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Abstract— Wireless sensor networks will allow ne-
grained monitoring in a wide range of ervironment (indoor
and outdoor). Many of these ervironments, presentvery
harsh conditions for wirelesscommunication using low-
power radios, including multipath/fading effects,re ections
from obstacles,and attenuation from foliage. In this pa-
per, we intr oduceSCALE, a network wir elessmeasuement
tool that usespacket delivery asthe basic application-level
metric. SCALE facilitates the gathering of packet delivery
statisticsusing the samehardware platform and in the same
environmenttargetedfor deployment. Usingup to 55nodes,
we were able to measure and study the connectiity condi-
tions of two hardware platforms, Mica 1 and 2 motes, in
thr ee differ ent ervironments: an outdoor habitat resewe,
an urban outdoor ervironmentin a university campus,and
an of ce building, under systematicallyvaried conditions.
Among other things, we found that there is no clear cor-
relation betweenpacket delivery and distancein an areaof
morethan 50% of the communicationrange,temporal vari-
ations of packet delivery are correlatedwith meanreception
rate of eachlink, and the percentageof asymmetric links
varies from 5% to 30%. Data collectedusing SCALE have
interesting implications in the design, evaluation, and pa-
rameter tuning of sensometwork protocolsand algorithms.

I. INTRODUCTION

The adwent of wirelesssensometworks will allow de-
tailed spatialand temporalervironmentalmonitoringin
awide rangeof environmentsfrom urbanto wilderness;
indoorandoutdoor Wirelessradio communicatioris an
essentialcomponentof thesesystemsand enablessen-
sor nodesto perform signi cant local coordination,dis-
tributedsignalprocessingandnetwork self-con guration
to achieve scalable robust and long-lived networks [1],
[10], [11]. The quality of the wirelesschanneldepends
on multiple factors, such as the ervironment, the ra-
dio frequeng, the modulationscheme and even the RF
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transcerer hardwarein use.

Thesenetworks will be deployed in harsh ernviron-
mentsfrom the communicatiorperspectie, with signif-
icantmulti-patheffects.In addition,thelow power radios
typically usedin sensometworks do not have sufcient
frequeng diversity to be resilientto multi-pathcommu-
nication. Undertheseconditions,wirelesscommunica-
tion is known to be unpredictableandhasbeenshowvn to
vary drasticallywith small spatialchangesandon differ-
enttime scales.Eventhoughmostsensometwork algo-
rithmsaredesignedo be adaptve to the variationsin the
communicatiorchanne[16], [4], thereareseveralparam-
etersthat needto be adjustedto the operatingconditions
in orderto improve performance.Furthermore the real
communicationchannelsare very dif cult to modelfor
the wide rangeof target ervironmentsand the different
type of radios, frequencies and modulationschemesn
use[6], [27], [12]. Thus,it is dif cult to extensvely test
thealgorithmsunderdevelopmenin simulationsunderre-
alistic conditions. Given the variability of the communi-
cationchannelandthedif culty to modelit accuratelyit
is essentiato get quantitativedatathat may allow usto
betterunderstandhe channelcharacteristicen the target
deplgymentarea.

In this paperwe presenSCALE ameasuremertbol to
study wirelesscommunicationchannelswith low power
radiosin new ervironments It facilitatesthecharacteriza-
tion of themostbasiccommunicatiomrmetricfrom theap-
plication point of view: pacletdelivery. Thetool enables
the collectionof paclet delivery statisticsusingthe same
speci ¢ hardware platform andin the sameernvironment
intendedfor deployment. The datagatheredby SCALE
may allow protocoldevelopersandengineergo betteres-
timate the appropriatedensity systemparametettuning
constantsandexpectedperformanceof protocolsandal-
gorithms(datacapacitycorvergenceime,lateng). Table
| showvs someexamplesof how the connectiity statistics



TABLE |

EXAMPLES OF THE USEFULNESS OF CONNECTIVITY STATISTICS IN PROTOCOL DEVELOPMENT AND PARAMETER TUNING

‘ DesignParameter DataCollected

Utility

Delivery ratevs. distance

Expectedneantopologicaldensity

anddistance

Physicaldensit —— - -
y y Expectedstandardieviationin topologicaldensity
Algorithmic Delivery ratevs. Expectedperformancef in-network processinge.g.

selection ervironmenttype opportunistio(geographicalflataaggreation

Expectedperformancef spatialcorrelation.e.g.geograpical
andtopologicalrouting

Protocolselection -
Link asymmetryws.

distance

Expectedberformancef routingmechanismshatassume
bidirectionallinks

Delivery ratevs.

Protocolparameters )
time

(time constants)

Find reasonableoutingandapplicationsoft staterefreshtime;
nd neighbordiscovery probeperiodasafunctionof the stdde.

Link asymmetrys. delivery rate

Find neighbordiscovery periodasa functionof meanandstdde.

Paclet sizeselection Delivery ratevs. pacletsize

Find optimal paclet sizeto maximizeefciency?

& Metric de ned in sectionV-D.

collectedfrom aspeci c targetervironmentcanbeuseful
in this regard.

SCALE:is fully con gurable. Several parametersire
con gurable, such as, the paclet probe size, the inter-
paclet periodtime, the transmissiorpower gain, among
others. This e xibility permitsperformingexperiments
undermultiple differentvaried conditions. More impor-
tantly, it allows to repeatthe measurementwhile con-
strainingall parameter®therthanthe one beingvaried,
allowing usto systematicallyrobethe effectsof thatpar
ticular parameter The tool canbe run transparentlyn a
centralizedwvay with all the softwarerunningin a central
PC and connectedo the nodesvia serialcables,or in a
fully distributedway with the softwarerunningin differ-
entdistributed nodes. SCALEalso providesa visualiza-
tion screento help viewing the connectity datain real-
time andaftereachexperimentcompleteslUsingupto 55
nodeswe wereableto measureandstudythe connecti-
ity conditionsof two hardware platforms,Mica 1 and 2
motes[14], [7], in threedifferentervironments:an out-
door habitatresere, an urbanoutdoorervironmenton a
universitycampusandanof ce building.

In our experimentswe distributedthe nodesin anad-
hoc mannerin eachof the differentervironments.Once
all the nodesweredeplogyed, the systemmadeeachnode
atransmittergoingthroughall thenodesn around-robin
fashiononenodeatatime. Whenanodewastransmitting
paclet probes,the restof nodesin the experimentwere
in recever-only modecollectingpaclet delivery statistics
from the sender The resultswere centrally logged. In
all our experimentswe studiedthe effect of the erviron-
mentunderdifferentconditionsin theabsencef interfer

ing transmissions.

Theresultsof ourmeasuremenissingSCALErevealed
someinteresting ndings. By analyzingdatafrom arich
setof links with differentdistancesdirections,antennae
elevationsfrom the ground,with or without line of sight
—conditionsthatwe expectto nd in sensometwork de-
ployments[3]—, we found that thereis no clear corre-
lation betweerpaclet delivery anddistancein an areaof
morethan50%of thetotal communicatiomange.ln addi-
tion, we foundthattemporalvariationsof paclet delivery
are not correlatedwith distancefrom the transmitteror
transmissiorpower level, but to the meanreceptionrate
of eachparticularlink. We alsofoundthatthe percentage
of link asymmetriessariesfrom 5% up to 30% in some
casesandtherewasno ohbvious correlationbetweenink
asymmetriesinddistanceand/ortransmissiorpower lev-
els. By usingthistool, we provide signi cant quantitatve
evidencethatsupportshe commonlyheldbelief thatlink
asymmetriesredueto hardwarecalibrationdifferences.

Beforewe proceedwe would like to highlight the pri-
mary contributionsof our paper Theseare:

Thedevelopmenbf ameasuremerandvisualization
tool basen anapplicationlevel metric(e.g. packet
delivery), which facilitatesqualitativeand quantita-
tive characterizationsf thewirelesschanneln apar
ticular target ervironmentandusingthe samehard-
wareplatformintendedfor theactualdeployment.
The reportof aninitial setof qualitative and quan-
titative resultsusing SCALEthat investicatesprevi-
ousmeasurementsuppliesdatato supportprevious
hypothesesn the literature,and provides nev data
from experimentsperformedin threedifferenttype



of environments,andwith two differenttype of ra-
dios,undersystematicallyariedconditions.
Therestof thepapelis structurechsfollows. In thenext

sectionwe review therelatedwork in thearea.Sectionll
providesa completedescriptionof the measuremertbol,
including the hardware and software components. The
methodologyusedfor the datacollectionexperimentsis
discussedn SectionlV. In SectionV, we presentsome
initial experimentalresultsusing the measurementool.
Finally, we concludein SectionVI.

1. RELATED WORK

Thereis currentlya dearthof wirelesscommunication
measurmendatafor low power devices. Most of the pre-
viousrelatedwork hasfocusedon experimentaimeasure-
mentswith ad-hocprogramsspecializedo t aparticular
platform.

In Ganesaret al. [12] a testbedof 150 nodes(Mica
1 motes)wasusedto measurdhe effectsof link, MAC,
and applicationlayersin datacommunication. The ex-
perimentswere carriedout in a single outdoorerviron-
ment, with no obstacledn the vicinity and with all the
nodesnearthe ground. This work provided someempiri-
cal datato prove thatradio connectvity wasnotisotropic
(exhibit directionality)andalsoprovided somemeasure-
mentsof numberof asymmetridinks asafunctionof dis-
tance. This work alsospeculatedhat links asymmetries
may be causedoy small differencedn the hardware (ra-
dios) andslight differencesn the nodesenengy levels. In
our work we provide substantiakvidencethat the cause
of link asymmetriess in factdueto differencesn hard-
ware calibrationand provide a morein depthanalysisof
thedifferentfactorsaffectingwirelesscommunicationsn
morethanoneervironmentandwith morethanoneradio.

Woo et al. [29] examinedpaclet lossbetweenpair of
motesandconstructeghacletlossmodelsusedio evaluate
link quality estimators.Building on thatwork, in amore
recentstudyby Woo etal. [30] andusingupto 100nodes
in anopentenniscourt,they constructegacletlossmod-
els basedon the meanand standarddeviation reception
ratevalues.Usingthesemodelsin simulationandwith a
network of 50 nodesin a building lobby, they provide an
illuminating evaluationof link quality estimatorsneigh-
borhoodmanagemenpolicy, androuting stratgiesunder
varied conditions. Our study is complementanyto this
work; while we do not conductary algorithmic evalua-
tions,we do studythe characteristicef pacletdeliveryin
theabscencef concurrentransmissionsandusingmore
thanoneradioin multiple ervironments.

A recentstudyby Zhaoetal. [31] usingupto 60 nodes
(Mica 1 motes)shaved someof the effects of link and

MAC layersin wirelesscommunication. Using a sim-
plelineartopology with asinglesenderthework studied
the paclet delivery performancen threedifferent ervi-
ronmentspower levels, andcodingschemesThis study
provided experimentaldatashaving heavy variability of
pacletreceptionn almostonethird of thecommunication
rangefor somescenariosOurwork is complementaryo
this. In our study we gatheredconnectvity datausing
morethanonesenderandnon-lineartopologies,andour
resultsshav evenfurthervariability of pacletdeliveryin
more than half of the communicationrange. Our work
doesnot considertheimpactof multiple codingschemes,
but study how the paclet delivery is affectedby paclet
sizeandusingdifferenthardwareplatforms.

Neargroundeffectsin the800-1000MHz bandis stud-
ied by Sohrabiet al. [28]. This work usesa particular
modelfor powerloss,and nds theconstantsn themodel
for differenttype of ervironments. The study provided
experimentalalidationof the power drop off with higher
exponentsat smaller distancesthan the samechannels
with higherantennae.Our work considersnearground
effectsasoneof the multiple effectsaffecting radio prop-
agation. Our measurementalso include data gathered
from the400MHz bandanduseanapplicationlevel met-
ric, meanpacletloss,insteadof pathloss.

Therehasbeensereral studiesfor the characterization
of cellular networks[19]. In our study we usedifferent
(low-power) radios, and different coding schemegless
comple dueto resourceonstraints)thus,we cannotrely
completelyon previousresultsfrom cellularnetworks.

Our previous work with ASCENT [4] motivatedus to
build this measuremertbol to helpusgain a quantitatve
understandingf someof the radio channelfeatures.In
ASCENT, we shaved that dueto the spatialandtempo-
ral variability of the wirelesschannel,the use of adap-
tive algorithmsthat constantlyadaptto thelocal connec-
tivity conditionswasa sinequanon prerequisiteo build
ary realsensonetwork system Neverthelesswhenfaced
with the challengeof de ning someof thealgorithmcon-
stants(e.g. heartbeaperiod), we wereforcedto usead-
hocvaluesandintuition for the parametetuning. We be-
lieve SCALE lIs this gap. Our work hasalso beenin-
spired by the large numberof measurementools [20],
[23] developedto understangbrotocolperformancéssues
in the Internet. Thesetools have had a signi cant role
in the developmentof Internetprotocolslike TCP [24],
multicastrouting protocols[8], [2], andmary more. The
datacollectedby thesetools allowed Internetresearchers
to detect aws in the design,adjustthe parametetuning,
andimprove the generalperformanceof theseprotocols.
Similarly, we hopeSCALEcouldbecomea usefultool for



(a)Mica 1 mote

Fig. 1.

(b) PortableArray

(c) Mica 2 mote

SCALEhardware. The portablearrayis composedf a laptop PC attachedo a serialmultiplexor. Several UTP cablesrun from the

multiplexor to the deploymentlocationswherea moteis attachedattheend.

TABLE Il
NODES CHARACTERISTICS

| Mical Mica 2
CPUProcessor Amtel 128 Amtel 128
Prog.Memory (KB) 128 128
DataMemory (KB) 4 4
SerialRS232 needsadapter| needsadapter
Clock SpeedMHZ) 4 7.38
RF Manufacturer RFM [21] Chipcon[5]
RF Transcieer TR1000 CC1000
Radiofrequeny (MHz) 916 433
Modulation ASK FSK
Throughput(kbps) 13.3 19.2
TX power [0dBm] (mW) <1 <1
HardwareEncoding none Manchester
Antenna Omniwhip Omniwhip

researchersvorking with sensometworks in often harsh
andlossyervironmentsfor wirelesscommunication.

1. SYSTEM DESCRIPTION

A. Overviav

The systemis built using the EmStar programming
model[9]. It consistof anumberof sensonodegmotes)
attachedisinglongserialcablego oneor moreserialmul-
tiplexorsthatareconnectedo a standardaptopPC. This
PC centrallyrunsthe differentprocessethat performthe
datacollectionasif they were run by individual nodes.
A visualizationtool is integratedto helpvisualizein real
time the progressof the experimentandto analyzeand
displaythe nal results.

B. Hardware and Firmware

In our experimentsve usetwo versionsof nodeshased
on Mica motes(Mica 1 and2)[14], [7]. TestFigurel(a)
shaws the Mica 1. Figuresl(a)(c) shav the mote plat-
forms. Tablell shavs the mainfeaturesof the hardware
platformsused.

The ceiling and portablearrays[9] usedin the experi-
mentsarecomposeaf oneor moreserialport multiplex-
orsattachedo a laptopPC. Figures1(b) shav animage
of theportablearraywith oneserialmultiplexor. Theonly
differencebetweenthe arraysis that the ceiling arrayis
permanentlydeplosed in the ceiling of our lab, andthe
portablearrayis a completelymobile systemthat canbe
deployedanywhere.We useUTP Cat5 cablesof different
lengths(up to 30 meters)and attachon end of the cable
to the multiplexor andthe otherendto anode.Thenodes
arewall poweredin the ceiling arrayandbatterypowered
in the portablearray The portable/ceilingarrayis usedas
a logging/controlchannelthroughwhich we interfaceto
the software.

The Mica motes rmw arecomeswith an event-drven
operatingsystemcalled TinyOS [15]. WhenusingMica
1, it providesa DC-balancedsingle-errorcorrectionand
doublebit error detection(SECDED)schemeto encode
eachbytetransmittedoy the RF transcerer (RFM). When
usingMica 2, it reliesonthehardwareencoding.Thesys-
temsupportsvariablepaclet sizes,andusesa 16-bit CRC
thatis computedvertheentirepacletfor errordetections
(for both Mica 1 and2). A simpledriver (Transceivey
was usedto run on the motesin TinyOS. It function is
to send/recefe pacletsto/from the radio and passthem
from/to the PC usingthe host-moteprotocolover the se-
rial connection.



Fig. 2. SCALEsoftware architecture. Multiple independentnod-
ulesthat export devicesfor IPC run in their own addressspacesall
controlledby emrun A usercaninteractwith eachmoduleby sim-
ply usingcat or echo Unix commandsor let the systemproxy all the
informationto a centralplace. Conrview, the visualizationtool, al-
lows checkingthe stateof theexperimentsn real-timeandperforming
post-processingnalysis.

C. Softwae

SCALEhasbeendesignedo malke full useof the Em-
Starprogrammingnodelandsoftwareframeavork. Dueto
lack of spacewereferto [9] for furtherdetailsonEmStar

Figure 2 shows a diagramof the software architecture.

SCALEis completelymodularizedand all the modules
have beenwrittenin C. Eachnodeparticipatingin the ex-

perimentrunsa softwae stadk, which consistf a series
of modulesinterconnecteéh a certainway. Eachmodule
is representedby a processwith its own addressspace.
There are three modulesfor eachnode softwae stad:

Conntestin chage of sendingandreceving probepack-
ets, doing the control coordinationamongnodes(when
to start/stopsendingpaclet probes);LinkStats responsi-
ble for maintainingthe paclet delivery statisticsfrom all

neighbors;andthe low level channeldriver, in chage of

performingthe communicatiorwith theradio. Thereare
two channebriversimplementedMoteNig whichimple-

mentsthe host-moteprotocolto communicateéo theradio
over the serial port, andUdpd, which usesthe UDP net-
work interfaceasa communicatiordriver. The collection
of processe$s manageddy emrun which startseachof

theabore modulesin the correctdependencorderbased
on the con guration le we provide (e.g. Conntestde-
pendson LinkStats andshouldonly startonceLinkStats
is active). If a moduleterminatesunexpectedly emrun
automaticallyrestartst andthe othermodulescanrecon-
nectto it without loosing state. Whenusing the system
with the ceiling andportablearrays,all the processeare
runin emulationmodein acentralPC.Multiple copiesof

emrunare started—onefor eachnodein the system—,

eachof which forks a copy of the softwae stak. SCALE
alsoprovidesa visualizationtool, Conrview, andits pur-
poseis two-fold. First, it allows checkingthe statusof
the experimentin realtime. Second,t permitsthe anal-
ysisanddisplayof the nal experimentakesults.Among
someof its featuresjt includesthe on/off displayof any
nodeor link, the coloring of links basedon differentper
centage®f paclet delivery, displayof asymmetridinks,
screencaptureand le saving in graphicalformats(jpeg
andpng),andmary more.

We notethatthe SCALEcould be usedin acompletely
distributed fashion. For example, nodescould be con-
nectedo handheld-typdatterypower devices,like Com-
pagiPAQs[22] or Intel XScaleg17], eachof thembeing
ableto run a copy of the softwae stak. The coordina-
tion and datatransferfor visualizationcould be doneby
anout-of-bandchannelJike an802.11network (in order
to avoid interferencewith the radio channelwe aremea-
suring). One of the advantagef usingthe EmStaren-
vironmentis thatno softwarechangesrerequiredto run
in acentralizedor fully distributedway; thetransitionbe-
tweenthe two modesis completelytransparentThe ad-
vantageof the fully distributed modeis the elimination
of the serialcablesandthe multiplexor to connectto the
centralPC. The main disadwantageis the increasedotal
costof the systemandthe limited batterylifetime of the
handheld-deices. In our study we optedfor the central-
izedsolution.

Thebasicdatacollectionexperimentsvork asfollows.
Eachnodetransmitsa certainnumberof paclet probesin
a roundrobin fashion(one transmitterat a time). Each
probepacletcontainghesenders nodeid andasequence
number Therestof thenodesrecordthe pacletsreceved
from eachneighborandkeepupdatedconnectity statis-
tics, usingthe sequence&umberso detectpaclet losses.
There are multiple variablesthat can be con gured for
eachexperiment. The numberof roundrobin passesthe
total numberof paclet probesto be sent(andthe number
of probesin eachround),the paclet probesize,theinter
paclet periodtime, andthetransmissioroutputpower are
all fully con gurable. If auserwantsto evaluatethe per
formanceof analgorithm (e.g. routing algorithm)under
differenttrafc workloadandallowing multiple transmit-
tersat atime, it simply deactvatesthe Conntestmodule
in thecon guration le. Themeasureghacletdeliveryre-
sultswill bethe aggreyate effect of the ervironmentand
thetraf ¢ workloadin use(which mayincludecollisions
dependingf the MAC layerused).

SCALEis alsoscript-readyandit is easyto con gure
anentiresetof experimentsvaryingoneor moreparame-
tersatatime, leaving the systemrunningwith no human



(a) OutdoorHabitat, Will RogersState
Park CourtYard

Fig. 3. Differentenvironmentsusedin our experimentausingSCALE

intervention. At theendof eachexperimentall thedatais

(b) OutdoorUrban,UCLA BoelterHall

(c) IndoorOf ce, UCLA CENSlabceil-
ing array

frequeng), the output transmitpower settings,and the

automaticallystoredin log les with dateandtime of the pacletsizesettings.

experiment thelocation,andthe valuesof all the param-
etersused.

IV. METHODOLOGY

In this sectionwe discusghemethodologyusedfor our
experiments.

The mostimportantaspecof wirelesscommunication
for usis paclet delivery performancewhich is a metric
thatdirectly affectsthe performanceerceved by the ap-
plication. More precisely our primary measuref perfor
manceis padket loss(the percentag®f pacletstransmit-
tedbut notreceved),andits complementreceptiorrate

Thetopologyusedfor our experimentonsistedf 16
nodes(portablearray)distributedin anad-hocmannetin
differentervironments.We alsousedup to 55 nodesfor
ourindoorexperimentslistributedin theceiling of ourlab
(ceilingarray).Whenusingtheportablearray nodeswvere
placedin avariety of differentpositions,suchasnearthe
groundor elevatedfrom the ground,with or without line
of sight(LOS) betweerthem,andwith differentlevels of
obstructiongfurniture,walls, trees,etc.). The placement
of the nodesalsotook into accountthe distancebetween
them,in orderto createarich setof links atdistancevary-
ing from 2 to 50 metersandin multiple differentdirections
from ary particularsender In mostof our experiments,
eachnodesendaupto 200pacletsperround,transmitting
2 paclets per second(unlessotherwisenoted). We ver-

i ed thatthetransmissiorratewaslow enoughto guar
anteeno paclet lossesas a result of systemissues(e.g.
internalgueueover ow).

Using this setup,we varied four factorsin our exper
iments: the choiceof ervironments,the radio type (and

The rst factorwe variedwastheenvironmenttype. We
selectedhreeervironmentsfor our experimentation:

Indoor Ofce. We choseour lab to perform some
indoorconnectity experimentslt consistof atyp-
ical of ce type ervironmentwith anareaof approx-
imately 20m by 20m. It haspartition panels,desks,
chairs,cabinetscomputersmonitors,etc. Thiservi-
ronmentis harshfor wirelesscommunicatiordueto
multi-pathre ections from walls andthe possibility
of interferencefrom electronicdevices. The choice
of this ervironmentis motivatedby sensingapplica-
tionsin indoorervironmentg25].

Outdoor Urban. We picked the UCLA Engineer
ing courtyardasanotherervironmentfor our exper
iments. It is an areaof 70m by 35m surrounded
by buildings and with somevegetation, trees,and
anopenareaaroundthe center The vegetationand
thewalls from the buildings areexpectedto produce
somesignalattenuatiorandmulti-pathre ectionsas
well. This ernvironmentis an intermediatemeasur
ing point betweenndoorplacesandoutdoornatural
habitats.

OutdoorHabitat We usea 200mby 150msectionof
theWill RogersStatePark, Paci ¢ PalisadesCalifor-
nia. The areaconsistsof a smallvalley, surrounded
by a 35 degree slope hill with very densevegeta-
tion, including differenttype of plants, bushesand
trees. Multi-path effectsand signal attenuatiordue
to thedensevegetationcontrituteto a harsherviron-
mentfor wirelesscommunication. Therehasbeen
severaleffortsto monitorhabitatan sensonetworks
[3], which motivatethis ervironment.

The secondfactor we varied was the radio type. We



usedtwo differenttype of radioswith differenttransmis-
sion frequeng and different modulationschemes. The
Mica 1 transmitsin the916MHzband,andusesanampli-

tudeshift keying (ASK) modulationscheme The Mica 2

transmitsn the433MHzband,andusesa frequeny shift

keying (FSK) modulationscheme.The FSK modulation
is moreresilientto voltage supply variationssinceeach
symbol detectionincludesmultiple zero-crossings.This
is oneof the reasonavhy the Mica 1 boardneedsan ad-
ditional voltageregulatorin placein orderfor theradioto

beeffective.

Thethird factorwe variedwasthe outputtransmission
power. The moteshardware allows discretecontrol of
the outputtransmissiorpower of the RF transcever. This
capability permitssensometwork applicationgo control
the pawer gain of thetranscever, allowing themto trade-
off enegy usageversustransmissiorrange. The Mica 1
moteshave a potentiometecircuit thatallows controlling
the amountof currentdeliveredto the RFM radio [21].
The dynamicrangeof the output power selectionwith
Mica 1 rangesrom -10dBmto 0dBm. The Mica 2 Chip-
con radio chip (CC1000)[5] has programmableoutput
power from -20dBmto 10dBm controlleddirectly with
the microcontroller In our experimentswe exploredthe
-15dBmto +5dBmrangeof transmitpower for the Mica 2
platform. Dueto thedifferencesn thedynamicrangese-
tweenthetwo platforms,we decidedto qualify the power
levelswith respecto thedynamicrangeof ead platform.
For example,whenusingMica 2 the -1dBm power level
is considereanediumpower level (with respecto its own
dynamicrange) but whenusingMica 1 the-1dBmpower
level is considerechigh power. In all our graphswe in-
cludedthepowerlevel usedin dBmunitsin orderto facil-
itate the comparison.For the Mica 1 andoutdoorexper
iments,we only exploredthe high-paver settings(near0
dBm) thatwerethe only power valuesdelivering enough
signalstrengthto getmeaningfulconnectvity results.

Finally, we varied the paclet probe sizesin our ex-
perimentusingtwo qualitatvely differentpower settings
(high andlow power). The setof different paclet sizes
usedwas25, 50, 100,150and200 bytes. The payloadof
the pacletswas lled with randomdataup to the maxi-
mumsizein use.

Nodeswerelocalizedmanually For eachexperiment,
we built a local coordinatesystemand nd thelocal co-
ordinatesof all thenodesin threedimensionsFor thein-
doorsexperimentsve localizedthenodesusinga measur
ing tape. The measuringerror of theinstruments 0.1
cm. For the outdoorsexperimentswe usea sonicranger
device (Zircon DM S50)[32]. The measuringerror of the
instrumentis 1 cm. A conserative estimateof the lo-

calizationerror would be one order of magnitudelarger

thanthe instrumentmeasuringerror, so we estimatethe

localizationerror of eachnodeto be 1 cm for indoors
and 10cmfor outdoorsWe notethatthemanualocal-

izationof thenodeds theonly partof theentireprocedure
thatrequireshumanintervention.

Summary: We collected paclet delivery data from
more than 300,000 paclet probesin experimentsper
formedin 3 differentervironmentswith 2 differenttype
of radios,with 6 differentpower settings,and5 different
paclet sizes. We usedup to 16 nodesin our outdoorex-
perimentsand up to 55 nodesin our indoor experiments
distributedin an ad-hocmanney eachnodetransmitting
200paclets.In eachexperimentwe measuredhe paclet
delivery performanceof 240links for the outdoorexperi-
mentsand2970links for theindoorsexperiments.

V. EXPERIMENTAL RESULTS

In this sectionwe presentheresultsof usingSCALEin
differentervironments anddescribethe differentaspects
of paclet delivery performance.In all the resultsfrom
our experimentsshown in this section,we usecon dence
intenals with 95% degreeof con dencebasedon large
samplesize(n > 30).

After someinitial experimentatiorwe have character
izedthe primary featuresdiscussedn the literature[12],
[31] of ourradiochannels:

Asymmetrical links: the connectiity of nodeA to
nodeB (A! B) mightbesigni cantly differentthan
fromnodeBtonodeA (B! A).

Non-isotropic connectiity: the connecwity is not
necessarilfthe samein all the directions(samedis-
tance)from the source.
Non-monotonicdistancedecay. nodesthatarege-
ographicallyfar away from the sourcemay get bet-
ter connectvity than nodesthat are geographically
closer

In the following sectionswe will take a closerlook at
the differentaspectf paclet delivery undersystemati-
cally variedconditionsusingSCALE

A. SpatialCharacteristics

In this sectionwe examinethe qualitative andquantita-
tive spatialcharacteristicef pacletdeliveryin our exper
iments.We areinterestedn understandingow therecep-
tion rate varieswith distancefrom the transmitterunder
differentconditionsandervironments.

Figure4 plotstheraw paclet delivery datain threeex-
ample scenariosas a function of distance. The goal of
thesegraphsis to shav qualitatively the drasticvariation
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thereis aregion in which the receptionrate variesdramatically with delivery ratesvarying from near100%to 0%. The width of the region
wherethis phenomenomccursis asigni cant portion (morethan50%,andup to 80%in somecasespf thecommunicatiorrange.
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Fig.5. Meanreceptionrateover distancefor multiple environments radiosandtransmissiorpower levels. Eachgraphshawvs thatthe useful
radiorangetendsto increasavhenthetransmissioroutputpowerincreasesln addition,the graphsshav thatthereis a greatvariability in some

intermediateegions,asshavn by thelarge valuesof thecon denceintenals.

in receptionratefor all the scenariosand platformsused
in our experiments.

In Figure 4(a), we plot the raw connectwity datafor
the outdoor habitat experimentusing Mica 2, and with
low power settings. In this case,we obsere that links
with thesamedistancdrom the sourcecanhave reception
ratesthatvary drasticallyfrom 100%to 0%, i.e.,thearea
betweenthe vertical lines. Figure 4(b) shavs the same
setup(ervironmentand platform used),but usingbigger
transmissiomutputpower. Whenincreasinghetransmis-
sion power, we seethe expectedsigni cant improvement
in receptionratewith respecto (a) for mostof the links
in our experiment. This canbe seenby a larger density
of datapointsnearthe 100% mark for almostall the dis-
tancerangetested. We alsoseethatlinks with reception
ratelower than50% appearat a larger minimumdistance
from the source(13 metersin the high power caseb vs.
7 metersin the low power casea). Links with reception
ratesof 100% also appearat the limit of the maximum

rangetestedt

Figure4(c) shawvs theraw connectity datafor ourin-
doorsexperimentsusingour ceiling array Note thatthe
scaleon the x axis (distance)is differentfrom the pre-
vious graphssincethe measurementare limited by the
physical dimensionsof our lab (the areais smallerthan
in the previousoutdoorsexperiments).Thebiggerdensity
of measuringoointsis dueto the larger numberof nodes
availablefor our experimentg55 nodes).In this casewe
alsonoticedgreatvariationin receptiorratefor almostall
thedistancerangegestedn our experiments.

As expected,ncreasinghe transmissioroutputpower
producesan increasein the numberof links with good
receptionrate at ary given distance. However, the exis-

1 The50 metersmaximumrangelimit wasdueto thehardwareavail-
ability, i.e. the total numberof motesavailablefor our experimentgo
covertheentiredistancerangewith minimumdensityandthe number
of serialmultiplexors. Thereis no explicit maximumdistancelimit
whenusingSCALE



tenceof badlinks (links with smallreceptionrate)is not
completelyeliminatedwhenincreasingthe transmission
outputpower andbadlinks tendto appearat almostany
power settingused(althoughfewerwhenlarge power set-
ting is used). We have veri ed this behaior even with
maximumpower settingsusing both Mica 1 and 2, and
in the 2 outdoorservironmentswe tested(Mica 1 and 2
at maximumpower gethigh receptionratesin our space-
limited indoorlab). Thegraphsareomittedfor brevity.

Next we analyzethe meanbehaior of the reception
rate. In Figure5, we plot the meanreceptionrate asa
functionof distancefor differenttransmissiorpower lev-
els,ervironments andradios.In thesegraphsljinks were
sortedbasedon distancefrom the source andaggreated
in 5meterbins. Eachmeasuringointrepresentthemean
of all thelinks includedin each5 meterbin. Thereare
morethan30 links in eachbin .

Thelarge con denceintervals at somepointsshaowv the
high variability that could be visually obsenedin Figure
4. In all the casesshawn in Figure 5 thereis a general
decreasén thereceptionrateaswe increasehe distance
from thesource.Thisis expecteddueto attenuatiorof the
signalover distanceor ary transmissiorpower level.

Discussion The signi cant spatialvariationin paclet
delivery usinglow power deviceswas rst notedin previ-
ouswork [4], whichshavedthatnodeghataregeograph-
ically furtheraway from the sourcecould,in practice ob-
tain betterreceptiorratethannodesthatarecloser

In [31], using nodesplacedin a line, the areawhere
the variability in paclket receptionwas signi cant had a
width of 20% to 30% of the communicatiorrange,and
it wasalwayslocatednearthe maximumradiorange.In
our experience when using network topologiesthat ex-
tend in multiple directionsfrom the source(not neces-
sarily in a line) with differentprobability of obstruction
dependingon the node placement(as one would expect
in realsensometwork deployments[3]), we obseredthe
width of the highly variablereceptionrate areato be in
mostcasedargerthan50%,andupto 80%of radiorange
in somecases. In our experiments this areastartswell
beforethe limit of the radio range. This resultindicates
thatassumption®f paclet delivery basedexclusively on
distancefrom the sourcecanbe erroneousn practice.

Multipath andfadingeffectscanexplain thelevel vari-
ability in paclet delivery seenin our experiments.When
the direct signalis strongandthe re ected components
areattenuatedthe receptionratesarehigh. Whenthedi-

2The rightmostbin (largestdistance)for the outdoor experiments
haslessthan 30 links, so its con denceinterval hasless statistical
signi cance (cannotassumea populationnormal distribution). The
samplemeanis still the bestestimatorof the populationmeanthough.
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Fig. 7. Percentag®f asymmetriclinks as a function of transmis-
sionoutputpower for differentervironments andradios. Thereis no
clear correlationbetweenthe transmissioroutput power and the to-
tal numberof asymmetridinks usinga large rangeof ernvironments,
transmissioroutputpower andradios.

rectsignalis attenuatedthe re ected componentsnight
produceconstructve or destructve interferenceof the -
nal signal. Thus, small variationsin the attenuatiordue
to obstructionsandnodepositioncanaffect thereception
rate. In our experimentsdueto the harshnessf the en-
vironmentsfor low-power radiocommunicationnodesat
the samedistancefrom the sourcecanhave differentlev-
elsof obstructionandattenuatior(sincethe signaltravels
on differentdirectionsfrom the sourcetoward the differ-
entrecevers), experiencingsigni cantly differentpaclet
delivery dependingnthe strengthof thedirectsignaland
thetypeof constructve or destructve interference.

We arguethatthe greatvariability in the receptionrate
over an extendedareaof the communicationrangeis a
commoncharacteristicsharedby a family of low-power
radiodevicescommonlyusedin sensometwork systems.
This is sustaineddy the factthat we got the samequali-
tative resultsusingtwo differentradio platforms(widely
acceptedn the sensoresearctcommunity). The lack of
frequeng diversity in thesedevices might be one of the
reasonswvhy theseradiosare morelikely to suffer mul-
tipath effects (as opposedo more powver-hungry spread
spectrunradios).

B. Link Asymmetries

In theprevioussectionwe discussedhow pacletdeliv-
ery variesgreatlyover a large portion of theradiorange.
In this section we focuson quantitatve analysisof asym-
metric links. Link asymmetriesoccur infrequently in
802.11wirelessnetworks, and are often ltered out by
protocollevels[18], [26]. The studyin [12] reportedthat
asymmetridinks werefar morecommonwhenusinglow



Law Power (-10dBm)
Medium Power (-3dBm)

20 Medium Power (0dBm)
Medium/High Power (1dBm)
High Power (2dBm)

0 ‘ High Power (5dBm)

0 20 40 60 80
Link Asymmetry Difference (%)

Cumulative Distribution Function

100

(a) OutdoorHabitat,Mica 2

20 1

Medium/High Power (-3dBm)

High Power (-1dBm)

High Power (OdBm)

0 20 40 60 80
Link Asymmetry Difference (%)

Cumulative Distribution Function

(c) OutdoorHabitat,Mica 1

Fig. 6.

10

40 R

Very Low Power (-15dBm)
Low Power (-10dBm)

Low Power (-7dBm)

Medium Power (-3dBm)
Medium Power (0dBm)

0 ‘ Medium/High Power (1dBm)

0 20 40 60 80
Link Asymmetry Difference (%)

20

Cumulative Distribution Function

100

(b) OutdoorUrban,Mica 2

40/ ]

20 Low Power (-8dBm) —_—

i Low/Medium Power (-7dBm)
Medium Power (-6dBm)
0 ‘ Mgdium Power K-SdBm)

0 20 40 60 80

Link Asymmetry Difference (%)

Cumulative Distribution Function

100

(d) IndoorOf ce, Mica 1

Link asymmetrydistribution for Mica 1 and 2 in threedifferentervironments. In all caseghereis at least5% of link pairswith a

differencein receptiorratelargerthan40%,andin somecaseshe percentagef asymmetridinks is asbig as30%

power radios,evenwhenall the nodesweresetto usethe
sametransmissiorpower level.

In this study an asymmetriclink is de ned as one
wherethedifferencan thereceptiorratebetweerthelink
in onedirection and the other directionis larger thana
certainthreshold.We have chosem0% asour threshold.
We usedtwo qualitatively differentpaclet sizes(25 bytes
and200bytes)in theexperimentgperformedn thesesec-
tion, andwe did not obsere importantvariationsbased
onpacletsize.

Figure 6 presentghe cumulatve probability distribu-
tion of link pairasymmetryfor several ervironmentsand
transmissiorpower levels usingboth Mica 1 and2. The
vertical line on the 40% shaws the thresholdfor asym-
metriclinks usedin this study This graphshowvs how the
percentag®f asymmetridinks would changeif we had
picked a differentthresholdvalue. More than5% of the

link pairshave receptiorratedifferencedargerthan40%,
andsometimesipto 30%of thelink pairshave asymmet-
ric properties Theseasymmetridinks areknown for their
impacton higherlevel protocols suchasrouting[26].
Figure 7 shavs the total percentageof asymmetric
links —with respectto the total numberof links in each
experiment—as a function of the transmissionoutput
power for threedifferent ervironmentsusing both Mica
1 and2. Eachbarrepresentan entiresetof experiments
performedat a particulartransmissiorpower level. Note
that we did not systematicallycover the entire dynamic
range of transmissionoutput power, but rather picked
samplemeasuringooints. In otherwords,the absencef
a barin certainpower region is dueto the absenceof a
measuringpoint, not the resultof zeroasymmetridinks
in that power level. For eachradio platform, we covered
almostthe entire power rangein differentervironments.
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Fig. 8. Percentagef asymmetridinks (with respecto thetotal numberof links) asa function of distancefor differentervironmentsradios,
andpower levels. It is clearfrom the graphsthatthereis no obvious correlationbetweerthe asymmetridinks anddistance

Mica 1 wasexploredfrom -8 dBmto O dBm andMica 2
wasexploredfrom -15dBmto +5dBm (in bothcasesear
the entiredynamicrangeallowed by eachRF transcever
hardware). Someof the barshave beenoffsetin thex axis
value (power) to improve readability mainly aroundthe
cluttered0 dBmregion.

From the graphwe can seethat for eachplatformin
eachervironment,thereis no clear correlationbetween
transmissiorpower level andthe percentagef asymmet-
ric links. Furthermorethepercentagef asymmetridinks
seemdo oscillatebetween5% to 15% of the total num-
ber of links dependingon the hardware platform andthe
environment,andin somecasesheingup to 30% of the
total.

Figure 8 plots the percentagef asymmetriclinks as
a function of distancefor three different ervironments
andtwo platformsfor differenttransmissiompower levels.

Note thatin this casewe systematicallyexploredthe en-
tire distancespacefor eachervironment,andtheabsence
of a bar at a particulardistanceindicatesthe absenceof
asymmetridinks atthatdistancefrom the source.

Figure 8(a) and (b) shawv the resultsof using Mica 2
in two differentervironmentswith differenttransmissions
power levels. Thereis no clear correlationbetweenthe
numberof asymmetriclinks and the distancefrom the
source.Asymmetriclinks tendto appearin awide range
of distancedrom the source,increasingand decreasing
alternatvely aswe move further In Figure 8(c) and(d)
we shawv the resultsof usingMica 1 in two differenten-
vironmentswith severaldifferenttransmissiompower lev-
els. Note that the scalefor the x axis (distance)in Fig-
ure 8(d) is differentfrom the outdoorsexperimentssince
theindoorsexperimentsvereperformedn asmallerarea.
WhenusingMica 1 we noticethe samephenomendhan



TABLE Il
ASYMMETRIC LINK-PAIRS NODE SWAPPING RESULTS

Asymmetric| Inverted
Node Location link-pairs | link-pairs
Type Type befoe after
swapping | swapping
Mica 2 | OutdoorUrban 11 10
Mica2 | IndoorOf ce 10 9
Mical | IndoorOfce 24 22

whenusingMica 2; i.e. asymmetridinks seemnotto be
correlatedwith distancerom the source andthey appear
in all thedistancerangedriedin our experiments’
Discussion In [12] thespatialdistribution of theasym-
metriclinks wasconcentratedroundthelimit of thecom-
municationrangefor two different power settingstried.
Our resultsshav thattherewas no spatialcorrelationof
asymmetridinks; asymmetriesvereequallylik ely to hap-
penwell beforethelimit of theradiorange.In thatstudy
they arguedthatat thelimit of the communicatiorrange,
small differencedbetweemodes'transmitpower andre-
ceptionsensitvity may becomesigni cant and resulted
in asymmetriesin otherwords,thelink in onedirection
may have a direct signalthatis strongenough(above a
certainthreshold)to getgoodreceptionratewhile in the
otherdirectionthe signalmaybebelow thethresholdand
re ectedsignalcomponentsnayaffectthereceptiorrate,
causinglink asymmetriesOneinterestingobsenationis
thattheexperimentgperformedn [12] weredonein a at,
openparkingstructurewith no obstacle$n theimmediate
vicinity. The differencebetweerthe ervironmentswhere
the experimentsavereconductednight explain the differ-
encesbetweernresultsof the two studies. In [12], in the
absencef obstaclessufcient attenuatiorio producdink
asymmetriesvas only existentin the limit of the radio
range,while in our experimentswith clutterederviron-
mentswe experiencedlifferentlevel of attenuatioratthe
samedistancefrom the source potentially producingthe
sameeffect atdistance®therthanneartheradiorange.
One question that still remained unansweredwas
whetherthe causeof link asymmetriesvasprimarily due
to differencesn hardware calibration. In both, Indoors
Of ce andOutdoorUrban,we run experimentusingdif-
ferenttransmissiorpower levels. Usingthe SCALEvisu-
alizationtool (Conrview), we quickly identi ed thepairof
nodesthat experiencecasymmetridinks. We emphasize
thatthe onlinenatureandeaseof useof SCALEmadethis

$Mica 1sgotsystematicallsmallerpercentagesf asymmetridinks
thanMica 2s. We do not have an explanationfor this behaior other
thanhardwaredifferencedetweerthetwo radios.
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Fig. 9. Receptiorrateasa functionof time for Mica 1 in the Indoor
Of ce ervironmentwith mediumpower level (-5dBm). Links with
highermeanreceptiorratetendto have lessvariability overtime.

taskvery simple. If anodeexperiencedink asymmetries
with morethanonenode,we picked the pair with larger
receptiorratedifference.Thenwe proceededo carefully
mark all the nodesphysical placement(for the outdoor
experimentsve eventook picturesof eachnodeexactpo-
sition/placement)We rst veri ed the sensitvity of very
smallmanualdisplacementby removing the nodesfrom
the end of the serial cable and re-attachingthem again
in the samepreviously marked position. We re-ranthe
experimentsandveri ed thatthe eachpair of nodeshad
the samelevel of link asymmetryasbefore. In all cases
the level of asymmetryin eachpair remainedthe same.
This result gave us con dence that minor manualdis-
placementghat happenwhenremaoving andre-attaching
nodesin the samepositionswould not affect our nal re-
sults.

Oncethiswasveri ed, we proceededo swappositions
for eachpair of nodesbeingvery carefulto placethe op-
positenodeof eachpair into exactly the samepositionof
the original node. Tablelll shavs the summaryof our
results. We tested45 asymmetridink-pairsin bothenvi-
ronmentsusingboth Mica 1 and2. In mostcaseswhen
swappingthe nodes'positions,the link asymmetriegot
inverted. This phenomenomappene®1.1%of the time
with acon denceintenval of 8.32%andadegreeof con-
dence of 95%. This resultsuggestshatthereis a strong
indicationthatlink asymmetriesare primarily causecby
smalldifferencesn hardwarecalibrationandenegy lev-
els betweennodes.We believe this is the rst studythat
presentgjuantitativedatasupportingthis hypothesis.

C. Tempoal Characteristics

In this section,we examinehow paclet delivery varies
with time, andwhat arethe spatialcharacteristic®f this
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Fig.10. FigurelO(a)shavsthatthereis noclearcorrelationbetweerthevariability of therecpetiorrate( , standardleviation) andthedistance
from thetransmitter Figure10(b)shavs aninteresingcorrelation.Links with very high receptiorrateovertime (> 90%)tendto bemorestable
(small ), followedby links with very low receptiorrates(near0%). Thelinks with intermediataeceptiorratetendto be highly unstablewith

very large variability over time (up to valuesof 50%for ).

variation.

For this experimentwe con gured SCALEto run with
just onesender(no round-robin)at a datarate of 2 pack-
ets/secwith datapaclet sizeof 200bytes.We con gured
SCALEto try multiple powerlevels,andletit runfor more
than2 hoursfor eachpower level selectedn the Indoor
Of ce ervironment. The meanreceptionrate was com-
putedevery 30 secondsandthe window sizefor the re-
ceptionratecalculationvassetto 60 secondgeachpaclet
sentaffects two meanreceptionrate calculations). We
presentheresultsonly usingMica 1, sinceMica 2 traces
presenthesamegualitativecharacteristicgnotshavn for
brevity).

Figure9 shavs themeanreceptiornratevariability over
time for threedifferentlinks with differentmeanrecep-
tion rate over the entiretime of the experiment. The g-
ure illustratesthat the variability for the link with a high
meanreceptionrate (95%, the top curve) is quite small,
andvariesbetween92%to 98%. On the otherhand,the
link with low meanreceptionrate ( 40%, the bottom
cunwe) hashigh variability receptionrate, andvariesbe-
tween20%to 60%over the entiretime of theexperiment.

Figure 10(a) shaws the relation betweenthe standard
deviation of the receptionrate andthe distancefrom the
transmitter Eachpoint in the graphrepresentshe sam-
ple variancewhichis the bestestimatorof thepopulation
variance. The errorbarsshav the con denceinterval of
the standarddeviation estimationwith a degree of con-

dence of 95%. The con denceintervals for eachpoint

were obtainedusing the Chi-Squaredistribution®. The

graphshawvsthat,usingtwo differentpowerlevels,thereis

no clearcorrelationbetweenthe variability of the recep-
tion ratein time (standarddeviation ) andthe distance
from the transmitter High valuesof standarddeviation

appeaiin awide rangeof distancedrom thesource.

In Figure 10(b) we plot the relationshipbetweenthe
standarddeviation and the meanreceptionrate. On the
right side of the graph,we can seethat links with high
meanreceptionrate (> 90%) shav very little variation
over time and tend to remain stablewith good connec-
tivity. Similarly, links with very low meanreceptionrate
(near0%) are also stableover time and tend to remain
bad links over the time period tested. On the contrary
links with meanreceptionratesthat rangefrom 20% to
80% shaw greatvariability over time, andin somecases
presenistandarddeviation valuesin the orderof 50%! It
is notuncommorfor someof thesdinks to gofrom 100%
receptiorrateto 0% in the courseof atwo hourwindow.

Theresultspresentedn SectionV-A shovedthatlinks
with poor/mediunmreceptionrate were presentin a wide
range of distancesfrom the transmitter In addition,
the correlation betweenhigh variability over time and
poor/mediumreceptionratesshavn in Figure 10(b) can
helpexplaintheresultswe obtainedn Figure10(a);links
with poor/mediumreceptionrate appearacrossa wide

4The pointswith very large standarddeviation have con dencein-
tenalswith lessstatisticalrobustnessin someof thesepoints,we do
not alwayshave a normally distributed populationnecessanpy the
Chi-Squareanethodto make robuststatisticalinferences.
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Mean receptionrate over distancefor Mica 1 and 2 using multiple transmissiorpower levels, and paclet sizesin the Outdoor

Urbanervironment. Thereis no signi cant differencein paclet delivery betweenarge andsmall paclet sizes,with only a small decreasén

performancdor largerpaclet sizes.

rangeof distancegrom thetransmitterandthesearepre-
ciselythelinks with higherstandardieviation values.

D. Transmissiorkf ciency

In this sectionwe take alook atthe pacletdelivery ef -
cieng. For ary givenpayloadsize,thereis anassociated
ef ciency overheadgiven by the size of the radio paclet
headerandthe paclet preamble.In addition,onewould
expectthataswe increasdhe paclet size,the probability
of successfullyreceving an errorfree packet would de-
creasesincethereis alargerprobability of arny partof the
paclet beingcorruptedfor ary givenchanneBER).

In our experimentswe useddifferentcodingschemes
dependingon the RF transcefer used (software-based
SECDED for Mica 1, and hardware-basedManchester
for Mica 2). In this study we did not considerthe ef -
cieng differencedetweerthe differentcodingschemes.
Thepaclketoverheads relatedto the pacletheaderadded
to eachtransmittedpaclet (it containsaddressingand
CRCerrorcheckinginformation),andthepreamble/start-
symbol overheadthat is usedby eachradio to detecta
new paclet overtheair andlock into theincomingsignal
to achieve bit-level synchronization. The paclet header
overheadis the samein both Mica 1 and 2 and con-
sistsof 7 bytes/packt (addressing- CRC). The pream-
ble/startsymboloverheads differentfor eachradio. The
RFM transcerer (Mica 1) usesl 2 bytes/packt, while the
CcC1000transcever (Mica 2) uses20 bytes/packt.

In Figure 11 we shav the receptionrate asa function
of distanceor bothMica 1 and2 atdifferentpower levels
in the OutdoorUrbanernvironment. We shav only small
(25 bytes)andbig (150bytes)payloadsizes.We gathered
datafor several otherpayloadsizes(25, 50, 100,150and
200 bytes),but we did notincludethemin the graphsto

improve readability sinceall thecurveswerevery similar.

In generalfor all threegraphsandusingdifferenttrans-
missionpower levels for Mica 2, we noticeonly a slight
decreasén thereceptionrateaswe increasehe payload
size.

Basedon the resultsshawvn in Figure 11, we investi-
gatedwhetherthe small decreasén receptionrateaswe
increasepayloadsize could be compensatedy the de-
creasen the paclet overhead.We de ned a new metric
to measurehis relationship.For ary givenlink, we want
to measureherelationbetweertheusefulinformationre-
ceivedversugheinformationsentoveralink usingamet-
ric calledefciency5, whichis de ned as:

UsefulBitR X _  PayloadSize

TotalBitT X ~ TotalPacketSize Pi(s)

(1)

whereT otal P acketSiz g is thetotal sizeof the paclet
type i (preamble+ header+ payload); PayloadSizg
is the payloadsize of paclet type i; and P;j(s) is the
probability of successfullyreceving a paclet of typeii.
ThefractionP ayloadSiz e, =PacketSiz e; determineshe
idealef ciency underoptimalreceptiorrates.The differ-
entpaclettypesi aregivenby thedifferentpayloadsizes
we usedin our experiments.

Figure12 plotsthe efciency metricde nedin (1) asa
functionof distancefrom the source Eachhorizontalline
determineshetheoreticakef ciency valueunderidealre-
ceptionrate (100%) for the different payloadsizes. We
canseefrom the graphsthatlarger ef ciency is achiered
by usinglarger payloadsizes.For Mica 2, the maximum
efciency is achieved with the larger payloadsize tried
in mostof theradiorange. For Mica 1, it seemghatthe

5A relatedmetricwasde ned in [31] in the context of MAC layer
retransmissions
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Fig.12. Efciency rateasafunctionof distancefor Mica 1 and2 in the OutdoorUrbanenvironmentfor multiple payloadsizes.The vertical
linesshav theideal ef ciency for eachpaclet payloadsize. Larger ef ciency is achieved by usinglarger payloadsizesthanthe default values

setupin the motesoftware.

optimal paclet sizeto maximizeef ciency is around150
bytes. Using valueslarger thanthat do not improve per
formance.

Thedefault valueestablishedn the motesoftware[15]
for the payloadsize is 29 bytes,and could probablybe
increasedvith a noticeablamprovementin termsof ef -
cieng. Neverthelesslargerpacletsmayproducefairness
problemsfor channelutilization whenthereare multiple
sendersn aregion, andeven increasethe probability of
collisionsdependingf the MAC schemeusedin the sys-
tem. The nal choiceof paclet sizeshouldalsoconsider
the particularMAC layer schemeusedandthe expected
traf c patternandworkloadintroducedoy theapplication.

V1. CONCLUSIONS AND FUTURE WORK

In this paper we have presentedSCALE a network
wirelessmeasuringandvisualizationtool thatenableghe
qualitativelyandquantitativecharacterizatioonf thewire-
lesschannelin a particulartarget ervironmentandusing
thesamehardwareplatformintendedor deployment.Us-
ing SCALEwith two differentradio transcieersin three
differenternvironmentswe foundthatthereis noclearcor-
relation betweenpaclet delivery anddistancein an area
of morethan50% of the communicatiorrange temporal
variationsof paclet delivery are not correlatedwith dis-
tancefrom the sourcebut with the meanreceptionrate
of eachlink, the percentagef asymmetriclinks varies
from 5%to 30%andstrongindicationssuggestinghatthe
causeof links asymmetriess primarily dueto hardware
calibrationdifferences.The datacollectedusing SCALE
provide someusefulinsightsfor protocoldevelopersand
engineersvorking in sensomnetworks.

In the nearfuture, we plan to integrate SCALE with
someself-localizationsystemsinderdevelopmen{13] to

eliminate the extent of humanintervention neededand
male the systemmoreautonomousin addition,we plan
to extendthe low-level radio interfaceto collect someof
the signal-to-noisenformation availablein someof the
RFtransci@ersusedin sensomnetworks.
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