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Abstract—Thisworkproposes,forthefirsttime,theuseof
DirectlyModulatedUltrasonicTransducer(DMUT)arrayasan
efficient waytodriveindividualsub-sectionsofPiezoelectric
MicromachinedUltrasonicTransducers(pMUTs)arrays.The
systemallowstoimplementthephased-arraytechniqueand
re-configureinquasireal-timethe maximumradiationofthe
pMUTarraythroughacommerciallyavailablemicro-controller.
Theresultsinthis workshowanincreaseoftheSound
Pressure Level(SPL)of 13dB whentransmittingfroma
10x5pMUTarraytoacommercialhydrophonethroughthe
DMUTphased-array.Theachievementsarepromisingtowards
theimprovementofintrabodyandunderwatercommunication
networks.

Index Terms—Piezoelectric Micromachined Ultrasonic
Transducer(pMUT),Directly ModulatedUltrasonicTransducer
(DMUT), Phased-Arrays, Underwater and Intrabody
CommunicationNetworks

I.INTRODUCTION

DMUTsystems have beenrecently proposedasan
efficient methodtodrivepMUTsandachievehighSNRs
forUnderwaterandIntrabodyNetworks(INs)[1].Similarly,
DMUTswereharnessedtoachievenearzero-poweracoustic
wake-upreceiversforImplanted Medical Devices(IMDs)
[2],[3]. Whiletheuseofphased-arraytechniqueshasbeen
previouslyexploitedbyothergroupsforconventionalpMUTs
[4],[5],theuseofphased-arrays with DMUTsisstill
unexplored.
Thisworkdemonstrates,forthefirsttime,aphased-array
platformbasedonarraysofDMUTs.Thereportedsystem
canbecontrolledbyacommercial micro-controller,thus
electronicallyre-configuring,inquasireal-time,thedirection
ofmaximumradiation. WeshowthattheuseofDMUTs,in
thisnovelproposedsystem,permitstoenhancetheSPLby
13dB,thusfurtheremphasizingitsimpactinmaximizingthe
SNRinintrabodyandunderwaternetworks[6]–[8].
The phased-arraysystem has beenimplementedfor

tenindividual DMUT channels and connectedto a
micro-controller.Afabricated10x5pMUTarrayhasbeen
wire-bondedtoaPrintedCircuitBoard(PCB)andsubmerged
inasiliconeoiltanktotransmittoacommercialhydrophone.
Thecontrollingsignalsare3.5Vpulsesdelayedaccordingly
andtherelativegeneratedDMUToutputssignalsresultinan

ThisworkwassupportedbyNSFprogramsMRI-SEANet(NSFNumber
1726512)andNeTS-Small(NSFNumber1618731).

amplificationofupto18Vpp.TheSPLwasmodeledbasedon
thecharacteristicsofthepMUTarray,themediumproperties
andthereceiver’ssensitivity.Finally,theacousticsignalwas
measured.Theresultsshowanimprovementof13dBofthe
SPL,whichmatchesthetheoreticalresults.

II.ARRAYOFDMUTS

Themainmoduleofthephased-arrayplatformproposed
inthisworkisasingleDMUTcircuitshowninFig.1.The
systemallowstodirectlyfeedanON/OFFkeyingsignalinto
thetransducerandatthesametimeboostthevoltageontop
ofit,improvingtheoutputpressureandSNR.Inthiswork
themainfocusistoexploittheDMUTcircuitforitsvoltage
boostingcapabilityandtakeadvantageofthelowinputsignal.
Inparticular,thecircuitcanbedrivenwithsignalsofless
than3.5V,whichallowsforitsintegrationwithcommercial
micro-controllers.ThiswillallowtopilotmultipleDMUT
circuitsandcontroltheirphase-shifting(ortime-delay)in
ordertoimplementthephased-arraytechnique.
ThecircuitconsistsofaBipolarJunctionTransistor(BJT)
actingasaswitchwhendriveninitscut-offregion(low
voltage)andsaturationregion(highvoltage).Byapplyinga
trainofpulsesatthebaseofthetransistor,thiswillconnect
anddisconnectaDCbiasedLCtanktotheacoustictransducer.
WhenmodulatingtheswitchwithanON/OFFsignal,theLC
thankwillabruptlychangetheresonancefrequencydueto
thehighcapacitanceofthepMUTsarray.Inthisway,portion

Fig.1. DirectlyModulatedUltrasonicTransducer(DMUT)electricalcircuit
diagram.
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Fig.2.a).ArrayofDMUTselectricalcircuitdiagram.b).PCBoftheDMUT
arrayconnectedtoTeensy3.6micro-controllerthatpilotsit.c).Fabricated
10x5pMUTarray.

oftheenergystoredbytheinductanceoftheLCfilter,will
bestoredbythetransducer.This mechanismexplainsthe
generationsofthehighvoltagesattheoutputoftheDMUT
system.
ThesingleDMUTcircuitislaidoutinarraysonaPCBin

ordertopilottenindividualchannelsofapMUTarray.The
electricaldiagramisshowninFig.2a.whilethefabricated
PCBandtheconnectionstothemicro-controllerTeensy3.6
topilotthearrayareshowninFig.2b.Anopticalimageof
thefabricatedpMUTarrayisalsoshowninFig.2c.This
highlightstherowsonetofive(connectedtoground)andthe
columnszero-nine(connectedtotheoutputszero-nineofthe
DMUTarray).

III.PHASED-ARRAYIMPLEMENTATION

Theobjectiveofthephased-arraytechniqueistogenerate
constructiveinterferenceoftheultrasonicwavesatacertain
focalpointinspace.Thisallowstohaveahigheracoustic
signal,improvethetransmissiondistanceandtheSNR.The
focusingisachievedbydelayingthesignalsofdifferent
columnsofthepMUTarrayinorderfortheultrasonicsignalto

Fig.3.a).Phased-arraydelaysimplementedinTeensy3.6.b).DMUTarray
outputsrelativetothesignalsgeneratedwiththemicro-controller.

arriveinphaseatthedesireddistancefromthearray.Bydoing
so,thewaveswilladdupconstructivelyinsteadofcreating
destructiveinterference.Thedrivingsignalsimplementedin
themicro-controllerareshowninFig.3aandtherelative
outputsoftheDMUTarray,whichconnectdirectlytothe
columnsofthepMUTarray,areshowninFig.3b.

IV.RESULTS

A.TestingSetup

TheDMUTarrayfunctionalityistestedbycreatingan
ultrasoniclinkbetweena10x5pMUTarrayandacommercial
Teledynehydrophonesubmergedinasiliconeoiltank,as
showninFig.4.Basedonitsdata-sheet,thehydrophonehas
asensitivityofS=−228dB/V,whichallowstoconvertthe
receivedvoltagesignalintosoundpressureandcompareitto
themathematicalmodelresults.Furthermore,thepMUTarray
waswire-bondedtoaPCB,therowsareconnectedtoground
andthecolumnsareconnectedtotheoutputsoftheDMUT
arrayrespectively,allowingfortheformationof10individual
channels.

B. MathematicalModel

ThemathematicaloftheoutputpressureofthepMUTarray
ismodeledstartingfromexperimentalmeasurementswitha
DigitalHolographicMicroscope(DHM).Themainparameters
arethepeakdisplacement(dp)andresonancefrequency(fs)
oftheindividualelements.Theoutputpressureatthesurface
ofonepMUTcanbeexpressedasfollowing:

P=vp·Za·Aeff (1)

vp=2π·dp·fs (2)

Za=
ρ0·c0
Aeff

(3)

Aeff=
2π·a2

3
(4)

wherevpisthepeakmembranevelocity,Zaistheacoustic
impedance,AeffistheeffectiveareaofthepMUT,aisthe
membraneradius,ρ0isthedensityofthesiliconeoilandc0
isthespeedofsoundinthesiliconeoil.

Fig.4.ThefabricatedpMUTarrayandaTeledynehydrophonearesubmerged
inasiliconeoiltankandfixedat5mmformeasurements.
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Fig.5. (a-b) MathematicalmodeloftheSoundPressureLevel(SPL)for
thepMUTarrayat5mm.(c-d). Measuredreceivedacousticsignalon
hydrophone:13dBmeasuredimprovementoftheSPLwhenusingthedMUT
phasedarray.

WhendrivinganentirepMUTarray,theoutputpressure
willafunctionofthecombinationofalltheultrasonicwaves
basedon:thephase-shift(ortime-delay)oftheelements,the
geometricspreadoftheacousticwaves,thedirectivityofthe
arrayandthemediumattenuation.Aclosedformoftheoutput
pressureofthearraycanbeexpressedasfollowing:

Parray=
P·k·a2

2r
·D·e−γ·r·e−i·k·r·φ(t) (5)

D=
48·BesselJ3(k·a·sin(θ))

(k·a·sin(θ))3
(6)

γ=
α

20·log10e
(7)

whereristhedistanceatacertaincoordinatefromthearray,
θistheangleformedwiththearrayatthedistancerfrom
thearray,Disthedirectivity,γistheattenuationterm,αis
theabsorptioncoefficientofthesiliconeoil,kisthewave
number,andφ(t)isthephased-arraydelaycoefficient.
WhenallthepMUTsaredrivenwiththesamesignal(equal

delays)(Fig.5a),bothconstructiveanddestructiveinterference
willbehappeningatacertaindistancefromthearray.On
theotherhand,whenthedelaysaresetforeachcolumnof
thearraytoreachacertainfocaldistanceatthesametime,
theacousticwaveswilladdupandmaximizethepressure
inthatregion(Fig.5b).Themathematicalmodelshowsan
improvementof16dBSPLwhenapplyingthephased-array
technique.

C. Measurements

InthisworktheDMUTarrayisemployedtodrivean
arrayofpMUTsandimplementingthephased-arraytechnique.
Thetime-delaysofeachcolumnofthearrayarecodedin
aTeensy3.6micro-controller.TheTeensycanonlysupply
3.5V foreachchannel,thereforedrivingthepMUTarray
directlywillresultintolowoutputpressures.Instead,the
DMUTsystemallowstooutputhighvoltagesignalswhile
beingdrivenbylowamplitudesignalssuppliedbythe

micro-controller.ThemeasurementresultsareshowninFig.
5cand5dwiththephased-arrayOFFandONrespectively.
Thehydrophonemeasuresamaximumamplitudepeak-to-peak
ofVOFF =5mVpp andVOFF =25mVpp.Giventhe
sensitivityofthereceiver,thisconvertsintoasoundpressureof
SPLOFF =152dBandSPLON =165dBrespectively.The
measurementsshowanimprovementof13dBSPLwhenusing
thephased-arraytechniqueimplemented withthe DMUT
array,validatingthemathematicalmodel.

V.CONCLUSIONS

Inconclusion,thisworkdemonstratedthepossibilityto
harnessDMUTarraystoefficientlydriveindividualsectionsof
apMUTarrayandimplementthephased-arraytechnique.In
particular,thesystemwaspilotedbyacommerciallyavailable
micro-controller(Teensy3.6)withlowinputsignaltothe
DMUTs.Thisgeneratedthetime-delaysforeachpMUT
arraycolumninordertofocustheultrasonicenergyof
thearrayat5mm fromthechip.Furthermore,theDMUT
allowstoboosttheoutputvoltageontopofthepMUTs,
thusallowingabettertransmissionefficiencyandincrease
theSNR.Theexperimentalresultsshowanimprovementof
13dBSPLwhenactuatingthepMUTarraywiththeDMUT
phased-array,withgoodmatchingtothemathematicalmodel,
thusbeingpromisingtowardstheimprovementofintrabody
andunderwatercommunicationnetworks.
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