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Abstract—The acoustic holography method was used to characterize a therapeutic focused fully populated
256-element ultrasonic transducer array. Elements of the array with the shape of equal area polygons are
densely arranged in an irregular pattern on a spherically concave surface with a radius of curvature of 150 mm
and a diameter of 200 mm. The array has a central frequency of 1.2 MHz and is designed to operate in water.
The performance of individual array elements was studied based on the holographically reconstructed normal
velocity distribution over the array surface. It was shown that with the same electrical signals applied to the
elements, their acoustic responses had a phase deviation relative to the nominal values, which can be caused
either by the asphericity of the array surface, or by the introduction of additional phase delays by the electrical
matching network. To compensate for the detected parasitic phase shifts of the elements and restore the effec-
tive sphericity of the radiating surface, the Verasonics V-1 control system was used. The hologram measured
after making the correction, as well as the shape of the focal region and acoustic pressure magnitude at the
focus, separately measured by a hydrophone, showed that the proposed method reconstructed the nominal
operating parameters of the array with high accuracy.
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INTRODUCTION

With the development of control systems for low-
intensity diagnostic and high-intensity focused multi-
element ultrasound transducers, the range of applica-
tions in both medicine and industry is expanding. Var-
ious therapeutic applications of ultrasound that have
been actively developed in recent years can be high-
lighted. One of them is thermal ablation aimed for a
rapid localized tissue heating which causes subsequent
thermal denaturation of the targeted tissue [1, 2].
Another one is ultrasonic histotripsy aimed for
mechanical (non-thermal) localized destruction of
biological tissues [3—6]. Among diagnostic applica-
tions, which utilize relatively intense focused ultra-
sound, it is important to note the elastography method
based on measuring the propagation speed of shear
waves (shear waves elastography, SWE) generated in
the focal region of the transducer [7—9]. All these
applications require high precision ultrasonic field
exposure to the object or media in order to minimize
the risks of tissue damage outside the area of interest.
This is possible if complete information is known
about the parameters of each radiating element and
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the structure of the field created by the multi-element
system. However, in many cases, the vibration struc-
ture of piezoelectric elements is usually unknown and
often differs from the widely used piston source
approximation [10]. The real structure of the field
along the transducer surface can be determined using
the acoustic holography method [10, 11]. This method
allows for solving the inverse problem for a monochro-
matic field by measuring the amplitude and phase of
the acoustic pressure over some surface (i.e., holo-
gram) in front of the ultrasound source. Subsequently,
the boundary condition at the surface of the trans-
ducer can be reconstructed by backpropagating the
measured field and then used for forward propagation
simulations to determine the 3D structure of the radi-
ated field without relying on rough approximations.
The holography approach can be extended to the tran-
sient case for the pulsed field characterization [12].

For multi-channel receiving-emitting systems it is
important to know not only the structure of the sur-
face vibrations of the elements, but also the character-
istics of all electrical components for each channel that
affect the electrical signal and, ultimately, the resulting
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Fig. 1. Fully populated 256-element ultrasonic transducer array (FPA). (a) Schematics of element arrangement along the trans-
ducer surface. (b) Photograph of the FPA in a water tank during the measurements with the HGL-0200 hydrophone. (c) Mea-
sured acoustic pressure distributions in the focal region for horizontal XZ (top) and vertical YZ (bottom) sections with 0.25 mm
step at Verasonics Data Acquisition system (VDAS) input levels of 3.6 V for in-phase excitation mode.

acoustic field. It is also important to note that the
nature of surface vibrations, even within one selected
element, will, in general, be different for different
modes of operating the transducer. For example, for a
two-dimensional diagnostic probe [12] operating in
in-phase mode, the oscillation of the surface of one
element can be almost uniform, while in operating
modes with a noticeable phase shift between the ele-
ments, the amplitude of the surface vibration of each
element will noticeably decrease towards the edges.
The change in the structure of the vibration pattern
when using the electronic control of the beamforming
depends on the design of the multi-element trans-
ducer, the type of piezoelectric material, the dimen-
sions of individual elements, and a number of other
factors [11—14]. Therefore, to fully characterize multi-
element systems it is necessary to carry out measure-
ments at all possible amplitude values and phase shifts
between elements to take into account all mechanisms
of the elements interaction. In reality, it is advisable to
carry out measurements for the in-phase excitation
mode of elements and for several positions of the elec-
tronic focus (or beam, for unfocused transducers)
steering [15, 16]. This approach allows to examine the
integrity of the source, identify deviations in the oper-
ation of channels, and detect the presence of defects
that affect the radiated acoustic field. The use of
multi-channel control systems can make it possible to
compensate for identified deviations.

The aim of this study was to identify and compen-
sate phase deviations of individual elements of multi-
element focused ultrasonic systems using the acoustic
holography method and assessing the influence of
these phase distortions on the shape of the focal lobe.
Experimental verification was carried out in water
using a 256-element 1.2 MHz focused transducer.
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MATERIALS AND METHODS
256-element Focused Fully Populated Array

The 256-element focused piezocomposite array
(Imasonic, France) with a diameter of 200 mm, a focal
length of 150 mm, and a central frequency of 1.2 MHz
was used in the study. The array was designed in the
Laboratory for Industrial and Medical Ultrasound of
Moscow State University, and its parameters and acous-
tic characterization were previously reported in [17]. A
key feature of this source is the irregular nature of the
arrangement of elements having the shape of equal
area polygons adjacent to each other with a possible
minimum kerf [18, 19]. Such arrays, termed as abso-
lutely dense or fully populated (FPA), have a reduced
level of side lobes compared to arrays with periodic
arrangement of elements. In addition, FPAs make it
possible to achieve higher levels of acoustic pressure at
the focus at the same intensity on the surface of the
elements due to the beneficial use of almost the entire
surface area of the transducer.

A sketch of the element arrangement and a photo-
graph of the source are presented in Figs. 1a and 1b
respectively. The nominal kerf between elements is
0.5 mm. The central opening of 40 mm diameter is
intended to accommodate a diagnostic ultrasound
probe for ultrasound monitoring and visualizing pro-
cesses in the focal area of the FPA in biological tissues
and their phantoms in the thermal ablation [1, 2] and
histotripsy studies [3—6].

Scanning the field with a hydrophone (details and
parameters of the measuring system are given below)
in the focal region during in-phase excitation mode
revealed that the shape of the focal region of the beam
is asymmetric and different from the theoretically pre-
dicted one for a given transducer with uniform surface
vibration (Fig. 1c). However, the reasons for such field
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distortions were not evident and motivated the pro-
posed study.

Acoustic Holography and Phase Compensation

Acoustic holography is a powerful metrological
tool [11] that has been widely used to characterize
ultrasonic sources and their fields [10—16]. Below we
only present the main aspects of its application to the
problem considered here.

A focused ultrasonic transducer operating in con-
tinuous mode at angular frequency ® creates an acous-
tic pressure field in front of it, which can be expressed
as follows:

p(r,t) = A(r)cos[wr — ¢(r)] = Re [P (r) eiiw']. (1)
Here A and ¢ are the magnitude and phase of the

pressure wave, and P(r,m) = Ae"® is the complex
amplitude.

An acoustic hologram is a two-dimensional distri-
bution of complex amplitude (i.e., the magnitude and
phase of the wave) measured along a certain surface
2y intersected by an ultrasonic beam. Such a holo-
gram makes it possible to solve the inverse problem of
finding the pressure distribution on the surface of the
source. One convenient solution is to use the Rayleigh
integral [11]:

—ik]|ry—rg|
Pr.0)=L | P(rH,m)f(e—]dc. )
ZH H

|rH - rS|

Here, the position vectors 1y and ry lie on the sur-
faces of the source X g and the hologram 2, respec-
tively, and 8/ dny is the derivative along the normal to

the hologram surface >, facing the transducer. One
can also calculate the complex amplitude of the nor-
mal component of the vibrational velocity V, on the
surface of the source as

i OP(rs,m)
_— A3)

kpocy  9ns

Here p, is the density and ¢, is the speed of sound
in the medium, k = w/c, is the wavenumber, d/dn; is
the derivative along the outer normal to the surface of
the source 2 5. The explicit form of expressions for for-
ward- and backpropagation, taking into account the
normal derivatives for the complex amplitudes of
acoustic pressure and vibrational velocity in the case of
a flat hologram surface and a spherically concave
transducer, is given in Appendix A of [11]. While it is
the normal vibrational velocity that determines the
structure of oscillations of the source surface, in case
of an electronic beam (or ray) steering and determin-
ing the contribution of the signal of each surface ele-
ment to the resulting acoustic field in the medium,
one can only operate with acoustic pressure values.

Vn (rS’ (’0) =

In order to determine the phase on the surface of
the elements in case of multi-element transducers,
surface points 2, € > corresponding to each single
element with number m are selected from the general
distribution P (r,w). It should be noted that a piezo-
electric source can be considered as a linear trans-
ducer, therefore the pressure field emitted by a multi-
element array, in the linear acoustics regime, can be
considered as the sum of the pressure fields emitted by
the individual elements:

P=>P,. 4)

The contribution of the m-th element to the acous-
tic field is the result of an electroacoustic transforma-
tion arising from the driving voltage U,, of the corre-
sponding channel. The relationship between P, and
U, is influenced by the transfer function of the elec-
tronic circuit of the generator itself, 7;gy,,, transfer
function of the matching network, 7y,ngrm, and trans-
fer function of the piezoelectric transducer, Tiy,:
P, = i Tvinetm I GennU - POssible distortions caused
by these factors can be determined by comparing the
specified amplitudes and phases on the elements with
the actual values obtained from the acoustic hologram
by averaging the complex amplitudes over the element
surface Y_,. As was analyzed in [16], in the presence of
magnitude and phase deviations, the latter provides
the main contribution to the distortion of the field
structure of multi-element focused sources. The effec-
tive phase of the acoustic signal of a given element can
be calculated as follows:

@, = arg{zim zf P(rs,(o)dcs:l, (5)

where “arg” denotes the complex number argument.

Note that instead of the pressure in Eq. (5), the phase ®,,
can be calculated for the normal velocity defined by
Eq. (3), although if the element diameter is much
larger than the wavelength, the corresponding differ-

ence is small. The value of ®,, is determined by the
combined contribution of all distorting factors
®,, = arg (TrxmvnermIGENm), Which  cannot  be
explicitly separated using only acoustic holography.
However, compensation for the resulting phase devia-
tions without separating different contributions is
more essential for practical implementations. To do
this, it is sufficient to introduce phase correction fac-
tors in the form of inverted phase values

D,, cor = —P,, into each channel of the driving system:
Un_cor =Upe™* = U, (6

ACOUSTICAL PHYSICS Vol. 70 No.1 2024



PHASE CORRECTION OF THE CHANNELS 85

Experimental Data Acquisition and Processing

To characterize the 256-element fully populated
transducer array considered here (Fig. 1) by acoustic
holography, an experimental setup based on an auto-
mated CNC scanning system (UMS3, Precision
Acoustics, UK) with a linear displacement range of
0.4 x 0.4 x 0.8 m was used, allowing for moving the
hydrophone in 1 micron increments with a guaranteed
positioning accuracy of up to 5 microns. The system
was placed above a water tank in which the transducer
and the hydrophone were located. The reservoir was
filled with purified degassed water (WTS water treat-
ment system, Precision Acoustics, UK) to a dissolved
oxygen concentration levels of 3—4 mg/L. Prior to the
measurements, water was heated to room temperature
about 23°C and thermostated during the measure-
ments with an accuracy of 0.2°C. The FPA transducer,
fixed in water, was driven by a 256-channel VI Vera-
sonics Data Acquisition system (VDAS, Verasonics
Inc., USA).

To simultaneously measure multiple CW holo-
grams at different frequencies, the transient (pulsed)
acoustic holography method was used [12, 20, 21].
Short pulses consisting of 3 periods of the 1.2 MHz
central frequency were applied to each channel. The
resulting acoustic field was recorded using an HGL-
0200 hydrophone with AH-2010-100 preamplifier
(Onda, UK) and a TDS5054B oscilloscope (Tektro-
nix, USA). In order to improve signal to noise ratio
(SNR), waveform averaging over 32 samples was per-
formed for each spatial measurement point in a win-
dow of 100 us with a sampling frequency of 50 MHz,
after which the averaged waveform was transferred via
the GPIB to a computer for further processing. The
oscilloscope trigger with a fixed delay (depending on
the distance between the transducer and the hydro-
phone) was synchronized with firing of the first array
element by an external trigger of the VDAS.

Field scanning in the focal area was carried out at
the minimum VDAS input level (up to 3.6 V) to mini-
mize the risk of damage to the hydrophone. Measure-
ments along the hologram plane, which was located
40 mm prefocally perpendicular to the transducer
acoustic axis, were carried out at a VDAS input levels
of 3.6 V and below. The acoustic hologram was
recorded in the nodes of a square grid of 251 %X 251 size
with a step of 0.5 mm, which corresponded to a region
of 125 X 125 mm. First, acoustic pressure field mea-
surements were performed for the in-phase VDAS
operation mode in the focal region and along the
hologram, which made it possible to capture the dis-
tortion of the focal region and determine the phase

shifts @,,, Eq. (5). Figure 2a and 2b show the distribu-
tions of the acoustic pressure magnitude and phase,
respectively, on the surface of the hologram at a fre-
quency of 1.2 MHz. Figures 2c¢ and 2d contain the
amplitude and phase distributions for the same fre-
quency on a spherical surface with a radius of curva-
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ture of 150 mm. After introducing phase compensa-
tion, Eq. (6), into the channels of driving system, mea-
surements for the same positions were repeated to
estimate the quality of the correction.

RESULTS AND DISCUSSION

When recording pulsed signals, the transient holo-
gram was processed to obtain a set of the monochro-
matic holograms [12, 20, 21]. The hologram that cor-
responds to the central frequency of the transducer
(1.2 MHz) was chosen for subsequent analysis of
phase compensation. The dimensions of the trans-
ducer array and the hologram region were signifi-
cantly larger than the wavelength, therefore small
angular deviation between the acoustic axis and one of
the mechanical axes of the scanning system could lead
to additional phase discrepancy after holographic pro-
cessing. Such misalignment-induced phase shifts can
be determined and compensated by rotating the holo-
gram plane when calculating the integral in Eq. (3)
based on previously developed algorithms [22, 23].
Figure 3 shows the phase distribution fields on a
spherical surface with a radius of curvature of 150 mm,
located at a distance of 110 mm from the hologram
plane. Figure 3a corresponds to the calculation of the
original hologram and duplicates Fig. 2b for conve-
nience of comparison with other distributions. Figure 3b
shows the results of backpropagation with accounting
for the misalignment of axes using the hologram rota-
tion. Fig. 3c represents the phase distribution along
the surface of the array after introducing the channel-

by-channel phase compensation ®,,, shown in Fig. 3d
for each channel. The amplitude distributions after
rotating the hologram and introducing phase compen-
sation were practically the same as the initial one pre-
sented in Fig. 2c.

The results shown in Fig. 3c demonstrate that
introducing the channel-by-channel phase compen-
sation into the VDAS driving signals leads to signifi-
cantly more uniform phase distribution along the
transducer surface. Meanwhile, the resulting distribu-
tion still remains uneven. This inhomogeneity can be
reduced by iterative application of the proposed pro-
cedure, but due to time-consuming hologram mea-
surements for such big source (more than 15 h), this
method is not always optimal. The quality of the phase
compensation can be assessed by various metrics,
among which the parameters of focal region are widely
used for focused sources: focusing gain, longitudinal
and transverse dimensions, shape (at given levels). As
already noted, the premise of this work is the detected
deviation of the shape of the focal region of the beam
in axial sections from the nominal one. It is therefore
reasonable to evaluate the influence of the introduced
phase compensation on the shape of the focus in the
same sections. Figure 4 represents holographic recon-
struction of the focal region of the beam for in-phase
VDAS generation (4a, 4b) and after phase correction
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Fig. 2. Monochromatic hologram for 1.2 MHz frequency at 3.6 V VDAS input. (a) Distribution of the acoustic pressure magni-
tude along a 40 mm prefocal measurement plane. (b) Distribution of the acoustic pressure phase in the same plane. (c, d) Holo-
graphic reconstruction of the amplitude (c) and phase (d) distributions of normal component of vibrational velocity along the

spherical transducer surface.

(4c, 4d). 3D plots show acoustic pressure isosurfaces
at —6 (red) and —12 dB (yellow) levels referencing
absolute focal maximum for each case. 2D distribu-
tions correspond to vertical (¥Z) and horizontal (XZ)
sections. Asymmetry of the initial distribution (4a, 4b)
can be clearly seen and corresponds well to first hydro-
phone scans (see Fig. 1¢). After phase correction pro-
cedure, the shape becomes much more symmetrical.
Axial (z and x) distributions of acoustic pressure
amplitude for initial in-phase signals (gray line) and
phase-corrected signals (black line) reconstructed
from holograms (Figs. 4e, 4f) show 14% peak pressure
growth after phase deviations compensation (28 vs.
24.5 kPa) for the same amplitude VDAS input level of
3.6 V. Holographic reconstruction corresponds well to
independent hydrophone measurements (dots in
Figs. 4e, 4f). The obtained results show almost com-
plete shape recovery of the focal region of the beam

and significant growth of the peak pressure value after
implementing the phase shifts.

By analyzing phase deviations @,, extracted from
the measured hologram (Fig. 3d), we may suggest
their origin. While the phase distribution (Fig. 3b)
looks almost symmetrical relative to the vertical axis, a
horizontal “cut” line dividing the surface into two
halves is visible on the surface of the source (refer also
to magnitude in Fig. 2¢). It is reasonable to assume
therefore that in the manufacturing process of the
piezocomposite bowl of the transducer, mechanical
stresses leading to deviation of the surface shape from
spherical to ellipsoidal were introduced. This can be
assessed by paying attention to the LMS trend line
(solid in Fig. 3d), which occupies a phase interval of
about 50 degrees and corresponds to an estimated lin-
ear deviation value of 150 um. Dashed line in Fig. 3d
shows constant phase as a reference for an ideally
spherical surface. For a transducer with a surface cur-
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Fig. 3. Phase distributions for 1.2 MHz frequency on a spherical surface with a radius of curvature of 150 mm. (a) Direct reconstruction
from the hologram shown in Figs. 2a, 2b for in-phase VDAS driving mode. (b) Reconstruction from the same hologram after accounting
for misalignment of transducer acoustical axis and z-axis of the scanning system. (c) Phase distribution along the surface of the source after
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dots. Blue solid line represents LMS trend to find surface asphericity. Dashed line corresponds to an ideal sphere.

b d
(b) a0 © @ kP
0 1524 25
150 20
15
148 15
10146 10
5 144. 5
144 146 148 150 152 Lmpy? 2 oo 144 148 152
Z, mm Z, mm
(e) (H
30 30
£20 \ £ 20 "
i~ -~
& ! i & !
0 . g, : . LR 0 )
130 135 140 145 150 155 160 165 —4 -3 —2 —1 0 2 3 4
z, mm X, mm

Fig. 4. Shape of the focal region of the beam for (a, b) in-phase VDAS generation and (c, d) after phase correction reconstructed
from the holograms. (a, ¢) Acoustic pressure isosurfaces at —6 (red) and —12 dB (yellow) levels referencing absolute focal maxi-
mum for each case. (b, d) Horizontal (top) and vertical (bottom) sections of the focal region. (e, f) Axial (z and x, respectively)
distributions of the acoustic pressure amplitude for initial in-phase signals (gray line) and phase-corrected signals (black line)

reconstructed from holograms. Dots represent results of the independent hydrophone measurements.
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vature radius of 150 mm and a diameter of 200 mm,
such deviation is a very insignificant, which, neverthe-
less, may distort a focal region of the beam. Irregular
deviations of @,, from the trend line (Fig. 3d) may cor-
respond to discrepancy between channel transfer

functions of VDAS Tgpn,, and matching network
Tunetms Which are described by the contribution of the
P, term in Eq. (4).

CONCLUSIONS

Multi-element ultrasonic systems may have unac-
counted sources of uncertainty in the operating phases
at their elements, resulting in noticeable distortions in
the acoustic field pattern compared to the theoreti-
cally predicted one. The method presented here deter-
mines and compensates for element-by-element phase
deviations using acoustic holography, enabling the
generation of fields with a predictable spatial struc-
ture. This capability is especially important in medical
and industrial applications of high-intensity focused
ultrasound.
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