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Abstract. Indoor ultrasoniclocationsystemsprovide ne-grainedpositiondata
to ubiquitouscomputingapplications However, the ultrasoniclocationsystems
previously developedutilize narravbandtransducersandthusperformpoorly in
thepresencef noiseandareconstrainedby thefactthatsignalcollisionsmustbe
avoided.In this paper we presenta novel ultrasoniclocation systemwhich uti-
lizes broadbandransducersWe describethe transmitterand recever hardvare,
andcharacterizéheultrasonicchannebandwidth Thesystemhasbeendeplo/ed
asapolled,centralizedocationsystemin anof ce. Testresultsdemonstrat¢hat
the systemcanfunctionin high levels of environmentalnoise,andthatit hasthe
capabilityfor higherupdateratesthanprevious ultrasoniclocationsystems.

1 Intr oduction

Ubiquitouscomputingapplicationgequirecontext informationin orderto blendseam-
lessly into the ervironmentand to unobtrusvely aid peoplein their everydaylives.
A particularlyimportantcomponenbf contet is the location of peopleand the ob-
jectsthey interactwith. Numerousubiquitousapplicationsautilizing locationinforma-
tion have beendeveloped[1].

Variousmethodsxist for determininghelocationof apersoror object.All involve
gatheringdataby sensinga real-world physicalquantity and usingit to calculateor
infer a position estimate.The datacan be gatheredvia a numberof physicalmedia;
previously developedlocation systemshave usedinfraredlight [2, 3, 4], visible light
[5, 6], ultrasound7, 8, 9], andwirelessLAN-basedradio[10, 11].

Thedesirablgropertyof ultrasonidocationsystemss thatthey have thecapability
to be ne-grained meaninghey canestimatdocationwith ahigh degreeof resolution.
This is becausehe speedof ultrasoundn air is sufciently slow to allow the time-of-
ight of asignalto beaccuratelyneasurethetweera x edunitin theenvironmentanda
mobileunitfunctioningasatagonapersoror object.In thepast, ne-grainedultrasonic
locationdatahasbeenusedfor contect-aware applicationsincluding mobile desktop
control [12], 3D mice and virtual buttons[13], and augmentedeality [7]. However,
previous ultrasoniclocation systemshave employed narravbandsignals. This makes
them susceptibleo noise,andtheir updaterate is limited dueto the fact that signal
collisionsmustbe avoided.

This paperpresentsa novel locationsystemutilizing broadbandiltrasound First,
we review previous narravbandultrasoniclocation systemsand highlight the advan-
tagesa broadbanaystemwould offer. We thendescribethe prototypetransmitterand
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recever hardware,collectively referredto asDolphin, which incorporatea broadband
ultrasonictransducenew tothe eld of ubiquitouscomputing We detailtheimplemen-
tation of a polled, centralizedocationsystemusing Dolphin, andreportthe measure-
mentsof its locationaccurag. Finally, we discussour ongoingwork with the Dolphin
prototypes.

2 RelatedWork

Therearea numberof ultrasoniclocationsystemgresentedh theliterature.The Con-

stellationsysteni7] tracksamobileunit consistingof a3D inertial sensoandanumber
of ultrasonicsensorsLocationis calculatedisingtime-of- ight measurementsetween
themobileunitand x edtransmittersn theervironment.An accurag of approximately
5 mmis reported but the mobile trackingunit, worn on the headandbelt of a user is

too obtrusive for the goalsof ubiquitouscomputing.

In the Bat system[8, 13, 14], userswearsmall badgeswhich emit an ultrasonic
pulsewhenradio-triggeredy a centralsystem.The systemdeterminepulsetimes-of-

ight from the badgegdo a network of receiverson the ceiling, and calculateshe 3D
positionsof the badgesusing a multilaterationalgorithm. The systemyields location
informationwith anaccurag of approximately3 cm.

The Cricket locationsystem[9, 15] consistsof independentunconnectedeacons
distributedthroughouta building. ThebeaconsendanRF signalwhile simultaneously
sendinganultrasonicpulse.Smalldevicescalledlistenes, carriedby usersjnfer their
locationsusingtime-of- ight methodswith accuraciesntheorderof 6 cmin thebest
casesThe beacondroadcashat randomtimesin orderto minimize signalcollisions.
The listenerscanindependentljocatethemseles, avoiding the compromise®of user
privagy involvedwith centralizedsystems.

A similar approach16] usesfour ultrasonictransducerglacedat the cornersof a
squareontheceiling, andwired to a controller The controllersendsanRF trigger, and
thenissuesa pulsefrom eachof the four transmittersn successionA mobile recever
unit connectedo a handheldcomputerrecevesthe pulses,and estimatests location
with accuraciebetweenl0and25cm.

3 Motivation

The above four systemsshareone commontrait: they utilize narrovbandultrasonic
transducergor their rangingmeasurement$senerallyspeaking harrovbandsystems
have two inherentdisadwantages.

1. Single-useraccess— if multiple co-locatedtransmitterssendat the sametime,
their signalscaninterferewith oneanotherandmale it dif cult for thereceverto
distinguishbetweerthem.

2. Poorperformancen the presencef in-bandnoise.



The systemadescribedabove avoid the rst problemby attemptingto ensurethat
co-locatedransmittersendtheir signalsone-at-a-time’. This solutioncomesat the ex-
penseof aslowerupdaterate;allowing only onetransmitteito sendatatime constrains
thenumberof locationupdategossiblefor agiventime interval.

The secondproblem, however, has not beenaddressedPeoplecreateultrasonic
noisethroughtheir everydayactions,althoughthey arerarely aware of it becauseul-
trasounds inaudible.Examplegncludethe clink of a pencildroppingontoa desk,the
clackingof someonayping on a computerkeyboard,or the rustling of a bagof potato
chips being opened.Thesekinds of soundsoccur frequentlyin typical indoor envi-
ronmentsFor the durationof suchanoccurrenceexisting ultrasoniclocationsystems
areprohibitedfrom generatingaccuratepup-to-datepositionestimategor mobile units
co-locatedwith the noisesource.

We proposehatbroadbandpreadspectruntechniquede usedto overcomethese
two limitations, facilitating multiple-accesdocation systemswhich are robustin the
presencef noise.The aim of the Dolphin prototypeis to assesshe practicalapplica-
tionsof suchsystems.

4 Hardware Design

This sectiondescribeshe designandpropertiesof the Dolphintransmitterandrecever
prototypehardware. The units were designedo facilitate e xibility, in orderto fully

gaugethe potentialof this new technology This meanttetheringthe unitsto a power
supply anda workstationPC for signal synthesisand analysis.However, makingthe
units into small, light, wireless,and battery-paveredmobile tagsis feasible,andthe
modi cations neededn orderto accomplistthis aresetoutin Sect4.5. The prototype
systemwas not designedo operateoutsideof the frequeng rangeof 20 to 100 kHz.
Soundsbelow 20 kHz are percevable by humans,andthe useof frequenciesabove
100kHz is limited by the attenuatiorof ultrasoundn air [17].

4.1 Transducer Selection

Thenarrovbandtransducersisedin existing ultrasoniclocationsystemsely on piezo-
electri¢ ceramicsastheir active elementsThesekinds of transducerareinexpensve,
small, rugged,and have a high sensitvity. However, they are highly resonantandin
mostcasedave a usablebandwidthof lessthan5 kHz.

Electrostatidransducerspn the otherhand,possessigh sensitvity andextremely
wide bandwidth.However, they arenot very rugged,andare expensie, makingtheir
deploymenton a large scaleprohibitive.

3 An exceptionto this is the Bat systemwhich usesa differential-phasenodulationtechnique,
allowing up to threetagsto transmitsimultaneously13].

4 Broadlyspeakinga piezoelectrianaterialis onein which amechanicathangeof thematerial
is proportionalto achangen theelectric eld acrossghe material.Thus,whena piezoelectric
materialis subjectedo aphysicalforce(suchaspushingpulling, bendingor twisting) achage
is generatedcrosst, andvice versa.



Certainsyntheticpolymer Ims have piezoelectrigpropertieg18], andareknown
aspiezopolymenms or simply piezo Ims. Thesepiezo Ims, mostnotablypolyvinyli-
dene uoride (PVDF), have beenappliedasultrasonictransducersn hydrophoneap-
plications,andfor high frequeny (greaterthan 200 kHz) medicalimaging and non-
destructve testing[19, 20, 21, 22]. Piezo Im transducergresmall,inexpensve,more
ruggedthanelectrostatidransducersandhave a wide frequeng bandwidth.However,
they have low sensitvity. This meanghatastransmitterghey mustbe drivenwith high
voltagesandasreceversthey areparticularlysensitve to noise.

A piezo Im ultrasonictransducefor air ranginghasbeendesignedy Fiorillo [23,
24] andfurthercharacterizethy WangandToda[25]. It consistof asmall,rectangular
pieceof piezo Im mountedalongtwo of its edgego form a half-cylinder. As depicted
in Fig. 1, thedesignworksby virtue of thefactthattheendsof thepiezo Im are rmly
clampedAny changén theradiusr of thehemig/linder canbe seerasa changen the
lengthl of thepiezo Im, sincel = r. Dueto the piezoelectrigpropertiesof the Im,
changesn | areapproximatelyproportionalto the voltageacrossthe thicknessof the

Im. Thus,the clampedpiezopolymercanfunctionin two ways:

1. As atransmitterwhenvoltagesareappliedto it, and
2. As arecever, whenairborneacoustiovavesimpactit.

Piezo film

Clampedends |

Fig. 1. Operationof a clampedcylindrical piezopolymetransducef24]

Thistransducewasdesignedo measurehortdistancesandhasamaximumrange
of 40 cm. The constructiorandinterfacingof piezo Im ultrasonictransducersor air
rangingover distancef 1.5 m or morehave not beenpresentegreviously. We have
applieda modi ed versionof Fiorillo's designin the Dolphin prototypetransmitters
andrecevers,suitablefor air rangingoverroom-scalalistances.



4.2 Transmitter

As shown by Fig. 2, the transmitteris designedo corvert an electricalvoltagesignal
into anultrasonicone,usinga power op ampwith somesignalconditioning,a step-up
transformerandapiezo Im transducerA Dolphintransmitterunit is shovnin Fig. 3,

andmeasure0mm 94mm 15mm.

Transmitter unit

PCI card
(analogue output)

Step-up transformer Piezopolymer
1:25 transducer

I
|
I
|
:
|
‘ Power op amp
|
|
|
|
|
|

Fig. 2. Transmittetblock diagram

Fig. 3. Dolphintransmitter



Signal Synthesis. Thesignalsfor thetransmittersveresynthesizedligitally onawork-
stationPC, to allow the structureof the rangingmessagé¢o be changedeasilyin soft-
ware.Thesignalsweresentoutthrougha PCl cardwhich performsdigital-to-analogue
cornversion,andcarriedto thetransmitterunitsvia coaxialcable.

Electronic Interface. It wasdesiredthatthe transmitterunit be capableof driving its
piezo Im transducewith signallevelsrangingfrom tensto hundredf volts peak-to-
peak,in orderto provide e xibility. Thus,it wasnecessaryo usea power op ampin
conjunctionwith a step-uptransformetto drive the piezo Im transducersThe trans-
formerhasavoltagegainfactorof 25in thefrequeng rangeof 20kHz to 100kHz. The
high voltagesideof thetransformeiis connectedirectly to the piezo Im transducer

4.3 Recever

Figure 4 depictsthe architectureof the recever. Ultrasoundtravelling throughthe air
is corvertedby the piezo Im transduceinto an electricalsignalwhich is bufferedby
achageampli er. Thesignalthenundegoesminor conditioningbeforebeingfed into
dataacquisitionPCl cardsataworkstation.Thereceverunit, shovn in Fig.5, measures
60mm 115mm 75mm.

Shielded receiver unit

Data acquisition
PCI card

Piezopolymer Electrometer
transducer charge amplifier

Bandpass filter | ——

Fig. 4. Recever block diagram

Electronic Interface. The piezo Im is directly connectedo an electomete? in a
chage ampli er con guration. The chaige ampli er producesa voltage proportional
to the chage differencebetweenits input terminals.This preampli ed signalis then
passedhrougha lter which removesfrequencieoutsidethe desiredoperatingband
of thesystem.

Shielding and Low-Noise Requirements. Becausef the high voltagesproducedby
the transmitterunit andthe extremely sensitve natureof the recever, carehadto be
takento reduceelectromagnetimterferenceasmuchaspossibleln earlyexperiments,

5 An electrometers alow-noise highimpedancep ampspeci cally designedo interfacewith
sensors.



Fig. 5. Dolphinrecever

it wasfoundthatthenoiseatthereceverdueto mainsinterferenceandelectromagnetic
pickup from the transmitterwas much greaterthanthe signal corvertedby the piezo

Im asaresultof airborneultrasound Severalmeasuresveretakento reducenoiseat
thereceverto anacceptabléevel.

1. A physicallyshort,low impedanceonnectiorbetweerthetransduceandtheelec-
trometerinput reducegherisk of signaldegradation.

2. Thereceverunit's circuitboardis mountedn a metalcaseconnectedo the power
groundof therecever circuit, andthereceving transduceis shieldedusingametal
meshdome.

3. Two standard® V batteriepowertherecever unit, andconsideratiorwastakenin
thephysicallayoutof therecever circuitboard to minimize power supplyinterfer
ence.

Data Acquisition. Using coaxial cable,the signal outputsof the recever units were
connectedo dataacquisitioncardsat a workstationPC. The PCI cardsperformana-
logue-to-digitalconversion.A samplingrate of 208 kHz (over twice the highestfre-
queng of interest)waschosenfor eachrecever. The cornvertedsignalsarethen pro-
cessedusing software running on the workstationPC. This methodallows e xibility
when conductingexperimentswith the Dolphin prototype,assignalscanbe analysed
in realtime usinga variety of methodsjmplementedasC++ software.



4.4 ChannelBandwidth Capabilities

Thebandwidthof the ultrasonicchannelwascharacterizethy measuringhefrequeny

responsef ve transmitterrecever pairsin ananechoiacchamberin the experiments,
the transmitterwas directly facing the recever at a distanceof one metre.Figure 6

shavs the averagedchanneffrequeng responsén decibels referencedo the recever

voltagenoise oor .
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Fig. 6. Ultrasonicchannebandwidthat onemetre(recever noise oor shavn asadashedine)

For on-axiscommunicationsat a distanceof one metre,the channelhas76 kHz
of bandwidthabove the noise oor. This is wide enoughto justify the useof the Dol-
phin prototypeto explorethe capabilitiesof broadbandiltrasoniclocationsystemsAs
shavn by Table 1, if the signalis attenuatedy off-axis transmissioror greaterdis-
tancesbetweenthe transmitterand recever, therestill remainsbandwidthabove the
noise oor.

4.5 Modi cations Neededfor a Production System

Thetransmitters power op ampwaschoserto make the prototypeas e xible aspossi-
ble,in keepingwith thesystemdesigngoals.The power dravn by the unit whendriven
with typical signallevelsmeasuredver 1 W. Clearly, thisis unacceptablér amobile
device. However, the power op ampis inef cient, andthe actualcurrentsrequiredto
drive thetransduceare muchlower. Specializetbp ampsexist, suchasthoseusedto



Table 1. Effect of signalattenuatioron bandwidthabore noise oor

Signal Equialent Bandwidthabore
attenuation(dB) distancgm) noise oor (kHz)
0 1.00 76
5 1.78 67
10 3.16 a7
15 5.62 30

drive cellular phoneearpiecespealers,which can supply sufcient currentsandalso
have alow-power shutdavn mode.If thetransmitteiwereto beredesignedvith oneof
these power consumptiorduring transmissiorcould be decreasedo belon 500 mW,
andvirtually eliminatedoutsideof transmissiorimes.

Both the transmitterandthe recever aretoo large and bulky to be usedasmobile
tagsor unobtrusvely installedin theervironment.Beforebeingdeployedfor everyday
use,thecircuitboardsvould beredesignedandpartschosenvhich aremoreappropri-
atefor small, mobile devices.If the units were deployed as mobile tags,components
could be chosenwhich have sufciently low operatingvoltagesso thatthey could be
poweredby a single-cellbattery

5 Implementing a Polled, Centralized Location System
Using Dolphin Prototypes

In orderto explore the conceptsof multiple accessand noiseimmunity, the Dolphin
transmitterandrecever units were usedto implementa polled, centralizedultrasonic
location systemin an of ce.® This sectiondescribeshe implementationyeportsthe
resultsof measurementgnddiscusseghoseresults.

5.1 TestSystemCon guration

The systemwasinstalledin anofce 3.5m 2.6 m in size,with a ceiling heightof
2.3 m. Eight receverswereaf x edto the ceiling (Fig.7), suchthat their transducers
pointeddirectly down atthe oor.

A Dolphintransmitteydesignated monie, Wasplacedatfour differentheights(0.10,
0.50,1.0,and1.40m abovethe oor), ateachof sixteenpointsonagrid, shovn 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
transducerpointing upwards.These x ed transmittersveretriggeredto sendsimul-
taneouslywith T nepile in Orderto testthe multiple-accesgotentialof the broadband
system.

% polled indicatesthattransmittersaretold whento sendtheir rangingmessagesandcentrlized
meanghatthereis acentralservicewhich collectsthetime-of- ight dataandusest to estimate
thelocationsof mobiletags.The Batis anexampleof a polled,centralizedocationsystem.



Fig. 7. Roomwith prototypebroadbandiltrasoniclocationsysteminstalled

In-bandultrasonicnoisewasgeneratedby usinga motorto jingle keys attachedo
a string. This type of noisehasbeenknown to make narrovbandultrasoniclocation
systemdail to reportlocationestimatesltogetherThe ultrasonicsoundpressurdevel
generatedby thejingling keys wasapproximately67 dB at the ceiling.”

5.2 Ranging MessageSignal Structur e

A direct sequencespreadspectrum(DSSS)signal structurewas appliedin orderto
achieve multiple-acces@ropertiesandrobustnesgowardsnoise.ln a DSSSsystema
data-modulatedarriersignalis furthermodulatedy apseudo-randorhinarysequence
[26]. The rateat which the pseudo-randorsequencés appliedis usuallymuchfaster
thanthe datarate. This hasthe effect of spreadingthe spectrumof the signal. One
canthink of this asdistributing the information content(i.e. data)over a large range
of frequenciesinsteadof centringit closelyaboutthe carrierfrequeng. Spreadinghe
spectrunin this way makesthe signalmorerobustin the presencef in-bandnoise.

Gold codesarea particularsetof pseudo-randorsequencewhich have low auto-
and cross-correlatiompropertieg27]. If differentGold codesare assignedo usersin
a DSSSsystem their signalscanbe sentsimultaneoushandstill be separatedt the
recever. Thisgivesthesystenmultiple-accespropertiessincecorruptiondueto signal
collisionis minimal.

" Thisdecibel gure is referencedo anRMS soundpressuréevel of 20 uPa, andwasmeasured
by a precisionultrasonicmicrophone.
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Gold codesare employed in the outdoor Global PositioningSystem(GPS),and
Girod andEstrinhave usedcodeswith similar propertiesn their acousticrangingsys-
tem,which operatesn theaudiofrequeng range[28]. Whatmakesthe Dolphin proto-
type uniqueandpracticalfor ubiquitouscomputingis thatit enableghe useof spread
spectrumultrasonicsignals.This allows the creationof robust, ne-grained location
systemsawhich areunobtrusve (i.e. inaudible).

The rangingmessagesisedin the measurementpresentedelor consistedof a
50 kHz carrierwave, modulatedoy a Gold codeusingbinary phase-shifkeying.2 The
Gold codehadalengthof 511bits,andwasappliedatarateof 20kHz, giving aranging
messagelurationof about25 ms. Figure9 shavs thefrequeny spreadingeffect when
aGold codeis usedto modulatethe carriet
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Fig. 9. Spreadinghe spectrunof therangingmessage

5.3 Location Estimation
Thelocationof T nopie Wasestimatedusingthefollowing steps.

1. Thetimes-of- ight for the T mopile rangingmessagesvere measurecdy correlat-
ing the recevers' signalsagainstthe expectedsignal (a 50 kHz carriermodulated
by T mobile S Gold code).The time-of- ight was de ned asthe time betweenthe
triggeringof T mopile andthe occurrencef alargepeakin thecorrelatedata.

2. The times-of- ight were corvertedto transmitterto-recever distancesausing the
speedf soundin air.

3. Using the accuratelysuneyed positionsof the receivers and the transmitterto-
recever distancesl|ocationwasestimatedoy employing the multilaterationalgo-
rithm describedy Ward[14].

8 Thecarrierwasnot modulatecby ary data.



Sincethe receversare coplanay a minimum of threedistanceds neededo estimate
thetransmitters position,with theassumptiorhatit is below the ceiling. However, we
requiredthatatleastfour distancede measuredenablingthe multilaterationalgorithm
to estimateheerrorof its producedocations.Thealgorithmdoesnot returna position
estimatdf therearefewerthanfour transmitterto-receverdistancesor if thedistances
have ahigh errorestimate.

5.4 Results

Five hundredocationreadinggor T yobile Weretakenateachof thesixty-fourtestpoints
underthreetestconditions:

1. T mobile transmittingby itself,
2. T mobile @ndthefour x edunitstransmittingsimultaneouslyand
3. T mobile @ndthefour x edunitstransmittingsimultaneouslyn the presencef noise

(i.e.jingling keys).

Figure 10 shaws the error distribution functionsof the returnedlocationsfor the three
testconditions.Table 2 indicatesthe percentagef readingsfor which the algorithm
returneda locationestimate. The 95% con dencelevels of the 3D positionaccuracies
arealsolisted.

100

90

8or - Tmobile only

— All transmitters
— — All transmitters + jingling keys

70+

60—

40+

Percent of readings with error less than abscissa
(42
o
T

20+

» 1 1 1 1 1 1 1 |
0 0.5 1 15 2 25 3 35 4 4.5 5
3D position error (cm)

Fig. 10. Accuray of locationestimategor T mobile



Table 2. Locationsystemperformance

Test Readings |95%con dence
condition returned(%) level (cm)
1 93 2.17
2 75 2.11
3 68 2.34

Theupdaterateof thealgorithmwasapproximately ve locationestimategpersec-
ond. Thislimit is imposedby the computationapower of the workstationPC, asit has
to correlateagainsiall of theincomingrecever signals.lt isimportantto notethatwith
a broadbandultrasoniclocation systemsuchasthis one, the main factorlimiting the
updaterateis computationapower. This represents departurefrom narrovbandsys-
tems,wherethe limiting factoris the needto allocatea time slot to eachtransmittey
providing sufcient time for re ectionsto die down betweertransmissions.

However, in a systemdeployed for everyday use, hardware correlatorscould be
usedto producetime-of- ight datain approximatelyreal time. This would facilitate
an updaterate appropriatefor mobile desktopcontrol andvirtual button applications.
However, becausef the multiple-accessatureof the systemthelocationupdatesare
simultaneousgiving the systema superiorperformancen applicationswhich require
both high updaterateandlow lateny betweernupdatef differentobjects.Examples
include3D mice,gestureecognitionaugmentedndvirtual reality, andthe simultane-
oustrackingof moving peopleandthe devicesthey carry.

6 CurrentWork

A polled, centralizedarchitecturds not the only way to implementa locationsystem
usingDolphin. It is alsopossibleto createan anorymoussystem wheremaobile units
estimatetheir position,insteadof dependingon a centralservice.In sucha systemthe
x ed unitsin the ervironmentcould function astransmittersand the mobile units as
recevers.A mainadwantageof this kind of systemis thatit maintainsuserprivagy; an
exampleof ananorymouslocationsystemis Cricket.

However, Dolphin's broadbangropertiescanbe appliedto gainimproved perfor-
mance.Using a spreadspectrummultiple accesgechniquewould not only increase
robustnessoward noise,but the transmittersould alsosendsimultaneouslhyandmuch
moreoften,sincetherewould be no needto avoid signalcollisions.Work onananory-
mousbroadbandsystemis undervay. Dolphin transmittershave beeninstalledin the
ceiling of an of ce, andthe softwareto calculatethe positionsof mobile receversis
beingdeveloped.

Another researchavenueinvolves transmittingsmall amountsof dataacrossthe
ultrasonicchannel. Suchdatatransmissiorwould be usefulwhereno infraredor radio
link exists betweenthe mobile and x ed units. Note that the communicationwould
only be one-way, unlessthe x ed and/ormobile units were equippedwith ultrasonic
transcevers. Sucha device would be feasibleto implement;the transducersisedin



thetransmitterandrecever units arephysicallysimilar, makingit possibleto combine
the interfaceelectronicsinto one unit which usesa single transduceto transmitand
receve.

If thecommunicatiorwereone-way, the directionof data o w would dependupon
thearchitectureof thelocationsystemln the caseof a centralizedsystemwith mobile
transmitterssomeonenight wantto sendtheir appointmentgstoredon their PDA) to
a centralsener uponenteringthe of ce at the beginningof the working day. Or, con-
sideringthe caseof an anorymous,privatesystemwith mobile recevers,usersmight
wishto receive informationof generainterestsuchasnews or weatherreports.

7 Conclusions

In this paper we have presenteda novel polled location system.Ilt emplaoys Dolphin
transmittersandreceversandspreadspectrumsignallingto allow simultaneousnul-
tiple accessandto provide excellentperformancen the presenceof noise.Thus,the
broadbandiltrasoniclocation systemhassigni cant advantagesver the narrovband
systemgreviously developed.

The Dolphin transmitterandrecever prototypehardwareweredescribedn detalil,
andthe abore-noisebandwidthof the channebetweerthemwasshavn to be approx-
imately 75 kHz at one metre. The prototypedesigncan be modi ed for large-scale
deploymentby employing small, low-power componentsnore appropriatgor mobile
andubiquitousdevices.

The Dolphin unitswereinstalledasa polled, centralizedocationsystemin an of-

ce, andextensie experimentswere conductedThe broadbandocation systemwas
shown to performwell in the presencef noisewhich would have causedreviousnar
rowbandsystemdo fail. Its potentialfor improved updateratesthroughsimultaneous
multiple accessvasproven.Evenwith multiple unitstransmittingsimultaneouslyn the
presenceof noise,the accurag of the location estimatesvas not drasticallyaffected,
althoughthe algorithmdid returnfewer readings.Ninety- ve percentof the returned
locationestimateshave anaccurag of just overtwo centimetres.
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