-



Fig. 1: SensoiNetworkswith Mobile Access

amplesaremanned/unmannegkrialvehicles groundvehi-
clesequippedwith power generatorsor speciallydesigned
light nodesthat can hop aroundin the network. Access
pointsretrieve the datafrom sensorsanddeliver it to are-
motecontrolcenter(possiblyvia asatellitelink). They may
form asmalladhocnetwork andperformcollaboratve data
collectionandpostprocessingaddinga nexv dimensionin
the space-timedomain. Accesspointsneednot alwaysbe
presenr operationablongwith the sensorsthey maybe
calleduponfor datacollection,or they maybeembeddedh
the network, stayingpassve until called.

Onecanview SENMA asan‘“inversion”of the cellular
architecture:mobile usersin cellular network correspond
to stationarysensordn SENMA, stationarybasestations
themobile APs. In botharchitecturesthe network hastwo
typesof nodeswith the smallernumberof powerful nodes
taking the responsibilityof network operations.Sucha di-
vision of network functionis crucialto the scalabilitywith
respecto the numberof end-nodesphonesn the cellular
network andsensorsn SENMA.

The presencef mobile APs makesSENMA a suitable
candidatefor connectionlessetworking: sensorsommu-
nicatewith mobile accessointsdirectly, delivering infor-
mation to and receving instructionsfrom mobile access
points. If dataneedto be transportedfrom one part of
the network to the other mobile APs cansene asrelaying
nodes.In away, the network is connectedhroughmobile
APs,andthe connections setuponly whennecessary

The fundamentaidea behindconnectionlessetwork-
ing over the SENMA architectureas to shift network func-
tions, asmuchaspossible,avay from the sensomodesto
mobileaccespointsthatarenotenegy andbandwidthcon-
strained. The combinationof direct sensommobile access
pointstransmissiorandthe down link broadcastrom mo-
bile accesgointsto the sensometwork canbe usedeffec-
tively for suchpurposeskFor example atthephysicallayer,

timing recovery andsynchronizatioramongsensorganbe
simpli ed by the presencenf strongbeaconsignalstrans-
mitted by the mobile APs. For someapplicationssensors
needto know their own locations. This, too, canbe facili-
tatedby the mobile AP. The mediumaccessontrol (MAC)
layer of SENMA is also simpli ed; the MAC becomesa
mary-to-onecommunicatiorproblem,allowing the useof
anumberof enegy efcient distributedschemeg5-7]. In
SENMA, routing pacletsfrom one part of the network to
anotherif neededis carriedout by mobile APs,which will
notbe consideredn this paper

1.3. Summary of Resultsand Organization

In this paper we take a theoreticalapproachto analyzing
enegy consumptiorof SENMA ascomparedvith the pre-
vailing architecture— multihop ad hoc structure(seeFig-
ure2) wheresensorpropa@tedatain multinopstowardthe
gatevay nodeat the centerof the network. We areparticu-
larlly interestedn thefollowing questionshow the enegy
consumptiorscalesvith thenumberof sensonodespy in-
creasingeitherthenodedensityor thegeographisizeof the
network? which network operation,messageransmission
or receptiondominateghetotal enegy consumptionSuch
guestionswhile possibleto be tackledvia simulations are
moresuitablefor ananalyticalapproach.
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Fig. 2. Multihop adhocsensomnetworkswith
gatevay nodes.

We beggin with speci cationsof the network andradio
modelsin Section2. We thenpresenbasicelementsn our
enepy analysis.Enegy ef ciency of adhocand SENMA
architecturedor data-centricand location-centricapplica-
tionsareanalyzedn Sectiond and5, respectiely.

1.4. RelatedWork

TheSENMA architecturés discusseth [3,4]. Themedium
accesgontrolin SENMA is consideredn [5-10]. Most of
the literature on sensometworks focuseson the multihop



architecturgsee[11] for asurwy). In [12], anextensionof
themultihoparchitecturevith mobilesensorss considered,
anda speci ¢ MAC protocol—Eaesdrop-And-Register—
is introducedhatintegratesmobile nodesinto the network.
Nonethelessthe primary network functionsin [12] arenot
handledby the mobile nodes. In [13], the idea of using
mobile nodesfor messagderry is consideredwherethe
objectiveis to usemobilesto provide non-randonproactve
routes. BansalandLiu consideredhe additionof mobile
nodedo relaypaclets[14].

Theenepy ef ciency comparisorbetweerSENMA and
theadhocarchitecturas rst presentedn [3] althoughthe
calculationtheredoesnot take into accountthe possibility
of scalingthe transmissiorradiusaccordingto the size of
the network. The differencebetweenprevious analysesn
enegy consumptiorf15-17]andoursis thatwe explicitly
accountfor both transmissiorandreceptionenepies. The
physicalbasisof our modelcomesrom [18], whereenegy
consumptionis characterizedt the circuit level, andit is
statedthatthe transcerer consume2-3 timesmore power
in receving thanin transmitting.

2. PROBLEM STATEMENT

2.1. Network and Radio Model

We considera network with N sensomodesrandomlydis-
tributedin adisk of radiusR. Nodesarehalf duplex andca-
pableof adjustingthetransmissiorpower to cover aneigh-
borhoodof radiusr.

Nodes,whenthereis no on-goingcommunicationare
in the sleepstateby turning off its transcerer. We assume
thata nodein the sleepstatecanbe waken up by RF sig-
nals,whichcanbeachiezedby equippingeachnodewith ei-
theranenepgy detectoror adevice calledremotelyactivated
switch(RAS)[19,20] enabledy thetechnologyof RFtags.
Whenthe RAS recevvesa correctpagingsequenceit turns
onthetranscerer andbringsthe nodeto theactive state.In
ouranalysiswe assumehateachnodehasa uniguepaging
sequencavhich canbe a predeterminediunction of its ID.
Note thatwhennodesarewaken up by anenegy detector
nodescannotbewakenupindividually; all nodeswithin the
transmissiomanger of thetransmittingnodewill bewaken
up. In thecalculationof enegy ef ciency, weignoretheen-
ergy consumedn the sleepstateandenegy consumedy
theRAS andenegy detector It is, however, straightforvard
to incorporateheminto our analysis.

Whenanodeis actively receving, it consumes (x Joule
perbit; Thetransmissiorf thenodethatcoversaneighbor
hoodof radiusr consumegx(r) Joule/bitwhichis given

by [18,21],
Etx(r) = e + maxf emin; €outt 9 (1)

whereeyy is the enegy consumeddy the transmissiorcir-
cuitry, equt the antennaoutputenepgy to reach,with anac-
ceptableSNR, the destinatiorunit distanceaway, andemin
J/bit the minimum enegy radiatedregardlessof the trans-
missionrange. Note that ey, imposesa hardlimit on the
minimumtransmissionmange:

— (Eminy 1.
r ro—(eout)- (2

2.2. Application Speci cations

Sensometworks are applicationspeci c, thusthe speci -
cationof applicationdomainis necessaryTo this end,we
considemuery-replyoperationsvherespeci c type of data
arerequeste@ndgathered.In particular we areinterested
in two differenttypesof queries:(i) data-centriqqueryand
(i) location-centricquery Data-centricquery meansthat
speci ¢ type of data(not necessarilthe origin of the data)
are requested. For example, it may be desirableto col-
lectfrom thosenodeswho have measurementsith certain
characteristicg¢e.g.,temperatureneasurementsigherthan
10C°F). In suchcasesthe accessoint (gatevay nodeor
mobileaccessoint) doesnot know thelocationswherethe
requestediataresidethusmust ood the requesthrough-
outthenetwork. For location-centriaquery in contrastthe
accesgoint collectsdatafrom speci c locationstherefore
knowsthegeneralocationwherethedatareside. An exam-
pleis theretrieval of datafrom ary sensotocatedin asmall
geographiarea.

3. BASIC ELEMENTS OF ENERGY ANALYSIS

In this section,we presentasicelementsuponwhich the
network level enegy analysidor adhocarchitectures built.

3.1. The Minimum TransmissionRange

In ourenepgy analysisthetransmissiomanger is optimized
for enegy ef ciency. We rst characterizéheintenal from
whichr canassumevalues.

The rst constraintonr is the hardwarelimit givenin
(2). The secondconstraintis network connecwity, i.e., r
shouldbe large enoughthat the network is connectedvith
high probability Letrc(N) denotethe minimumtransmis-
sion rangeto ensureconnectvity with probability 1 for a
network with N uniformly distributednode,we have, from



[22],
(

r
R

r re(N) Nit

q
ogN _ o Y -
N O( logN) R™
3)
We seethat whenthe network size N is increasedy in-
creasinghenodedensity , theminimumtransmissiomange
r«(N) eventuallygoesto 0. If, however, N is increased
by increasinghegeographksiz%R, thetransmissiomange
hasto grow to in nity with rate’ logN to ensurenetwork
connectvity.
Combining(2) and(3), we obtainthe minimum trans-
missionranger min as

r

logN

I rI'min= Mmaxfrg;R N o 4

The minimum numberof neighborsof a nodeis thusgiven
by

8
2. < O(logN) "irg=0
N (rmin) = %(N 1)= . O(N) "iro>0 :
" O(logN) R"
(5)

3.2. One Hop Transmission

We now analyzethe enegy consumedn onehoptransmis-
sionwherea nodeA transmitsto oneof its neighborssay

B. Theenegy consumptiorof this network operationde-

pendson the waken-upscheme. First, considerthat each
nodehasa pagingdevicethatcanwake upindividualnodes.
In this case the enegy consumedn onehop transmission
includesthetransmittingenegy of A andthereceving en-

emgyof B, i.e.,

Et = min (Ex(r)+ Erx)
" "min
=  min (ex+ €utf + Erx)
" "min
8 q
R O(( RH)) =0
= 5 0O "rog>0:  (6)

O( (logN) ) R"

In all casesthe optimaltransmissiomrangefor minimizing
the on-hopenegy consumptiornis r i, givenin (4).
If, onthe otherhand,a transmissiorwakes up all the

neighborof thetransmittingnodeswe have
2

. r
B = min (Ex(r)+ o5(N  1)Ex)
' Tmin R
: r2
=  min (ex+ eoutt + S7(N 1En) (7)
[ Tmin R
< O(logN) "iro=0
= O(Bl) "iro>0 : (8)

O(C (logN)) R"

Similar to the casewith perfectwaken-upschemethe op-
timal transmissiomangefor minimizing the on-hopenegy
consumptions r min givenin (4).

From (4) and (7), we seethat when increasesthe
enegy consumedn listening dominates;perfect waken-
up scheme(see(6)) leadsto signi cant enegy reduction
in large networks. WhenR increaseshowever, the enegy
consumedn transmissiordominatesthe perfectwaken-up
schemealoesnot changethe scalingbehaior of the enegy
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 andthetransmissiomrangeis r. It canbe

shavn thatwhenN increasedy increasingeither or R,
we have X
h(x;r) VI = (9)

Considerrst the perfectwake-upscheme.Usingthe one-
hopenegy consumptiorgivenin (6), we obtain
Z 3R

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

min
" "min 0

. X
”'r"n (Ex(r) + Ex)—

" "min r
O( "
O(?J) N(ogN) 1) R"

For the casewhereall neighbordistento the transmis-
sion,we have,

Z
Es = min B (r)h(x; r)p(x)dx
" "min ©
. r2 X
= min (Ex(r) + (53(N  1)Ex) =
" "min R r
8 P
< O( NTogN) "i;ro=0
= O(j) ";ro>0

O(C N(logN) 1) R"



In all casesthe optimaltransmissiorrangeis given by
I'min- Again, we seethatperfectwaken-upschemeesultsin
signi cant enegy reductionwhen increasedut the same
scalingbehaior whenR increases.

3.4. Flooding

We now considerthe operationwhereone senornode (or
the gatevay node) oods a messagever the whole net-
work. Speci cally, everynode,uponreceving thismessage
for the rst time, transmitsthe messagdo all the neigh-
bors. We thus have total N one-hoptransmissionsvhere
all neighbordisten,i.e.,

2

E = min N(Ex+ r—Z(N 1)Erx)
' Tmin R
: r?
= min N(ex+* eoutr + 55(N  1)Erx)
' Tmin R
8
< O(NlogN) "i10=0
= O(N?) "iro>0 :

O(N(ogN) ) R"

4. ENERGY EFFICIENCY FOR DATA-CENTRIC
APPLICATIONS

We now analyzehenetwork-level enegy consumptionWe
assumenere sensorsare waken up by an enegy detectoy
i.e., a transmittingnodewakesup all its neighbors.Using
thebasicelementgivenin Section3, it is straightforvardto
obtaintheanalysidor thecaseof perfectwakenup scheme.

We rst considerdata-centricapplicationswhere sen-
sorswith certainmeasurementseedto transmittheir data
totheaccesgoints.In the at adhocarchitecturethegate-
way node rst broadcasthe requestto all sensorsn one
transmissioh.  Sensorswith the requestediatathen start
to transmitto Assumethata fraction of sensordave the
requestedata,andthey areuniformly distributedin thenet-
work. We obtainthe total enegy consumedn completing
thisrequesis

2

d . r X
EAC}HOC = NEx+ N rnglrgin(Etx(r) + @(N 1)Erx)r
8 p
< O( N3logN) "ir0=0

O(N?)
O( N3(ogN) 1

"rrg>0
RII

1)f thegatavay nodecannotreachall sensorsn onehop, therequest
needgo be ooded overthenetworkin multiplehops.Theanalysigyiven
in Section3.4 can be appliedhereto derive the network-level enegy
consumption.

(10)

wherefor simplicity, we have assumedhatboththerequest
andthedatafrom sensorgontainonly onebit.

In SENMA, the mobile accesspoint scansthe sensor
eld andbroadcasttherequestActivatedsensorsvith the
requesteddatathentransmitdirectly to the mobile access
point. Assumethatmobileaccesgointis H away from the
activatedsensorsye have

@ ma= NEx+ NEx(H)= O(N): (11)

Shawn in Figure 3 arenumericalresultson the enegy
consumptionHerewe consideiincreasinghenetwork size
by increasingthe density . The shapeof the curvescon-
rms the scalinglaws givenin (10,11). Ordersof magni-
tude of improvementin enegy ef ciency canbe achieved
by SENMA in large scalesensometworks.

Data-Centric Application (R=100, b=0.1)
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Fig. 3: Enegy consumptiorfor data-centric
applications.

5. ENERGY EFFICIENCY FOR
LOCATION-CENTRIC APPLICATIONS

In location-centricapplications,the accesspoint is inter-
estedn aparticulargeographidocationin the sensoreld.
For the at ad hoc architecture the gatevay node trans-
mitstherequesto theareaof interestusingapredetermined
route.Oneof thesensordocatedin theareaof interestthen
transmitsits measuremernb the gatevay node. Using the



basicelementgivenin Section3, we have

2

() — . r X
EadHoc = zrrﬂmin(Etx(r) + @(N 1)Erx)F
< O(pNIogN) " ro=0
= . 0Q) "re>0(112)
O(C N(logN) 1) R"

In SENMA, the mobile accesgpoint movesto the area
of interestsandactivatessensordocatedin thatarea.Letd
denotetheradiusof the coverageareaof the mobileaccess
point. Thetotal enegy consumptioris givenby

2

. d
SN min 25N Enc+ Etx(H);

(13)
wheredg is the hardware limit on the minimum radius of
thecoveragearea.

First, considerthe network size N is increasedy in-
creasingthe nodedensity . If dp > 0, a x ed fraction
d3=R? of the network populationwill be activatedby the
mobile accespoints. The enegy consumptiorthusscales
with N. If, ontheotherhand,dg = 0, we canthenshrink
thecorvergeareasothatthenumberof activatedsensorse-
mainsconstant.Thetotal enegy consumptions thuscon-
stant.

Whenthenetwork sizeN isincreasedy increasinghe
network radiusR, the hardwarelimit dg is irrelevant. The
numberof activatedsensorsloesnotgrown with thenetwork
size, resultingin constantenegy consumption. The scal-
ing behaior of thetotal enegy consumptiorin SENMA is
givenby

8
@ < 0(1) "7 do=0
Esenma= . O(N)  ";do>0 (14)
" 01 RT

Shawvn in Figure4 arenumericalresultswherethe net-
work sizeis increasedy increasing . Theseresultsagree
with the scalinglaws givenby (12,14)anddemonstratéhe
potentialgainachiezedby SENMA in largesensonetworks.

6. CONCLUSION

A key objective of connectionlesgetworking is enegy ef-
ciency, which makes the connectionlesparadigmespe-
cially appropriatdo sensometworks. We presentedn this
paperan analyticalframewvork for evaluationenegy con-
sumptionof speci ¢ networking stratgies. The analytical
expressionsobtainedin this paper especiallythosebasic

I x10° Location-Centric Application (R=100)
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Fig. 4: Enegy consumptiorfor location-centric
applications.

analysiscomponentpresentedn Section3 canbe applied
to othersituationsandnetworking stratejies[23].

A few cautionaryremarksare in order when we ex-
aminethe comparisorbetweenthe at ad hoc sensomet-
works and SENMA. Speci cally, the enegy consumedy
themobile AP is notincludedin the overall calculationfor
SENMA. The assumptioris thatthe mobile AP is not en-
ergy constrainedandthe enepgy sourceis renavable. Be-
causethe derivationis basedon asymptoticresults,the an-
alytical expressionsarevalid for large scalenetworks, say
hundredsf nodes.

Sensonetworksmayoperatén drasticallydifferentstates,

from passve monitoringto active respondingo certainevents.
What is neededs an adaptve connectionlessietworking
strateyy thatallow thenetwork operatingseamlesslyor var
ioustrafc demandsandtrafc patterns.Onesuchan ap-
proachis consideredn [24].
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