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ABSTRACT

Wirelesssensos have several constaints, sud as a
shorttransmissiomangg, poor processingapabilities,and
alimited availableenegy. Our goalisto designanenegy-
efiicient sensornetwork by exploiting the conceptof col-
laborative signal processing We considera networkcom-
posedof multiple sensomodes gad of which corresponds
to a processarBy usingan appropriate collaborative com-
putationalalgorithmandcommunicatiorschemewe male
sensos opete as a Distributed Digital SignalProcessor
(DDSP) and geneate the desied results. The benefitof
sudh an appwoad is twofold: (i) the enegy and compu-
tational limitations of the individual sensos can be over-
come and(ii) for agivenlevelof processingompleity, the
enenpy efficiencyof theoverall networkcanincreasesignif-
icantly. We apply the DDSP approach to the Fast Fourier
Transformalgorithm, and derive resultsshowingthe im-
provementin performancethat can be obtainedthrough
the proposedtechniqgue Moreover, we studythe existing
trade-of betweerenegy saving datalatencyand number
of employedsensos.

INTRODUCTION

Wirelesssensorsanbe usedfor remotemonitoringand
object-trackingin different environmentsand for a wide
rangeof applications. Typically, they consistof a Micro-
ElectroMechanicabystem(MEMS), a low-power Digital
Signal Processo(DSP), a radio frequeng circuit, and a
battery Due to their low-costandlow-complity nature,
sensorsre characterizedyy several constraintssuchasa
shorttransmissiomange poorcomputatiorandprocessing

*This work wassupportedyy the Centrodi Eccellenzgerle Radio
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capabilities]ow reliability anddatatransmissiomates,and
alimited availableenepgy. Networkscomposeaf multiple
sensorshouldbe designedvith theaimto overcomethese
limitations by exploiting the synegy betweendistributed
nodes.

Consideranetwork wheredatahave to begatheredrom
the sensorso somedistantinformationsink, which canbe
ary wirelessdevice connectingthe network to a commu-
nication infrastructure. By applying datagatheringtech-
niques and routing algorithms, information can be con-
veyed from the remotesensordo the sink throughrelay
nodes,regardlessof the transmissiorrangeof the sensors
andtheir distancefrom the sink [1]. Also, arbitrary vast
areascanbe coveredby deplg/ing a sufiicient numberof
sensorsgachof which will be in chage of controlling a
portionof the obsered area.Whenminimizing datatrans-
missionss important,collaboratve processindechniques,
suchasbeamforminganddatafusion,canbeapplied.Cor
relateddatacan be combinedbetweemearbysensorde-
fore beingtransmittedto the sink node. In this way, com-
municationsaremostlyrestrictedo dataexchangebetween
neighboringhodeswhile thesignalquality andstatisticsare
enhanced?, 3]. Insteadwhenahigh network reliability is
required,redundang in the collecteddatais highly desir
able, and can be obtainedby having multiple sensorge-
portingonthe sametargetevent[4].

In this paper our objective is to provide enegy effi-
cieng in wirelesssensomnetworks.

Themajorcontritutionsto power consumptiorin sensor
nodesare: (i) thepower consumedy thedigital partof the
devicecircuitry; (ii) thepowerconsumedby thetransceier
in transmittingand receving mode; and (iii) the output
transmissiorpower. The outputtransmissiorpower of a
sensordependson its transmissiorrange,while the total



power consumptiordepend®n the amountof transmitted,
receved, and processedlata. Enegy-eficient techniques
canthareforeoperatan two domains:(i) signalprocessing
and(ii) communicatiorprotocolarchitecturesSignalpro-
cessingtechniquesnvolve enegy scalingalgorithms][5],
designof low-power processor$g], andpartitioningof al-
gorithmsamongmultiple sensomodes|[3]. Techniquest
theprotocollevel includelow-power network configuration
algorithmg[7], enegy-eficient routingandmediumaccess
scheme$8, 9].

In this work, we adopt an approachwhich belongs
to both the signal processingand the network protocol
domains. We apply the conceptof collaboratve sig-
nal processingo implementa Distributed Digital Signal
Processo(DDSP). The idea of the DDSP relies on the
divide-and-conqueparadigmwhichis oftenusedn multi-
processocomputersAccordingto thedivide-and-conquer
paradigmaproblemis dividedin multiple sub-problemsf
smallersize. Every processosolves eachsubproblenby
usingthe samealgorithm,andthe solutionto the original
problemis obtainedoy combiningthe outputsfrom thedif-
ferentprocessor$l0]. In our scenariogachsensorcorre-
spondgo a processorBy designingappropriatecommuni-
cationprotocolsandcollaboratve computationakchemes,
we make sensoroperateasa distributed DSP and gener
atethe desiredresult. The benefitof suchan approachs
twofold: (i) theenegy andcomputationalimitationsof the
individual sensomodescan be overcome;(ii) for a given
level of processingompleity, theenegy efficiengy of the
overall network canincreasssignificantly

We describethe DDSP conceptin more detail in the
next section,wherewe apply the DDSP approachto the
FastFourier Transform(FFT) algorithm. Then,we present
someresultsshaving theimprovementn performancehat
is obtainedthroughthe DDSPtechnique.Finally, we con-
cludethe paperanddiscussaspectghatwill be subjectof
furtherresearch.

APPLYING THE DDSP APPROACH TO THE FFT
ALGORITHM

Considera network composedf S sensors.Think of
the S sensorsasa setof interconnectegrocessorseach
of them having a local memory and being able to com-
municatewith eachother by sendingand receving mes-
sages. Then, considerthe Fast Fourier Transform(FFT)
algorithm,which is largely usedin signalprocessing Our
objectiveisto shav how, in thiscaseprocessingperations
canbedistributedamongsensorsin suchawaythattheen-
egy consumptiorof the overall network is reduced.Also,
we wantto shaw theexistingtrade-of betweerenegy gain
andinformationlateng.

As an example, belov we presentthe caseof a two-
sensometwork. Differentschemesreintroducedor com-
puting the FFT [10], and the main issuesrelatedto dis-
tributed processingn sensometworks are highlightedin
the caseof this simplesystenmscenario.

The 2-Sensor FFT Computation

Let usassumeS = 2 anddenotethe two sensordy s;
andss, respectrely. Letr beavectorof N entriescontain-
ing thetotal numberof datasamplesverwhichwewantto
computethe FFT. We focusonthedecimation-in-time=FT
algorithm,whichhasanexecutiontime andcomplexity that
scalesasO(N log N).

The unit computationablock of the FFT algorithmis
calledbutterfly. In orderto implementa distributed com-
putationof the butterfly, let » be properly partitionedinto
two vectorsof N/2 datasampleseach,denotedby « and
v. We assumdhat u is storedat s; andwv is storedat ss.
We indicateby wy, the columnvectorof weightsthatare
neededto computethe FFT. By taking v and v asinput
data, the output of the 2-sensorbutterfly computationis
givenby: u + wr - v andu — wg, - v. Obsene thateach
sensomperatesvith vectorsof lengthequalto N/2. Thus,
the computationatompleity facedby theindividual node
is significantlylower thanin thecasewhereall the N sam-
plesare handledby onesinglesensar On the otherhand,
it is clearthata distributedcomputatiorrequirescommuni-
cationbetweers; andss becauseachof thesensorsieeds
non-localdatafor performingits task.

A first approachto the 2-sensorcomputationis asfol-
lows.

1. s; sendsacopy of u to s

2. s sendsacopy of v to s

3. 81 computes: + wy, - v

4. so computes: — wr, - v.

Thetotal numberof samplesentover theradiochannels
equalto N, andtwo transmissionsare performed. Note
that the schemeis load balancedsince each sensorhas
roughly the sameamountof computationand communi-
cation. However, this algorithmis redundanbecauseach
sensocomputeghetermwy, -v. In thefollowing, we adopt
adifferentversionof thisapproachthatavoidsredundang
at the expenseof load balancing.The procedurds asfol-
lows.

1. s1 sendsacopy of u to s

2. so computeswy, - v andsendgheresultto s;

3. 51 computes: + wy, - v

4. so computes: — wry, - v.

Again, two transmissionsre performedand a total num-
berof N samplesareexchangedetweerthetwo sensors.



We point out thatan alternatve approachs alsopossible,
which yields aload balancedandredundang-free scheme
at the expenseof two additionaltransmissionamongthe
sensorsHowever, for the sale of simplicity, this approach
will notbeconsideredhere.

Theperformancef theabore schemeganbeevaluated
in termsof datalateng by fixing:
(i) thetime neededo transmita datasample,
(ii) thetime overheaddueto the startup phaseof the power
amplifier, and
(iii) the computationaltime of the floating point arith-
metics.
The enegy consumptiorassociateavith the presentedl-
gorithmscan be estimatedoy consideringin additionthe
following parameters:
(iv) the geographicaproximity amongsensorsthatdeter
minesthe outputtransmissiompower of intersensorcom-
munications,
(v) the sensompower consumptionin transmittingand re-
ceving mode,and
(vi) the enegy consumptionper floating operationat the
sensar

In the next section,we fix theseparameterand evalu-
atethe performancef the computatiorschemeaswe vary
thenumberof sensorsnvolvedin the FFT computationthe
operatingrequeng of thesensors microprocesspandthe
numberof FFT points. Basedon this study we selectthe
systemset-upthat, by trading-of betweerdataprocessing
at the individual sensorand inter-sensorcommunication,
reduceghe enegy consumptiorof thewhole network. Al-
ternatiely, in the casewherethe sensolcomputatiormust
meetpreciserequirementsn termsof datalateng, we find
the optimalcompromisebetweerenegy gainanddelay

RESULTS

We considera network composeddf 21% nodeswhich
arerandomlydistributed over a Q x @ region, with Q =
10 m. We assumeéhatthe RF part of a sensomodedis-
sipates50 nJ/bit in the transmitor receve circuitry and
100 pJ/bit/n? for the transmitamplifier [5]. Sinceshort
distancetransmissionsire consideredthe enegy lossdue
to the transmissiorover the radio channelis assumedo
scaleasd?, whered is the distancebetweerthe transmitter
andtherecever. We setthe startup time of the trancever
to beequalto 100 s [11].

S representshe numberof sensorghatperformthe V-
point FFT in a distributed manner;we setS and N to be
powersof 2 andsuchthat N > S. To apply the DDSP
techniquewe randomlyselectS sensoramongall thenet-
work nodesanddivide theinitial setof N samplesnto S
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Figure1: Numberof FFT points(N) versustotal compu-
tationtime, for operatingfrequeny of the microprocessor
equalto f=59,103,and 206 MHz. The resultsobtained
whenthe FFT is computedby a single sensormode (de-
notedby thelabelC in the plot) arecomparedo theresults
derived in the casewherethe computationis distributed
amongmultiple sensorgdenotedy thelabelD in theplot).

setsof N/S pointseach. The FFT is computedn log, S
stages. Eachstageincludes.S/2 butterfliesthat are per
formed asdescribedn the previous section. Notice that,
at eachstage,every sensordealswith a vector of N/S
samples.At the end of the computationprocedurethe S
sensordorward their outputstoward a centralcontroller
wherethe FFT datais collected.

Eachsensoris equippedwith a StrongARM SA-1100
microprocessomwhich is a popularlow-power embedded
proces-
sor. It canoperateat ary of the following clock frequen-
cies: f=59,74,89,103,118,133,1482677,19,206 MHz
[6]. By usinga web-basedool, the so-calledJouleTack
[6], we estimatehe enegy consumptiorandthe execution
time experiencedvy the individual sensorduring the FFT
computation.Clearly, the lower the operationafrequeng,
the smallerthe enegy consumptiorandthelargerthe pro-
cessinglelay

By summingcommunicationand computationalkosts,
we derive the systemperformancen termsof datalateny
andtotal enegy expenditureas N, S, andthe clock fre-
queng vary. Theresultsshavn in the following are ob-
tainedby assuminghatthepacletsizeusedior intersensor
communicationss equalto 50 bit.

Figures1 and 2 shav the N-point FFT computation
time and enegy consumptionfor different valuesof N
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Figure2: Numberof the FFT points (V) versusthe total

enegy consumptionfor operatingfrequeng of the micro-

processorqualto f=59,103,and206 MHz. The results
obtainedvhentheFFTis computedy asinglesensonode
(thecurvesdenotedy thelabelC in theplot) arecompared
to theresultsdervedin the casewherethe computationis

distributedamongmultiple sensorgthe curvesdenotedoy

thelabelD in theplot).

and of the operationalfrequeng (namely f=59,103,and
206 MHz). The resultsobtainedwhen one single sensor
computeghe N-point FFT (representedby the curvesde-

notedwith the label C in the plots) are comparedto the

resultsderived in the casewherethe computationis dis-

tributedamongmultiple sensorgrepresentedy the curves
denotedwith thelabelD in the plots). In Fig. 1, the points
in acurve,thatareassociatetb thesamevalueof N andf

but to differentvaluesof computationtime, correspondo

differentnumberf involved sensors.

Looking at Fig.s 1 and 2, we notice that a lower data
lateny is obtainedin the caseof distributed computation,
regardlesof which clock frequeng is usedfor computing
the distributed FFT. In fact, by applyingthe DDSP con-
cept,thealgorithmoperation@reexecutedn parallelatthe
varioussensomodes,andthis may leadto a shortercom-
putationtime. Also, by fixing the clock frequeng, the dis-
tributedschemalwaysoutperformghecentralizedscheme
in termsof enegy consumption.

Figure3 shavsthecomputatiortime of the N-pointFFT
as a function of the numberof emplo/ed sensors. Dif-
ferent curves are obtainedfor different valuesof N and

of thefrequeng f, at which the microprocessooperates.

Given N and f, thecomputatiortime is normalizedto the
value obtainedwhena centralizedschemes applied(i.e.,
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Figure 3: Total computationtime normalizedwith respect
to the casewherethe FFT is computedby a single sensor
nodeand f = 206 MHz versusthe numberof sensorem-
ployed. Resultsare obtainedfor differentnumbersof FFT
points andfor operatingfrequeng of the microprocessor
equalto £=59,103,and206 MHz.

the computationis performedby one single sensor)and
f =206 MHz.

Looking atFig. 3, we obsere that, by fixing f, thecom-
putationtime decreaseas S increasesintil aminimumis
reachedThisvalueprovidestheoptimalnumberof sensors
to be used. The advantageof usingthe DDSP approachs
moreevidentasN increaseslnsteadfor highvaluesof S,
thereis not benefitin applyingthe DDSP conceptbecause
its communicatiorcostsoutweighthe benefitsin termsof
computationcosts.WhenN is fixed, alower computation
time is obtainedasthe clock frequeng increasesNotice,
however, thatthe benefitof usingthe DDSPapproachwith
respecto the centralizedschemds moreevidentas f de-
creases.n fact, by usinga distributed schemethe maxi-
mumagainin computatiortime relatively to the centralized
cases equalto 5 for f = 206 MHz, andis equalto 6.6 for
f =103 MHz.

In Fig. 4, we presenthetrade-of betweencomputation
time on onehandandenegy consumptiorand numberof
emplo/ed sensoron the otherhand. Enegy expenditure
andtime delayarederivedfor N = 32768 andby varying
f andS. Theresultsarenormalizedto the valuesobtained
for S =1 andf = 206 MHz. Lookingattheplot, it canbe
seenthat, giventhe numberof availablesensorsthelarger
the delay the lower the enegy consumption.Corversely
by fixing the acceptablevalue of enegy consumptionthe
FFT computationtime canbe traded-of with the number
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Figure4: Trade-of betweencomputatiortime andenegy
consumptionnormalizedto the valuesobtainedwhenthe
FFT is computedby a single sensornode and the clock
frequeng is equalto 206 MHz. Resultsare shavn for
N = 32768 andfor differentnumbersf sensonodeg(S).

of emplgyedsensors.

CONCLUSIONS AND FUTURE WORK

In this paper we studied a wireless sensornetwork
whosenodeshave limited enegy availability andlow pro-
cessingcapabilities.We consideredeachnetwork nodeas
a processoandextendedthe conceptof collaboratve sig-
nal processingo this scenario. By usinga collaboratve
computationaklgorithm and communicationscheme we
madesensorperateas a Distributed Digital Signal Pro-
cesso(DDSP).We appliedthe DDSPapproacho the Fast
Fourier Transformalgorithm. The results,that were pre-
sentedshaw the systemperformancdor differentnetwork
set-ups,and the trade-of existing betweenenegy con-
sumption,datalateng, andnumberof employed sensors.

Futurework will focuson the applicationof the DDSP
conceptto othersignalprocessinglgorithmsthataretypi-
cally usedin wirelesssensompplications.Moreover, gen-
eralguidelinesfor a distributedandenegy-eficientimple-
mentationof signalprocessingn sensometworks will be
provided.
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