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Abstract— In sensornetworks the device localization is an
interesting topic due to its relationship with routing and energy
consumption. We propose a schemeto perform localization,
basedon the estimation of the power received by only two bea-
cons placed in known positions. By starting fr om the received
powers,eventually averagedon a givenwindow to counteract in-
terferenceand fading, the actual distancebetweenthe sensorand
the beaconsis derived and the position obtained by meansof tri-
angulation. The paper shows the effectivenessof this approach
in differ ent envir onments,by including the possibledisturbance
due to fading channelsand sensormobility .

I . INTRODUCTION

The interest in sensornetworks has been strongly in-
creasedin the last years,due to their attractive applications,
rangingfrom on-fieldphysicalandbiologicalmeasurementto
informationadvertisingon large market centerdependingon
userpositions.

Different applicationsare driven by commonproblems,
i.e., the singleunit shouldbe a very low power consumption
device to assurelong batterylife. The messagetransmission
couldbemulti hopby usingintermediatesensorswith respect
tocollectinginfrastructure;eventually, elaborationmaybedis-
tributedbetweensensors,optimizing the whole network bat-
tery life. Otherproblemsarethat thesingleunit costmustbe
very low andthatthepositionunit hasto beidentified.

Regardingthe last point, let us stressthat the sensorpo-
sition could be the measureitself the sensoris performingin
a mobileenvironment(e.g. by usingGlobalPositionSystem
[1]) or it couldbeusefulfor signalingpurpose,suchasfor the
routing path identificationinsidethe sensornetwork covered
space.

Many works in literatureproposeschemesandmethods
for localizationin sensornetworksby estimatingthereceived
power for many purposes[2] [3]. Often, triangulationis ap-
plied in order to self-estimatethe position; in somecases,
somespecialnodeswhosepositionis known, calledbeacons,
areused. Furthermore,somepapersinvestigatethe possibil-
ity to placethe beacons,asin [4], in orderto permit a more
accurateestimation.
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Otherworks,suchas[5], dealwith theproblemsoccurring
whendisturbsareconsideredandtheassociatelocalizationis
compromised.Unfortunately, theseworkspresentresultsob-
tainedin simple scenarios,wherethe disturbsandnoiseare
modeledasuniform randomvariablesthatareto beaddedto
power estimation[4], or nonoiseat all is considered[6].

In this paper, we presenta simple schemeby which lo-
calizationis possiblewith low energy andcomputationcom-
plexity costs. In the following, it will be considereda two-
dimensionalrectangularenvironment,not necessarilyindoor
andnot necessarilydelimitedby walls. In our proposal,we
usefixedbeaconsplacedin two cornersonthesamesideof the
rectangularspace,whosesignalsareusedby sensorsto com-
putetheir relative position. Themain ideais that the sensors
estimatethepower levelsreceivedby thebeaconandestimate
their positionby meansof a triangulationmethod.

Wehave focusedon two problemsthatmake thelocaliza-
tion difficult. The former is Rayleighfading: thevariationof
the received power level asa function of time compromises
the accuracy of the estimationbasedon power. In stationary
conditions,a largenumberof power estimations,averagedon
a givenwindow, cansolve theproblemof fading.Thelatteris
thesensormobility: it avoids to usea largenumberof power
estimations,sincethereceivedpower valueis changingwhen
thenodeis moving. Fadingandmotionaccounttwo opposite
behaviors from the averagingpoint of view, giving an inter-
estingtrade-off to be investigated. The challengeis to find
theoptimalwindow lengthto minimize themeanerrorof the
estimatedposition.

The paperis structuredas in the following: in the sec-
ondsection,theproposedtechniqueis definedin ananalytical
way; furthermore,somepreliminary considerationsare also
discussed.In the third section,simulationresultsareshown;
someconsiderationsaboutthe impactof Rayleighfadingand
motion arediscussed.Rayleighfadingsamplesareobtained
by Jakes’simulator[7]; asimplemobility modeltakesinto ac-
countthemotion,eventhoughthesensorsmaybeconsidered
fixed. In thefourth section,conclusionsandwork in progress
arediscussed.



I I . GEOMETRIC DEFINITION OF THE PROPOSAL

Weconsiderto haveatwo-dimensionalrectangularareain
which beacon��� is on theorigin (position ���	� , 
���� ) and
thesecondbeacon��
 is atposition ������� , 
���� , where���
and ��� arethewidthsof thearea.Thebeaconsareplacedon
thesamesideof therectangularareato allow thetriangulation
withoutambiguitythatcanbepresentwhenthebeaconsareon
two oppositecorners.The beaconstransmitcontinuouslyon
two differentfrequencies,tunedby two simplefilters on each
sensor.

Let thereceivedpowerbe:����� �	�����! "
where � is a constantwhich takes into accountcarrier fre-
quency andtransmittedpower (equalfor eachbeacons),� " is
thedistancebetweenthesensorandthe # -th beacon,#$�&%('*) ,
and + is theattenuationexponent.

Thesensorestimatesthereceivedpower levelsandstores
this informationto have thepossibilityof performingoneav-
eragewith adeepof , samplesto increasetheaccuracy of the
estimation.Eachnodeperformsanaveragingprocessfor the
signal incomingfrom eachbeacon.Two differentaveraging
windows shouldbeusedto considerpossibledifferentattenu-
ationexponents,eventhoughin thefollowing we take thetwo
windowsof thesamelength.

Theaveragedreceivedpower from the # -th beaconat the-
-th sampleis: �.���(/ -10 � %, 2 � �3465!7 �����8/ -:9<;=0

where
�����(/?> 0

is the
>
-th powersample.

Let us supposethat � and + are known to eachsensor,
sothedistancesat time instant

-
maybeestimatedby starting

from theaveragedreceivedpower:

� " / -10 �A@ ���1�(/ -�0� B � ��C  
Considerthefollowing two circumferences:thefirst cen-

teredon �D� with radius�E� andthesecondcenteredon ��
 with
radius��
 . They haveatmostonecrosspoint in theconsidered
area.So,theposition( � / -10 , 
 / -10 ) canbefoundasthesolution
of thefollowing system:FGGH GGI � 
 / -10!J 
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wherethelast two conditionsaresetto avoid solutionsout of
thearea.Thesystemsolutionis:� / -10 � � 
 � / -10�9 � 

 / -10NJ � 
�)8���
 / -10 �PO � 
 � / -10Q9 � 
 / -10

Theerrorson power estimationdueto fadingandmotion
give an error on sensorlocation,which canbe evaluatedby
meansof thefollowing expression:R / -10 �TS U � / -10Q9WV� / -10YX 
 J U 
 / -�0Q9WV
 / -10YX 

where the couples

/ � / -10 'Z
 / -10Z0 and
/ V� / -10 ' V
 / -�0Z0 are the esti-

matedandactualsensorpositions,respectively.
Theerrorson ��� / -10 and�[
 / -10 leadtohaveintersectionsout

of theconsideredareaor not intersectionatall. Let usclassify
theseexceptionsin threegroups;for eachgroupit is necessary
to giveafurtherdefinitionto estimatetheactualposition,since
theprevioussystemdoesnothaveany solution.

1) Intersection out of the area. The couple
/ � / -�0 'Z
 / -10Z0

is chosenas the most nearpoint on rectanglesidesto
the intersectionpoint on the region 
M\]� . With more
detail,by startingfrom thesolutionof theabovesystem
(first two equations)thereis notmatchingwith thegiven
constraints(last two equations);theconstraintsmaybe
forcedby usingthepositions:

� / -10 � FH I � � / -10 K^���� � / -10 \L���� / -10`_(acb�dfeZgihkjZd

 / -10 �ml ��� 
 / -10 \M�=�
 / -�0`_8acbEdneZgihojZd

2) One circumference includes the other (no intersec-
tion). This situationoccurswhen � "<p �rq 9 �s� and�rq&tu� " for vxw�x# . The resultingsensorposition is
chosenoverlappedto thepositionof beacon� " , i.e.,� / -10 �ml � ���ytL��
���z�[
�tL�E�
 / -10 ���

3) The circumferencesare disjoint (no intersection),i.e.,
when �rq J � "�p ��� for v	w��# . In this casethesensor
positionis selectedon axis � , in the middle of the two
circumferences:� / -10 � �s� J �E� / -10{9 ��
 / -10)
 / -10 ���

Considerfirst all nodesto be stationary;when fading is
absent,thesensorpositionestimationis just perfectby using



a unitary window ( ,|�}% ), sinceno amplitudevariation is
presentandthenoiseis assumedto bevanishingwith respect
to thereceivedpower. Conversely, if channelfadingis consid-
ered,the power sampleshave to be multiplied to a factor ~ 
 ,
where~ is a randomvariableaccountingfor thefadingampli-
tude,heremodelledwith a Rayleighpdf:� �r/ ~ 0 � ����r� ��� ��Y� �
where � 
 is thevarianceof thetwo complex quadraturecom-
ponentsforming the real Rayleigh process; � 
 is assumed
equal to %6�8) , leading to: ��U ~ 
 X ��)(� 
 �z% , as to say,
the Rayleighprocesshasno gain nor attenuationin termsof
power.

Thereceivedpower estimationresultsto be:���1�(/ -10 � %, 2 � �3465!7 �����(/ -:9<;�0 ~ 
 / -:9<;=0
Thechallengingquestionis to determinethewindow size, to havea certainboundof errorin estimationwith acertain

probability. NotethattheRayleighprocessto beconsideredis
correlated,andthe degreeof correlationimpactsthe window
sizestrongly.

Now, considerthepossibilityto havemobilesensors.Mo-
bility increasesthecomplexity of self-localizationmechanism
whenalsofadingis considered;in fact,fadingrequiresa large
window size to mitigate its effect while mobility requiresa
shortwindow to avoid theinsertionof spuriouspositionerrors
duemotion, andthis error increasesasmuchasthe position
speedor window lengthincreases.However, weassumea low
mobility degree,sincethe sensorsusuallydo not move with
high ratesand/orspeed.

I I I . NUMERICAL RESULTS

Even thoughthe systemdescriptionis quite simple, the
numberof constraintsand the correlationsbetweenrandom
variablesmake thesystemhardto beinvestigatedanalytically,
sotheresultspresentedhereareobtainedby meansof simula-
tions.

At thebeginningof thesimulation,we considerto have a
certainnumber� of nodesuniformly distributedon thesimu-
lation rectangle,thathasdimensions�������=����%���� m; each
simulationconsiders%f������� fadingsamplespera singlevalue
of , .

Thecorrelatedfadingsamplesaregeneratedby meansof
a Jakes’ simulator[7] and independentrealizationsare con-
sideredfor eachbeacon.Froman intuitive point of view, the
morefadingis uncorrelated,themoretheaveragedestimation
is accuratewith a lower numberof samples.TheJakes’ sim-
ulator is driven by a single parameter, ��� �����.�:�

, called
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Fig. 1. Meanerrorasa functionof window size(no mobility).

thenormalizedmaximumDopplerfrequency, where
�:�

is the
timestepbetweentwo successivesamplescomputationand

���
is themaximumDopplerfrequency.

As far asthemobility modelis concerning,we have inte-
gratedinto our simulatorthewell-known RandomWay-Point
[8]: a noderandomlychoosesa destinationpoint on the two-
dimensionalmap; it walks to the target point with a constant
speed,uniformly selectedfrom theset U ��'n�E�Q�Z� X , where �E�{���
is the maximumspeedof the mobile nodes.Oncethe target
is reached,thesensor-nodestopsfor a fixedtime calledPause
Time, thenthemechanismis repeated.Sincethe targetpoint
is randomlychosen,thewalk time is unpredictable.

In Figure1 themeanerror(i.e., theaverageof R on many
realizations)asa function of window size , is reportedwith�u��)(� sensorsonthesimulationarea.Thenodesareconsid-
eredstationaryandthe positionerrorsareaveragedon many
differentpositionestimationsandon eachnode. When fad-
ing is not socorrelated( ����%f����� ), a shortwindow size,e.g.,	�	�(� , is enoughto gettheminimaof theperformance.The
window sizehasto be increasedwhenthe normalizedmaxi-
mum Doppler frequency � decreases.For � ����� ����% a very
hugewindow is necessaryin orderto haveacceptableposition
errors. Note that the meanerrornever reachesthe valueof �
andthebestobtainableerroris aroundfew meters.In particu-
lar, anerrorlowerboundof 2.5mmaybeidentifiedfor ,��	�8�
for not correlatedfadingandthis is the maximumresolution
wehaveverifiedfrom thissystemin presenceof Rayleighfad-
ing. Furthermore,thisspatialresolutionis sufficientfor alarge
setof applications.

The varianceof the position error is reportedin Figure
2 by taking into accountthe R variationalongthe simulation
andbetweenthenodes.This variancegivesa measureon the
positionerrormeasurereliability. For someselectedwindow
sizevalues,themeanerroris aboutfew metersandtherelative
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Fig. 2. Varianceof errorasa functionof window size(nomobility).
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Fig. 3. Varianceof errorasa functionof window sizewith zoom(no mobil-
ity).

variancemay be very closeto zero; this occurswith not cor-
relatedfading.Thevarianceoscillatingbehavior is dueto the
shortnessof simulationtime.

In Figure 3 a zoom of Figure 2 is plotted for �¢����o%('�%8����'�%���� � . Notethatfor ,Tt��(� thevarianceis very close
to zero,giving to themeanvalueanhigh degreeof reliability.

Until now, with stationarysensors,the systemshows the
bestperformancein fastfadingenvironment.Theeffectof the
mobility is introducedin Figure4. All nodesareconsideredto
movewith ���Q�Z��������£ m� �:� andaPauseTimeof £(� �N� . Note
that the bestperformanceis yet obtainedin fast fadingenvi-
ronment,i.e., for high � values,asit is for thestationarycase.
Furthermore,with respectto thestationarycase,thepresence
of a trade-off, underlinedalsoin the introduction,is present.
For low , values,the error increasesdueto fading,andthis
effect is mitigatedfrom the averagewindow asmuchasfad-
ing is fast,while for high , values,theerror increasesdueto
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the mobility that make the old samplewrong with respectto
theactualposition.Notethatthemobility casehasaminimum
errorin thesameregionof thestationaryone,around,	���(� ,
eventhoughthevalueof thepositionerrordoubles.

Theimpactof mobility speedis shown in Figure5 for dif-
ferentvalueof �E�Q�Z� with �´�¶%(� � . The error increaseswith
themobility speed,reachingvaluewherethepositionestima-
tion is difficult to be used. Fortunately, a sensornetwork is
usuallycharacterizedto bestationaryor with a low speed,so
this resultdoesnot impair thesystemuse.

Oneerrorcauseis dueto thethreecaseswithout intersec-
tion that we have overrunby fixing a conventionalposition;
we refer to thesetypesof casesas“bad events”. As themean
error reacheshighervalueswith correlatedfading, the same
occursfor badevents.

Let uslabelthebadeventsasin theprevioussection,i.e.,
by meansof threecases:1) when intersectionoccursout of
the simulationarea;2) whenonecircumferenceincludesthe



� / , ,��&%f� ,��	�8� ,��&%f��� ,	��)(����$����� ����% 0.071 0.051 0.036 0.032�$����� ��% 0.053 0.024 0.013 0.011�$�����o% 0.039 0.006 0.005 0.007�$��%(� � 0.041 0.014 0.010 0.009�$��%���� � 0.048 0.026 0.023 0.014

TABLE I

NUMBER OF BAD EVENTS OF TYPE 1 ON TOTAL ESTIMATIONS.

� / , ,	��%�� ,��	�8� ,���%���� ,���)(����·����������% 0.136 0.031 0.003 p 0.001�·��������% 0.009 p 0.001 p 0.001 p 0.001�·�����¸% 0.003 p 0.001 p 0.001 p 0.001�·��%(��� 0.004 p 0.001 p 0.001 0.0�·��%������ 0.008 p 0.001 p 0.001 p 0.001

TABLE II

NUMBER OF BAD EVENTS OF TYPE 2 ON TOTAL ESTIMATIONS.

other; and 3) when circumferencesare disjoint. In the fol-
lowing thesethreecasesareinvestigatedby meansof tables,
wherethenumberof occurrencesis reportednormalizedto the
numberof realizations.

Thecase1) is reportedin TableI. Thebadeventsoccur-
rencedecreasesasthewindow lengthincreasesandthefading
increasesin correlation.Similar considerationsmaybedrawn
for thecase2) and3) reportedin thetablesII andIII, respec-
tively. Notethattheseerrorsoccurrenceis genericallylow, so
their impactis vanishingandthis is trueasmuchas � is large
and , is low.

IV. CONCLUSIONS AND FUTURE WORKS

In this paper, we proposeda simple localizationsystem
that can be applied in sensornetworks, where energy con-
sumptionandcomputationcomplexity arecritical. The sys-
temis basedon triangulationof signalstrengthreceivedfrom
two beaconsonly andit is basedon a buffer usedasa sliding
window. Our attentionis focusedon effectsthatcancompro-
misethe estimationof position. In particular, we focusedon
fadingandmobility andwe investigatethebehavior by means
of simulations.

The resultsprove that a small sizeof window is enough
for anaccurateestimation,at leastfor fadingwith low level of
correlation.Thenumericalresultsalsoprovetheexistenceof a
window sizetrade-off whenbothfadingandmobility arecon-
sidered.Furthermore,somecasesnot resolvablefrom thesys-
temequationareidentifiedandforcedto aconventionalvalue,

� / , ,	��%�� ,	���(� ,	��%���� ,	��)(����$�������(��% 0.244 0.160 0.10 0.049�$��������% 0.117 0.030 0.006 0.003�$�����¸% 0.066 0.010 0.006 0.004�$��%(��� 0.067 0.013 0.004 0.003�$��%���� � 0.106 0.041 0.025 0.009

TABLE III

NUMBER OF BAD EVENTS OF TYPE 3 ON TOTAL ESTIMATIONS.

by showing in the numericalresultsthe vanishingimpactof
thesedecisions.

Possiblefurtherdirectionsregardswith: amoreanalytical
investigation,by attemptingto makehypothesisthatleavesthe
systemequationto becomputedin aclosedform; amorecom-
plex environment,by assumingmorebeacons;a morecom-
plex fadingenvironment,suchasRiceor Nakagami fading.
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