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Abstract

Crosstalk is considered as an undesirable phenameligiurbing the electromechanical
behavior of the ultrasonic transducer arrays usemtedical imaging applications. Indeed, when one
element of a transducer array is excited, it ggasrparasitic voltages and/or displacement fields o
the adjacent passive elements. Consequently, thiesactions between elements decrease the array’s
electroacoustic performance, which affects theinbthimage quality. To overcome the crosstalk’s
problem, several research works propose activeediation techniques. In this case, the correction
voltages are determined by considering the arral@ments grounded, contrary to the conventional
crosstalk’s definition which considers the arragneénts in Open-Circuit. The novelty of this payser i
in one hand the study of the electrical limit cdindis’ effects on the physical behavior of a
piezoelectric transducer array radiating in a floiddium (water). On the other hand, a displacement
method is proposed to evaluate the crosstalk lexedn the array elements are grounded. The
limitations of the proposed method are also dissdis§or this purpose, a piezoelectric transducer
array is firstly modeled using a Two-dimensionahiteéi Elements Method (FEM), when the array
elements are not grounded (open-circuit). Thenyréisalts are compared to those obtained when the

neighboring elements are grounded (as in the chteeccrosstalk’s active cancellation techniques).
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Finally, measurements are realized on a fabricatsducer array vibrating in air medium and are

successfully compared to the results predictecdgusEM.

Keywords—Piezoelectric transducer arrays, displaestnmeasurement, electrical limit conditions.

1. Introduction

Ultrasonic transducers and transducer arrays arallysutilized in medical diagnostics
and therapeutic applications [1-5]. The major adfbyecof ongoing and future research in this
area is to optimize the electroacoustic performarfidbese transducers, to obtain a high image
resolution for more reliable and safe diagnostias. this purpose, several works investigate
the crosstalk phenomenon, which decreases therpenfice of the ultrasonic transducer arrays
[6-14]. Indeed, when one element of a transducayas driven, it generates parasitic voltages
and/or displacement fields on the passive neighgalements, which affects the performance
of these devices. It is mainly responsible for aalmus behavior in the directivity of the
ultrasonic transducer arrays, i.e. in presenceagstalk, the main lobe is not obtained in the
axial direction of the transducer array and sevenalesirable side lobes can be observed [15-
16]. The crosstalk level in the ultrasonic transduarrays is generally evaluated as the ratio
between the parasitic voltages obtained on theiygasseighboring elements and the
excitation’s amplitude applied to the active eletrj@éd, 14]. In this definition, one element of
the studied transducer array is electrically drjvevhile its neighboring elements are

considered electrically in Open-Circuit (not groadil

In literature research works devoted to the minatian of crosstalk can be divided into
three approaches. The first one investigates tmribation of the passive elements, i.e.
filling material, matching layers, and backing, ttte mechanical crosstalk [17-21]. The
second approach consists of developing a systemmatbod for the active cancellation of
crosstalk. The last method concerns specific treats realized on the excitation and
reception signals to reduce crosstalk [22-23]. &tieve cancellation of crosstalk is based on
the application of adequate voltages to the elesnadjacent to the excited one, to minimize
the parasitic signals (crosstalk). The requiredtagds can be determined using different
methods. Cugnet et al. [24] proposed a numericghnigue to calculate them from the
average normal displacement computed at the sudhtke array elements. In the same
manner, Bybi et al. [16] determined the correctimitages from punctual displacement

measurements realized using a Laser Vibrometeru Ztoal. [25-26] developed another
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method using the transfer function matrix relatimgut voltagesvi to output pressurdai. In

this case, the measurement of the elements trafusfetion is realized using a hydrophone.
Finally, Bybi et al. [7, 27] proposed another simplectrical method to cancel crosstalk in
acoustical arrays, using the analogy between thgonad current and normal displacement.
In this situation, the determination of the cori@ttvoltages requires average measurements,

i.e. impedance and current measurements, insteaghetual displacement measurements.

In all active crosstalk cancellation techniquese thetermination of the correction
voltages considers the neighboring elements etediyi in Short-Circuit, i.e. the passive
neighboring elements are connected to the groumdtrary to the conventional definition
(neighboring elements are not grounded). The majective of this paper is to study the
effects of the electrical limit conditions (neighilmg elements grounded or not grounded) on
the electromechanical behavior of the piezoeledidmsducer arrays utilized in medical
imaging. An alternative solution to the conventiocrasstalk’s evaluation method, i.e. based
on the ratio between the parasitic voltages medsore each passive element and the
excitation voltage, is also proposed and testednvthe array elements are grounded. It is
expected that this study will be helpful in ternicimsstalk definition and accurate evaluation

and suppression.

The first part of this paper is devoted to the dption of a conventional piezoelectric
transducer array and the presentation of the expetal setup utlized to evaluate the
crosstalk level. In the second part, a transducay @omposed of seven piezoelectric elements
made of PZ 27 ceramic is modeled using a two-dimneasfinite element method. In the last
section, a prototype is fabricated and the experiadaesults, i.e. electrical impedance and
displacement curves are compared to the numened (FEM). Finally, the crosstalk level is
evaluated experimentally considering both eledtriirait conditions: neighboring elements

ground and not grounded.

2. Piezoelectric transducer arraysfor medical imaging applications

2.1 Structuredescription

Transducer arrays utilized in medical imaging andTNapplications are generally
composed of an even number of piezoelectric elesrtamting a thicknesk a widthW, and a
length L, spaced by a distanad and aligned as illustrated in Fig. 1. The elemeaarts
polarized in the thickness directiog-direction) and are bonded to each other by a non-
conductive resin. The transducer array elements’ adso equipped with front and back
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matching layers, to minimize the mismatching problevhich creates a prolonged ringing
after pulse excitation. Generally, the acoustic edgnce of a conventional transducer is
matched to that of the propagation medium (tissnawedical applications) by one or two
matching layers on its front face and a thick bagKkayer on its back face. In our study, the
manufactured array is only composed of piezoelealments bonded to each other by a
non-conductive acrylic resin, PLEXCIL (ESCIL). Timeatching layers are not taken into
account to facilitate the fabrication of the prgpm. This kind of transducer arrays is utilized
to understand the crosstalk phenomenon and to dhuelyeffects of the electrical limit
conditions on the array’'s electromechanical behavithis also allowed as testing our

crosstalk correction methods easily [16, 27].

Matching layer Filling material

\ Piezoceramic

Backing

Figure 1: Schematic description of a conventional piezoeledtansducer array.

.........

Ceramic

Figure 2: Seven-element transducer array.

To get a full symmetry of the transducer array emgimplify calculations and analysis,
an odd number of transducers is assumed. As showiigi 2, the fabricated prototype is
composed of seven piezoelectric elements made @7 H£rroperm ceramic, having the
following dimensions:T = 3.3 mm,W = 0.7 mm,L = 37 mm andd = 1.2 mm. The

piezoelectric material (PZ27) properties are listedable I.
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pPa" | pPa" | pPa pPa" | pC/N | pC/N | pCIN | &, | g, |kg/m®

17 | -6.71 | -853| 23 | 43.47|47.42| 500 | -170 | 425 | 1130|914 7700

Tablel: Physical properties of PZ27 ceramic.
2.2 Crosstalk measurements

Crosstalk measurements are performed on the studiedducer array using two
methods as shown in Fig 3 and Fig. 4. In the feshnique (Fig. 3), the central element "0" is
excited using Agilent 33250A Low Frequency Genardtivering an electrical sine signéJ.
The neighboring elements "1, "-1", "2", "-2", "&hd "-3" are connected individually to a
digital oscilloscope, displaying the parasitic g generated on each eleméfiti(= 1,-1, 2,-

2, 3, and -3). In the literature [11, 14] the ctabislevel C (dB) is evaluated from the

measurements using the relation (1):
Y/
C(dB)=20 LogvI ) (1)
0

This definition considers one element of the stidiansducer array as electrically driven,
while its neighboring elements are electricallyOpen-Circuit (not grounded). In this paper, a
second method is proposed to evaluate the crodstak when the neighboring elements are
connected to the ground, as in the case of thestalla's active cancellation methods [16, 24,
25, 26, 27]. In this situation, voltage measurenoaminot be utilized because the elements are

not in Open-Circuit as suggested by the definiffeig.3).

Low Frequency Oscilloscope

Generator %0 055
C ) g > . 00

0 . el eoe e
R

Figure 3: Crosstalk’s evaluation using voltage measurements.



136
137
138
139
140
141

142

143

144

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

Another solution is to utilize the displacement smweaments instead of the voltage ones
as shown in Fig. 4. One of the objectives of tesearch work is to test the validity of this
method and to evaluate its limitations. For thigpoge, displacement measurements are
carried out in the middle of the fabricated arrdgnmeents using a Polytech psv400 laser
vibrometer (Fig. 4). The results obtained usinghbotethods (Fig. 3 and 4) are compared

numerically and experimentally in the frequency dom

Low Frequency

Oscilloscope Yaiei Generator
Vibrometer :
| 8888 | 8

Figure4: Crosstalk’s evaluation using displacement measents.

3. Numerical study

The piezoelectric transducer array is first modeladherically using the ATILA code
(FEM code for elastic and piezoelectric structuragiating in fluid) [28] to determine its
Transmitting Voltage Response (TVR) and to prettietnormal displacement at the radiating
surface of each array element. The numerical msdalso utilized to compute the array’s
electrical impedance and to evaluate the cros#tail. As shown in Fig. 5(a), the studied
array is composed of seven piezoelectric elememtdenof PZ27 ceramic bounded to each
other by Acrylic PLEXCIL resin (filling material)Both the piezoelectric array elements and
the filling material (resin) are meshed using isapa@etric quadratic elements respecting the
/14 criterion, i.e. the piezoelectric array elemesnts divided into seven elements along their
width W and fifty elements along their thicknégswhereas the resin elements are divided into
five elements along their width and fifty elemeatsng their thickness. The spacing between
the array elementsl) is chosen equal to 1.2 mm to respect the Nyauitgrion and to avoid
grating lobes. Each element of the studied arrayahtinicknes3 = 3.3 mm, a widtiW = 0.7
mm and its length is chosen to be 37 mm long, waithength-to-Thickness Ratid./T) of
about 11.21, thus this length can be considereidfeste and a plane strain approximation
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assumed. In the literature, it is demonstrateddrdaminant thickness mode is obtained when
the width-to-thickness ratio W / T is less thanegual to 0.5 [29-30]. This aspect ratio is
chosen about 0.21 to enable the separation ohttleness mode about the undesirable lateral
modes (width and length modes). Furthermore, in previous work (ref. 8), it was also
demonstrated numerically and experimentally thatitifluence and the contribution of these
undesirable modes (width and length modes) is gieddi. The transducer array radiates in a
fluid medium (water in medical imaging applicatipmeeshed with isoparametric quadratic
elements respecting thé4 criterion. This medium is limited by a non-reflieg surface/e
made up of dipolar elements that absorb the ouggacoustic wave almost completely [15].

Furthermore, only half the domain is meshed dwsytometry.

T
Resin
Pz727 .
Fluid mesh
mEnn e asamaaaRAARSESNALEUIRNARES
5 Eifasiiateas i e punianaunett |
1V =» ] i

Pl < > =

T

Symmetry plane

(a) Structure’s mesh.

|l«— Grounded / not grounded

(— Grounded / not grounded

(— Grounded / not grounded

le— 1V

P1

(b) Electrical limit conditions.
Figure5: Schematic description of a seven-element traresdarcay radiating in water.
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To study the effects of the electrical limit comaliis on the array’s electromechanical

behavior, two limit conditions are considered (Fh)):

1) The array’'s central element “0” is driven, while fteighboring elements “1”, “2” and “3”
are grounded.
i) The central element “0” is driven and its neighbgrelements “1”, “2” and “3” are not

grounded (open-circuit).
3.1 Transmitting Voltage Response (TVR)

Firstly, the Transmitting Voltage Response (TVR)tbé seven-element transducer
array is computed between 250 kHz and 750 kHzafalative reference pressure 1 pPa/V
at 1 m. Fig. 6 compares the TVR obtained considette electrical limit conditions (i) and
(ii). After analysis, it is observed that the twanees follow relatively the same variation, i.e.
the same maximums and minimums. Neverthelessgadrey shift about 20 kHz is obtained
between the curves. Furthermore, a parasitic modgiimum of TVR) is observed around the
frequency of 570 kHz, in the curve correspondinghe limit condition (ii). Finally, the
maximum of TVR obtained for the limit condition (§ somewhat less than that computed for
the condition (ii) (about 2 dB).

170

160 1
150 A\ k.
e A~/ e\

-— ; /_/ \_';'-_._..
E 140 T
= /
130 f °°°° array elements grounded
= array elements not grounded
120
250 350 450 550 650 750

Frequency (kHz)

Figure 6: Transmitting Voltage Response (TVR) of the sevement transducer array.
3.2 Displacement

The normal displacement is also computed in thedleidf the radiating surface of the
central element “0”, i.e. at the position P1 (Fap) between 250 kHz and 750 kHz. Fig. 7

8
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compares the normalized displacement curves (hllegaare divided by the maximum value
reached by one of the compared curves) obtainesidenng the electrical limit conditions (i)
and (ii). It is observed from this figure that ttesults are different, particularly between 450
kHz and 550 kHz. In this frequency domain, a maximuf displacement is obtained around
500 kHz (mechanical resonant frequency), for thetlcondition (ii). Whereas, in the case of
the limit condition (i), two resonance frequencié® kHz and 520 kHz are obtained. Finally,
the comparison of the two curves indicates a fraquehift (about 25 kHz) between the two
displacement peaks observed in the frequency b8@d&Kz — 550 kHz.

= array elements not grounded

++ array elements grounded

0.8

0.6

0.4

0.2

Normalized amplitude

250 350 450 550 650 750
Frequency (kHz)

Figure 7: Normal displacement computed at the radiatingpserof the element “0”.

3.3 Electrical impedance

To observe the effect of the limit conditions (nda(ii) on the electrical behavior of the
transducer array, the electrical impedances comdputeing the numerical model are
compared in the frequency domain 250 kHz — 750 lddzshown in Fig. 8. After analysis, it
is observed that the two curves follow the sametbieh in the frequency domains 250 kHz —
470 kHz and 590 kHz — 750 kHz. Nevertheless, auaqy shift (about 20 kHz) is obtained
between the two curves in the first frequency bafde major differences are observed
around the thickness mode, i.e. in the frequenog 30 kHz — 590 kHz. In this domain, two
resonance frequencies (475 kHz and 520 kHz) antkaanti-resonance frequency (581 kHz)
are obtained for the limit condition (i), whereasthe case of the condition (ii), one resonant
frequency is obtained at about 500 kHz and two-r@stbnance frequencies are observed at

571 kHz and 595 kHz. As seen previously in Figthg, resonance frequencies (minimum of

9
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impedance) correspond also to the mechanical rasendrequencies (maximum of

displacement).

1 ——ror array elements not grounded

"0" array elements grounded

Normalized amplitude
—
—

0.01
250 350 450 550 650 750

Frequency (kHz)

Figure 8: Numerical electrical impedance of the centrahadat “0”.

The differences between the results obtained utidelimit conditions (i) and (ii), i.e.
TVR, displacement and impedance curves, can beaiega by the simplified equivalent
circuit represented in Fig. 9. In this case, oniy tpiezoelectric elements bonded to each
other by a non-conductive resin are consideredaneactive piezoelectric element (part 1)
and its neighbouring element grounded or in opecutti(part 2). The piezoelectric elements
are represented by their equivalent electromechbiiccuit composed of an electrical part
(Roz2, Co12) and a mechanical parRy,, L1, and Cy,). The elementdRy,, Lio and Cio
correspond to a mass - spring system, for wiRchrepresents the mechanical dissipations,
L1, the mass an@;, the compliance (flexibility) of the materidRy; 2 and Co, > represent the
dielectric losses and the static capacitance ofpieeoelectric material. The two parts are
connected by a transformer converting the eledteoargy to mechanical energy and vice-
versa and having a transformation radioBecause of their very large value (severé&l)vthe
resistordRy; 2 are neglected. In the same manner, the non-coneuessin is represented by its
equivalent circuit (g, Cgr). In our previous work [7], it was demonstratedatttthis
representation is more accurate in the vicinityhef considered resonant frequency (thickness
resonance). According to the equivalent circuitisitclear that when the element 2 is
grounded, its static capacitanGg, is short-circuited, i.e. the contribution of thieatrical
branch Co;) is suppressed. Consequently, only the mechaticaich R, L, and Cy)
contributes to the total electrical impedance @f structure composed of the elements 1 and

10



242 2. Finally, in the case of the transducer array posed of seven piezoelectric elements, the
243  limit condition (i) is responsible in the eliminati of the individual static capacitances and it
244  results in non-negligible differences between tinieves obtained under the limit conditions (i)
245 and (ii), e.g. the observed frequency shifts.

vi

N

Mechanical part 1 Resin Mechanical part 2 :
Electrical part 1 L1 €1 R1 LR LR i L2 c2 Rz  Electricalpart2

AN AT AN .
co1|1 N N1/ l
3 CR o

3 I Cozlg

7 i

N

246
247 Figure9: Equivalent circuit of two piezoelectric elemebt:nded to each other by resin.

248 3.4 Crosstalk

249 The crosstalk level is firstly evaluated at the t@l@racteristic frequencies (maximum
250  of displacement) 475 kHz and 520 kHz using bothho@s$. The estimation of the crosstalk
251 level C utilizes the conventional method (relation (1))emtthe neighboring elements are not
252  grounded (limit condition (ii)). In the case of theit condition (i) (neighboring elements
253 grounded) the proposed method is to evaluate testalk from the displacement values in
254  the middle of the array elements) using the refai):

255 C(dB)=20 Log% ). (2)
0
256 where up represents the normal displacement computed inmidglle of the central

257 element “0” andy; (i = 1, 2, 3) the displacement in the middle of tlegghboring elements
258  "1","2" and "3". The results obtained using the@tethods are summarized in Table Il. The
259  comparison shows that the two methods, i.e. evaluaif crosstalk level by the relation (1)
260 and using parasitic displacements instead of ve#&y (relation 2), give relatively similar
261  crosstalk values at the resonance frequenciesdifieeence (about 1 dB) is probably because
262  the definition of the crosstalk is based on the¢ag®, which is an average value, whereas, the
263  displacement’s method is punctual (obtained imtinddle of the elements).

11
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Element RO A
-11.8| -5.2 -6.1
Crosstalk Cu(dB) | gg | 79 | -10
-12.7 -7.4 -1.7
Crosstalk C (dB) 8.1 -6.7 -11.1

Tablell: Crosstalk evaluated at the resonance frequedActe&Hz and 520 kHz (bold values).

The comparison is then extended to a large frequband between 250 kHz and 650

kHz, as shown in Fig. 10. After analysis, it is elv&d that the crosstalk evaluated using both

methods are similar around the two characterisgguencies (see dashed rectangular). The

difference between the two curves increases beybadresonance frequencies. In other

words, the crosstalk evaluated using the displanéimethe middle of the array elements is a

good approximation in the vicinity of the considiraode (thickness mode in this work).

10
0
-10
o~
E
= 20
=
E
*» =30 + "1" array elements not grounded
:3 == "2" array elements not grounded
G -40 - ""3" array elements not grounded
== ""1"" array elements grounded
-50 e ""2"" array elements grounded
- "'3" array elements grounded
-60

250 350 450

Frequency (kHz)

h
h

Figure 10: Crosstalk computed using relation 1 (array elasiant grounded) compared to
that obtained from the relation 2 (array elememntsigded).

4. Experimental Characterization

The manufactured transducer array (Fig. 2), isaittarized experimentally by electrical

impedance and displacement measurements, in bothtioms (i) and (ii). The crosstalk level

12
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is also evaluated using the previous methodsfrom the parasitic voltages (relation (1)) and
using the proposed displacements method (relatt)h fFor the sake of simplification,
measurements are realized in air. The resultsharedompared to those obtained numerically
in the air medium instead of water. It is importennotice that the FEM calculations are first
done in the water medium (section 3) to see thectdfof the limit conditions on the
transducer arrays utilized in medical imaging, #reh done in the air medium to compare the

numerical results with the experimental ones.

4.1 Displacement

To avoid the edge effects, displacement measurenaeatrealized in the middle of the
central element “0” using a Polytech OFV353 Las#rdmeter. The curves obtained in both
conditions (i) and (ii) are compared with that measd in the middle of a single element (Fig.
11).

=== Single element

—=—"()": array elements not grounded

"0": array elements grounded

Normalized amplitude

Frequency (kHz)

Figure 11: Normalized displacement amplitude measured imtiuglle of the central element
“0” compared to that obtained in the middle of mgée piezoelectric element.

As expected, the curves measured on the elemenfcriditions (i) and (ii)) are
different, particularly in the frequency band 45BizZk- 550 kHz. In this domain, the
maximum displacement is obtained at about 500 ldizHe condition (ii). Whereas, in the
case of the condition (i), two mechanical resonainequencies 481 kHz and 520 kHz are
obtained. Furthermore, the displacement amplitaddsoth frequencies are lower than those
observed at 500 kHz. Finally, a frequency shiftoigained between the single element’s
resonance frequency (452 kHz) and the array’s ssmnfrequencies. This result is due to the

13
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presence of the neighboring elements, which stiiigesonance frequencies towards the high
frequencies and reduces the amplitude of the dispiant, e.g. the maximum displacement

for the condition (ii) is about half that obtainedhe case of the single element.

Fig. 12 compares the displacements measured imitdhdie of the element “1”, in both
conditions (i) and (ii) to the numerical result&W). It is seen from this figure that the results
obtained are similar. Nevertheless, a small frequeshift is observed between the curves
(about 4 kHz), due to the materials’ incertitudertkermore, the displacement’s amplitude
obtained numerically is relatively high comparedhe measured one, because the resin’s real

losses are not taken into account (about 5%) aadpibzoelectric material losses are not

considered.
1 :“
==-"0": array elements not grounded (FEM) | \
- ]
0.8 "()'": array elements grounded (FEM) H
ul 1
'é; = "0": array elements grounded : ‘|l
= -= "0": array elements not grounded ""
g 0.6 -
£
=
=
@
S 04
=
&
S 0.2
z O
0

350 400 450 500 550 600
Frequency (klz)

Figure 12: Normalized displacements amplitude measuredamrludle of the central
element “0” compared to the numerical results (FEM)

4.2 Electrical impedance

The electrical impedance of the transducer arrajsis measured in the frequency band
200 kHz — 800 kHz. Fig. 13 compares the curvesiodtaconsidering the limit conditions (i)
and (ii). To show the effects of the interactiortvieen the array elements (crosstalk), the
transducer array’s curves are also compared todfhatsingle piezoelectric element. After
analysis, different conclusions can be made. Kirstbncerning the single element, a
minimum and a maximum of impedance are observebatkHz and 558 kHz respectively.

Secondly, a frequency shift can be observed betweertransducer array curves and the

14
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electrical impedance of the single element (ab®@ukl3z). This result is due to the presence
of the neighboring piezoelectric elements, whiclftshithe resonance and anti-resonance
frequencies towards the high frequencies. Furthezmdue to the crosstalk phenomenon,
parasitic vibrations are obtained around the asragsonance (condition (i)) and anti-
resonance frequencies (condition (ii)), contraryh® single piezoelectric element. Finally, in
the same manner as the numerical results, differeace observed between the electrical
impedance curves obtained in the case of the dgondiii) and (ii). Indeed, two resonance
frequencies (481 kHz and 520 kHz) and a one astirr@nce frequency (580 kHz) are
obtained in the case of the condition (i), whergashe case of the condition (ii), a one
resonance frequency is obtained at 500 kHz andatwieresonance frequencies are observed
at 565 kHz and 583 kHz. As seen in Fig. 11, theomasce frequencies (minimum of
impedance) correspond also to the mechanical rasendrequencies (maximum of

displacement).
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Figure 13: Experimental electrical impedance of the eleni@htompared to that of a single
piezoelectric element (dashed line).

Fig. 14 compares the experimental and numericaMF8ectrical impedances in both
conditions (i) and (ii): array elements grounded aot grounded. It is seen from this figure
that the results obtained are similar. Neverthelessnall frequency shift is observed between
the curves in the frequency band 250 kHz — 450 kiH®e to the materials’ incertitude.
Furthermore, in the case of the condition (ii), wden the central element “1” is excited and

its neighboring elements are grounded, only twe-r@sbnance frequencies are observed in
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346 the measured curve, instead of three frequenciebtagmed numerically. This result is mainly
347 due to the resin losses chosen in the numericalem@bout 5 %) and the piezoelectric

348 material losses, which are not taken into account.
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350 Figure14: Electrical impedance measured on the elementt@ipared to the numerical one.

351 4.3 Crosstalk

352 The experimental setup presented previously in Fig first utilized to measure the
353  parasitic voltages generated on the neighboringetés “1”, “-17, “2”, “-2”, “3”, and “-3”,

354  when the central element “0” is excited by a harim@ignal having 10 V amplitude. In this
355 case, measurements are realized at the first nesdreuency of 481 kHz. The crosstalk

356 level C (dB) is then evaluated using the relation (1). ®bé&ained results are given in Table
357 L.

358
Element 37 | 27 | AT “‘0” “1” “2" “3”
Voltage 504 | 1.64| 3.23 10 2.73 1.62 4.47
V)
Crosstalk | -5.95 | -15.7| -9.81 0 -11.28  -15.81 -7
C(dB)

359

360 Tablelll: Crosstalk evaluated using parasitic voltages.
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The measurements show that when the central el€ideist excited, it vibrates mainly
in its thickness mode, but it generates significantlesirable voltages on its passive
neighboring elements “17, “-17, “27, “-2”, “3” and“-3". These results demonstrate the
presence of crosstalk in the fabricated transdacay, i.e. the measured average values about
-10.54 dB, -15.75 dB, and -6.47 dB on the firstgosel and third neighboring elements
respectively. Furthermore, a high level of crdgsia noticed in the case of the third
neighboring elements “3” and “-3” due to edge eleés explained previously, in the case of
active cancellation of crosstalk, the determinatidrthe correction voltages considers the
neighboring elements electrically in Short-Circdondition (i)). In this situation, the
crosstalk cannot be estimated using the conventaefanition (relation (1)). The proposed
solution to evaluate the crosstalk level is to meashe parasitic displacements generated on
the neighboring elements using the experimentalpsgiven in Fig. 4 and then deduce the
crosstalkC, (dB) from the relation (2). In this case, the feswbtained when the central
element “0” is excited (at the frequency 481 kHazdl &s neighboring elements are connected
to the ground (Fig. 4) are summarized in TableliMhe same manner as the previous results
(Table IIl), significant parasitic displacementse anbserved on the passive neighboring
elements. Consequently, strong crosstalk is notsethe first (“1”, “-1”) and third (*3”, “-

3") neighboring elements patrticularly.

Element “-3” ‘27 “1" 107 “1” “2" “3”
Displacement | 6.21 2.73 548 11.8 3.62 1.8 5.99
(nm)
Crosstalk -5.58 -12.71| -6.66 0 -10.26 -16.33 -6.49
Cy(dB)

TablelV: Crosstalk evaluated using parasitic displacements

The comparison of the results given in Tables midl &/ shows that the two methods,
l.e. estimation of the crosstalk level by the ielat(1) and using parasitic displacements
instead of voltages, give relatively similar cradistvalues at the resonant frequency. The
difference is because the definition of the crdksis based on the voltage, which is an
average value, whereas, the displacement’s methpdrictual, i.e. measurements are realized
only in the middle of the transducer array eleméhtg. 4), to avoid edge effects. In other
words, this method supposes the displacement wmifar the surface of the individual
elements, which is not true. For more precisionwituld be better to measure the

displacement at the whole surface of the array ehds) to take into account the contribution
17
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of the parasitic length mode [8, 16]. The latterkes the displacement not uniform.
Measurements can be achieved with a Scanning Mabssmeter, e.g. Polytech psv400. In
this situation, average displacement values camwbiained and the precision of crosstalk

evaluation can be improved.

To estimate the crosstalk level in a relativelg&afrequency band (460 kHz — 520 kHz)
using the relation (2), displacement measuremengtdist done in the middle of the array
elements. The results obtained on the elements®“0”, “-27, and “-3”, when the central
element “0” is excited by a harmonic signal havibg amplitude and its neighboring
elements are grounded (limit condition (i)) arewhan Fig. 15. After analysis, it is observed
that significant parasitic displacements are ole@ion the passive neighboring elements due
to the crosstalk phenomenon. At the resonant fregue481 kHz, a maximum of
displacement is measured on the central element ((@"= 1.19 nm). The parasitic
displacements measured on the element “-1”, “-2f ‘aB” are about 46 %, 25 % and 56 %

the amplitude of the excited element “0” respedtive

Displacement magnitude (m)

2.6 4.7 4.8 4.9 5 5.1 5.2
Frequency (Hz) x 10

Figure 15: Displacement measured in the middle of the aetagnents “0”, “-1”, “-2” and “-
3”, when the central element “0” is excited by amhanic signal having 1V
amplitude and its neighboring elements grounded.

The relation (2) is then utilized to evaluate thesstalk level in terms of displacement
as shown in Fig. 16. According to the latter, itiear that in the frequency band 460 kHz —
520 kHz, the transducer array presents a strorgptai level (greater than -20 dB). Around
the central element’s resonant frequency 481 kkéz, between 475 kHz — 487 kHz, the
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highest crosstalk level is obtained for the thilghreent “-3”, located on the array’s edge. In
the same frequency band, a relatively similar ¢edisdevel is measured on the first “-1".
Finally, the crosstalk level observed of the secoeighbor “-2” is also not negligible (higher
than -20 dB). Because of these high crosstalk $ewttive crosstalk cancellation methods are
successfully proposed and utilized to reduce therations between the array elements

(crosstalk) and to improve its performance [16, 27]

Crosstalk (dB)

Frequency (Hz) x 10

Figure 16: Crosstalk estimated on the array elements “-2’; and “-3” by using the relation
2 (array elements grounded).

5. Conclusion

In this paper, the effects of the electrical lim@nditions on the electromechanical
behavior of a piezoelectric transducer array avestigated numerically and experimentally.
A seven-element transducer array radiating in wadirst modeled using the 2D Finite
Element Method. Globally, the computed results (TVBlectrical impedance and
displacement) indicated that the influence of thmitl conditions (central element’s
neighboring elements grounded or not) is mainlyeolsd around the thickness mode’s
resonance and anti-resonance frequencies. Furtheradérequency shift is obtained between
the curves computed considering the two limit coods (about 20 kHz). However,
concerning the crosstalk, it is shown that the eslaalculated under the two electrical limit
conditions are relatively similar (about 1 dB offelience) at the mechanical resonance
frequencies (maximum of displacement) 475 kHz a?d kHz. The difference between the

computed curves increases beyond the resonanceefreigs. The numerical results
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(electrical impedance and displacements) computedhé air medium are successfully
compared to those measured using an impedance zeanaBnd a Laser Vibrometer
respectively. In both cases, it is shown that tiftuénce of the limit conditions is mainly
observed around the thickness mode’s resonance amdresonance frequencies.
Furthermore, the crosstalk level is evaluated empertally at the mechanical resonance
frequency 481 kHz using two methods, i.e. voltagd displacement measurements. The
results obtained are relatively similar. Neverteelefor more precision, a Scanning Laser
Vibrometer should be utilized to achieve averagspldcement values instead of punctual
ones. Finally, the crosstalk level is estimatetha frequency band 460 kHz — 520 kHz using
the proposed method, i.e. deduced from punctuglatisment measurement. According to
the results, the manufactured seven-element traes@uray presents a strong crosstalk level
(greater than -20 dB), which should be reducedniprove the array’'s electromechanical
behavior. For this purpose, active crosstalk caatbeh methods can be utilized, i.e. the
application of adequate correction voltages todiray elements can be a solution to reduce
the crosstalk level. Dicing the inter-element ffifimaterial can also contribute to reduction of
this undesirable phenomenon (crosstalk).

References

[1] W. Lee and Y. Roh, “Ultrasonic transducers fimedical diagnostic imaging,” Biomedical
Engineering Letters, 7(2):91-97, 2017.

[2] B. Cox, and P. Beard, “Imaging Techniques: StiResolution Ultrasound,” Nature,
527(7579):451-452, 2015.

[3] X.Jiang, S. Li, J. Kim, J. Ma, W. Huang, aXdJian, “High Frequency Piezo-Composite
Micromachined Ultrasound Transducer Array Techngldgr Biomedical Imaging,”
ASME Biomedical and Nanomedical Technologies Candi®onograph Series, ASME
Press, New York, 2017.

[4] P. Anastasiadis, A. Mohammadabadi, M. J. Fismmal. A. Smith, B. A. Nguyen,
D. S. Hersh, and V. Frenkel, “Design, characteioraind evaluation of a laser-guided
focused ultrasound system for preclinical invesiayes,” BioMedical Engineering
OnLine, 18(1):36, 2019.

[5] D. S. Hersh, P. Anastasiadis, A. MohammadahbdA. Nguyen, S. Guo, J. A. Winkles,
A. J. Kim, R. Gullapalli, A. Keller, V. Frenkel, dnG. F. Woodworth, “MR-guided
transcranial focused ultrasound safely enhancesstitial dispersion of large polymeric
nanoparticles in the living brain,” PLOS ONE, 139192240, 2018.

[6] Y. Roh and M. S. Afzal, “Optimal design of aape planar array transducer for
underwater vehicles by inclusion of crosstalk dffedapanese Journal of Applied
Physics, 57(7S1):07LG02-1-07LG02-7, 2018.

20



472
473

474
475
476
477

478
479
480

481
482
483

484
485

486
487
488

489
490
491

492
493
494

495
496
497

498
499
500

501
502
503

504
505
506

507
508
509

510
511
512

[7] A. Bybi, O. Mouhat, M. Garoum, H. Drissi, a&d Grondel, “One-dimensional equivalent
circuit for ultrasonic transducer arrays,” Appliddoustics, 156:246-257, 2019.

[8] A. Bybi, D. Khouili, C. Granger, M. Garoum, Mzerd, and A.-C. Hladky-Hennion,
“Experimental Characterization of A Piezoelectriraidsducer Array Taking into Account
Crosstalk Phenomenon,” International Journal of iBg®ying and Technology
Innovation, 10(1):01-14, 2020.

[9] M. Celmer, K. J. Opielinski, and M. Dopierat&tructural model of standard ultrasonic
transducer array developed for FEM analysis of raedal crosstalk,” Ultrasonics,
83:114-119, 2018.

[10] J. Henneberg, A. Gerlach, H. Storck, H. Celuind S. Marburg, “Reducing mechanical
cross-coupling in phased array transducers usom lsind material as backing,” Journal
of Sound and Vibration, 424:352-364, 2018.

[11] K. J. Opielinski, M. Celmer, and R. BolejkoCrosstalk effect in medical ultrasound
tomography imaging,” In Joint Conference-Acoustjgs, 1-6, 2018.

[12] S. Pyo and Y. Roh, “Analysis of the crosstadkan underwater planar array transducer
by the equivalent circuit method,” Japanese Jourmdl Applied Physics,
56(7S1):07JG01-1-07JG01-6, 2017.

[13] W. Lee and Y. Roh, “Optimal design of a pielsatric 2D array transducer to minimize
the cross-talk between active elements,” In IEEEddbnics Symposium (IUS), pp.
2738-2741, 2009.

[14] 1. S. Dominguez, P. A. Contla, E. M. Hernandezd M. Antonio von Kriger, “Crosstalk
effects caused by the geometry of piezoelectricmelds in matrix ultrasonic
transducers,” Revista Brasileira de Engenharia Biioa, 27(2):90-97, 2011.

[15] J. Assaad and C. Bruneel, “Radiation from ténphased and focused linear array
including interaction,” The Journal of the AcouatiSociety of America, 101(4):1859—
1867, 1997.

[16] A. Bybi, S. Grondel, A. Mzerd, C. Granger, Maroum, and J. Assaad, “Investigation of
cross-coupling in piezoelectric transducer arrays @rrection,” International Journal of
Engineering and Technology Innovation, 9(4):287-3m 9.

[17] F. P. Branca, F. Bini, F. Marinozzi, and A.aBdoni, “Optimum choice of acoustic
properties of filling materials using optical measuent,” In IEEE Ultrasonics
Symposium (IUS), pp. 1663-1665, 2004.

[18] W. Lee and Y. Roh, “Optimal design of a pieleatric 2D array transducer to minimize
the cross-talk between active elements,” In IEEEddbnics Symposium (IUS), pp.
2738-2741, 2009.

[19] H. J. Fang, Y. Chen, C. M. Wong, W. B. Qiu, H.Chan, J. Y. Dai, Q. Li, and Q. F.
Yan, “Anodic aluminum oxide-epoxy composite acouistiatching layers for ultrasonic
transducer application,” Ultrasonics, 70:29-33,&201

[20] M. H. Amini, T. W. Coyle, and T. Sinclair, “Pous ceramics as backing element for
high-temperature transducers,” IEEE TransactionsUtirasonics, Ferroelectrics, and
Frequency Control, 62(2):360-372, 2015.

21



513
514
515

516
517
518
519

520
521
522
523

524
525

526
527
528

529
530
531

532
533
534

535
536

537
538
539
540

541
542
543

[21] S. M. Ji, J. H. Sung, C. Y. Park, and J. Snde “Phase-canceled backing structure for
lightweight ultrasonic transducer,” Sensors anduAtirs A: Physical, 260:161-168,
2017.

[22] K. C. T. Nguyen, L. H. Le, M. D. Sacchi, L. ®luynh, and E. Lou, “Adaptive noise
cancellation in the intercept times-slowness donf@ireliminating ultrasonic crosstalk in
a transducer array,” In Proc. IFMBE, 5th Internaéib Conference on Biomedical
Engineering in Vietnam, Springer, vol. 46, pp. 3-3015.

[23] C. Ishihara, T. Ikedaa, and H. Masuzawaa, ldigframe-rate ultrasound imaging with
reduced cross-talk by combining a synthetic aperanmd spatial coded excitation,” In
Proc. SPIE, Medical Imaging, Ultrasonic Imaging andmography, vol. 9790, pp.
979012-1-979012-7, 2016.

[24] B. Cugnet, A.-C. Hladky, and J. Assaad, “Nuit&rtechnique to reduce crosscoupling
in acoustical arrays,” Ultrasonics, 40:503-506,200

[25] S. Zhou, G. L. Wojcik, and J. A. Hossack, “Approach for reducing adjacent element
crosstalk in ultrasound arrays,” IEEE Trans. Ulbras Ferroelectr. Freq. Contr.,
50(12):1752-1761, 2003.

[26] S. Zhou, G. L. Wojcik, and J. A. Hossack, “Rethg inter-element acoustic crosstalk in
capacitive micromachined ultrasound transducedSEH Trans. Ultrason. Ferroelectr.
Freq. Contr., 54(6):1217-1228, 2007.

[27] A. Bybi, C. Granger, S. Grondel, A. C. Hladkiennion, and J. Assaad, “Electrical
method for crosstalk cancellation in transduceayawy” NDT & E International, 62:115-
121, 2014.

[28] ATILA, Finite-Element Software Package for taealysis of 2D & 3D structures based
on smart materials Version 6.0.2 User’'s Manual, &oler (2010).

[29] J. Sato, M. Kawabuchi, and A. Fukumoto, “Degemce of electromechanical coupling
coefficient on the width-to-thickness ratio plankgld piezoelectric transducers used for
electronically scanned ultrasound diagnostic systemhe Journal of the Acoustical
Society of America, 66(6):1609-1611, 1979.

[30] W. Friedrich, H. Kaarmann, and R. Lerch, “Fenelement modeling of acoustic radiation
from piezoelectric phased antennas,” In IEEE Uttréss Symposium (IUS), pp. 763-
767, 1990.

22



