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For the high intensity focused ultrasound (HIFU) phased array, frequency, distribution pattern, size and
amount of the elements may affect the performance and cost of the HIFU device. In this paper an inner
holed spherical shell with 96 transducer elements was designed basing on the Ebbini pseudo-inverse matrix
and Penns bioheat transfer equation. The phased array has a lower grating-lobe level and a higher intensity
gain suitable for deep heating. The experiments with the array using 16 elements show that the phased array
design produces a large dynamic scan scale with least elements and a high heat focus.
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1. Introduction

HIFU has been used as a noninvasive treatment of localized deep diseased tissue [1,2].
HIFU of phased array has advantage over the traditional physical focus because of the
complexity of the devices and reliability of the focus [3]. The random [4] and
annular arrays [5] have the ability to build a high intensity focus. But excessive
array elements will make the HIFU device too bulky and complicate to be fulfilled.
Rational array patterns can solve the contradictions to a certain extent, e.g., a spherical-
section array produced a higher intensity gain than a planar one with the same
array element size and number, and the array with unequal distant elements made
smaller lobes than the array with equal distant elements [6,7].

Phased arrays are able to focus the ultrasound electronically in the tumor’s sagittal plane.
A rational parameter choice of the phased arrays, such as frequency, size, the number,
distribution patterns of elements and curvature of the spherical shell array, can increase the
focusing performance and reduce the cost of the HIFU device. In this paper we studied an
algorithm to produce optimal arrays with least elements, a large dynamic scan scale and an
eligible grating lobe level based on the Ebbini pseudo-inverse algorithm [8] and the Pennes
equation [9]. Power is supplied to the array elements from a signal driving system based on
FPGA (Field Programmable Gate Array), which provides multi-channel precise phased signals
with 5.625° phase shift resolution from 0 to 360° for the HIFU device.
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2. Optimizing methods

The thermal response of the tissue under the ultrasound exposure is governed by Pennes
bioheat transfer equation
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where p, C and K are the density, specific heat and thermal conductivity with subscripts
b and 1 referring respectively to the blood and tissue domain, 7, is the artery temperature,
w is perfusion rate, Q,, is the metabolic energy generation, Q, is the tissue SAR (Specific
Absorption Rate) of the ultrasound energy.

The main purpose of the HIFU treatment is to build a proper SAR distribution in the
target tissue. The power deposition at position r,, = (x, y, z) relates to the ultrasound pressure
p and the tissue absorption coefficient o, at this point.
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where c is the sound velocity in the tissue, and @, = @y f', @0 and i are the constants
varying with different tissues.

The Ebbini pseudo-inverse algorithm is used for computing the driving amplitudes and
phases of array elements from the sound pressure distribution

u=H"'p (3)

where u = [uy, u,, A, uy]'is the vector of the complex surface velocity of N elements, p = [p),
P2 A\, pu] is the sound pressure vector of M control points, H' is the pseudo-inverse of the
M x N matrix H. The element of matrix H is 4, and is equal to
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where 7., is the distance from the sound pressure point r,, to the incremental source area of
the complete n-th transducer element area s, k = 27/ is the wave number, A is the
ultrasonic wavelength, & is the attenuation coefficient in the lossy material, and d is the ray
distance in the lossy material between the source point and the location of the desired
pressure point.

For a homogeneous tissue, combining (2) with (3) results in the relation between u
and Q,
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u=H"(4-Q) (5

where A = \pc/dy, Qy = [Ngy1 » \[45;; A Ng.u ' In this way, the relationship between the
ultrasound field and the driving signals was extended to the relationship between the SAR
and the driving signals.

3. Results and discussion

The purpose of the optimization procedure is to find the array with rational element
distribution patterns and design parameters, such as frequency, the element size and
curvature of the spherical shell, in order to achieve the desired O, and eligible lobe level in
the expected target scale with a least element number.
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where A;, A,, and A, are SAR for a single focus, sound intensity of the element, and ratio of
the distance between the element centers to the sound wavelength. R is the spherical shell
radius, d, is the circle element diameter, d,. is the smallest central distance between adjacent
elements, ideally d, = d,, avoiding great array aperture. For different treatment targets,
different scan scale requirements, different transducer material, and different element
distribution arrays, different values may be determined for A,, A,, and As.

Specific steps of the algorithm are as follows:

e Determine the treatment aims, such as A,, D,, D,, D; and D, in Fig. 1.

e Choose array pattern and define A; and D; that can ensure that no excessive lobes are
present.
Define a smaller or the smallest value of N.
Find rfrl;(rfl u = H' (A - Q,) under the defined N.

e Judge whether p,,<A,; If no, N=N+ 1, then go to step e; If yes, give the result f, R, d,

and N and finish the optimization.

Using the above algorithm, an inner holed spherical shell array containing circle
elements was designed, as shown in Fig. 2. The treatment aims and optimization results are
described in Table 1, and the tissue thermal properties [10] are used in calculations. Figure 3
(a) and (b) are the x-y axis and the side elevation acoustic field when the phased array
produces a focus with 100W/cm? intensity in (0, 15 mm, 200 mm). The array of d,. = 1.8 cm
excels that of d,. = 2.4 cm in the ability of the restraining grating lobes. And the restraining
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ability shows a big dynamic range. That is to say that the grating-lobe level can be kept low
even if the main focus deviates the z-axis. This is advantageous for the focused ultrasound
treatment because the low grating-lobe level can avoid the impairing of normal tissue while
treating a deep-seated tumor.
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Fig. 1. Schematic of the HIFU scan scale.

Fig. 2. Photograph of the inner holed spherical array.

Table 1. Treatment aims and optimization results.

Aims Results
Dy =16 cm Frequency f'= 557 KHz
D, =10 cm Radius of spherical shell R = 20 cm
Dy=4cm Distance between elements d,. = 1.8 ¢cm
Dy=3cm Height of spherical shell = 3.2 cm
Ds;=5cm Element number N = 96
A, = 43 W/em® Diameter of element d, = 1.4 cm
Ay =4 cm Aperture of spherical shell = 17.4 cm
Asi=2.3 Sound intensity gain ® G = 65.05
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Fig. 3. The grating lobes of the array when focus deviating z-axis.

Using the pseudo inverse method the driving signals have an amplitude and phase
distribution shown in Fig. 4. The figures on the left-hand side are the amplitudes, and those
on the right-hand side are phases. Using excitation optimizing algorithm amplitudes of the
particle velocity for the phased-array elements are kept uniform and are below the
maximum amplitude before the optimization. The phases of the particle velocity are kept
invariant before and after the optimization and fluctuate within the range from — 7 to +7.
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Fig. 4. Amplitude and phase distribution of particle velocity.
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The optimization results show that different ratios of the distance between elements to
the wavelength leads to different optimization results. Low frequency is preferred for
reducing the element number. The optional radius of the spherical shell is not always the
center of the scan scale, but tends to the largest depth of scan region. An optimal element
aperture tends to the largest limit, which means that the element size is inverse proportionel
to the element number. For the HIFU treatment the larger are D,, D,, A), the lower f and
R are preferred.

4. Experimental device

The transducer array with 96 elements needs 96 channel driving signals of controlled
phase and amplitude. Under this requirement, a phased signal driving system was
developed based on FPGA. The system composed of five main parts is shown in Fig. 5. By
a controlling computer and digital I/O card, each element can get the needed signal of
different phase and amplitude in the procession of focusing.
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Fig. 5. Diagram of phased signal driving system.

In the experiments, 16 elements in the designed transducer array were used, and driving
signals were applied from the above system. The phase shift of the driving system had 6-bit
quantized accuracy that is 27/2° = 0.0982 (5.625°). Actual control phases of these elements
are shown in Fig. 6, and the amplitude of the particle velocity for each element is
0.1493 m/s. At a frequency of 557 KHz the array could focus electronically in a 3 ¢cm
diameter, 10-16 c¢m depth cylinder region. Results compare the measured and simulated
temperatures after a 6 seconds HIFU exposure, as shown in Table 2. In the scanning region
four points included the nearest and farthest points in the radial and axial directions of the
array. Their temperatures were measured by using the thermoelectric couples. The finite
element software ANSYS 5.7 was applied to calculate the simulation results.
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Fig. 6. Control phase distribution of 16 elements.

Table 2. Comparison of the simulation with measurement results.

Test points (cm)

Simulated results (°C)

Measured results (°C)

A (x=0, y=0, z=10)
B (x=0, y=0, z=16)
C (x=3, y=0, z=10)
D (x=3, y=0, z=16)

70
70
70
70

69.1
68.3
67.5
67.1

5. Conclusion

Basing on the Ebbini pseudo-inverse matrix and Penns bioheat transfer equation, an
optimization method has been provided for the HIFU phased array. An inner holed spherical
shell with 96 elements was designed for the HIFU treatment. The array could satisfy the
need for a lower grating-lobe level and higher focal intensity gain to achieve the required
therapeutic heating location. Ultrasound focusing experiments of the array using 16
elements had been carried out through a signal driving system based on FPGA, which could
provide precise phased signals for the array elements. The results showed that the array
could realize a large dynamic scan scale (3 cm diameter, 10-16 cm depth) with least
elements. The design method of the phased array is useful and feasible for the HIFU device.
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