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Abstract

This paper describes the design and the evaluation for a simulation model for the dual curvature ultrasound
phased array. The main goal of this simulation is to enhance the usage of dual curvature ultrasound phased array
in ultrasound therapy with three dimensional phased arrays. In our simulation, focusing the total acoustic power
within a specific phase can be controlled dynamically for each individual element. Moreover, a 45° steering
angle in x-z plan was achieved. A software based simulation using MATLAB was performed to verify focusing
and steering capability of the proposed array for three different types of arrays. The results showed a safety
improvement for both of focusing and steering angle for the dual curvature phased array compared with planner
and spherical types. Furthermore, the phased arrays have three different shapes; the planner phased array which
was used as reference, spherical, and dual curvature shapes. Based on the conducted experiments, the results
showed that the spherical and dual curvature shapes have a better focusing and steering angle generally
compared with the reference phased array. As well as, the dual curvature phased array has additional capability
of focusing outside the geometric volume, without any grating lobe effects.

Keywords: geometrically focused transducer, high-intensity focused ultrasound, focusing, MATLAB
programming, computer simulation

1. Introduction

High intensity focused ultrasound (HIFU) is a clinical method for non-invasive treating different tumor ablation
over the past decade. Currently it is the subject of considerable research and development (Dubinsky et al., 2008,
Haar & Coussios, 2007). Typically, focused ultrasound treatment directs the beam at a specific object, and then
steer the focus over the whole volume of interest. Treatment with HIFU has many advantages over other physical
therapies, especially for deep tumors that measure up to several centimeters in diameter (Fish, 1990). The use of
HIFU systems with single focused transducer has the advantage of being relatively simple. However, it has some
disadvantages, such as including the need to scan the small lesions by moving the transducer through mechanical
system, which leads to extensive treatment time.

Phased arrays are dynamic focusing system of fixed array in term of motionless that can be controlled
electronically. It has an accurate capability of varying and controlling the focus size, location, and the range
during treatment. The expected drawbacks while using phased arrays embrace the presence of grating lobes and
other secondary intensity maxima, and complexity and potentially relatively high cost. Therefore, appropriate
strategies or techniques are needed to carefully manage these challenges to reduce grating lobes. Nevertheless,
much of researchers efforts were directed in the last few decades with the goal of enhancing and dealing with
such challenges. For instance, Hutchinson et al. (1996) suggested a different sized elements periodic linear array
with random distribution. Goss et al. (1996) showed theoretically that the performance of spherical surface
phased array can be improved by random distribution of elements. They also recommended that the use of sparse
phased arrays may reduce the complexity and cost of large 2-D arrays. Lu et al. (2008) proposed a new
optimization technique utilized genetic algorithm to reduce the grating lobe effects, this technique affect the
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distributions of phase and amplitude at array elements. Apodization, broad banding (Dupenloup et al., 1996) and
the use of subsets of elements (Filonenko et al., 2004; Fan & Hynynen, 1991) have also been investigated.

Generally, the aim for the enhancement of phased array-type based on HIFU is to perform accurate and effective
treatment of tumors. The number of independent elements must be reduced to the smallest amount, in order to
reduce cost and complexity. Various clinical applications require a wide steering range of the ultrasound focus.
Moreover, spherical phased array is preferred over a planar phased array for extracorporeal HIFU applications
due to the fact that the generated focused intensity is higher at the focus point, and lower intensity (i.e. damage)
on the acoustic window/skin (Aubty et al., 2008; Ebbini & Cain, 1991). On the other hand, the dual-curvature
focused phased array can deliver sufficient electronic-focusing ranges in x-z plan, which is better than the
limited capability in steering range for spherically phased array and the restricted focusing range for cylindrically
focused phased array.

Some drawbacks of using phased arrays are the unwanted presence of grating lobes or other secondary intensity
maxima and mainly for relatively large extracorporeal 2-D arrays. Moreover, the complexity and potentially the
relatively high cost (Aitkenhead et al., 2008; Lu et al., 2008; Botros et al., 1998; Botros et al., 1997) are
considered as drawback.

In this paper, a dual-curvature 1.5-D HIFU phased-array was simulated, and compared with planner and
spherical phased-array. Moreover, the shape of the phased array plays a major role in the focal point location and
steering angle, which allow scanning a larger volume of interest. Therefore, as mentioned before, a complete
phased array system was simulated to perform a complete and accurate ultrasound treatment. The simulated dual
curvatures treatment covers a large volume with a wide steering angle and a deep focal point without the use of
any manual movement of the ultrasound transducer.

2. Related Work

In the past two decades, ultrasound phased array has been receiving more attention by different research groups
and companies. In 2008, Dubinsky et al. developed a computed tomography virtual ultrasound system as an
imaging system to support treatment under percutaneous ultrasound guidance.

Goss, Frizzell, Kouzmanoff, Barich, and Yang (1996) proposed 2-D ultrasound phased array design for tissue
ablation for tumor treatment. Ultrasound array was optimized for high intensity focused treatment of both
prostate cancer and benign prostatic hyperplasia (Chen et al., 2012; Haar & Coussios, 2007; Ebbini et al., 1991)
in which a 56 x 12 element 2-D array was used to focus and steer over the whole prostate area without making
any damage at locations outside the focal point.

As mentioned previously in the introduction, phased arrays have dynamic focusing using electronic control.
Moreover, it provides a means of synthesizing fields with multi-focus points. Several researches have proposed
the use of spherical shell phased arrays in which elements are distributed randomly or in a specific order, this
will allow the combination of two types of focusing (i.e. electronic, and geometric) (N'Djin et al., 2008; Gavrilov
& Hand, 2000a; Daum & Hynynen, 1999; Goss et al., 1996; Ebbini & Cain, 1991).

Based on the literature, there is a needed and a room for improving the grating lobes by reducing its value.
However, several researches have been proposed that aimed to achieve this goal. For instance, Hutchinson et al.
(1996) developed an aperiodic linear array based on a random distribution of dissimilar sized elements. From
theoretical viewpoint, Goss et al. (1996) indicated that the usage of elements randomly distributed on a fragment
of a spherical surface might advance phased array performance. Using the genetic algorithm for optimizing the
phased array in order to condense grating lobes is presented and termed by Lu et al. (2008).

3. Material and Method

In this section, we present the proposed design of dual curvature phased array in three-dimensional model. As
well as, the discussion of the numerical simulation that is used to calculate the phase angle and the total acoustic
pressure generated from each element and aimed at the focus point.

3.1 Phased Array Design and Structure

The geometric shape of the dual-curvature HIFU phased-array transducer is simulated diagrammatically as
shown as in Figure 1. Dual-curvature HIFU phased-array is resulting from the design of two dimensional
curvatures with the same radius in both directions to cover about 1/6 of a sphere. By calculating the phases of all
elements, the acoustic beams converge on a target near the radius of curvature R and it can be steered in x-z plan
by phase adjustment. In this paper, the focus point represents the narrow area at the peak intensity in the focal
zone.
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Figure 1. Dual-curvature HIFU phased-array

The pressure and intensity beam profiles of a single-element in geometrically focused ultrasound transducer
were simulated using point source method (Cain & Umemura, 1986), which evaluates the overall generated
pressure or intensity at a certain point in the medium by dividing the ultrasound transducer into small point
sources, known as simple sources, then adding the contributions of these sources to calculate the overall pressure
or intensity. MATLAB simulations were used to calculate both pressure and intensity distributions (Math Works,
Inc., USA).

3.2 Numerical Simulation

Numerical simulation programs using MATLAB were performed as we mentioned in the previous section to
determine the number, and the size of the phased array elements in addition to the computation of pressure and
temperature field from the phased array. The array was modeled as a 2-D square array curved in spherical form
to cover about 1/6 of a sphere in order to have focusing and steering capabilities in both x- and y-directions
(xVatransverse, yYlongitudinal and z'4radial) as shown in Figure 1. The phase of each element was determined
such that signals from individual elements were coherent at the shifting focal point. Measuring the difference in
path length between each element to the focus (d;) in comparison to the path from the center of the array to the
focus (dy) determined the element phase calculation. The phase, 0;, (i.e. degrees) of element i was given by:
2

6; ==~ (d; — do) — 2mn (1)

Where, A is the wave length m, and n, is an integer to keep 6 between 0 and 27t. Huygen’s principle was used to
model the pressure field as a summation of simple sources. Thus, the total acoustic pressure at any point in the
field can be calculated using:

s =27 (5) T ®

Where, p is the total acoustic pressure, P is the total acoustic power emitted by the array, p is the density of the
medium, c is the speed of sound, 4 is the total surface area of the array, fis the resonance frequency, S is the area
of the corresponding element, and o is the attenuation in soft tissue.

In this paper, MATLAB programs consist from three types of phased arrays based on the pseudo-code as shown
in Figure 2. The various programs differs in element location and coordinates calculation, another important
difference is in the calculation of parameters required to compute the phase angle, which is the most important
factor affecting the total acoustic pressure. One of the most benefits of this implementation is to avoid undesired
temperature effect in the near acoustic field during HIFU sonications.
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Array dim=2
circumference = 8* Array dim
Radius= circumference /2n
For Theta x= -m/8 to /8
For Theta_y= -/8 to /8
Calculate element coordinate (x,),z)
Compute di
Compute 0;
For x=-10mm tol0mm
For z=10mm to70mm
Compute P(x,y,z)
End for
End for
End for
End for
Figure 2. Pseudo-code for dual-curvature HIFU phased-array

4. Experimental Results and Discussion

This work describes a MATLAB based software simulation of a square spherical shell phased array that consists
of 20*20 elements on a square spherical shell, with radius of curvature 80/2x, and area of 400mm”.  Acoustic
output power and efficiency are computed for a range focus. Simulation results showed that the array can steer
the single focus in the range +15 mm off-axis, the depth of on-axis focusing is up to 0.07 m from the center of
curvature of the array. To verify the capability of these arrays, the simulation was performed for three types of
high intensity focused ultrasound phased array; planner 2-D array, spherical 1.5-D array and Dual-Curvature
1.5-D HIFU Phased Array.

The three types of HIFU can focus on axis to a specific distance limit without grating lobe, while off-axis
focusing produce a side effect of grating lobe. In other words, off-axis focusing has a direct impact on the grating
lobe level. Thus, off-axis focusing causes an undesirable temperature increase at the grating lobe position.
However the grating lobe level increases when steering angle increases.

4.1 Planner Phased Array

Based on the simulations of the planner array, a diagram of the 2-D 100 element (10x10) tapered array with total
size of 0.02x0.02 m’. Single element size is 0.002x0.002 m”. On the other hand and for simulation purposes,
each element is divided into sub-elements (10x10), with size of 0.0002x0.0002 m?, and with the same angle, but
with different area and different distance from sub-element to focal point.

The simulation results for the planner phased array with normalized intensity in the x- and z-directions. First, the
focal point was aimed on axis at (X, y, z)=(0, 0, 0.03) m as shown in Figure 3, as a mesh (a) and contour (b) plot,
which has a limited area of focusing and with no grating lobe.
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Figure 3. The normalized distribution of intensity for planner phased array, geometrically focusing at (x, y, z) =
(0, 0, 0.03) m (a) mesh, (b) contour in x-z-plan

Two additional focal points were simulated off-axis. In Figure 4, the focal points where simulated at (x, y, z) =
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(0.006, 0, 0.03) m and (x, y, z) = (0.009, 0, 0.03) m respectively. The results showed a dramatic increase in a
grating lobe level of -10 dB and -1.5 dB. It is clear from this figure that further increasing in the steering angle
causes a further increasing in the grating lobe level.
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Figure 4. The normalized distribution of intensity for planner phased array, geometrically focusing at two
off-axis points, the first focal point at (x,y,z)=(0.006,0,0.03 m) as (a) mesh, (b) contour in x-z-plan, the second
focal point is (x,y,z)=(0.009,0,0.03 m) as (c) mesh, (d) contour

4.2 Spherical 1.5-D Phased Array

Spherical 1.5-D array was simulated as a set of 10 circles with thickens of 0.002 m each. The number of element
in the first circle is 6. And any consecutive circle contains 6 more elements with respect to the previous one; the
total number of elements is 330 with almost equal areas. The spherical shape is based on a phase variation
between consecutive circles with /40 as angle value.

For spherical phased array, three focal points were simulated. The first focal point was aimed on the axis at (x, y,
z)=(0, 0, 0.03) m, as shown in Figure 4 as a mesh (a) plot and contour (b) plot for the normalized intensity in
the x- and z-directions, which has a smaller area of focusing when compared with the planner phased array and
without grating lobe.

(@) (b)

Figure 4. The normalized distribution of intensity for spherical phased array, geometrically focusing at (X, y, z) =
(0, 0, 0.03) m (a) mesh, (b) contour in x-z-plan
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Subsequently, two focal points where simulated at (X, y, z) = (0.006, 0, 0.03) m and (X, y, z) = (0.009, 0, 0.03) m
respectively as shown in Figure 5. The results show a small increase in the grating lobe level when compared
with the planner phased array, and with the same focal points. It is clear from the figure that further increase in
the steering angle cause a further increase in the grating lobe level.
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Figure 5. The normalized distribution of intensity for spherical phased array, geometrically focusing at two
off-axis points, the first focal point at (x,y,z)=(0.006,0,0.03 m) as (a) mesh, (b) contour in x-z-plan, the second
focal point is (x,y,2)=(0.009,0,0.03 m) as (c) mesh, (d) contour

4.3 Dual-Curvature 1.5-D HIFU Phased Array

The simulation of Dual-Curvature 1.5-D HIFU Phased-Array is shown in Figure 1. The array consists of 100
elements (10%x10), the elements are sorted in a square model with curvature in both x and y directions. The angle
of rotation between consecutive rows is ©/40. In addition, the elements are sub-divided into sub elements of
(10x10) according to the point source method. The array dimensions are 0.02x0.02 m?, and the radius of
curvature equal 0.025 m.

Figure 6, shows the results for the dual curvature phased array. Three focal points were simulated here at (x, y, z)
= (0, 0, 0.03) m, (0.006, 0, 0.03) m, and (0.009, 0, 0.03) m respectively. It is clear that there is no grating lobe
effect in all cases compared to the planner and spherical arrays that contain grating lobe at angle greater than 14°
and 20° respectively.
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Figure 6. The normalized distribution of intensity for dual curvature phased array, geometrically focusing on-axis
at (x,y,2)=(0,0,0.03 m) in (a) mesh and (b) contour, off-axis points at (x,y,z)=(0.006,0,0.03 m) as (c) mesh , (d)
contour in x-z-plan, the third focal pointis (x,y,2)=(0.009,0,0.03 m) as (e) mesh , (f) contour

Attempting to focus outside the volume at (x, y, z) = (0.015, 0, 0.04) m as shown in Figure 7 (a) and (b), resulted
in an increase in the concentration area without undesirable grating lobe. The peak intensity obtained at 15 mm
off-axis was reduced dramatically, which was about 50% of the maximum intensity, although there were no
grating lobes in the simulated field. Thus, we can say that the phased array can focus on the x direction with
wide angle range that covers from (—0.02 to 0.02) m.

Numerical results and simulations showed that the dual-curvature design can confine the focusing of the beams,
and therefore a small phase difference between elements is required for focusing and steering in the restricted
range. Another advantage of the dual-curvature configuration is that only 100 independent elements are needed
to accomplish dynamic focusing and steering in x-z directions.
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Figure 7. The normalized distribution of intensity for spherical phased array, with geometrical focus aimed
outside the volume at (X, y, z) = (0.015, 0, 0.040) m as (a) mesh, (b) contour in x-z-plan without grating lobe
effect

5. Conclusion

A MATLAB based simulation for a planner, spherical and dual-curvature shell phased array HIFU was
implemented in this paper. The simulation results showed that the position of the focal point can be controlled
dynamically. One other notable result is that steering of focal point in depth and sideways from the central axis is
possible. The numerical simulations showed that the dual-curvature array possesses a dynamic focusing range of
0.065 m in the z-direction and a 45° steering range in the x-direction. In the case of planner phased array, the
maximum steering angle was limited to 14° with 0.03 m focal depth, exceeding this angle the grating lobe will
increase dramatically. For the spherical phased array the steering angle was about 20° and the focal depth is 0.05
m. The dual curvature phased array simulation showed a great improvement in focusing and steering within the
area of interest without any effect of grating lobes. This simulation suggests that the similarly designed arrays are
suitable for the deep wide range treatment. Therefore, we argue here that the proposed approach can be safely
used in practice.
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