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Abstract. Indoorultrasoniclocationsystemsprovide �ne-grainedpositiondata
to ubiquitouscomputingapplications.However, the ultrasoniclocationsystems
previously developedutilize narrowbandtransducers,andthusperformpoorly in
thepresenceof noiseandareconstrainedby thefactthatsignalcollisionsmustbe
avoided.In this paper, we presenta novel ultrasoniclocationsystemwhich uti-
lizesbroadbandtransducers.We describethe transmitterandreceiver hardware,
andcharacterizetheultrasonicchannelbandwidth.Thesystemhasbeendeployed
asa polled,centralizedlocationsystemin anof�ce. Testresultsdemonstratethat
thesystemcanfunctionin high levelsof environmentalnoise,andthat it hasthe
capabilityfor higherupdateratesthanpreviousultrasoniclocationsystems.

1 Intr oduction

Ubiquitouscomputingapplicationsrequirecontext informationin orderto blendseam-
lessly into the environmentand to unobtrusively aid peoplein their everydaylives.
A particularly importantcomponentof context is the locationof peopleand the ob-
jectsthey interactwith. Numerousubiquitousapplicationsutilizing locationinforma-
tion havebeendeveloped[1].

Variousmethodsexist for determiningthelocationof apersonor object.All involve
gatheringdataby sensinga real-world physicalquantity, andusing it to calculateor
infer a positionestimate.The datacanbe gatheredvia a numberof physicalmedia;
previously developedlocationsystemshave usedinfraredlight [2, 3, 4], visible light
[5, 6], ultrasound[7, 8, 9], andwirelessLAN-basedradio[10, 11].

Thedesirablepropertyof ultrasoniclocationsystemsis thatthey havethecapability
to be�ne-grained, meaningthey canestimatelocationwith ahighdegreeof resolution.
This is becausethespeedof ultrasoundin air is suf�ciently slow to allow thetime-of-
�ight of asignaltobeaccuratelymeasuredbetweena�x edunit in theenvironmentanda
mobileunit functioningasatagonapersonorobject.In thepast,�ne-grainedultrasonic
locationdatahasbeenusedfor context-awareapplicationsincluding mobile desktop
control [12], 3D mice andvirtual buttons[13], andaugmentedreality [7]. However,
previous ultrasoniclocationsystemshave employed narrowbandsignals.This makes
themsusceptibleto noise,and their updaterate is limited due to the fact that signal
collisionsmustbeavoided.

This paperpresentsa novel locationsystemutilizing broadbandultrasound.First,
we review previousnarrowbandultrasoniclocationsystems,andhighlight theadvan-
tagesa broadbandsystemwould offer. We thendescribetheprototypetransmitterand



receiver hardware,collectively referredto asDolphin, which incorporatea broadband
ultrasonictransducernew to the�eld of ubiquitouscomputing.Wedetailtheimplemen-
tationof a polled,centralizedlocationsystemusingDolphin, andreportthemeasure-
mentsof its locationaccuracy. Finally, we discussour ongoingwork with theDolphin
prototypes.

2 RelatedWork

Therearea numberof ultrasoniclocationsystemspresentedin theliterature.TheCon-
stellationsystem[7] tracksamobileunit consistingof a3D inertialsensorandanumber
of ultrasonicsensors.Locationis calculatedusingtime-of-�ight measurementsbetween
themobileunit and�x edtransmittersin theenvironment.An accuracy of approximately
5 mm is reported,but themobile trackingunit, worn on theheadandbelt of a user, is
tooobtrusivefor thegoalsof ubiquitouscomputing.

In the Bat system[8, 13, 14], userswearsmall badgeswhich emit an ultrasonic
pulsewhenradio-triggeredby a centralsystem.Thesystemdeterminespulsetimes-of-
�ight from the badgesto a network of receiverson the ceiling, andcalculatesthe3D
positionsof the badgesusinga multilaterationalgorithm.The systemyields location
informationwith anaccuracy of approximately3 cm.

TheCricket locationsystem[9, 15] consistsof independent,unconnectedbeacons
distributedthroughoutabuilding. ThebeaconssendanRFsignalwhile simultaneously
sendinganultrasonicpulse.Smalldevicescalledlisteners, carriedby users,infer their
locationsusingtime-of-�ight methods,with accuracieson theorderof 6 cm in thebest
cases.The beaconsbroadcastat randomtimesin orderto minimize signalcollisions.
The listenerscanindependentlylocatethemselves,avoiding the compromisesof user
privacy involvedwith centralizedsystems.

A similar approach[16] usesfour ultrasonictransducersplacedat thecornersof a
squareon theceiling,andwired to acontroller. ThecontrollersendsanRF trigger, and
thenissuesa pulsefrom eachof thefour transmittersin succession.A mobilereceiver
unit connectedto a handheldcomputerreceivesthe pulses,andestimatesits location
with accuraciesbetween10and25cm.

3 Moti vation

The above four systemsshareone commontrait: they utilize narrowbandultrasonic
transducersfor their rangingmeasurements.Generallyspeaking,narrowbandsystems
have two inherentdisadvantages.

1. Single-useraccess— if multiple co-locatedtransmitterssendat the sametime,
their signalscaninterferewith oneanother, andmake it dif�cult for thereceiver to
distinguishbetweenthem.

2. Poorperformancein thepresenceof in-bandnoise.



The systemsdescribedabove avoid the �rst problemby attemptingto ensurethat
co-locatedtransmitterssendtheirsignalsone-at-a-time.3 Thissolutioncomesat theex-
penseof aslowerupdaterate;allowing only onetransmitterto sendata timeconstrains
thenumberof locationupdatespossiblefor agiventime interval.

The secondproblem,however, hasnot beenaddressed.Peoplecreateultrasonic
noisethroughtheir everydayactions,althoughthey arerarely awareof it becauseul-
trasoundis inaudible.Examplesincludetheclink of a pencildroppingontoa desk,the
clackingof someonetyping on a computerkeyboard,or therustlingof a bagof potato
chips being opened.Thesekinds of soundsoccur frequently in typical indoor envi-
ronments.For thedurationof suchanoccurrence,existing ultrasoniclocationsystems
areprohibitedfrom generatingaccurate,up-to-datepositionestimatesfor mobileunits
co-locatedwith thenoisesource.

We proposethatbroadbandspreadspectrumtechniquesbeusedto overcomethese
two limitations, facilitating multiple-accesslocation systemswhich are robust in the
presenceof noise.Theaim of theDolphin prototypeis to assessthepracticalapplica-
tionsof suchsystems.

4 HardwareDesign

Thissectiondescribesthedesignandpropertiesof theDolphintransmitterandreceiver
prototypehardware.The units weredesignedto facilitate �exibility, in order to fully
gaugethe potentialof this new technology. This meanttetheringthe units to a power
supplyanda workstationPC for signalsynthesisandanalysis.However, makingthe
units into small, light, wireless,andbattery-poweredmobile tagsis feasible,andthe
modi�cationsneededin orderto accomplishthis aresetout in Sect.4.5.Theprototype
systemwasnot designedto operateoutsideof the frequency rangeof 20 to 100kHz.
Soundsbelow 20 kHz are perceivableby humans,and the useof frequenciesabove
100kHz is limited by theattenuationof ultrasoundin air [17].

4.1 TransducerSelection

Thenarrowbandtransducersusedin existingultrasoniclocationsystemsrely onpiezo-
electric4 ceramicsastheir active elements.Thesekindsof transducersareinexpensive,
small, rugged,andhave a high sensitivity. However, they arehighly resonant,andin
mostcaseshaveausablebandwidthof lessthan5 kHz.

Electrostatictransducers,on theotherhand,possesshigh sensitivity andextremely
wide bandwidth.However, they arenot very rugged,andareexpensive, makingtheir
deploymentona largescaleprohibitive.

3 An exceptionto this is theBat system,which usesa differential-phasemodulationtechnique,
allowing up to threetagsto transmitsimultaneously[13].

4 Broadlyspeaking,apiezoelectricmaterialis onein whichamechanicalchangeof thematerial
is proportionalto a changein theelectric�eld acrossthematerial.Thus,whena piezoelectric
materialis subjectedto aphysicalforce(suchaspushing,pulling,bendingor twisting)acharge
is generatedacrossit, andviceversa.



Certainsyntheticpolymer�lms have piezoelectricproperties[18], andareknown
aspiezopolymer�lms or simplypiezo�lms. Thesepiezo�lms, mostnotablypolyvinyli-
dene�uoride (PVDF), have beenappliedasultrasonictransducersin hydrophoneap-
plications,and for high frequency (greaterthan200 kHz) medicalimagingandnon-
destructive testing[19, 20, 21, 22]. Piezo�lm transducersaresmall,inexpensive,more
ruggedthanelectrostatictransducers,andhave a wide frequency bandwidth.However,
they havelow sensitivity. Thismeansthatastransmittersthey mustbedrivenwith high
voltages,andasreceiversthey areparticularlysensitive to noise.

A piezo�lm ultrasonictransducerfor air ranginghasbeendesignedby Fiorillo [23,
24] andfurthercharacterizedby WangandToda[25]. It consistsof asmall,rectangular
pieceof piezo�lm mountedalongtwo of its edgesto form a half-cylinder. As depicted
in Fig.1, thedesignworksby virtueof thefactthattheendsof thepiezo�lm are�rmly
clamped.Any changein theradiusr of thehemicylindercanbeseenasachangein the
lengthl of thepiezo�lm, sincel = � r . Dueto thepiezoelectricpropertiesof the�lm,
changesin l areapproximatelyproportionalto thevoltageacrossthe thicknessof the
�lm. Thus,theclampedpiezopolymercanfunctionin two ways:

1. As a transmitter, whenvoltagesareappliedto it, and

2. As a receiver, whenairborneacousticwavesimpactit.
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Fig.1. Operationof a clampedcylindrical piezopolymertransducer[24]

Thistransducerwasdesignedto measureshortdistances,andhasamaximumrange
of 40 cm. Theconstructionandinterfacingof piezo�lm ultrasonictransducersfor air
rangingover distancesof 1.5 m or morehave not beenpresentedpreviously. We have
applieda modi�ed versionof Fiorillo' s designin the Dolphin prototypetransmitters
andreceivers,suitablefor air rangingover room-scaledistances.



4.2 Transmitter

As shown by Fig.2, the transmitteris designedto convert an electricalvoltagesignal
into anultrasonicone,usinga power op ampwith somesignalconditioning,a step-up
transformer, anda piezo�lm transducer. A Dolphin transmitterunit is shown in Fig.3,
andmeasures60mm� 94mm� 15mm.

Piezopolymer
transducer

PCI card
(analogue output)

Power op amp
1:25

Transmitter unit

Step-up transformer

Fig.2. Transmitterblock diagram

transducer
Piezo film

Power op amp
Signal input

Transformer

Fig.3. Dolphin transmitter



SignalSynthesis.Thesignalsfor thetransmittersweresynthesizeddigitally onawork-
stationPC,to allow thestructureof therangingmessageto bechangedeasilyin soft-
ware.Thesignalsweresentout throughaPCIcardwhichperformsdigital-to-analogue
conversion,andcarriedto thetransmitterunitsvia coaxialcable.

Electronic Interface. It wasdesiredthat thetransmitterunit becapableof driving its
piezo�lm transducerwith signallevelsrangingfrom tensto hundredsof voltspeak-to-
peak,in orderto provide �e xibility . Thus,it wasnecessaryto usea power op ampin
conjunctionwith a step-uptransformerto drive thepiezo�lm transducers.The trans-
formerhasavoltagegainfactorof 25in thefrequency rangeof 20kHz to 100kHz. The
highvoltagesideof thetransformeris connecteddirectly to thepiezo�lm transducer.

4.3 Receiver

Figure4 depictsthearchitectureof the receiver. Ultrasoundtravelling throughtheair
is convertedby thepiezo�lm transducerinto anelectricalsignalwhich is bufferedby
a chargeampli�er. Thesignalthenundergoesminorconditioningbeforebeingfed into
dataacquisitionPCIcardsataworkstation.Thereceiverunit, shown in Fig.5,measures
60mm� 115mm� 75mm.

Data acquisition
PCI card

Piezopolymer
transducer

Shielded receiver unit

Electrometer
charge amplifier Bandpass filter

Fig.4. Receiver block diagram

Electronic Interface. The piezo �lm is directly connectedto an electrometer5 in a
charge ampli�er con�guration. The charge ampli�er producesa voltageproportional
to the charge differencebetweenits input terminals.This preampli�ed signal is then
passedthrougha �lter which removesfrequenciesoutsidethe desiredoperatingband
of thesystem.

Shielding and Low-NoiseRequirements. Becauseof thehigh voltagesproducedby
the transmitterunit andthe extremelysensitive natureof the receiver, carehadto be
takento reduceelectromagneticinterferenceasmuchaspossible.In earlyexperiments,

5 An electrometeris a low-noise,high impedanceopampspeci�cally designedto interfacewith
sensors.



Mesh
shielding

Power
switch

transducer
Piezo film

Signal output

Fig.5. Dolphin receiver

it wasfoundthatthenoiseat thereceiverdueto mainsinterferenceandelectromagnetic
pickup from the transmitterwasmuchgreaterthanthe signalconvertedby the piezo
�lm asa resultof airborneultrasound.Severalmeasuresweretakento reducenoiseat
thereceiver to anacceptablelevel.

1. A physicallyshort,low impedanceconnectionbetweenthetransducerandtheelec-
trometerinput reducestherisk of signaldegradation.

2. Thereceiverunit's circuitboardis mountedin a metalcaseconnectedto thepower
groundof thereceivercircuit, andthereceiving transduceris shieldedusingametal
meshdome.

3. Two standard9 V batteriespower thereceiverunit, andconsiderationwastakenin
thephysicallayoutof thereceivercircuitboard,to minimizepowersupplyinterfer-
ence.

Data Acquisition. Using coaxialcable,the signaloutputsof the receiver units were
connectedto dataacquisitioncardsat a workstationPC.The PCI cardsperformana-
logue-to-digitalconversion.A samplingrateof 208 kHz (over twice the highestfre-
quency of interest)waschosenfor eachreceiver. The convertedsignalsarethenpro-
cessedusingsoftwarerunningon the workstationPC. This methodallows �e xibility
whenconductingexperimentswith the Dolphin prototype,assignalscanbe analysed
in realtimeusingavarietyof methods,implementedasC++ software.



4.4 ChannelBandwidth Capabilities

Thebandwidthof theultrasonicchannelwascharacterizedby measuringthefrequency
responseof � ve transmitter-receiverpairsin ananechoicchamber. In theexperiments,
the transmitterwas directly facing the receiver at a distanceof one metre.Figure 6
shows theaveragedchannelfrequency responsein decibels,referencedto thereceiver
voltagenoise�oor .

20 30 40 50 60 70 80 90 100
-15

-10

-5

0

5

10

15

20

25

Frequency (kHz)

R
es

po
ns

e 
(d

B
, r

ef
er

en
ce

d 
to

 r
ec

ei
ve

r 
vo

lta
ge

 n
oi

se
 fl

oo
r)

Fig.6. Ultrasonicchannelbandwidthat onemetre(receiver noise�oor shown asa dashedline)

For on-axiscommunicationsat a distanceof onemetre,the channelhas76 kHz
of bandwidthabove thenoise�oor . This is wide enoughto justify theuseof theDol-
phin prototypeto explorethecapabilitiesof broadbandultrasoniclocationsystems.As
shown by Table1, if the signal is attenuatedby off-axis transmissionor greaterdis-
tancesbetweenthe transmitterand receiver, therestill remainsbandwidthabove the
noise�oor .

4.5 Modi�cations Neededfor a Production System

Thetransmitter'spoweropampwaschosento make theprototypeas�e xible aspossi-
ble, in keepingwith thesystemdesigngoals.Thepowerdrawn by theunit whendriven
with typical signallevelsmeasuredover1 W. Clearly, this is unacceptablefor amobile
device. However, the power op ampis inef�cient, andthe actualcurrentsrequiredto
drive the transduceraremuchlower. Specializedop ampsexist, suchasthoseusedto



Table 1. Effectof signalattenuationonbandwidthabove noise�oor

Signal
attenuation(dB)

Equivalent
distance(m)

Bandwidthabove
noise�oor (kHz)

0 1.00 76
5 1.78 67
10 3.16 47
15 5.62 30

drive cellular phoneearpiecespeakers,which cansupplysuf�cient currentsandalso
havea low-powershutdown mode.If thetransmitterwereto beredesignedwith oneof
these,power consumptionduring transmissioncouldbe decreasedto below 500mW,
andvirtually eliminatedoutsideof transmissiontimes.

Both the transmitterandthe receiver aretoo largeandbulky to be usedasmobile
tagsor unobtrusively installedin theenvironment.Beforebeingdeployedfor everyday
use,thecircuitboardswould beredesigned,andpartschosenwhicharemoreappropri-
atefor small,mobile devices.If the units weredeployedasmobile tags,components
could be chosenwhich have suf�ciently low operatingvoltagesso that they could be
poweredby a single-cellbattery.

5 Implementing a Polled, Centralized Location System
Using Dolphin Prototypes

In order to explore the conceptsof multiple accessandnoiseimmunity, the Dolphin
transmitterandreceiver unitswereusedto implementa polled,centralizedultrasonic
location systemin an of�ce. 6 This sectiondescribesthe implementation,reportsthe
resultsof measurements,anddiscussesthoseresults.

5.1 TestSystemCon�guration

The systemwasinstalledin an of�ce 3.5 m � 2.6 m in size,with a ceiling heightof
2.3 m. Eight receiverswereaf�x ed to the ceiling (Fig.7), suchthat their transducers
pointeddirectlydown at the�oor .

A Dolphintransmitter, designatedT mobile, wasplacedatfour differentheights(0.10,
0.50,1.0,and1.40m abovethe�oor), ateachof sixteenpointsonagrid, shown by the
“ � ” marksin Fig.8. Four additionaltransmitterswere placedin �x ed positionsnear
thewalls of the room,at a heightof approximately0.75m above the �oor , with their
transducerspointing upwards.These�x ed transmittersweretriggeredto sendsimul-
taneouslywith T mobile in order to test the multiple-accesspotentialof the broadband
system.

6 Polled indicatesthattransmittersaretold whento sendtheirrangingmessages,andcentralized
meansthatthereis acentralservicewhichcollectsthetime-of-�ight dataandusesit to estimate
thelocationsof mobiletags.TheBat is anexampleof a polled,centralizedlocationsystem.



Receivers

Fig.7. Roomwith prototypebroadbandultrasoniclocationsysteminstalled

In-bandultrasonicnoisewasgeneratedby usinga motor to jingle keys attachedto
a string. This type of noisehasbeenknown to make narrowbandultrasoniclocation
systemsfail to reportlocationestimatesaltogether. Theultrasonicsoundpressurelevel
generatedby thejingling keyswasapproximately67dB at theceiling.7

5.2 RangingMessageSignalStructur e

A direct sequencespreadspectrum(DSSS)signal structurewas applied in order to
achieve multiple-accesspropertiesandrobustnesstowardsnoise.In a DSSSsystem,a
data-modulatedcarriersignalis furthermodulatedbyapseudo-randombinarysequence
[26]. Therateat which thepseudo-randomsequenceis appliedis usuallymuchfaster
than the datarate.This hasthe effect of spreadingthe spectrumof the signal. One
canthink of this asdistributing the informationcontent(i.e. data)over a large range
of frequencies,insteadof centringit closelyaboutthecarrierfrequency. Spreadingthe
spectrumin this waymakesthesignalmorerobustin thepresenceof in-bandnoise.

Gold codesarea particularsetof pseudo-randomsequenceswhich have low auto-
andcross-correlationproperties[27]. If differentGold codesareassignedto usersin
a DSSSsystem,their signalscanbe sentsimultaneouslyandstill be separatedat the
receiver. Thisgivesthesystemmultiple-accessproperties,sincecorruptiondueto signal
collision is minimal.

7 Thisdecibel�gure is referencedto anRMSsoundpressurelevel of 20µPa,andwasmeasured
by a precisionultrasonicmicrophone.
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Gold codesare employed in the outdoorGlobal PositioningSystem(GPS),and
Girod andEstrinhave usedcodeswith similar propertiesin their acousticrangingsys-
tem,whichoperatesin theaudiofrequency range[28]. WhatmakestheDolphinproto-
typeuniqueandpracticalfor ubiquitouscomputingis that it enablestheuseof spread
spectrumultrasonicsignals.This allows the creationof robust, �ne-grained location
systemswhichareunobtrusive(i.e. inaudible).

The rangingmessagesusedin the measurementspresentedbelow consistedof a
50 kHz carrierwave,modulatedby a Gold codeusingbinaryphase-shiftkeying.8 The
Goldcodehadalengthof 511bits,andwasappliedatarateof 20kHz,giving aranging
messagedurationof about25 ms.Figure9 shows thefrequency spreadingeffect when
a Goldcodeis usedto modulatethecarrier.
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Fig.9. Spreadingthespectrumof therangingmessage

5.3 Location Estimation

Thelocationof T mobile wasestimatedusingthefollowing steps.

1. The times-of-�ight for the T mobile rangingmessagesweremeasuredby correlat-
ing thereceivers' signalsagainsttheexpectedsignal(a 50 kHz carriermodulated
by Tmobile's Gold code).The time-of-�ight wasde�ned as the time betweenthe
triggeringof Tmobile andtheoccurrenceof a largepeakin thecorrelateddata.

2. The times-of-�ight were convertedto transmitter-to-receiver distancesusing the
speedof soundin air.

3. Using the accuratelysurveyed positionsof the receivers and the transmitter-to-
receiver distances,locationwasestimatedby employing the multilaterationalgo-
rithm describedby Ward[14].

8 Thecarrierwasnotmodulatedby any data.



Sincethe receiversarecoplanar, a minimum of threedistancesis neededto estimate
thetransmitter'sposition,with theassumptionthatit is below theceiling.However, we
requiredthatat leastfour distancesbemeasured,enablingthemultilaterationalgorithm
to estimatetheerrorof its producedlocations.Thealgorithmdoesnot returnaposition
estimateif therearefewerthanfour transmitter-to-receiverdistances,or if thedistances
haveahigh errorestimate.

5.4 Results

Fivehundredlocationreadingsfor T mobile weretakenateachof thesixty-fourtestpoints
underthreetestconditions:

1. Tmobile transmittingby itself,
2. Tmobile andthefour �x edunitstransmittingsimultaneously, and
3. Tmobile andthefour �x edunitstransmittingsimultaneouslyin thepresenceof noise

(i.e. jingling keys).

Figure10 shows theerrordistribution functionsof thereturnedlocationsfor thethree
testconditions.Table2 indicatesthe percentageof readingsfor which the algorithm
returneda locationestimate.The95%con�dencelevelsof the3D positionaccuracies
arealsolisted.
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Table 2. Locationsystemperformance

Test
condition

Readings
returned(%)

95%con�dence
level (cm)

1 93 2.17
2 75 2.11
3 68 2.34

Theupdaterateof thealgorithmwasapproximately� ve locationestimatespersec-
ond.This limit is imposedby thecomputationalpowerof theworkstationPC,asit has
to correlateagainstall of theincomingreceiversignals.It is importantto notethatwith
a broadbandultrasoniclocationsystemsuchasthis one,the main factor limiting the
updaterateis computationalpower. This representsa departurefrom narrowbandsys-
tems,wherethe limiting factor is the needto allocatea time slot to eachtransmitter,
providing suf�cient time for re�ectionsto diedown betweentransmissions.

However, in a systemdeployed for everydayuse,hardwarecorrelatorscould be
usedto producetime-of-�ight datain approximatelyreal time. This would facilitate
an updaterateappropriatefor mobile desktopcontrol andvirtual button applications.
However, becauseof themultiple-accessnatureof thesystem,thelocationupdatesare
simultaneous,giving thesystema superiorperformancein applicationswhich require
bothhigh updaterateandlow latency betweenupdatesof differentobjects.Examples
include3D mice,gesturerecognition,augmentedandvirtual reality, andthesimultane-
oustrackingof moving peopleandthedevicesthey carry.

6 Curr ent Work

A polled,centralizedarchitectureis not the only way to implementa locationsystem
usingDolphin. It is alsopossibleto createan anonymoussystem,wheremobileunits
estimatetheir position,insteadof dependingon a centralservice.In sucha systemthe
�x ed units in the environmentcould function astransmitters,andthe mobile units as
receivers.A mainadvantageof this kind of systemis that it maintainsuserprivacy; an
exampleof ananonymouslocationsystemis Cricket.

However, Dolphin's broadbandpropertiescanbeappliedto gain improvedperfor-
mance.Using a spreadspectrummultiple accesstechniquewould not only increase
robustnesstowardnoise,but thetransmitterscouldalsosendsimultaneouslyandmuch
moreoften,sincetherewouldbenoneedto avoid signalcollisions.Work onananony-
mousbroadbandsystemis underway. Dolphin transmittershave beeninstalledin the
ceiling of an of�ce, andthe softwareto calculatethe positionsof mobile receiversis
beingdeveloped.

Another researchavenueinvolves transmittingsmall amountsof dataacrossthe
ultrasonicchannel.Suchdatatransmissionwould beusefulwhereno infraredor radio
link exists betweenthe mobile and �x ed units. Note that the communicationwould
only be one-way, unlessthe �x ed and/ormobile units wereequippedwith ultrasonic
transceivers.Sucha device would be feasibleto implement;the transducersusedin



thetransmitterandreceiverunitsarephysicallysimilar, makingit possibleto combine
the interfaceelectronicsinto oneunit which usesa single transducerto transmitand
receive.

If thecommunicationwereone-way, thedirectionof data�o w would dependupon
thearchitectureof thelocationsystem.In thecaseof a centralizedsystemwith mobile
transmitters,someonemight want to sendtheir appointments(storedon their PDA) to
a centralserver uponenteringtheof�ce at thebeginningof theworking day. Or, con-
sideringthecaseof an anonymous,privatesystemwith mobile receivers,usersmight
wish to receive informationof generalinterest,suchasnewsor weatherreports.

7 Conclusions

In this paper, we have presenteda novel polled locationsystem.It employs Dolphin
transmittersandreceiversandspreadspectrumsignallingto allow simultaneousmul-
tiple accessandto provide excellentperformancein the presenceof noise.Thus,the
broadbandultrasoniclocationsystemhassigni�cant advantagesover the narrowband
systemspreviouslydeveloped.

TheDolphin transmitterandreceiver prototypehardwareweredescribedin detail,
andtheabove-noisebandwidthof thechannelbetweenthemwasshown to beapprox-
imately 75 kHz at one metre.The prototypedesigncan be modi�ed for large-scale
deploymentby employing small, low-power componentsmoreappropriatefor mobile
andubiquitousdevices.

TheDolphin unitswereinstalledasa polled,centralizedlocationsystemin anof-
�ce, andextensive experimentswereconducted.The broadbandlocationsystemwas
shown to performwell in thepresenceof noisewhichwouldhavecausedpreviousnar-
rowbandsystemsto fail. Its potentialfor improvedupdateratesthroughsimultaneous
multipleaccesswasproven.Evenwith multipleunitstransmittingsimultaneouslyin the
presenceof noise,the accuracy of the locationestimateswasnot drasticallyaffected,
althoughthe algorithmdid returnfewer readings.Ninety-� ve percentof the returned
locationestimateshaveanaccuracy of just over two centimetres.
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