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Abstract—The phased-array ultrasound transducer types are
utilities for medical ultrasonography as well as optical imaging.
However, their discontinuity characteristic limits the applications due
to the artifacts contaminated into the reconstructed images. Because
of the effects of the ultrasound pressure field pattern to the echo
ultrasonic waves as well as the optical modulated signal, the side
lobes of the focused ultrasound beam induced by discontinuity of the
phased-array ultrasound transducer might the reason of the artifacts.
In this paper, a simple method in approach of numerical simulation
was used to investigate the limitation of discontinuity of the elements
in phased-array ultrasound transducer and their effects to the
ultrasound pressure field. Take into account the change of ultrasound
pressure field patterns in the conditions of variation of the pitches
between elements of the phased-array ultrasound transducer, the
appropriated parameters for phased-array ultrasound transducer
design were asserted quantitatively.

Keywords—Phased-array ultrasound transducer, sound pressure
pattern, discontinuous sound field, numerical visualization.

1. INTRODUCTION

LTRASOUND is physical energy being a useful tool for

optical modulation in biomedical applications such as
optical imaging and spectroscopy [1]-[6]. Since the sizes of
the acoustic scattering particles presenting in biological tissues
typically are ranged in few tens micrometers [7], the acoustic
scattering of the ultrasonic waves in biological tissues is low,
leading to maintain of spatial information of the biological
objects in biological tissues. Therefore, the ultrasound field
can be used as a utility to extract the chemical, optical as well
as the spatial information of the biological objects by
modulation of the light propagated in the biological tissues.
Since the modulation of the light for optical imaging based on
the acousto-optic effect, the characteristics of the modulated
signal mainly depends on the acoustic pressure field especially
is focused pressure field [11].

However, according to a development using phased-array
ultrasound transducer to modulate the fluorescence [8], [9],
the fluorescence position in obtained images are not
correspondent to the localized fluorescence position in
biological tissues because of the discontinuity of the phased-
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array transducer. This phenomenon did not occur in the case
of which the modulation was performed by a single element
ultrasound transducer [10].

To clarify the physical effects, a numerical method was
employed to investigate the pattern of ultrasound pressure
field under consideration of variation of the pitch between
each elements of the phased-array ultrasound transducer. With
visualization of the sound pressure field through
computational simulation of interference induced from the
acoustic emission of the ultrasound elements, the parameters
of relationship between the pitch of each element and their
frequency oscillation influencing to the pattern of the sound
pressure field will be figured out and asserted.

For this purpose, in this paper, the ultrasound transducer
considered as a concave transducer with elements arranged as
array lining in the surface of the phased-array ultrasound
transducer. By the algorithm of wave superposition calculation
at positions in a plane, the 2D image of ultrasound pressure
field can be reconstructed. Under variation of the pitch in
condition of a constant acoustic frequency, the sound pressure
field of the phased-array ultrasound transducer will be
analyzed and evaluated throughout the pattern of the sound
pressure field.

II. THEORETICAL APPROACHES

The phased-array transducers were designed as arrays of
piezoelectric elements arranged in a geometrical surface such
as 1D rectangular linear, 2D rectangle, 3D sphere, ring, and
cone usually and the beam forming of the ultrasound field
generated through these phased-array ultrasound transducer
can be regulated with an array of driven waves initial phases
so called “phased-array”.

For the optical imaging using acousto-optic modulation, the
required ultrasound beams are focused ultrasound field since
the sound pressure values at the focal region of the ultrasound
beam are distinguished, thus the light modulated signal and
the position of focal point provide intensity and their spatial
information for the optical image. Because of the discontinuity
of the phased-array ultrasound transducer just influence to the
acoustic field but not depends on the ultrasound types as well
as driven waves, hence, to simplify the investigated
circumstances, the calculation for the driven wave initial
phases are neglected and the focused ultrasound beam can be
considered as the generation of sinusoidal wave from a 3D
concave spherical phased-array ultrasound transducer instead.
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Assuming that the ultrasound pressure at a point in space is
superposed from the waves emitted by piezoelectric elements
distributed uniformly on the spherical dome surface and each
element driven by the same electrical sinusoidal wave to
generate the same acoustic sinusoidal wave, the ultrasonic
wave can be expressed as

P(t,r) = Fysin(wt + Kr,(x,y,2)+,). (1)

where the P;P; is sound pressure of the element 7 at a time of,
r; is the distance from the element to a point in space, is the
angular frequency, K is the wave number, and P, is the
amplitude of the sound pressure.

Because of the elements array is arranged as spherical dome
surface, the generated beam is focused on a point in space
obeying the focal law [12] without the initial phase value,
hence in this circumstance the ¢; can be simply assigned as 0.
At a point in space in the condition of the same point of time,
the synthesized wave can be considered as the sum of the
waves generated by driven element at the point of time. The
sound pressure at the point in space is simply written as

P = Z":B(z,r) = ZH:PO(a)t+k;7 (x,,2)). )

i=1 i=1

As shown in (2), the sound pressure presenting in a point
depends on the arrays of distances from the phased-array
ultrasound transducer elements to the point.

For a volume in space, each distance from a point space to a
center of element in the phased-array ultrasound transducer
can be presented easily by Pythagoras equation as

Hx.2) =5 -2, + (-, +(z-z,) O

where the x;, y; z; are the coordinates of the element centers of
the phased-array ultrasound transducer and x,, y,, z, are the
coordinates of the point in space. Therefore, if we insert (3)
into (2) with a certain length of time, the amplitude of sound
pressure at the point in space will be calculated. In the
variation of the coordinates of the point in space the pattern of
the sound pressure field can be visualized.

Since the ultrasound pressure field pattern can be observed
by calculation of the sound pressure amplitude, therefore,
under the variation of the pitch parameters between elements
of the phased-array ultrasound transducer, the characteristics
of the sound pressure field can be investigated and evaluated.

III. THE NUMERICAL ALGORITHM

Based on (2), the pattern of ultrasound field pressure in a
volume in space can be reconstructed numerically throughout
calculation of the sound pressure with the number of
derivative volumes. However, because of the computation cost
and difficulties in rendering, this work reduced the calculation
by the investigation the effects of pitch between elements of
the phased-array ultrasound transducer to the ultrasound

pressure field pattern in a plane, which the z; coordinates are
neglected.

The pattern of the sound pressure distribution in this plane
will characterize the sound pressure field distributed in space
with assumption that the acoustic waves propagated as
spherical waves in homogenous media. To discrete the spatial
domain, the plane was divided to be a matrix with the
positions of the matrix elements are correspondent to the x and
y coordinates of the points in the plane, respectively. If m is
the number of the rows and » is the number of the columns,
the matrix can be expressed through the point as

Py o D
R . )

plane =

pm,l o pm,n

where p;x = (x;, yi) Pjx = (xj, Yx). Therefore, for the distances
from the piezoelectric elements center to the points in the
plane, (2) can be rewritten as

UNY: :\/(xi _xj)Z +(y[ _y/)2 . %)

Since the piezoelectric elements of the phased-array
ultrasound transducer are posed on concave spherical dome to
be able to focus without the array of initial phase for
excitation, the centers coordinates of the piezoelectric
elements can be presented as

x; = Rsina;
{Yi =R(1 - cosa;)’ ©
where R is the radius of the spherical surface of the phased-
array ultrasound transducer and ¢, is the angle between the
center axis of the spherical surface through center of the
spherical dome surface and the line connected from the
elements centers to the center of the spherical surface. The
geometrical setup of the simulation is shown in Fig. 1 in
which, the center of the spherical surface assigned as O, C is
the center of the spherical dome.
For the pitch, the distances between each element in the
concave phased-array ultrasound transducer can be expressed
as

! =2sin(§] : @)

where the 6 = ﬁ is the angle between each element viewed
from the spherical surface center, calculated through the
number of elements N and the angle of the spherical dome o
designed as the parameters of the phased-array ultrasound
transducer.
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Fig. 1 The geometrical description of the numerical simulation
circumstance in which the parameters were used to calculate the
sound pressure amplitude at points of the perpendicular plane with
the phased-array ultrasound transducer

Equation (2) requires the parameters of i, j, k specified the
index of number of the phased-array ultrasound transducer
element, and the coordinates of x and y in the perpendicular
plane, respectively. Beside it, for the time variable, the
numerical time array should be arranged. If ¢ is the number of
point of time in the calculation equation, (2) now can be
rewritten numerically as

P

i.j:k.q

= Bysin(t, + k7, (x,. ;) - ®)

On the other hands, the wave number k presented as £ ,
c

where c is the sound propagation speed in the acoustic media,
hence (8) will be reduced to

Poa=h sin{a)(tq LE0w) (xf’yk)ﬂ . ©)

4

For the visualization of the ultrasound pressure field in the
condition of varied frequencies and pitch to investigate the
relationship between the frequencies and the pitch, the array of

Z should be presented through the number of cycles which

related to the angular frequency. If the number of cycles
assigned as T, the ¢, can be expressed as

L =q2mr— - (10)

where T, is the interval time value.

The calculation of (9) under consideration of variation of
time, elements, and points coordinates is sequential processes.
For simplicity, to calculate the interfered sound pressures at
the points in the perpendicular plane, this investigation were
performed the computation by 4 four loops in which each loop
present the variation of a parameter. The algorithm of the
simulation is shown in Fig. 2.

Input parameters
w=2;a=7;080=";c=?
x=[2:?2;m=?
y=[2:?n=?
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"
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2
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Pi‘j,kzq = Py sin|w q2n’;+%

Fig. 2 The simulation algorithm for ultrasound pressure field
visualization distributed in the perpendicular plane

The uniform distribution of the piezoelectric element in the
spherical dome surface was represented by the arc as shown in
Fig. 1 because of the computation cost in use of the for loops
algorithm. For the input parameters such as o «, R, and Py, in
this report, some model of commercial products were used to
refer. The other parameters for the simulation can be set as
conditions of the investigation to evaluate the ultrasound
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pressure field pattern. The simulation was performed in
Matlab environment.

The four loops in this simulated program returned a 4D
array of calculated data as the result. For the visualization, the
surface mesh function was used and it required a 2D array
data. For this purpose, the data from the 4D array were
extracted to be the 2D array data as the matrix whose elements
values are ultrasound pressure amplitude at the points in the
perpendicular plane. Through the variation of the pitch in
condition of a certain frequency, the pattern of the ultrasound
pressure field can be observed.

IV. RESULTS AND DISCUSSIONS

Fig. 1 shows the ultrasound pressure filed pattern simulated
in condition of 1MHz frequency corresponding to, & =2710°
rad/s, 0= 1°, R = 60 mm, Py = 0.5 kPa and o = 30", where
the x and y vector ranged on -30 to 30 mm and 30 to 90 mm
with the parameters of m and n are 120, respectively. As the
result shown, the maximum sound pressure amplitude located
on the coordinate of p;; = (x; = 0, y, = 60) corresponding to
the radius of the spherical surface dome. In this condition,
there are no considerable side lobe beams are presented.
Applying (7) to calculate the pitch length, / in this
circumstance will be 0.02 mm approximately.

1=
=3

Sound Pressure (kPa)
w o)
2 e =
o

Fig. 3 Ultrasound pressure field simulated in condition of IMHz
frequency, @ = 1° R = 60 mm, Py=0.5 kPa and a.= 30°

To examine the effects of pitch changes to the sound
pressure field patterns, #6 was increased to 2.5° while the
other conditions are fixed as constant. The pattern of the sound
pressure field is shown in the Fig. 4. As the figure presented,
there are 2 beams except of the straight beam appeared in the
bottom corner of the figure. It means in the condition of pitch
are 0.04 mm length approximately, the considerable side lobes
are generated whose the angle viewed from the center of the
spherical surface dome estimated in inverse tangent function
as 29",

To examine influences of the pitch changes to the angle of
the side lobes appeared in the ultrasound pressure field
pattern, the pitch lengths were increased to 0.06 mm
approximately. The simulated result is shown in Fig. 5. As
shown in the figure, the peaks of the side lobe beams are
located on the coordinates of p;; = (x; = 23, y, = 53) and p; =

(x; = -23, y; = -53), respectively, where the side lobe angle
reduced to 24° and the value of the ultrasound pressure peaks
indicated as 8.5 kPa, lower than the perpendicular beam peak
of 9 kPa.

Sound Pressure (kPa)

0.
ul

Fig. 4 Ultrasound pressure field simulated in condition of IMHz
frequency, 8= 2.5° R = 60 mm, Py = 0.5 kPa and o = 30°

a

Sound Pressure (kPa)
o

Fig. 5 Ultrasound pressure field simulated in condition of IMHz
frequency, @ = 3.5% R = 60 mm, P, = 0.5 kPa and a = 30"

These results figured out that there are some effects of the
pitch changes to the ultrasound pressure field pattern as the
following responses: the side lobe beams peaks values are
inverse proportional to the angles of the side lobe beams and
proportional to the pitch lengths of the phased-array
ultrasound transducer while the angle of the side lobe beam
also inverse proportional to the pitch lengths. Consequently,
since the modulated optical signal as well as the ultrasonic
signal in biomedical imaging techniques depends on the
ultrasound pressure field pattern, the ultrasound pressure
strength of the side lobe beams might influence to the
reliability of the reconstructed image with contamination of
artifacts.

V.CONCLUSIONS

This paper reported a work of visualization for the
ultrasound pressure field pattern generated from a phased-
array ultrasound transducer in condition of varied pitch length.
By the simple numerical method, the simulated program with
the algorithm of for loops computation was established and

1747



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:8, No:10, 2014

examined with a series of experiments to investigate the
effects of pitch length change to the ultrasound pressure
pattern. The results of the ultrasound pressure field pattern
visualization with 3 different pitch lengths shows that the
considerable side lobe beams presented when the pitch lengths
of the phased-array ultrasound transducer are increased.
Moreover, the values of the side lobe beams sound pressure
peaks depends on the angle of the side lobe beams which
inverse proportional to the pitch lengths of the phased-array
ultrasound transducer. These results also explain the reason of
the artifacts appeared on the reconstructed images obtained by
the acousto-optic modulation technique in the condition of use
of discontinuity element ultrasound transducers. Based on the
preliminary numerical experiments, a parallel algorithm for
computation which can reduce the computation cost, leading
to the investigation close to the practical experiment condition
will be developed in the future.
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