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Modelling of anomaliesdueto hydrophonesin

continuous-wave ultrasound�elds

Tomi Huttunen,Jari P. Kaipio andKullervo Hynynen

Abstract

Needleandspot-poledmembranehydrophonesemploying polyvinylidene�uoride (PVDF) sensorsarewidely

usedfor characterizationof biomedicalultrasound�elds. It is known that in measurementsof continuous-wave

(CW) �elds, standingwaves may be generatedbetweenthe transducerand the hydrophone,distorting the �eld

andpossiblyalternatingthe signalof the hydrophone.This studyutilizes a threedimensionalfull-wave methodto

computationallysimulatethedistortionin theCW �eld causedby needleandmembranehydrophones.Thephysical

modelusedin simulationsis basedon the linear time-harmonicwave equationwhich thereforeneglectsthe effects

of nonlinearwave propagation.

The signi�cance of the distortion is examinedby comparing�elds emittedby 0.5-5.0 MHz planar circular

transducersin the absenceandpresenceof the hydrophones.In addition, the effect of the �eld distortionson the

signalof the hydrophonesis studiedwith simulatedmeasurements.

The simulationsshowed an observablestandingwave patternbetweenthe sourceand the needlehydrophone

if the diameterof the needlewas larger than a half of the wavelength.However, the standingwaves had not

clear effect on the signal of the hydrophone.The presenceof membranehydrophonein the CW �eld generated

notablestandingwaves.Furthermore,thestandingwavescauseda periodicdistortionto thesignalof themembrane

hydrophone.

I . INTRODUCTION

Hydrophonesthat utilize the piezo-electricityof polyvinylidene�uoride (PVDF) �lms arewidely used

for measuringultrasound�elds. Since the discovery of piezo-electricityof PVDF in the late 1960's,

polymer hydrophoneshave becomestandardsin the characterizationof medical ultrasound�elds [1].

PVDF hasseveral attractive featuresover many piezo-materialsincluding, for example,high sensitivity,
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closeacousticimpedancematchwith wateranda relatively �at frequency response.In addition,availability

of PVDF in thin (a few � m thick) sheetsmakes it an ideal material for hydrophonesfor detecting

soundwaves in megahertzfrequencies.Varioushydrophonemodelshave beendeveloped[1] of which,

two commonlyusedtypesof hydrophonesin biomedicalapplicationsare needle(probe)and spot-poled

membranehydrophones[2].

A needlehydrophoneconsistsof a hollow metallic needleand a thin, usually 9-25 � m, PVDF �lm

mountedonto the tip of the needle.The �lm containselectrodesand is backed with a materialsuitable

for preventing re�ection of waves from the inner end of the �lm. To obtain good spatialresolution,the

diameterof theneedleandtheactive areaof the�lm aresmall,typically between0.3-1.5mm and0.04-1.0

mm, respectively. Advantagesandbasicconstructionsof needlehydrophonesarediscussedfurther in [3].

A spot-poledmembranehydrophoneconsistsof a PVDF �lm supportedonly at theedgesby a mounting

ring. The typical thicknessof the �lm is 9-100 � m and diametercan be as large as 100 mm. The �lm

may consistof single,or more recently, two sheetsof the PVDF and very thin (e.g 25 nm) layersof a

nonpiezo-electicmaterial(e.g.gold andchromium).Sincethemembraneis nearlyacousticallytransparent,

wavesareallowedto propagatethroughthe �lm, anda small, typically 0.2 - 1.0 mm diameter, active area

at the middle of the membraneconverts the acousticdisplacementsinto the measurableelectric signal.

Developmentandstructuresof membranehydrophonesarediscussedin detail in [4].

Otherhydrophonedesignsinclude,for example,theellipsoidalhydrophones[5] andhydrophonearrays

[6]. In theellipsoidalhydrophones,thePVDF membraneis bondedto andbackedby theendof anepoxy

ellipsoid. The front end of the device is shieldedelectrically by a thin layer of gold. A typical size of

the active elementin the ellipsoidalhydrophonesis 85-400 � m. A hydrophonearrayconsistsof a PVDF

�lm of which small diametercircular regions(a typical diameteris 0.2 mm) have electricalconnections.

Theseactive regionscan generateindividually measurablesignals.The size,shape,numberand spacing

of the active elementscanvary betweendifferentarraycon�gurations.

An assumptionin acousticmeasurementsis that the hydrophonedoesnot alter the acoustic�eld. In

practice,however, it is known that in the caseof continuouswave (CW) sources,standingwaves can

be formed betweenthe hydrophoneand surroundingstructuresand may disturb the measurements(see

[7] and [2]). Although this phenomenonhasbeenknow for a long time, little effort hasbeenmadeto

study it eitherexperimentallyor theoretically. The effect of the PVDF membranehydrophonepositioned

at differentdistancesfrom the transducersourceoperatingin CW mode,to the �eld behindthemembrane

was examinedexperimentally in [8]. The transducerwas driven at 2.0 - 2.25 MHz which resultedin
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0-10%error to the �eld behindmembrane,dependingon thehydrophone-transducerseparation.Themost

notableerror was observed when the separationwas less than 1.5 times the near-�eld distance.In [9]

re�ection of a wavepulsefrom a PVDF membranewasstudiedin two spatialdimensionsusinga nonlinear

pseudospectralmethodandsimulationresultswerecomparedwith experimentalmeasurements.

Theaim of this studywastwofold. Firstly, to computationallydeterminetheeffect of thehydrophoneon

theacoustics�eld. Fivedifferentneedlesizesandonemembranehydrophonewereusedin thesimulations.

The frequency of the wave �eld usedin this study, varied from 0.5 MHz to 5.0 MHz. In addition, the

effect of the backingmaterialwith two different needlehydrophonecon�gurationswas also compared.

Secondly, simulatedmeasurementswereusedto examinehow the re�ected wavesalter the signalof the

hydrophones.This part of the studywascarriedout for oneneedleandonemembranehydrophone.

II . COMPUTATIONAL MODEL

To model acousticinteractionof the CW acoustic�eld and a hydrophone,several assumptionshave

beenmade.Firstly, the intensityof the acoustic�eld wasassumedto be so low that nonlineareffectson

thewave �eld couldbeignored.Secondly, althoughPVDF is a solid materialandhencecapableof bearing

shearforces,it was assumedthat waves other than dilatationalonescould be ignored.This assumption

is justi�ed since,due to the geometryof our simulationarrangement,the waves hit the PVDF �lm in

an almostnormal direction leading to relatively weak modeshearcoupling. Additional approximations

associatedwith the soundsourceandhydrophonesarediscussedin SectionII-B.

A. TheHelmholtzequationand its numericalapproximation

Propagationand scatteringof linear acousticwaves in a heterogeneous�uid is characterizedby the

wave equation
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is acousticpressure,� is densityand � is the speedof sound.In the caseof continuous-waves
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is theabsorption

coef�cient.
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Numerical approximationof the Helmholtz problem in heterogeneousmedia and in general three

dimensionalgeometryis dif�cult since the computationalcomplexity increasesrapidly with the wave

number. In the standardmethods,such as the �nite difference(FD) and �nite element(FE) methods,

approximatelyten discretizationpoints per wave length are neededto obtain a tolerableaccuracy [10].

On the otherhand,the useof a time domainmethod,suchas the �nite differencetime domain(FDTD)

method,for CW problemsrequiresa large numberof time stepswhich alsoleadsto heavy computational

burden[11]. Variousimproved methodshave beenproposed,theseinclude, for example,pseudospectral

[12] andk-spacemethods[13].

Methodsthat incorporatea priori informationaboutthe solution to the approximationspace(e.g. the

partition of unity �nite element(PUFEM) [14] andthe ultra weakvariationalformulation(UWVF) [15])

areotherpromisingcandidatesfor reducingthe computationalburden(seee.g. [16] and [17]).

Thecomputationalmodelusedin this studyis basedon thenumericalsolutionof theHelmholtzproblem

(2) by the ultra weak variational formulation. For the UWVF the original inhomogeneousHelmholtz

problemis decomposedinto a �nite numberof homogeneoussubproblemswhich arecoupledwith coupled

transmissionconditions.For each subproblemthe �eld is approximatedas a weighted sum of plane

waves.In practice,to partition theproblem,themethodutilizes standard�nite elementmeshesandhence

conservesthe ability of �nite elementsto approximatecomplex threedimensionalgeometries.The mesh

size in the UWVF, however, can be signi�cantly larger than in the FE method,which reducesthe time

requiredfor meshgeneration.Thenumberof planewavesusedto approximatethe�eld in a singleelement

dependson theelementsizeandthewave numberwithin theelement.Themethodis discussedin greater

detail in the Appendix.

B. Model for the source and the hydrophone

The computationdomainusedin the simulationswasa cylinder whosesizevariedwith the frequency

usedin the simulations.In the needlehydrophonesimulations,the acoustic�eld was investigatedusing

frequenciesfrom 0.5 MHz to 5.0 MHz. This frequency spanis typical for ultrasoundtherapy [18].

Thecorrespondingradiusandlengthof thecylinder, � and � , respectively, andtheradiusof thesource

��� of the computationdomainfor different frequencies
<

are listed in Table I. The radiusof the source

for eachfrequency correspondsto 5 wavelengthsof the wave �eld in water. The sourceof this size is

assumedto be suf�cient to signi�cantly back-scatterwaveshitting to faceof the source.The sizeof the

computationdomainis limited by reasonablecomputationtime.
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[Table1 abouthere.]

The sourcewasmodeledasa circular domainat the endof the cylinder. In all simulationsthe source

wasmodelledasan uniformly oscillatingsurfaceon which the normalderivative of pressureis

�
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where
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�:9,;=<

is the angularfrequency and ��� is the normalvelocity of the surface.Dependingon the

typeof hydrophone,aneedleor amembranewasembeddedin thedomain,(Fig. 1). Thematerialproperties

usedin this study for the PVDF are �

� 9 9 � �

m/s, �

�

�

�
	

�

kg/m� and
B

�

���

�

Np/m/MHz. These

are in agreementwith the valuesobtainedin experimentalmeasurementsand usedin other theoretical

hydrophonestudies(seee.g [19] and [20]). The material surroundingthe hydrophonewas water with
�

�

���

� �

m/s, �

�

�

� � �

kg/m� and
B

� �

Np/m/MHz.

[Figure 1 abouthere.]

The needlehydrophonewas modelledas a thin cylinder with diameter 
�� . On the tip of the needle

hydrophonea9 � m thick cylindrical domainwith diameter
�� modeledthePVDF�lm. Detailedgeometry

of the tip of the needleis shown in Fig. 2.

Five different needlehydrophoneswere studied.The needleand the PVDF �lm diametersfor the

hydrophonesare shown in Table II. The dimensionsof needleand �lm of hydrophones1-4 are typical

for currently commerciallyavailable hydrophones.The dimensionsof hydrophone5, not including the

thicknessof the PVDF �lm, are 5 times of thosefor hydrophone1. Thesetwo hydrophoneswere used

to study the scalabilityof �eld anomalieswith ratio of the wavelengthandneedlediameter.

[Table2 abouthere.]

[Figure 2 abouthere.]

The needle,not including the PVDF �lm, wasassumedto be perfectly rigid. Hence,on the surfaceof

the needlethe normalderivative of the pressureis zero, i.e.

�

"

�

� �����

(4)

The assumptionaboutthe perfectly rigid needleis valid sincethe surfaceof the needleis usuallymade

of steelor brass,which have at least20 timeshigheracousticimpedancesthanwater.

The backingmaterialbehindthe PVDF �lm wasin mostcasesassumedto be absorbing.An absorbing
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boundarycondition for the inner surfaceof the �lm canbe written as
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The absorbingbackingmaterialcanbe consideredan ideal case.In practice,part of the wave is re�ected

from theinterfacebetweenthe�lm andthebacking.However, thebackingmaterialsvarybetweendifferent

hydrophonecon�gurations.

To evaluate the effect of backing material on the �eld re�ected by the hydrophone,the boundary

condition (4) behind the �lm was also considered.This correspondsto the casein which the �lm is

mountedon the surfaceof a materialwith signi�cantly higheracousticimpedance(e.g.steelor copper).

Comparedto absorbingbacking,this con�guration providesanotherendof thescalefor backingmaterials

sincethewave is completelyre�ected from the innerendof the �lm. Hence,mostbackingmaterialsused

in hydrophoneslie somewherebetweenthe absorbingandthe perfectlyrigid assumptions,allowing us to

characterizethe scaleof re�ections from the �lm amongmany possiblebackingcon�gurations.

Although in this study the impenetrableneedlesurface (4) was assumedand the �eld inside the

backingmaterialwasignored,it is possible,in practice,that elasticwavescanbe generatedin the needle

hydrophone.For example, it was shown in [21] that surface elastic waves can be inducedon a brass

backing behind a PVDF �lm. However, the piece of brassusedin that study was signi�cantly larger

( 
 �

�

�

�

mm) than the needlesin the presentstudy. On the other hand,the resultsin [21] suggested

that the leaky waves,originating from the surfacewaves,hadonly a minor effect comparedto re�ected

anddiffractedwaves.

The membranehydrophonewas modelledas a single homogeneous25 � m thick layer of PVDF. To

simplify the simulations(and to enablethe generationof the tetrahedralmesh),the nonpiezo-material

layerswere not included in the model. The simulationsfor the membranehydrophonewere computed

for the frequenciesof 1.0 MHz and2.0 MHz. The geometricparametersfor the meshat 1.0 MHz were

�

�

�

9 �

� mm, �

�

�

���*�

mm and � �

�

�

�

� mm. In the caseof 2.0 MHz source,they were �

�

�

�*9

�

mm, �

� 9 � � �

mm and � �

�

�

�

�

� mm. Frequenciesaround1.0 MHz are of particular interestin the

ultrasoundtherapy of brain [22]. Thereforeit is vital to understandpossiblemeasurementerrorsfor this

frequency. On the other hand,in [8], experimentalmeasurementsusing 2.0 MHz sourceswere doneto

studyerrorsassociatedto membranehydrophonemeasurementsof CW �elds. To enablecomparisonwith

those,the simulationswith 2.0 MHz are also computed.As in the caseof the needlehydrophones,the

sizeof the computationdomainis limited by reasonablecomputationtime.

To evaluatethe signalproducedby the hydrophone,an active region with a diameterof 0.50 mm was
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de�ned on the surfaceof the membrane.The signal was obtainedby integrating the pressure�eld over

this active area.Theelectricsignalgeneratedby a hydrophoneis proportionalto the pressureon the front

faceof the membrane[20].

The simulatedhydrophonemeasurementfor both needleand membranehydrophonewas carriedout

in three steps.First, a computationmeshwith the hydrophoneat the desiredlocation was generated.

Second,the UWVF approximationof the �eld was computed.And third, the signal for the hydrophone

wasobtainedby integratingthe UWVF approximationover the front faceof the PVDF �lm.

To decreasespuriousnumericalre�ectionsfrom theexteriorboundary, theabsorbingboundarycondition

(5) wasusedonthosepartsof theexteriorboundarywhichwerenotmodelledasthesourceor rigid surface.

Computationmeshesfor the problem were generatedwith the meshgeneratorof the FEMLAB2.2

(COMSOL, Inc. Burlington, MA) �nite elementpackage.Typical meshesused in the simulationsare

shown in Fig. 3. Dependingon the simulation,the numberof elementsin the meshwasbetween35 000

and80 000. Due to the requirementof detailedgeometryof the hydrophones,the elementsizewithin a

meshvariedconsiderably. Consequently, thenumberof basisfunctionsfor a singleelementin theUWVF

schemevariedbetween1 and130.

[Figure 3 abouthere.]

I I I . RESULTS

A. Needlehydrophones

1) Distortion in the �eld: The effect of the needlehydrophoneon the �eld undermeasurementwas

studiedby comparingsimulatedpressure�elds in theabsenceandpresenceof thehydrophone.Theoverall

�elds (i.e the �elds with and without a hydrophone)are normalizedto the maximumvalue of the �eld

without a hydrophonein the region shown. In the resultssection,the �elds with andwithout hydrophone

arereferredto as
"

and
"��

, respectively. To studythe distortioncausedby the hydrophone,the difference

�eld
"��

�

"

is alsopresented.To show whatportionof theincident�eld re�ects from thetip, thedifference

�eld
"��

�

"

wasnormalizedto the amplitudeof the incident �eld at the locationof the tip.

The �eld scatteredby a needlehydrophonewas studiedas a function of distancefrom the tip of the

needleto the source
�

. Pressureamplitudedistributions are shown for hydrophone4 with 
 �

�

�

�

� �

mm andthe frequency
< ��� �

� MHz in Fig. 4. The distance
�

variedfrom 10 to 30 mm. Corresponding

difference�elds alongthe acousticaxis of the sourcearepresentedin Fig. 5.

[Figure 4 abouthere.]
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A notablepatternof standingwavescanbe seenin all threecases,althoughthe amplitudeof the waves

diminisheswith the increasingdistancebetweenthe hydrophone's effective elementand the surfaceof

the radiatingsource.

[Figure 5 abouthere.]

The effect of needlediameteron the �eld distortion for �x ed frequency
<:�

�

�*�

MHz and needle

distance
�

�

�

�

mm were studiedas a function of the hydrophonesize. The pressureamplitude�elds

in Fig. 6 show that only the thickest hydrophonecausessigni�cant distortion. It is noteworthy that the

diameterof the hydrophone4 ( 
��

�

�

�

� �

mm) was almostequal to the wavelength( �

�

�

�

� mm) of

the �eld. The plot along the acousticaxis in Fig. 7 con�rms that the two thinnestneedleshave only a

negligible effect on the �eld betweenthe needleand the source.

[Figure 6 abouthere.]

[Figure 7 abouthere.]

The pressureamplitude�elds for hydrophone3 with 
 �

�:� �

�

�

mm at a distanceof
�

�

�

�

mm for

different frequenciesareshown in Fig. 8. Note the increasein the amplitudeof the difference�eld with

frequency betweenthe sourceand the needle.The difference�elds on the acousticaxis arepresentedin

Fig. 9.

[Figure 8 abouthere.]

[Figure 9 abouthere.]

2) Effect of the backing material: Two hydrophonecon�gurations with absorbingand rigid backing

materialswere comparedin Fig. 10. The pressure�elds are computedfor the frequency
< �

�

� �

MHz

andhydrophone4. The distancebetweenthe tip of the needleandthe sourcewas
�

� 9 �

mm.

[Figure 10 abouthere.]

[Figure 11 abouthere.]

3) Simulatedhydrophonemeasurement: The measurementfor hydrophone4 ( 
 �

�

�

�

� �

mm) and

the frequency
< �:� �

� MHz wassimulated.The hydrophonewasscannedalong the acousticaxis of the

source.

A comparisonbetweena simulatedmeasurementswith anidealhydrophoneandwith a realhydrophone

areshown in Fig. 12. The ideal hydrophonemeasurementshows the pointwisevalueof the pressure�eld

8



without a hydrophone.The �elds arenormedthe meanpressureamplitudein the shown axis.

[Figure 12 abouthere.]

4) Scalabilityof the simulatedanomaliesfor higher frequencies:The difference�elds
" �

�

"

for the

frequencies1.0 MHz and5.0 MHz areshown in Fig. 13. In the caseof
< �

�

�*�

MHz �eld, hydrophone5

( 
 �

�

�

�

� mm, 
 �

� � �*9

mm) locatedat thedistance
�

�:9

� mm. Thesecondsimulationwascomputed

at the frequency
< �

�

� �

MHz with hydrophone1 ( 
 �

� � �

�

mm, 
 �

��� � �

�

) mm) at thedistance
�

�

�

mm. In both simulationsall dimensions,not including the thicknessof the PVDF �lm (9� m), wereequal

with respectto the wavelengthof the �eld. The wavelengthswere �

�

�

�

� mm and �

� � �

�

mm for 1.0

MHz and5.0 MHz, respectively. The relative differenceof thesetwo �elds was2.0 %.

[Figure 13 abouthere.]

B. Membranehydrophone

1) Distortion in the �eld: The membranehydrophonesimulationsin this study were limited to fre-

quencies
< �

�

�*�

MHz and
< � 9��*�

MHz. Similarly to the needlehydrophonestudies,all resultsshown

are normalized,however, now with the maximumamplitudein water in the absenceof the membrane.

The effect of the membraneat a distance
�

�:9 �

mm from the 1.0 MHz sourceis shown in Fig. 14. An

observable standingwave �eld is generatedbetweenthe sourceand the membrane.This can beenseen

moreclearly from the plot alongthe acousticaxis of the source(Fig. 15).

[Figure 14 abouthere.]

[Figure 15 abouthere.]

A similar periodicanomalyis shown in the2.0MHz �eld (Figs.16 and17).Themembranewaslocated

at the distanceof
�

�

�

�

mm.

[Figure 16 abouthere.]

[Figure 17 abouthere.]

2) Simulatedhydrophonemeasurement: To evaluatehow re�ections from the membranedistort the

signalof thehydrophone,themeasurementof themembranehydrophonewassimulatedfor thefrequencies

< �

�

� �

MHz and
< � 9��*�

MHz. The 1.0 MHz �eld was measuredon the acousticaxis of the source

from distancesof 10 - 20 mm with 0.25mm spacing.The simulationprocedurewassimilar to that used

for the needlehydrophoneand the resultsareshown in Fig. 18.
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The averagedsimulatedmeasurementis comparedwith the the �eld without the membranein Fig. 19.

The �eld at eachpoint wasaveragedwith two adjacentpoints.

[Figure 18 abouthere.]

[Figure 19 abouthere.]

Finally, the simulatedmembranehydrophonescanalongthe acousticaxis of the 2.0 MHz sourcefrom

10.0 to 15.0mm with 0.1 mm spacingis shown in Fig. 20. Furthermore,Fig. 21 shows the relative error

in the pressureamplitudeat the point 18 mm from the transduceras a function of the location of the

scanningmembranehydrophone.The distancefrom the transducerto the hydrophoneis divided by the

near-�eld distance18.56mm. Therelative error in thepressureamplitudeis shown comparedto thevalue

of the �eld at the samepoint without thehydrophone.Theerror is shown alsoin comparisonto themean

value of the �eld at different transducer-hydrophoneseparations.The measurederror presentedin the

same�gure is extractedfrom Figure12 of [8].

[Figure 20 abouthere.]

[Figure 21 abouthere.]

IV. DISCUSSION

In this studythe three-dimensionalultra weakvariationalformulation(UWVF) wasusedfor analyzing

distortionsin continuous-wave �elds causedby needle-andmembranehydrophones.Furthermore,simu-

latedmeasurementsfor the hydrophoneswerecomputed.The frequency spanof the simulationswas0.5

- 5.0 MHz which is typical for the ultrasoundtherapy. In many therapeuticapplicationsof ultrasound

continuous-waves are usedand thereforeit is essentialto understandpossibleanomaliesrelatedto the

pressure�eld measurements.

In addition to the modellingapproximations,the numericalprocedureusedin this studyhastwo main

sourcesof error. First, by limiting the studyto the relatively small computationdomainandby usingthe

approximateabsorbingboundarycondition (5) on the exterior boundaryof the domain,minor spurious

numerical re�ections of the waves are generatedfrom the boundaryinto the cylinder. The re�ections

originatemainly from the incident �eld of the source.Therefore,they areeliminatedfrom the difference

�eld
"��

�

"

, Second,as all numericalmethodsfor the Helmholtz equation,the UWVF has a limited

numericalaccuracy which for problemsstudiedhere,meansanerrorof theorder0.1-1.0%. This estimate

of theaccuracy wasobtainedby comparingtwo solutionsfor thesamegeometryandfrequency, computed
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in differentmeshes.In both cases,the methodfor choosingthe numberof basisfunctionswas the same

asdescribedin theAppendix.Computationtime for thea singlewave �eld in this studyvariedfrom 1500

to 3000seconds.

For needlehydrophones,the major distortion in continuous-wave measurementsis most likely due to

the back-scatteredwavesfrom the tip of the hydrophone.Someof thesewavesinterferewith the incident

�eld. Standingwavepatternsareformedbetweentheneedleandthesourceelement(or astructurebetween

the needleandthe source).Obviously, the amplitudeof the �eld re�ected from the tip of the hydrophone

is proportionalto the amplitudeof the incident �eld at the measurementpoint (i.e. at the locationof the

tip).

The distortion as a function of the frequency was investigated(Fig. 8). For the highest frequency

(
< ��9�� �

MHz), the tip of the needlewas locatedneara local near-�eld minimum. In comparisonto the

maximumamplitudeof the �eld, this resultedin a relatively weak re�ected wave. Sincethe difference

�elds werenormedwith the valueof the incident �eld at the tip, due to limited accuracy of the UWVF

approximation,the weakdifference�eld is shown assomewhat noisy.

The resultsfor the needlehydrophonessuggestedthat scatteringfrom the tip of the needlebecame

observablewhenthediameterof theneedlewasover half of thewavelength.Althougha notablestanding

wave �eld was observed for the frequency
< �7� �

� MHz and hydrophone4 at the distance
�

�

�

�

mm

in Fig. 4, the simulatedmeasurementwith the samehydrophonein Fig. 12 closely follows the pro�le of

the �eld at the acousticaxis. Therefore,for the needlehydrophonesit is not evident that the difference

in the �eld and the measurementwasonly due to standingwavesbetweenthe needleand the source,in

particular, since the discrepancy did not have the sameclear periodic structureas was observed in the

simulatedmeasurementfor the membranehydrophone.Otherpossiblesourcesof error in measurements

include,for example,thediffractioneffectsthatarestudiedin detail in [23]. Thediffractioneffectsemerge

sincethe hydrophonewith the �nite sizeactive �lm is usedto measurethe “point” valueof the acoustic

�eld.

To studythe effect of thebackingmaterialbehindthe PVDF �lm on the �eld anomalies,a comparison

betweenrigid andabsorbingbackingmaterialswassimulated(Fig.11).It wasobservedthat theamplitude

of thestandingwave patternwith therigid backingwasabout50 percenthigherthanthatof theabsorbing

material.

Althoughthemainpartof theneedlehydrophonesimulationswascomputedfor thefrequencies0.5- 2.0

MHz, scalabilityof the resultsfor higherfrequencieswasalsoinvestigated.Simulationswith frequencies

11



1.0 MHz and 5.0 MHz showed that anomaliesin the �eld are scalablewith respectto the ratio of the

wavelengthand the needle(andPVDF �lm) diameter. In very high frequencies,however, the scalability

canbe expectedto fail dueto the thicknessresonantfrequenciesof the �lm.

In the casemembranehydrophones,both the �eld betweenthe transducerand the membrane;and

the simulatedsignal of the hydrophonerevealeda half wavelengthperiodic distortion in comparisonto

the �eld without the membrane.The relative amplitudeof the disturbancewas about20%. For the 2.0

MHz transducer, the �eld at a �x ed distancefrom the sourcebehind the membranehydrophonewas

simulated.This caseimitatesthe experimentalmeasurementsperformedin [8]. The relative error of the

�eld in simulationswas 0-30 % when comparedwith the pressureamplitudeat the samespot without

the hydrophone.The error in comparisonto the meanvalue of the �eld at the samepoint at different

transducer-hydrophoneseparationswas0-20%. In [8], under10%errorswereobservedby usinga second

membranehydrophoneat a �x ed distancefrom the transducer. Hence,the model seemsto predict the

magnitudeof the error reasonablywell althoughthe simulatederrors were slightly over estimatedin

comparisonto the experimentalmeasurements.

The differencebetweenthe simulationsand experimentalmeasurementshas several possiblereason.

For example,the modelusedin this studydid not includethe changesin the outputof the sourcedueto

the standingwaves[24]. And the secondmembraneusedto measureerrorsin [8], interactsalsowith the

wave �eld andthereforemay causeadditionalanomalies.

As discussedin [7], a slight rotation of the hydrophonecan eliminate the standingwaves, causing

nonoverlappingre�ected and main beams.Alternatively, in this study, an averagingtechniquewas used

to reducethe amplitudeof thedistortion.To do this, the �eld at a givenmeasurementpoint wasaveraged

with two adjacentpoints. As shown in Figs. 18 and 19 the bene�t of the averagingis evident, but one

mustbearin mind that the proceduremay also loseother �ne structuresfrom the �eld.

The simulationswerecomputedonly for a planarcircular source.Sincethe amplitudeof the scattering

from the hydrophoneis proportionalto the amplitudeof the �eld at locationof hydrophone,it is obvious

thatstrongdistortionmayresultin, whenfocusedCW �elds aremeasurednearthe focal spot.In addition,

this study was limited only region near the hydrophone(i.e only part of the needleor membranewas

considered)which naturallyeliminatespossiblestandingwavesfrom surroundingstructures(e.g.from the

walls of the measurementtank andholderof the hydrophone).

The study was limited only a relatively small numberof hydrophonesand a simpli�ed hydrophone

model was used.An improved model could include the elastic propertiesof the hydrophones,multi-

12



layeredstructuresandelectriccharacteristicof the PDVF �lm. Thesehave beenusedin onedimensional

modelling of the membranehydrophones[20]. Alternatively, an aim of this study was to include more

detailedcharacterizationof the incident �elds and hydrophonegeometries.To limit the extend of the

study, thesimulationswerecomputedonly for theneedleandmembranehydrophones.However, a similar

simulationsshouldbe possiblealso for the ellipsoidalor arrayhydrophones.
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APPENDIX

The ultra weakvariationalformulation (UWVF)

For the UWVF the computationaldomain � is partitionedinto a �nite numberof subdomains��� ,

�������	� (standardtetrahedral�nite elementmeshesare usedin this study, seeFig. 3). Let us denote

by �

� theoutwardunit normalfor the � ' th element.Theboundarybetweenelements��� and ��
 is denoted

by �
��� 
 . Furthermore,if the element ��� is on the boundaryof domain � , the coinciding boundaryis

denotedby
�

�����

�

�

���

� .

Assumingthat thematerialparameters� and � areapproximatedwith piecewiseconstantfunctions,the

Helmholtzproblem(2) canbe decomposedfor all ��������� as

�

"

�

4

6

�

�

"

�

���

in ��� (6)

where
"

�

� "
� ���

. The subproblems(6) areconnectedacrossthe elementinterfaces����� 
 with the coupled

boundarycondition

�
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�
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�

�

�

�

�
@��
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�
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(7)

Physically it can be consideredas a coupled form of the transmissionconditions which characterize

the continuity of the pressureand the normal particle velocity acrossthe interface [25]. The coupling

parameter
�

is obtainedas the meanvalueof Re
�

6

 

>

� over the interface

�

�

�

9

� Re
�
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On the exterior boundaries
�

� the boundarycondition is given in the form

�
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(9)
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where
"��

�

,
� " �

� � , and the couplingparameter
���

�

� �

�

�

. The sourceterm is denotedby
%

.

The type of boundarycondition on the exterior boundaryfor the problem can be adjustedwith the

parameters
"

,
�

and
%

. The implementationsof the exterior boundaryconditions(3), (4) and (5) in the

UWVF schemearesummarizedin TableIII. A requestedboundaryconditionis obtainedby choosingthe

listed parametersfor Equation(9).

[Table3 abouthere.]

Now de�ne the function
<

�

< ��� �����:<

� on the elementboundariesas follows
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In [15] CessenatandDespresshow that
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for all test functions
�

� which are the solutionsof the adjoint Helmholtzequation

�

�

�

4

6

�

�

�

�

���

in ���

�

(13)

wherethe overbardenotescomplex conjugation.

A discreteform of theUWVF (10) is obtainedby approximatingthe function
<

� on a planewave basis

as follows
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Thedirections
�

���

� arechosenaccordingto optimizedsphericalcoveringfor a unit sphere[26]. In addition,

set
�

�

�

�

���

�

��+

�

�

�

� � �

�
,

� . This leadsto the matrix equation[15]
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from which the unknowns
1
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�

canbe computed.As proposedin [16], the

matrix equation(16) is solved with the iterative stabilizedbi-conjugategradientsolver [27].

The matrices 
 and / are sparseblock matrices.In particular, the matrix 
 is a Hermitian block

diagonalmatrix consistingof the � blocks 
��

�

�

�

���

�

� . It is shown [16] that the conditionnumberof

the blocks 
 � canbe usedto predicta stablenumberof basisfunctions
,

� for eachelement.Using the

dynamicalprocedurefor choosing
,

� , the maximumallowed condition numberin this study was set to

�

�

�

�

�

. However, if this did not result in convergentbi-conjugategradientiteration,the conditionnumber

was loweredto �

�

�

�

�

.

From Equations(10) and (14) it can be seenthat the pressureon the elementboundariescan be

approximatedas

" � �

�

�

�

�

���

<

� �

�

�

���

� on
�

���

�

(17)

If 6 �

�

�

theequations(6) and(13) areequalandtheapproximation(17) is alsovalid within theelement

��� . Insidetheelementsin which 6!�

�

�

�

this approximationis usable,at leastif thesizeof theelementis

relatively small. In theproblemat hand,elementswith complex wave numberswerelocatedin thePVDF

�lm causingthemto be extremelysmall.

The parallel UWVF solver was coded with Fortran90 using MPI (MessagePassingInterface) for

parallelization.The resultswerecomputedin a Beowulf PC clusterconsistingof 12 1.8 MHz Pentium4

processorswith 1 GB RAM for eachprocessor.
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Fig. 1. Geometriesof theneedlehydrophone(left) andmembranehydrophone(right) simulations.In thesimulationsthematerialsurrounding
hydrophonesis water.
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Fig. 2. Detailedgeometryof the tip of the needlehydrophone.
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Fig. 3. Cross-sectionsof typical meshesusedin needlehydrophone(left) andmembranehydrophone(right) simulations.To ensuremaximal
accuracy of the UWVF approximationbetweenthe needleand the source,relatively small tetrahedraareusedin the meshbetweenthe tip
of the needleand the transducer.
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to the scattered�eld. The frequency is 
 � � � � MHz and distancefrom the sourceto the tip
of the needle � � � � mm. Left column shows the �eld with the hydrophoneand right column presentsthe differencewith the without
hydrophonecase.

24



0 5 10 15
0

0.2

0.4

y (mm)
N

or
m

al
iz

ed
 a

m
pl

itu
de

 D
N

 = 0.30 mm
 D

N
  = 0.46 mm

 D
N

 = 1.47 mm

Fig. 7. The difference�elds � � � � � � along the acousticaxis of the sourcefor differentneedlesizes( 
 � ��� � MHz, � � � � mm).

25



y (mm)

x 
(m

m
)

 f = 0.5 MHz,  | p
w

 |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

 f = 0.5 MHz,  | p |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

 f = 0.5 MHz,  | p
w

 - p |

5 10 15 20

-5

0

5

0

0.05

0.1

0.15

0.2

y (mm)

x 
(m

m
)

 f = 1.0 MHz,  | p
w

 |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

 f = 1.0 MHz,  | p |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

 f = 1.0 MHz,  | p
w

 - p |

5 10 15 20

-5

0

5

0

0.05

0.1

0.15

0.2

y (mm)

x 
(m

m
)

 f = 1.5 MHz,  | p
w

 |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

 f = 1.5 MHz,  | p |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

 f = 1.5 MHz,  | p
w

 - p |

5 10 15 20

-5

0

5

0

0.05

0.1

0.15

0.2

y (mm)

x 
(m

m
)

 f = 2.0 MHz,  | p
w

 |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

 f = 2.0 MHZ,  | p |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

 f = 2.0 MHz,  | p
w

 - p |

5 10 15 20

-5

0

5

0

0.05

0.1

0.15

0.2

Fig. 8. Effect of frequency to scatteringfrom the needlehydrophone3 with ��� � ��� 	

�

mm. The distancebetweenthe sourceandthe tip
of the needleis � � � � mm.

26



0 5 10 15
0

0.1

0.2

y (mm)
N

or
m

al
iz

ed
 a

m
pl

itu
de

 f = 0.5 MHz
 f  = 1.0 MHz
 f = 1.5 MHz
 f = 2.0 MHz

Fig. 9. The difference�elds � � � � ��� on the acousticaxis of the sourcefor frequencies
 � � � � , 1.0, 1.5 and2.0 MHz. The distancefrom
sourceto hydrophoneis � � � � mm.

27



y (mm)

x 
(m

m
)

Absorbing backing, | p |

5 10 15 20 25 30

-10

-5

0

5

10

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

Absorbing backing, | p
w

 - p |

5 10 15 20 25 30

-10

-5

0

5

10

0

0.05

0.1

0.15

0.2

0.25

y (mm)

x 
(m

m
)

Rigid backing, | p |

5 10 15 20 25 30

-10

-5

0

5

10

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

Rigid backing, | p
w

 - p |

5 10 15 20 25 30

-10

-5

0

5

10

0

0.05

0.1

0.15

0.2

0.25

Fig. 10. The differencebetweenabsorbing(top row) and rigid backing(bottomrow) materials.Figuresarecomputedfor the hydrophone
4 with � � � � � 	�
 mm. with distance� ��� � mm andfrequency 
 � ��� � MHz

28



0 5 10 15 20 25
0

0.2

0.4

y (mm)
N

or
m

al
iz

ed
 a

m
pl

itu
de

Absorbing backing
Rigid backing

Fig. 11. Difference�elds � � � � ��� on the acousticaxis for absorbingand rigid backingmaterials( 
 � ��� � MHz, ��� � � � 	�
 mm and
� � � � mm).

29



0 5 10 15
0

0.5

1

1.5

2

N
or

m
al

iz
ed

 a
m

pl
itu

de
y (mm)

Real needle hydrophone
Ideal needle hydrophone

0 5 10 15
-4

-2

0

2

4

P
ha

se
 (

R
ad

)

y (mm)

Fig. 12. Comparisonof the ideal and real simulatedneedlehydrophonemeasurementson the acousticaxis of the circular sourcewith

 � � � � MHz. The diameterof the needlehydrophoneis �

�
� � � 	 
 mm.

30



0

0.1

0.2

y (wavelengths)

x 
(w

av
el

en
gt

hs
)

 f = 1.0 MHz,  | p
w

 - p |

5 10 15 20 25

-5

0

5

0

0.1

0.2

y (wavelengths)

x 
(w

av
el

en
gt

hs
)

 f = 5.0 MHz,  | p
w

 - p |

5 10 15 20 25

-5

0

5

Fig. 13. Thedifference�elds for frequencies
 � � � � MHz (left) and 
 � � � � MHz (right). The1.0MHz �eld is computedwith hydrophone
5 ( � � � ��� � mm, �

�

� � � � mm) at thedistance� � ��� mm. In thecaseof the5.0 MHz �eld, hydrophone1 ( ��� � � �

�

mm, �

�

� � � � 	

mm) locatedat the distance� � � mm.

31



0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

Without membrane, | p
w

 |

5 10 15 20 25 30

-10

-5

0

5

10

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

With membrane, | p |

5 10 15 20 25 30

-10

-5

0

5

10

0

0.1

0.2

y (mm)

x 
(m

m
)

Difference, | p
w

 - p |

5 10 15 20 25 30

-10

-5

0

5

10

Fig. 14. The effect of the membranehydrophoneto the pressureamplitudedistribution. The distancefrom sourceto membraneis � � � �

mm andfrequency is 
 � ��� � MHz.

32



0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

y (mm)
N

or
m

al
iz

ed
 a

m
pl

itu
de

Without membrane
With memebrane

0 5 10 15 20 25 30
-4

-2

0

2

4

y (mm)

P
ha

se
 (

R
ad

)

Fig. 15. Comparisonof the �elds with andwithout membranefor the frequency 
 � ��� � MHz. The membraneis at plane � � � � mm.

33



0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

Without membrane, | p
w

 |

5 10 15 20

-5

0

5

0

0.2

0.4

0.6

0.8

1

y (mm)

x 
(m

m
)

With membrane, | p |

5 10 15 20

-5

0

5

0

0.05

0.1

0.15

0.2

0.25

0.3

y (mm)

x 
(m

m
)

Difference, | p
w

 - p |

5 10 15 20

-5

0

5

Fig. 16. The effect of the membranehydrophoneto the pressureamplitudedistribution. The distancefrom sourceto membraneis � � � �

mm andfrequency is 
 � ��� � MHz.

34



0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

y (mm)
N

or
m

al
iz

ed
 a

m
pl

itu
de

Without membrane
With memebrane

0 5 10 15 20
-4

-2

0

2

4

y (mm)

P
ha

se
 (

R
ad

)

Fig. 17. Comparisonof the �elds with andwithout membranefor the frequency 
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Fig. 18. Comparisonof the measurementswith an ideal hydrophoneand real membranehydrophoneon the acousticaxis of the circular
source.The frequency is 
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Fig. 19. By averagingthe �eld at a given point with two adjacentpoints the anomaliescanbe diminished.
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TABLE I

GEOMETRIC PARAMETERS OF THE COMPUTATION DOMAIN FOR NEEDLE HYDROPHONE SIMULATIONS.


 (MHz) � (mm) � (mm) ��� (mm)
0.50 25.00 65.00 15.00
1.00 12.50 40.00 7.50
1.50 8.33 30.00 5.00
2.00 6.25 24.00 3.75
5.00 2.50 8.00 1.50
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TABLE II

NEEDLE HYDROPHONES USED IN SIMULATIONS.

Hydrophone �
� (mm) �

� (mm)
1 0.30 0.040
2 0.30 0.075
3 0.46 0.20
4 1.47 1.00
5 1.50 0.20
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TABLE III

BOUNDARY PARAMETERS IN THE UWVF SCHEME

Boundarycondition,Eq. � � �

Source,(3) 1 Re(����� ) � ���
	���


Rigid, (4) 1 Re(����� ) 0
Absorbing,(5) 0 Re(����� ) 0
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