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ABSTRACT 

Intracavitary ultrasound hyperthermia applicators have the potential to heat certain tumor 

sites, especially in the pelvic region, better than external techniques. To allow deep, controlled 

heating, an intracavitary phased array has been developed. The hardware required to drive the 

array was also developed; including amplifiers, phase shifters, power meters and matching circuits. 

The entire system is computer controlled and capable of driving up to 64 individual ultrasound 

transducers. This system was used to conduct acoustic field measurements and in vivo perfused 

kidney experiments with the phased arrays. These results show that these arrays focus as predicted, 

and are capable of controlling the heating field by electrically controlling the position of the focus. 
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1.0 

INTRODUCTION 

1.1 HYPERTHERMIA 

In 1866 Busch published an article in which he described the remission of a patient's sarcoma 

of the face. The remission occurred after the patient suffered a high fever caused by erysipelas, a 

skin infection (Busch 1866). This appears to be the first mention in scientific literature of the pos

sible therapeutic effects of hyperthermia in the treatment of cancer. Since then there has been 

considerable effort in studying the therapeutic benefits of heat for treating cancer. Early experi

ments were hindered by the lack of the technology necessary to heat tumors. In fact, experiments 

conducted in the late 19th century relied on toxins to induce high fevers in cancer patients. This 

work by Coley indicated that patients with inoperable cancers who were treated with his fever 

inducing toxins had a five year survival rate that was more than double that of those who received 

no treatment (Coley 1893). These experiments seemed to indicated that it was possible to destroy 

malignant tissues without destroying normal tissues. 

Since those early experiments, technology has produced a large number of devices designed to 

preferentially heating tumor sites. These include: microwaves, ultrasound, RF currents, magnetic 

fields, and other methods based on electromagnetic principles (Consensus Report). It has also been 

determined that hyperthermia in conjunction with ionizing radiation therapy has more therapeutic 

value than either therapy alone (Overgaard 1989, Arcangeli et al. 1987, Gerner et al. 1975). 

The reason hyperthermia, defined as the elevation of temperature within a tumor to between 

42-50 °C for a period of 30-60 minutes, seems to be effective in selectively destroying malignant 

cells is predominately because of the morphology of the tumor. Many tumors have lower rates of 
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blood perfusion than surrounding normal tissue. This means that the tumor cells receive less oxy

gen and nutrients than their neighboring healthy cells. Because of this, tumor cells seem to be more 

susceptible to damage due to hyperthermia. Also, since blood perfusion is the main method by 

which the body transports heat, the less perfused tumors are not able to remove heat as well as 

normal tissues, and as a consequence higher temperatures can occur within the tumor (Strohbehn 

1984). 

Hyperthermia also tends to make cells less resistant to radiation therapy. While this effect has 

been noticed in both healthy and malignant tissues, it seems to be somewhat more dominant in 

tumor cells. In fact, the cells that are hypoxic and receive lower levels of nutrients are more resis

tant to radiation than are most healthy cells. These cells are exactly the ones that are most respon

sive to treatment with hyperthermia. This synergistic effect is what makes hyperthermia a good 

adjunct to radiation therapy (Gillete 1984, Overgaard 1980). 

To limit the amount of damage to normal tissues, radiation and hyperthermia treatments are 

usually fractionated into a series of treatments. Since healthy tissues tend to receive more oxygen 

and nutrients than their malignant counter parts, they can more quickly repair radiation and ther

mal damage. The delay between treatments allows normal cells to begin repairing any damage that 

might have occurred during the treatment while the malignant cells, which receive less nutrients 

and oxygen, are less capable of making such repairs. Also, most cells are more resistant to hyper

thermia or radiation during certain phases of their cycle. By giving the treatment several times over 

a period of time, more cells can be exposed to the heat or radiation during their more vulnerable 

phases than would be exposed during a single treatment (Hahn 1984). 

In recent years ultrasound has become increasingly popular as a method for inducing local 

hyperthermia (Hynynen 1990) primarily because of its ability to penetrate deep into the body and 

the ease by which it can be focused. The ability of ultrasound to be focused minimizes damage to 
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normal tissues within the acoustical window (the area through which the ultrasound must pass to 

reach the tumor) while maximizing the intensity within the tumor volume. 

Ultrasound can be focused either by using spherically curved transducers, acoustic lenses, or 

with phased arrays. The spherically curved transducer is by far the most commonly used for focus

ing ultrasound for hyperthermia. There are a few hyperthermia systems that utilize one or more 

spherically curved transducers to induce hyperthermia (Hynynen et al. 1987). Other hyperthermia 

systems use arrays of non-focused transducers and/or acoustic lenses (Fessenden et al. 1984, Lele 

et al. 1982). 

By using a large spherically curved transducer, or an array of smaller, spherically curved 

transducers focused to a common point, the ultrasound intensities outside the tumor site can be 

minimized. Since the focal point is usually smaller than the tumor region, the focal point must be 

scanned in order to heat the entire volume. For single transducers or small arrays of focused trans

ducers, the scanning is usually accomplished by mechanically moving the transducers. The prob

lem with this technique is that mechanical scanners that are capable of movement in at least three 

dimensions are quite large and expensive, the scanning speed is limited, and are vulnerable to me

chanical failures. 

1.2 PHASED ARRAYS 

To overcome the necessity of mechanical scanning and allow for greater treatment flexibility, 

phased arrays are being developed for hyperthermia. Phased arrays are made up of a number of 

small transducers that do not necessarily rely on the geometry of the array to produce a focus. 

Instead, the phase and amplitude of each transducer in the array can be controlled to form a focus 

via constructive wave interference (see Figure 1.1), while away from the focus destructive interfer

ence will dominate. This technique allows the location, as well as shape, of the focal region to be 
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modified by changing the amplitude and phase of the driving signals to each transducer in the ar

ray. To do this with an acoustic lens, or focused transducer, the shape of the lens or transducer 

would have to be mechanically modified. With this in mind, phased arrays offer significantly more 

flexibility than their focused counterparts (Ocheltree et al. 1984). 

Besides allowing for quick scanning of a single focus, phased arrays can also synthesize vir

tually any number of foci, or even create larger focal regions. This provides increased flexibility 

for heating tumor sites that would be impossible for systems that rely on fixed focus transducers. 

While this may be more computationally complex than determining the phasing for a single focus, 

numerical techniques have been developed which allow for the computation of the required driving 

phases and amplitudes for virtually any focal pattern (Ebbini 1989). More array elements are 

necessary to produce a multiple foci pattern than are needed to produce a single focus. While this 

may seem to add unnecessary complexity to an array, most practical arrays require a similar 

number of elements to create a large enough view for hyperthermia purposes. 

Ultrasound phased arrays have been used for some time for ultrasound imaging purposes due 

to their lack of moving parts, and their ability to electrically focus the return echo. For hyperther

mia, the applicators need only transmit power since there is no interest in the reflected energy. Still, 

the electrical focusing properties of the phased array can be of significant benefit for hyperthermia 

treatments. Attempts to use microwave (Gross et al. 1990) or radio wave (Turner 1984) phased 

arrays for hyperthermia have been reported. The primary difficulty with using microwaves is that 

they cannot penetrate deep into the body, and the wavelength is so long so that sharp foci cannot be 

produced. Radio waves can penetrate deeper into the body, but the wavelengths are even longer 

than those used by microwaves, creating an even larger focal region. On the other hand, ultrasound 

can penetrate tissues quite well and their operating wavelengths allow for an extremely sharp 

focus, which is desirable as it allows for increased control over the power deposition within the 

tumor site. 
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Figure 1.1. Phased array concepts. The upper diagram shows the relative phases necessary 
to produce a center focus while the lower diagram shows the relative phases required for 
side focusing. 
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There are two primary types of phased arrays: one-dimensional and two-dimensional arrays. 

Two-dimensional arrays require a large number of elements (n2 for a square array), but allow the 

energy to be focused within a three-dimensional volume that is within the field of view of the array. 

One-dimensional arrays require a significantly smaller number of elements (usually n), but can 

only focus within a two-dimensional plane within the field of view of the array. Clever techniques 

have been used to make use of some of the properties of one-dimensional arrays and their geome

tries so as to maximize control of the field onto larger volumes with a minimal number of array 

elements (Ebbini et al. 1991, Cain et al. 1986, Benkeser et al. 1987). 

Several types of ultrasound phased arrays have been proposed or built for applying ultrasound 

energy for use in hyperthermia. These include Umemura and Cain's sector-vortex and concentric 

ring applicators (1986, 1989), Ebbini and Cain's cylindrical section applicator (1988, 1991), the 

tapered array developed by Benkeser et al. (1987), as well as the intracavitary phased array pro

posed by Diederich and Hynynen (1991) which this work continues. Each of these arrays is 

comprised of anywhere from 16 to 64 individual transducers in each array, and operate at 

frequencies between 500 kHz and 750 kHz. 

1.3 INTRACAVITARY APPLICATORS 

Most ultrasound hyperthermia devices rely on transducers located outside the body for the 

source of ultrasound. Recently, transducers have been implanted (Diederich 1990) or placed inside 

body cavities (Diederich 1989, 1990a) in an effort to locate transducers closer to the tumors. 

Having the transducers as close as possible to the tumor site minimizes damage to healthy tissues, 

as well as allowing ultrasound treatments in areas where externally located transducers cannot 

heat. Since ultrasound cannot penetrate bone or gas pockets, intracavitary or interstitial applicators 

may allow for treatment of tumors located in areas surrounded by bone, or gas. 
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While microwave intracavitary systems have been available for some time, little work has 

been done with ultrasound applicators. For a detailed discussion of the advantages of ultrasound 

over other modalities for intracavitary use see Diederich (1991). Currently, clinical trials are un

derway using a non-focused intracavitary ultrasound system for the heating of the prostate, as well 

as colon cancers and vaginal cancers (Fosmire et al. 1992). While preliminary indications of treat

ment success appears promising, treatments could be improved if the depth to which energy could 

be delivered were increased and if there were more control over the power deposition field. One 

method of achieving these goals is to use ultrasound phased arrays rather than the non-focused 

arrays currently in use. Phased arrays would not only increase the depth to which energy could be 

delivered by using the focusing capability of the phased array, but would also increase control over 

the power deposition field by allowing control over the size and location of the focal region. 
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2.0 

PHASE CALCULATIONS AND ULTRASOUND SIMULATIONS 

2.1 SINGLE FOCUS 

The simplest form of focusing that can be done with a phased array is the single focus case. In 

this situation, the phases of the driving signals are set so that constructive interference occurs at the 

desired focal location. This is illustrated in Figure 2.1, where the delay for each signal, Ath is: 

A/ =M (2.1) 
L\lj 

V 

where Adj is the distance between the shortest path and the i'1' path (m), v is the speed of sound in 

Focus 

Phased Array 

Figure 2.1. For the single focus case, the difference in distances the wave fronts must travel 
determines the amount of phase shift required by each element. 
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water (m/s), and i = 1, 2,n, and n is the number of ultrasound transducers in the array. The 

phase shift of each signal, fa, can be found by: 

r' A 

where fa is in radians, X is the wavelength (m), and m - 0, 1,2, ... . 

The single focus case is useful since the required phase of the driving signals can be quickly 

and easily calculated, allowing for real time calculations. Also, because the amplitudes of the 

driving signals are all equal, the array is driven with maximal efficiency, and since there is an exact 

solution to the system of equations, the intensity at the focus is at a maximum for a given set of 

driving signals. This can be important for cylindrical transducers since the power drops off with 

the inverse of the distance from the transducers there may only be sufficient power to produce a 

single focus. 

2.2 MULTIPLE FOCUSING 

Multiple focusing, or phased array pattern synthesis, is a technique for producing two or more 

foci while using all of the available elements in the array simultaneously. Two techniques have 

been proposed for synthesizing ultrasonic fields for hyperthermia use. The first, and simplest of 

these techniques is the phase conjugation method, (Ibbini et al. 1989) which uses the ultrasonic 

field calculating routine described later in this chapter, but reverses the direction of the calculation. 

In other words, the desired focal regions are replaced by point radiators, and the magnitudes and 

phases resulting from the projections onto the center cf each of the elements by the point sources 

are calculated. While this technique is capable of producing a reasonable number of foci, the foci 

that are produced are usually not of the same magnitude, and this technique cannot accurately 

control the magnitudes of the resulting foci (Ebbini 1990). 
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The second technique, the pseudoinverse method, uses a series of control points that represent 

the magnitude of the ultrasound field at given points, and uses a set of equations to calculate the 

minimum norm solution for the driving signals. A complete description of this technique developed 

by E. Ebbini can be found in (Ebbini 1990) and (Ebbini et al. 1989), though a brief description is 

included here for completeness. This technique solves the Rayleigh-Sommerfeld integral for an 

array with N elements, and a field of M control points, p(r)\ 

inrk N 

P®'1 <2'31 
L71 n=l S'„ I'm '„| 

where p is the density of the propagation medium, c is the speed of sound in the medium, k is the 

wavenumber, S' is the surface of the source, u is the particle velocity normal to the surface of the 

source, and |rm - rn| is the distance between a control point (rm) and the surface of a source (rn), 

m= 1, 2, ..., M, and n = 1, 2, ..., N, M and N are the number of control points and elements re

spectively. 

To simplify programming of this algorithm, (2.3) can be described by: 

Hu = p (2.4) 

where u is the excitation vector, p is the complex pressure at the control points, and H is the re

mainder of equation (2.3). For intracavitary hyperthermia uses, the number of elements in the array 

(n) is always greater than the number of control points (m). This leads to a system of equations 

with more unknowns (u;'s), than knowns (pj's), which is an underdetermined system of equations, 

and therefore there are an infinite number of solutions. The minimum norm solution (u) can be 

found by using a least squares approximation of (2.4): 

u = H"'(HH')"'p (25) 

where H*' is the complex conjugate of H. 
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Unlike the phase conjugation technique, the Pseudoinverse technique allows for control over 

the relative amplitude of the control points. This means that the solution produced can allow for 

foci of equal magnitudes, but equally important, the Pseudoinverse technique allows for the 

insertion of minima points so that high ultrasound intensities can be minimized in certain regions. 

There are still certain foci locations for which it is impossible to meet the constraints imposed in 

solving (2.5), and the excitation vector, u, does not excite the array with maximal efficiency. In his 

dissertation, Ebbini (1990), discusses some optimization techniques that can overcome these 

2.3 ACOUSTIC MODELING 

The ultrasound simulation program used in this work was developed by Diederich (1990, 

1991) and is only briefly introduced here. The 3D model utilizes N cylindrical radiators of finite 

length, radius, and separation as models of the individual ultrasound transducers in the array, and 

assumes a target media having similar acoustical properties as tissue. The model relies on Huygens 

principle, and models the surface of the cylindrical elements with an evenly spaced grid of simple 

spherical sources. For all of the simulations performed for this work, the sources were spaced on a 

grid with A./32 spacing. 

The acoustical pressure field was calculated in the z-0 plane using: 

problems. 

2 "2 (2.6) 

ng i=1 
' 2 
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where: 

P.(r) = 
Psara cJV*-2*5-*har 

r 

(2.7) 

and nz is the number of sources in the z direction, is the number of sources in the theta direction, 

Ps is the pressure from a single source (Pa), Psa is the pressure amplitude at the source (Pa), ra is 

the radius of the source (m), r is the radial distance from the center of the source (m), X is the 

wavelength (m), </> is the phase of the excitation signal (radians),/is the operating frequency (Hz), 

and a is the attenuation coefficient (Np/m). 
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3.0 

PHASED ARRAY EQUIPMENT 

While phased arrays are extremely flexible, the increased complexity of the associated 

electronic hardware has somewhat limited their use for hyperthermic purposes. The phase of the 

driving signal to each individual element must be controllable. This means that each element must 

have its own amplifier and phase shifter. To drive the intracavitary ultrasound phased arrays 

described here, a 64 channel phased array system was developed. The system operates at 500 kHz 

with output powers of up to 20 W per element for a total maximum power of no more than about 

850 W since the amplifiers are not 100 % efficient. The phase of each signal is controllable from 

0-360° in increments of 22.5° each. Additionally, the amplitude of each individual channel can be 

controlled by controlling the duty cycle of the driving signal. 

To make this system useful in a clinical environment, the device must be relatively small and 

easily transportable so that it can easily be moved into the treatment rooms. In addition, the system 

must be rugged enough to withstand these frequent moves without failing. To achieve this, the 

system is housed in a 92x56x67.8 cm (36x22x26.5 inch HxWxD) steel rack chassis mounted on 

wheels (Figure 3.1), allowing the system to easily be rolled from room to room. To ensure 

reliability, a printed circuit board was designed for virtually every card in the system. As an added 

measure for patient safety, all AC power is isolated from ground by a 3 kVA isolation transformer 

with a guaranteed leakage current of less than 50 jiA. 

The system is controlled by a computer mounted within the chassis. The monitor and key

board are situated on top of the system cabinet for easy access. Located on top of the equipment 

stack is a Sorensen power supply that allows control over the RF output power of the system. The 

output voltage of the power supply can be either controlled manually from the front 
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Figure 3.1. Phased array driving system. Self contained system has 64 channels of 
amplifiers, phase shifters, RF power meters and transducer matching circuits. 
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panel or automatically by the computer. The output voltage and current are constantly displayed on 

the front panel for easy monitoring by the operator. The power supply is also monitored by the 

computer to detect unusual or abnormal voltage or current levels. 

All of the custom designed components are located in a four tier rack that is mounted horizon

tally in the middle of the equipment stack. The rack system is mounted on ball bearing slides, much 

like a drawer, to allow easy access to the internal cards. Mounted to the exterior front panel of the 

equipment drawer are two 37 pin coaxial circular connectors that allow the connection of the ultra

sound array to the driving system. To insure the integrity of the RF driving signals, all RF power 

signals are transmitted through 50 D. coaxial cable. 

The phased array system can be divided into several distinct functions (see Figure 3.2): the 

controlling computer, amplifiers, phase shifters and duty cycle controllers, interface controller 

card, power meters, matching circuits and the Sorensen 1000 W dc power supply. Due to the 

complexity of controlling a phased array in real time, a computer is necessary for synchronizing 

the driving hardware and monitoring the RF output power. The hardware can be programmed in 

any high level language such as C or BASIC. A personal computer based on the Intel 386SX 

microprocessor equipped with a 24 channel digital I/O board, was chosen for its small size and 

cost to speed ratio. Most of the computer's time is devoted to I/O via the parallel card to the phase 

shifting hardware, thus fast processing speeds were not necessary. In addition to setting the phase 

and amplitude of each channel, the computer monitors the dc power supply and the RF power 

meters for possible fault conditions. 

The controller card interfaces the personal computer with the phase shifting circuits and RF 

power meters and allows control of the Sorensen power supply. The phase shifter/duty cycle con

trollers are digital circuits that, as the name suggests, control the phase and duty cycle of the driv

ing signal. The outputs of the phase shifters are fed into the power amplifiers that convert the low 
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Figure 3.2. Block diagram of the driving system hardware. 
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level digital signals into the high power sinewaves required for driving the piezoelectric transduc

ers. The RF power passes through an array of power meters capable of measuring both the for

ward and reflected RF power on each of the 64 amplifier outputs. The RF power is then fed into an 

electrical matching circuit that matches the transducer impedance to the output impedance of the 

amplifier before driving the phased array, guaranteeing maximum power transfer between the 

amplifiers and the transducers. 

3.1 HIGH FREQUENCY AMPLIFIERS 

The amplifiers for phased array systems need to be high frequency, high power devices that 

allow easy control of both the phase and the amplitude of the output signals, and because there are 

so many amplifiers, it is important that they be both low in cost and small in size. To maintain 

compatibility with existing RF amplifiers, they should have a 50 Q output impedance. Addition

ally, since the amplifiers are for use in clinical situations, it is important that they are extremely 

reliable and robust, and do not compromise the safety of the patient or the operator. 

An amplifier design based on a high frequency power inverter (class E) was chosen to meet 

the aforementioned conditions (Gottlieb 1982). These amplifiers are simple, inexpensive, and will 

not oscillate under any operational conditions. Since the amplifiers are driven by a TTL level digi

tal signal, the phase shifting can be done digitally which is much simpler than analog phase shift

ing. The amplifier is composed of two MOSFETs configured in totem pole fashion as shown in 

Figure 3.3. A dc power supply (Vraj]) is connected across the transistor pair, and the output is 

taken from the point between the transistors. By alternately turning the transistors on and off, a 

high power square wave can be formed at the output. By adjusting the voltage across the transis

tors, the amplitude of the squarewave, and therefore, the output power, can be controlled. In this 

application, the same power supply is used for all the amplifiers, so the output power of all the 
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amplifiers can be adjusted simultaneously. Since the output of the amplifier should be sinusoidal, 

the high power square wave is filtered by a tapped inductor circuit, which bandpass filters the 

square wave and provides the impedance transformation necessary for a 50 Q output impedance. 

The same principle (e.g., switching power inverter) was used by the University of Illinois, though 

implemented somewhat differently, in their phased array driving system (Ngo 1988). 

To avoid the noise problems and to modularize the system, the amplifiers and digital phase 

shifters were built on separate printed circuit boards. Each amplifier board contains four independ

ent amplifier channels on a 11.4x24.4 cm (4.5x9.6 inch) card. To simplify interconnecting the 

amplifiers, all signals, including the RF outputs, pass through an edge connector on the card. While 

passing high power RF through an edge connector is not necessarily the most desirable technique 

of transmitting the power, no problems occurred during testing even when the output power of each 

amplifier exceeded 50 W in the frequency range of interest. The primary advantage of transmitting 

the RF power through the edge connector is that the additional size and expense of coaxial connec

tors are avoided as well as simplifying the removal and installation of the amplifier cards. 

Q1 
_n_n NMOS _ Vrail 

•© 

n_n_ °— Q2 
NMOS _ 0V 

Figure 3.3. Simplified schematic of the principle behind the power inverter (class D output 
stage). 



27 

The schematic for a single amplifier channel used in this system is shown in Figure 3.4. The 

amplifier is designed around the IR2110 MOSFET driver. The IR2110 can drive a pair of high 

power MOSFETs in sync with a TTL control signal. Notice that the power MOSFETs are both 

NMOS type transistors, which differs from the usual configuration for a class E amplifier output 

stage, which would normally use an NMOS transistor as the low side driver and the PMOS 

transistor as the high side driver. The PMOS - NMOS configuration is used to minimize the gate 

voltage necessary to turn on the high side transistor. This is unnecessary for circuits using the 

IR2110, since it has a built in level shifting circuit that allows it to generate voltages equal to Vrail 

(up to 500 V). The level shifting ability allows it to easily turn on an NMOS high side transistor. 

Having both the high side and low side drivers from the same MOS family is advantageous since 

the dynamic characteristics of the transistors are then more closely matched. 

An important consideration in designing a class E amplifier is to ensure that both power tran

sistors never conduct simultaneously. When this occurs, Vrail is effectively shorted to ground, 

CMOS level Slplfli lipid 

IN62#' 
MHC04 

Figure 3.4. Full schematic of a single power inverter channel. 
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allowing a significant amount of current to flow through the power MOSFETs. This not only re

duces the efficiency of the amplifier, but it also increases the amount of heat sinking required to 

dissipate the additional heat generated during the short circuit condition. 

To prevent simultaneous conduction, two major design considerations were made: First, the 

two channels of the IR2110 have matched turn on and turn off times (t,.= 120 ns, tf = 95 ns), so 

that there is no time adjustments necessary to synchronize the high and low sides of the driver. 

Since the turn on delay is 25 ns longer than the turn off delay, the power MOSFETs used here 

(IRF520, tj. = 25 ns, tf = 17 ns) will have ample time to turn off before the other transistor turns on. 

Second, resistors R1 and R2 combine with the gate capacitances of Q11 and Q12 to form a delay 

that will slow the turn on and turn off times of the power MOSFETs. Since delaying both the turn 

on and turn off time does not do anything to prevent simultaneous conduction, diodes D2 and D3 

are placed across R1 and R2 to short the resistors during the turn off period. These measures 

ensure that simultaneous conduction will not occur and largely accounts for the high efficiency 

(89%) of these amplifiers. 

As with any high power amplifier circuit, noise is a serious problem, that if not dealt with, can 

seriously hinder the operation of the amplifier. To minimize the effects of noise, the printed circuit 

board was designed with two identical ground planes on the inner layers of the four layer board. 

Also, decoupling capacitors were generously dispersed throughout the board, especially near noise 

generating circuits. All power supply pins of the integrated circuits have both a 4.7 pF tantalum 

and a 0.01 pF ceramic decoupling capacitors located as close as physically possible to each pin. In 

the high power section of the amplifier, additional care was taken to provide adequate decoupling. 

To minimize the equivalent series resistance (ESR) of the decoupling capacitors, a pair of each 

capacitance value was used. This not only minimized the ESR, but also retained the high frequency 

characteristics of the smaller capacitor while providing a large overall decoupling capacitance. 
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To minimize any switching noise from being transmitted to other amplifiers via the high 

power dc lines (Vraji), a choke is placed in series with the MOSFET transistors. The 50 mH choke 

was built by winding 45 turns of 26 AWG magnet wire around a FT-50-A ferrite toroidal core. 

The tapped inductor circuit, composed of T3 and CIO, formed the impedance transformation 

and filtering circuit. The output impedance of the MOSFET stage is extremely low; less than 1 Q, 

but the amplifier operates extremely well with a 4 Q load. Therefore, the tapped inductor circuit is 

used to transform the four ohm load into the desired output impedance of 50 Q. While other, sim

pler, LC matching circuits could achieve the same filtering and impedance transformation, the 

tapped inductor circuit has a wider bandwidth, allowing the amplifiers to operate over a wider fre

quency range without requiring modification of the matching stage. The bandwidth and Q of the 

circuit need to be chosen to adequately filter the high power squarewave coming from the MOS

FET stage. It is important that the tapped inductor circuit be properly designed and tuned as any 

inductance or capacitance on the load can cause distortion of the output sinewave. To ensure 

proper tuning, each matching circuit was checked with a vector impedance meter at the operating 

frequency of the amplifier. 

The matching capacitor (CIO) should be a high voltage, dipped mica capacitor because of 

dipped mica's excellent high frequency characteristics. As with the decoupling capacitors, imple

menting CIO by paralleling several dipped mica capacitors together will not only make tuning the 

filter easier, but will also minimize electrical losses in the circuit. 

The tapped inductor (T3) is constructed by winding two separate windings on a single toroid. 

The inductor should be wound such that it appears that a single winding was cut to produce the 

center tap. The total inductance of the inductor determines the center frequency of the filter, and the 

square root of the ratio of the total number of turns to the number of turns in the primary deter
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mines the impedance transformation factor. For a complete description of designing tapped induc

tor circuits see Hardy (1979). 

Since the MOSFETs must switch large currents in extremely short periods of time, it does not 

take much line inductance to generate significant ringing on the output stage. This ringing is com

mon and can sometimes exceed the voltage rating of the power MOSFETs. To clamp this poten

tially destructive ringing, a 65 V zener diode (D4) was placed across the low side driver (Q2). This 

ensures that any ringing will be clamped at 65 V, far below the 100 V maximum operating voltage 

of the IRF520 MOSFETs, and above the maximum output signal amplitude. Ideally, another zener 

diode should be placed across Q1 to protect it from voltage spikes which drop more than 100 V 

below the level of Vra;i, but practical experience has shown that spikes are not a significant 

problem in this circuit, and the rather expensive zener diode clamps are probably not necessary for 

this application. 

Capacitor C5 and D1 form the external components of the bootstrap circuit that allows the 

IR2110 to develop the high voltages necessary to turn on the high side MOSFET. For operating 

frequencies greater than about 10 kHz, a capacitance value of 0.1 |iF is adequate for C5. Diode D1 

must be an ultra fast diode, so that the turn on delay does not affect the charging of C5. 

3.2 PHASE SHIFT AND DUTY CYCLE CONTROLLER 

The phase shifting and duty cycle controller card is a digital circuit that allows control over 

both the phase and duty cycle of the amplifier driving signal (Diederich 1990, Ngo 1988). The duty 

cycle control allows for the output power of the amplifiers to be individually controlled. This cir

cuit provides 16 discrete steps between 0-360°, and 16 discrete duty cycle steps between 0-50 %. 
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Figure 3.5. Single channel of the phase shifting/duty cycle controlling circuitry. 
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While the 22.5° phase resolution might not seem to provide adequate phase resolution, studies have 

indicated that this resolution is sufficient for driving phased arrays for hyperthermia purposes 

(Diederich 1990, Wang et al. 1991). 

A schematic for a single channel of the phase shifting and duty cycle controller is shown in 

Figure 3.5. The 74HC high speed CMOS logic family was used for its high speed and excellent 

noise margin. The speed of the 74HC logic family is comparable to the 74LS logic family but con

sumes much less power and has a greater noise margin making this logic family ideal for applica

tions operating in a high noise environment such as this. If higher frequency operation is desired, 

the 74HC logic family can be replaced by the 74ACT series. The 74ACT is an extremely high 

speed CMOS logic family but does not have as good a noise margin as the 74HC series. 

In principle, the phase is controlled by setting a starting count into the 74HC163 (U2) pro

grammable 4-bit binary counter that causes an offset in the phase of the signals. The phase count

ers are setup so that they divide the input clock frequency by 16. The amount of phase shift, or 

delay, is determined by the number programmed into the counter when the counter is started (0 to 

15, thus accounting for the 16 discrete phase steps). If all the counters are then started simultane

ously, and each counter can have a different programmed starting point, the relative phase of the 

driving signals can be controlled. 

To control the duty cycle of the driving signal, the output of a second counter (U3) is ANDed 

by U7A with the output of the phase counter. If the duty cycle control signal precedes the phase 

signal, then the ANDed result is a signal that has the same phase as the phase signal, but will have 

a pulse width that is determined by the overlap between the phase and duty cycle signals. If the 

phase and duty cycle signals are both in phase, then the output will have a 50 % duty cycle, the 

greatest possible duty cycle. If the phase and duty cycle signals are 180° out of phase, then the 

output signal will have a duty cycle of 0 %, the minimum possible duty cycle. In order to maintain 
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the phase of the output with the phase of the phase control signal, the duty cycle signal should 

always precede the phase signal. 

Since the duty cycle controller can only control the duty cycle from 0-50 % (this is because 

the duty cycle is ANDed with the phase signal, which has a duty cycle of 50 %), the duty cycle 

counter and the duty cycle signal cannot lag the phase signal; 5 bits of counter resolution are ac

tually required to get the 16 discrete steps of duty cycle control. This means that the duty cycle 

counter must operate at twice the frequency of the phase counter. The D flip flop (U6A) divides the 

signal by two so that it has the same frequency as the phase signal. Since the 74HC163 only has 

four bits of resolution, the fifth bit comes from presetting or clearing the D flip flop before the 

counters are started. 

The 74HC374 latch stores the counter data for the two 74HC163 counters prior to loading the 

counter. The counters must be loaded simultaneously since the rising edge of the LOAD' pulse 

starts the counters. During the period when the LOAD' line is low, the appropriate preset or clear 

lines for the divide by two flip flops must be programmed and returned to the high state before the 

LOAD' pulse returns high and the counters begin counting. It is only when the LOAD' line is low 

that counting is suspended by the 74HC163 counters. The other two latches, U4 and U5, provide 

address buffering for the PRESET and CLEAR signals for up to eight 74HC74 flip flops. 

The ENABLEO input allows all of the outputs to be turned on or off simultaneously without 

altering the phase and duty cycle counters. This feature is necessary to pulse the array during 

ultrasound field mapping experiments. The ENABLEO line also provides a simple and quick 

method of shutting down the amplifiers. 



Figure 3.6. Complete schematic of the 8 channel phase shifter/duty cycle controller cards. 
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The complete schematic of the phase shifter and duty cycle controller is shown in Figure 3.6. 

There are eight channels of phase and duty cycle control for which 16 counters and 10 latches are 

required. The remainder of the chips provide the address decoding and buffering for the circuit. 

Every digital signal that enters or leaves the board passes through a buffer/driver to minimize noise 

and loading of the digital circuits. 

A 11.4x24.4 cm (4.5x9.6 inch), double sided, printed circuit board containing eight independ

ent phase and duty cycle controllers was designed for this system. In order to fit the necessary 

number of ICs onto a circuit board of this size, surface mount technology was used. All of the 

components on the board are surface mount devices with the exception of the board address select 

switch, and an address select juniper. The address select switch allows the programming of the 

card address from 0 to 15, and the address select jumper allows for selecting which of two banks of 

16 cards are selected. This addressing arrangement allows for a total of 32 boards (256 channels of 

phase and duty cycle control). 

Using 74HC logic, the board can easily operate with an output driving signal of 1 MHz. For 

higher frequency operation, up to 2.5-3.0 MHz, the 74ACT series logic should be used for the 

counters and buffers as mentioned earlier. Since the power inverter amplifiers used in this system 

are not recommended for operation above 3 MHz, this frequency limitation should not be a con

cern. 

3.3 POWER METERS 

The RF power meters provide measurable feedback as to the amount of acoustical power 

being delivered (assuming that the efficiencies of the transducers are known) as well as allowing 

for the detection of abnormal power conditions. The sampling circuit used here is a simple circuit 
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that relies on passive components and causes minimal loading on the RF line that it is measuring. 

By using a sampling circuit symmetrical about the sensing transformer, both the forward and re

flected power can be measured. The power meters produce dc voltages that are then read by an 

A/D converter located on the controller card. The power meter was derived from one featured in 

the 1989 AARL Handbook. 

Figure 3.7 shows a single channel of the RF sampling circuit. The primary of transformer T1 

is simply a short length of RG-174 coax cable whose shield is grounded on only one end, passing 

through the center of a 1.27 cm (0.5 inch) ferrite toroid. The secondary of T1 is 15 turns of 

26 AWG enamel coated magnet wire around the toroid. The 1:15 turns ratio provides for an output 

voltage of about 5 V for 100 W of RF power. The sensitivity of the circuit can be reduced by 

increasing the number of turns of the secondary of T1. 

Resistors R1 and R2 provide a balanced load on the transformer to convert the current pro

duced by T1 into voltages as well as preventing the saturation of the transformer core. The signals 
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Figure 3.7. Schematic of the sensing portion of the RF power meters. 
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at points A and B are equal in magnitude but 180° out of phase. Since the forward and reflected 

signals traveling through the primary of T1 are also 180° out of phase, the sum of the voltage 

produced by the currents from the secondary of T1 passing through R1 and R2 and the voltage on 

the primary (which is the sum of the forward and reflected powers) produce dc voltages that are 

proportional to the forward power on one side and the reflected power on the other. 

Capacitors CI, C2 and C3, C4 are high impedance voltage divider networks that divide the 

voltage on the primary to allow summing with the voltages from the secondary of T1. The germa

nium diodes, D1 and D2, prevent any current from flowing from the voltage dividers into the trans

former circuit that would unbalance the transformer. When these two voltages are summed, the 

result is an ac signal with a dc component that is proportional to the forward power at node C and 

the reflected power at node D, when the RF power is applied as shown. 

The complete schematic of the power meter cards used in this system is shown in Figure 3.8. 

Each 11.4x8.9 cm (4.5x3.5 inch) card contains four independent power meters capable of measur-
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Figure 3.8. Complete schematic of the four channel power meter board. Op amp U1 is part 
of an active low pass filter that filters the output signal to minimize transmitted noise to the 
off-card ADCs. 
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ing both the forward and the reflected power on each channel. The card contains an internal multi

plexer to switch the outputs of the power sampling circuits. A low pass filter on the output of the 

multiplexer removes the ac signal component of the outputs of the sampling circuits before the 

signal leaves the power meter card. The filtering circuit utilizes an active implementation so that a 

high filter input impedance could be achieved. This is important for two reasons: First, the imped

ance of the output of the sampling circuit is extremely high and loading it unbalances the circuit, 

and second, the high input impedance of the filter minimizes the errors produced by the 400 Q 'on' 

resistance of the multiplexer that might otherwise cause significant errors. 

The power meters are calibrated by adjusting the mica compression capacitors C2 and C4 (in 

Figure 3.7). With RF power connected to the input, and a purely resistive 50 Q load connected to 

the output, C2 is adjusted to null the voltage at node C. (Since the load is purely resistive, the re

flected power should effectively be zero.) The source and the load are then reversed and C4 is 

adjusted to null the voltage at node D. Finally, the output voltage from the card is calibrated 

against a reference power meter to determine the relation between the output voltage and RF 

power. 

The second stage of the calibration process must be repeated for each duty cycle from 

0-50 %. This is because the duty cycle control causes a change in the shape in the sinewave 

produced by the amplifier that is not linearly proportional to the power. To facilitate the calibration 

of 128 power meters (64 forward and 64 reflected), the process can be automated somewhat by 

using a pov,er meter that can be connected to the controlling computer to make the multitude of 

power measurements. 
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3.4 INTERFACE CONTROLLER CARD 

The interface controller card is a collection of miscellaneous circuits that either interface 

directly with the controlling computer or which interface with the phase shifting and duty cycle 

controlling cards. This card contains three 8 channel, 8 bit A/D converters, one 3 channel, 8 bit 

D/A converter, a 32 MHz oscillator, and a few buffer and address decoding circuits. Unlike the 

other boards in this system, a PCB was not designed; but rather, the circuit was constructed using 

wire wrap techniques. This was primarily due to the high cost of designing and building a PCB for 

a single card. 

The complete schematic of the interface controller card is shown in Figure 3.9. The card is 

connected to the controlling computer via a 25 pin D connector mounted on one end of the card, 

and to other various circuits via a 74 pin edge connector mounted on the other end of the board. 

Since the parallel interface in the controlling computer operates at standard TTL logic levels and 

the digital circuits which it is controlling operate at CMOS level logic levels, a set of 74HCT series 

buffers buffer the input and the output signals between the two systems. The 74HCT series of 

CMOS logic is designed specifically for interfacing TTL systems with CMOS systems. 

Since CMOS inputs tend to oscillate when not connected, 4700 Q pull down resistors were 

placed on all inputs that connect with the computer. This is to prevent oscillation that might occur 

if the computer is not properly connected or if the controller is powered up before the computer. 

U1 has pull down resistors on both its inputs and its outputs since it is a bi-directional buffer, and 

when the device is switching data directions, an undetermined state might briefly occur on the 

output of the transceiver. 



4=4 

Figure 3.9. Controller card schematic. This card contains the hardware necessary to interface 
the driving system with the controlling computer. 
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The clock signals for the phase and the duty cycle counters are produced by U11, a 16 MHz 

CMOS quartz crystal oscillator. Since the 16 MHz duty cycle clock and the 8 MHz phase clock 

must be in phase, the 8 MHz signal is derived from the 16 MHz clock by a flip flop operating as a 

divide-by-two counter (U10A). To compensate for the delay introduced by the flip flop, inverter 

UMB is used to invert and delay the 16 MHz clock. This technique keeps the two clocks within a 

few nanoseconds of each other. 

The load pulse that synchronously loads all of the 4 bit counters on the phase and the duty 

cycle controller boards is produced by the computer. To ensure that the load pulse does not coin

cide with a rising edge of a clock, inverter U14A and flip flop U10B synchronize the rising edge of 

the load pulse with the 16 MHz clock signal. If the load pulse coincided with the rising edge of the 

clock, then the counters would be in a somewhat undetermined state in which some counters may 

begin counting while others may not, which would introduce a one count error into some of the 

counters. 

To read the power meters, the control card contains a pair of 8 channel, 8 bit, A/D converters 

(U15, U16). Since each card has only one output, and there are a total of 16 power meter cards, the 

pair of 8 input A/D converters are capable of reading all 64 power meters. The MAX161 A/D 

converters used here are somewhat unique in that they have an 8 byte dual port RAM buffer which 

allows the A/D converter to continuously read the eight inputs while allowing the computer to read 

the most recent measured value on any channel without waiting for a conversion to complete. The 

converters are clocked by an RC oscillator operating at 32 kHz which means that each input chan

nel is updated about 50 times each second. To change the channel that the power meters are 

transmitting to the A/D converters, latch U24 allows for control of the multiplexers on the power 

meter cards. 
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A 0-5 V signal from U9, a 4 channel, 8 bit D/A converter, is used to program the output 

voltage and current on the Sorensen power supply. The output current is programmed such diat it 

is only a little higher than the expected current draw by the amplifiers. This prevents short circuit 

conditions from drawing the full 50 A output current from the supply that could potentially damage 

the amplifiers and endanger the patient or operator. 

3.5 MATCHING CIRCUIT 

The impedance of the 500 kHz transducers used here are complex and have magnitudes and 

phases near 3000 Q and -87°. For power to be efficiently transmitted between the amplifiers and 

transducers, the load impedance of the amplifiers must be a real 50 Q. A tuned LC resonant circuit 

is used here for making the impedance transformation. 

The ceramic piezoelectric transducers can be electrically modeled at their resonant frequency 

by a parallel combination of a resistor and capacitor. To convert this complex impedance into a 

real 50 Q as seen by the amplifier, a parallel capacitance (Cm) and series inductance (Lm) can be 

added to the circuit as shown in Figure 3.10a (Hardy 1979). 

The values for Lm and Cm can be calculated as follows: 

(3.1) 

(3.2) 

Where/is the operating frequency and C, is the value of the capacitance in the transducer model, 

Rt is the input impedance of the transducer, and Ra is the output impedance of the amplifier. 
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To simplify the matching of 64 transducers, a printed circuit board was designed which plugs 

into the back of the RF power meters to contain the matching components. The combined power 

meter and matching boards produce a 11.4x24.4 cm (4.5x9,6 inch) board and contain four power 

meter and matching circuits each. Rather than using only one fixed capacitor or inductor as sug

gested in Figure 3.10a, the capacitor and inductor elements are composed of a fixed element and an 

adjustable element (Figure 3.10b). The adjustable capacitor is a mica compression capacitor while 

the adjustable inductor is a high power variable inductor designed to operate at 500 kHz. The vari

able elements greatly ease the tuning of the matching for each individual transducer. 

To match the transducers, the array is placed in a water bath at the temperature in which it 

will be operated. A vector impedance meter (Hewlett Packard 4193 A) was used to make the actual 

impedance measurements. The matching circuit was then tuned so that the effective transducer 

impedance was 50 Q, 0° phase. A special adapter card that takes the place of the amplifier card 

during matching allows for the easy connection of the vector impedance meter to the circuit. While 

this is a somewhat laborious process, it ensures that the amplitude and phase of the driving signals 

are uniform. 
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rM <- 50 ohms l 50 ohms -> 

Rs Lm 

AMPLIFIER MATCHING TRANSDUCER 
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TO 
AMPLIFIER 

TO 
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Figure 3.10. Matching Circuits. A. Complete model of transducer and amplifier with 
matching. B. The matching circuit actually implemented utilized adjustable elements to 
simplify circuit tuning. 
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4.0 

ARRAY CONSTRUCTION 

As mentioned in Chapter 1, there have been many proposed phased array geometries for use 

in hyperthermia. Most of the designs are not linear arrays, but rather utilize some of the properties 

intrinsic to certain geometrical shapes, such as sections of cylinders or spheres, in order to simplify 

the array while maximizing its usefulness. Since these arrays are designed for the external applica

tion of hyperthermia, they can be as large as necessary to make the most of any advantages inher

ent in certain array geometries. Intracavitary applicators, on the other hand, do not have the luxury 

of unlimited size since they need to be small enough to be placed inside a body cavity (i.e., the 

rectum, vagina, esophagus, trachea, etc.). Because of the size limitations, a simple linear array was 

chosen for the intracavitary array design (Diederich 1991). 

The simplest linear array would be a one-dimensional array of flat ultrasound elements lo

cated along a line. The disadvantage of using flat elements is that they have a limited field of view, 

and cannot heat tumors that are larger than the width of the array, or tumors that wrap around part 

of the body cavity. To realize a larger heating field, half sections of cylindrical transducers were 

used (Figure 4.1). Cylindrical transducers have a much wider field of view than a flat element 

without being significantly larger. The cylindrical nature of the transducers also integrates well into 

cylindrical applicators which is the most desirable shape for an intracavitary applicator since it 

lacks sharp edges. 

4.1 ELEMENT WIDTH 

The element spacing is the width of the piezoelectric element, as shown in Figure 4.1, plus the 

dead space between elements taken up by the adhesive and silicone spacer. For the array construc
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tion techniques used here, the space between elements was a constant 0.30 mm. The element 

spacing is important because it determines how well an array can electrically focus. The maximum 

element spacing for a phased array focused along its central axis without forming any grating lobes 

would be X, where X is the acoustical wavelength in the media through which the wave is to propa

gate, which in this case is water. Grating lobes are regions of unwanted high intensity caused by 

constructive interference outside of the primary focus. 

The ideal element spacing, for an array focusing at any angle from the central axis without 

forming grating or side lobes must be less than or equal to X/2. Any increase above this ideal ele

ment spacing will cause the formation of grating lobes when the array is focused at a sufficiently 

large angle from the central axis of the array. Grating and side lobes are undesirable since they can 

potentially cause heating in locations outside of the tumor site, and their formation also reduces the 

FIGURE 4.1. A single half cylinder ultrasound transducer element used in the intracavitary 
phased arrays. 
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intensity of the primary focal region. This could be a serious problem clinically since the 

intracavitary applicator is positioned within a few centimeters of the tissues that are being heated, 

making it highly probable that any grating or side lobes that occur would produce unwanted 

heating. 

Another important factor in phased array design is the total array length. The longer the 

overall length of the array, the sharper the focus can be, and the greater the distance from the array 

the focus can be formed. This can be explained by the geometry of the array; for a shorter array, 

the phase difference between elements is less than that for a longer array. Since the phase differ

ences become less as the focus is moved farther from the array, the wave fronts become increas

ingly parallel, causing the focus to become longer until a focus no longer is formed (up to the near-

field/far-field transition). This phenomenon is not unique to phased arrays, but also occurs in 

spherically focused transducers. 

Since the element spacing must be about X/2 ,  and ~k=\lf where/is the operating frequency, 

there are practical limitations on the operating frequency of the array. As the operating frequency 

is increased, the element width must decrease. For 500 kHz transducers (those used here), X=3 

mm, so the ideal element spacing would be 1.5 mm. If the frequency were doubled to/= 1 MHz, 

then A,=1.5 mm and the ideal element spacing would be 0.75 mm. As the element width decreases, 

it becomes increasingly difficult to manufacture phased arrays. To keep the element sizes in the 

range that could easily be manufactured without specialized equipment, the operating frequency of 

500 kHz was chosen. 

4.2 ARRAY CONSTRUCTION 

The ultrasound transducers used here were PZT-4 tubes designed to operate in the wall thick

ness resonant mode at 500 kHz. The stock tubes were 50 mm long, with an outside diameter (O.D.) 
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of 15 mm and an inside diameter (I.D.) of 7 mm. Silver electrodes were plated on both the inner 

and outer walls of the tube. The tubes were cut using a water cooled diamond saw into washer 

shaped pieces that were then carefully sanded to the desired element width. Water was used during 

the cutting and sanding process to ensure that the transducers were never heated to the curie point 

(328 °C) of the piezoelectric material to prevent depolarizing the transducers. 

The arrays were glued using the jig shown in Figure 4.2 to maintain precise alignment of the 

elements while the adhesive cured. The jig was made by machining a rod to the inside diameter of 

the array elements and attaching a threaded rod to each end. The elements were slid onto the 

machined rod and the adhesive applied between elements. After all the elements were glued, two 

metal collars were placed on either end of the array, and tightened down with the end nuts. The 

Array 

Nut 

Threaded Rod 

Collars 

FIGURE 4.2. Clamp used to glue cylindrical transducer elements. 
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compression ensured that unwanted adhesive did not remain between elements, and that the ele

ments were properly aligned and spaced. The glued array was then cut in half along its axis, and 

the two halves glued together end-on-end to form the full, half-cylinder array. 

The adhesive used to glue the array elements must provide a mechanical bond as well as a 

water tight seal (because the array is air backed). Since the piezoelectric elements mechanically 

vibrate, the adhesive must be capable of absorbing the vibrational stress without weakening or 

breaking. Attempts to use water proof epoxies failed due to the brittleness of the epoxy. This led to 

the use of a silicone adhesive which has both the necessary flexibility and sealing properties. Addi

tionally, silicone is water proof and resistant to most solvents and other chemicals (such as alcohol 

and flux remover) which might possibly come in contact with the array during its construction or 

use. 
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Figure 4.3. 32 element test array mounted on a temporary plastic applicator. 
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The driving signals are delivered to each array element via independent coaxial cables. At the 

array, all of the coaxial shields are tied together to form a common ground point. The outer 

electrodes of all of the array elements are connected together by a wire embedded in a bead of 

conductive silver epoxy applied to both edges of the array (see Figure 4.3). The wire provides a 

simple means of electrically connecting the array electrodes to the coaxial ground as well as 

increasing the current carrying capability of the silver epoxy. The inner electrodes were connected 

to the coaxial cable center conductors by 30 AWG Teflon insulated, silver plated, solid wire 

soldered to the edge of the electrodes. A good quality, non-activated, liquid flux was used to 

guarantee good solder wetting. The solder joints were kept as small as possible to minimize their 

effect on the operation of the piezoelectric elements. The side of the cylinder to which the wire was 

soldered was alternated to simplify array construction and distribute the wires on both sides of the 

inner electrode. 

The first phased array was built with only a thin layer of epoxy separating the array elements 

so as to minimize the dead space between elements. As previously mentioned, the epoxy adhesive 

failed when the array elements were driven, but another problem that occurred was arcing between 

adjacent elements on the inner electrodes. If there is nothing to electrically isolate neighboring 

electrodes, arcing may occur because of the high voltages of the driving signals. The driving volt

ages can approach 1000 V peak because of the high electrical impedance of the piezoelectric 

elements (~ 3000 Q, -88°). The arcing problem is made worse by the fact that there can be signifi

cant phase difference between adjacent elements (worst case would be 180°) which could double 

the electrical potential between elements. 

To minimize arcing, a 0.3 mm thick silicone rubber insulator was place between array ele

ments when the array was glued. Since the spacer was silicone based, the silicone adhesive used 

was able to form a strong bond with it. Care must be taken that the insulator extends up beyond the 
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electrode surface as the spacing itself is not sufficient to prevent arcing. Additionally, any 

contaminants on the inner surface of the array, such as solder flux or water may increase the 

likelihood of arcing. Despite all of these precautions, arcing may still occur when the array is 

driven with powers exceeding 6-10 W of electrical power per element. 

4.3 APPLICATOR DESIGN 

The word applicator is used here to describe the array and platform to which it is mounted. 

The platform fulfills several functions: First, it provides mechanical support for the array and a 

means of maintaining air backing for the array. Second, it provides a vessel to contain the element 

wiring necessary to connect the array to the amplifier system. Third, it provides a means by which 

a cooling bolus may be implemented as required for a practical clinical array, and was only imple

mented in the final array design. 

Two types of applicators where used on this project. The first consisted of a simple rectangu

lar shaped platform made from plastic. This platform was used because is was simple to construct 

Cooling Water 
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Array 
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Removeable Back Applicator 
Body 

O-ring Slots' 

Figure 4.4.64 element phased array mounted on a brass clinical applicator. 
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and allowed a quick means of mounting test arrays. This platform fulfilled the first two functions 

listed above, but did not contain a water circulating system. The platform was also much larger 

than the final clinical design since this made array construction much simpler. 

Two 16 element test arrays were constructed to study the effects of element width on output 

power and the formation of grating and side lobes. One array was constructed using an element 

width of 1.5 mm, producing an element spacing of 1.8 mm and a total array length of 28.5 mm. 

The other test array was constructed with 2.2 mm wide elements, producing a 39.7 mm- long array. 

Both arrays were mounted on plastic test platforms as shown in Figure 4.3. Another test array, 

constructed with 32, 1.5 mm elements with a total array length of 57.3 mm was also mounted on a 

test platform. 

The applicator designed for clinical use was machined from a 19 mm O.D. brass rod. Chan

nels for the array, signal wires, and water lines were machined into the rod. The back of the appli

cator was designed so that it could be removed to allow access to the signal wires and the back of 

Rubber O-rings 

\ 

Latex Sheath 

Figure 4.5. Clinical applicator with water bolus install 
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the ultrasound array. The back plate was made from polycarbonate to allow for visual inspection 

of the back of the array without requiring disassembly. Figure 4.4 shows a side view of the clinical 

applicator design. A 64 element array was constructed and mounted in a 'clinical' applicator, as 

previously described (see Figure 4.4). This array was also built with 1.5 mm wide elements, with 

0.3 mm spacing between elements for a total array length of 114.9 mm. 

The cooling bolus is produced by fixing a latex sheath over the applicator using rubber 0-

rings as shown in Figure 4.5. Temperature controlled water can then be pumped through the appli

cator, allowing cooling and/or heating of the cavity wall as well as the phased array itself. By in

creasing or decreasing the amount of water in the bolus, its size can be manipulated. This allows 

the applicator to be placed while the bolus is deflated, and then, once the applicator is in place, the 

bolus can be inflated so that it is fixed in place by the bolus pressing against the cavity wall, pro

ducing good acoustical and thermal coupling with the cavity wall. 
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5.0 

EXPERIMENTAL TECHNIQUES 

Two experimental techniques were used to verify and validate the operation of the intracavi

tary phased arrays. The first, acoustical field measurement, was used to map the ultrasound fields 

produced by the arrays. This allowed for the verification of the focal location, and size, and also 

allowed the study of side and grating lobe formation. The second, perfused phantoms, was used to 

study the ability of the arrays to heat perfused tissue volumes, and to study the ability of the arrays 

to shift the peak temperature within the phantom. 

5.1 ULTRASOUND FIELD MEASUREMENTS 

The relative pressure was measured by mechanically scanning a thermocouple embedded in a 

small (2 mm diameter) plastic sphere throughout the field of view of the phased array within a tank 

of degassed, de-ionized, water. The walls of the tank were lined with sound absorbing rubber to 

prevent acoustical reflections within the tank from causing measurement errors. For most of the 

relative pressure measurements described here, the position of the phased array was fixed, and the 

thermocouple was scanned. The only exception to this was the rotational scans, in which the 

phased array was rotated about its axis while the thermocouple was scanned through the ultra

sound field. A computer controlled scanning mechanism stepped the thermocouple in a raster 

pattern. In general, the ultrasonic fields were mapped using 1 mm step size except where otherwise 

noted. The array was rotated by mounting it onto a rotating platform that was also under computer 

control. 

At each measurement location, the phased array was pulsed and the corresponding tempera

ture rise in the bead of acoustically absorbing material was recorded. The measurements were 
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repeated a minimum of three times at each measurement point within the field, and the results 

averaged. These measurements provide an indication of the relative pressure since, the slope of the 

temperature rise within the plastic bead is proportional to the pressure amplitude squared (Martin 

and Law 1983). 

While this technique does not provide any information as to the absolute acoustical intensities, 

it is an easy method of mapping acoustical fields. Since the thermocouple can be made quite small, 

it has much less impact on the acoustical field that it is measuring than would some other meas

urement devices, such as some hydrophones. Additionally, the required electrical measurements 

can be easily made with a voltmeter. 

5.2 PERFUSED PHANTOM EXPERIMENTS 

An alcohol fixed, canine kidney perfused by degassed water, was used as the perfused phan

tom for studying the heating characteristics of the phased arrays. The kidneys had previously been 

prepared as described by Holmes et al. (1984), and were rehydrated prior to use. All experiments 

were conducted at room temperature, with degassed, deionized water as the perfusate. A metering 

pump provided control over the perfusion rate, and a higher flow pump was used to stir the water 

bath. The kidney was held in place by gently sandwiching it between two PVC membranes 

mounted to a Plexiglas frame. The phased array was firmly fixed to the Plexiglas frame to accu

rately control the distance separating the array and the kidney (Figure 5.1). The setup and proce

dures for the four phantom experiments described later in this thesis are summarized below. 

One experiment was conducted using a series of fixed position, seven sensor (5 mm spacing 

between sensors) temperature probes (0.7 mm O.D.) placed in fused silica tubes. Four such ther

mocouple probes were inserted into the kidney at 5 mm intervals, in a line parallel to the central 

axis of the array as shown in Figure 5.2a. A template was used to insert the probes so as to maxi
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mize placement accuracy. The probe nearest to the phased array was located 5 mm from the edge 

of the kidney. 

All of the temperatures were measured during each experimental run at 30 second intervals, 

beginning just prior to the application of power to the array and continuing for 3 minutes after the 

applied power was discontinued. During each temperature measurement, power to the array was 

disrupted for approximately four seconds (one second prior to the first reading, and 3 seconds to 

read all of the thermocouples) to avoid measurement artifact (Hynynen and Edwards 1989). 

Two other experiments were conducted using only one seven sensor probe placed perpendicu

lar to the array, along the array's central axis. The sensor at the tip of the probe was located so that 

it was approximately at the surface of the kidney nearest the array. This sensor was used to meas-

Plexiglas 
Frame 

Acoustical 
Abs 

PVC 
Membrane 

Perfu Circulating Pump 

Water Bath 

Figure 5.1. Experimental setup showing location of kidney and phased array within the 
water filled bath. The kidney is sandwiched between two PVC membranes and mounted to 
the Plexiglas frame. 
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ure the radial temperature distribution along the central axis of the array during center focusing 

experiments. During the same two experiments, and in one other, a single-sensor, unsheathed, 

thermocouple was inserted parallel to the array approximately at the center of the kidney (see 

Figure 5.2b). The thermocouple was initially located to one side of the kidney, and then pulled 

through the kidney by a stepper motor to provide a high resolution map of the temperature field. 

For those experiments that involved center focusing, the temperatures were first measured along 

the silica sheathed probe as previously mentioned. After completion of these measurements, power 

was continuously applied, and the kidney allowed to reach steady-state. Power was not turned off 

during pull-back experiments, even while the thermocouple was being read, so as not to disturb the 

steady-state temperatures. And, since the pull-back thermocouples are quite small and uncoated, 

they do not absorb much acoustical energy. 

Pull - Back 
Thermocouple 

Seven Sensor 
Thermocouple 

Q_ 

Kidney 

b 

Seven Sensor 
Themiocouples 

Kidney 

a 

Figure 5.2. Thermocouple locations. For the fixed position (a) and pull back experiments 
(b). 
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6.0 

ARRAY CHARACTERIZATION 

Using the experimental techniques described in the previous chapter, many experiments were 

conducted to observe the acoustical and thermal characteristics of the arrays. The first section of 

this chapter discusses the experimental information that led to the development of the 64-element 

applicator with 1.8 mm spacing. The ability of the array to heat perfused tissues is explored in the 

second section when the results from the in vitro perfused kidney experiments are discussed. The 

final section looks at some possible techniques for heating larger volumes using multiple foci. 
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Figure 6.1. Acoustical fields produced by 16-element arrays with 2.5 mm and 1.8 mm element 
spacing, center focused 30 mm from the array surface. The measured results (top) show good 
agreement with the simulated results (bottom) verifying the simulation routine. 
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6.1 ARRAY DESIGN 

Once cylindrical sections had been decided upon as the ultrasound transducer of choice for the 

intracavitary phased array, there were still a few design parameters to be determined. The first two, 

resonant frequency and transducer O.D. had previously been determined using computer models by 

Diederich (1990). This left element spacing and array length as the primary variables to be opti

mized. The criteria used for the optimization was that the array be able to focus 50 mm from the 

array surface, and be able to shift its focus 30 mm from the central axis while focused 40 mm from 

the array surface without producing significant grating lobes. 

As previously mentioned, the element spacing determines whether or not grating lobes are 

formed, and that the array length predominately determines the depth to which sharp foci can be 

produced. While the ideal element spacing would be one-half of a wavelength (X=3.0 mm), practi

cal constraints suggest that the element spacing be as large as possible. The first constraint is that 

smaller element spacing requires more elements to produce an array of a given length. Secondly, 
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Figure 6.2. Side focusing for two 16 element arrays with 1.8 mm and 2.5 mm element spacing. 
The arrays were focused 30 mm from their surfaces and 15 mm to the side of their central axis. 
The grating lobe produced by the 2.5 mm spaced array is too large for hyperthermia purposes. 
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the smaller the elements, the more difficult it is to manufacture the array — smaller elements tend 

to be more fragile and more prone to damage during lead attachment. Thirdly, the acoustical effi

ciency of PZT-4 transducers tends to decrease with element size. Finally, more array elements 

mean that a larger percentage of the array is made up of the 0.3 mm wide non-radiating element 

spacers, causing an overall decrease in array efficiency. 

The effect of element spacing on the formation of grating lobes can be seen in Figure 6.2, 

which shows two 16-element arrays focused 30 mm from the surface and 15 mm from their central 

axis. The array with 1.8 mm element spacing produces no grating lobes, while the array with 

2.5 mm element spacing produces a large grating lobe. This grating lobe has a peak relative pres

sure that is 50 % of that occurring in the primary focus and extends 25 mm beyond the surface of 

the array. Because of its size and intensity, such grating lobes are unacceptable for intracavitary 

hyperthermia. 

Grating lobes are more likely to occur as the angle from the central axis of the array is in

creased, as well as if the array length is increased. An array that is 114.9 mm long focused to a 

60 ! : : : ! 

Figure 6.3. 64-element array focused 40 mm from array surface and 30 mm from central axis. 
For intracavitary hyperthermia purposes, 30 mm should be about the farthest from the central 
axis a focus need be formed at this depth. 
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depth of 40 mm and 30 mm from the central axis will produce a small grating lobe as can be seen 

in Figure 6.3. In this case though, the grating lobe has a relatively low intensity (30 % of the 

maximum) and extends only about 15 mm from the surface of the array. Grating lobes such as 

these can probably be tolerated as their effects can be overcome by the cooling bolus. 

The effect of array length can be seen in Figure 6.1, where two arrays, one with a total length 

of 27.5 mm (1.8 mm element spacing) and the other with a length of 39.7 mm (2.5 mm element 

spacing) are focused along the central axis of the array 30 mm from the surface. The foci produced 

by the 27.5 mm long array are noticeably longer and less well defined than those produced by the 

longer array. The effect of length on an array's ability to produce sharp foci can be seen more 

clearly in Figure 6.4 and 6.5. Figure 6.4 shows a profile of a relative pressure squared distribution 

measured radially through the focus located at the center of the array for different array lengths 
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Figure 6.4. Relative pressure squared measurements made perpendicular to the array through 
the foci for an array with 16, 32 and 64 active elements providing array lengths of 28.5 mm, 
57.3 mm, and 114.9 mm respectively. 
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Figure 6.5. The length of the array has a significant effect on the ultrasound fields that are pro
duced. A single array was used for all of the above measurements, but with 64 (top), 32 (middle) 
and 16 (bottom) elements active. The most significant difference is that the foci of the shorter ar
rays tend to be much longer in the radial direction than the longer arrays. Additionally, there is 
less acoustical energy deposited in the near field of the longer arrays relative to the focus. 
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and a constant element spacing of 1.8 mm. The 27.5 mm array was completely unable to produce a 

focus at 50 mm. The 57.3 mm array was able to produce a focus, but it was not nearly as sharp as 

that produced by the 114.9 mm long array. As can be expected, arrays containing more elements 

can produce foci with greater intensity. Figure 6.5 shows the entire ultrasound fields for the same 

length arrays. 

Aside from increasing the sharpness of the focus, longer arrays are capable of spreading the 

energy transmitted to the focus through a larger acoustical window, thereby minimizing power 

deposition in the near field. Additionally, a longer array allows for the treatment of larger tumor 

volumes since they are capable of producing larger acoustical fields. The results of these measure

ments indicate that the maximum element spacing without creating significant grating lobes is 

about 1.8 mm and the array length should be in excess of about 75 mm so that sharp foci can be 
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Figure 6.6. Cross-sectional field measurement within the focus as a function of field angle for 
the 64-element array center focused 40 mm from the surface of the array. 
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produced 50 mm from the array. The 64-element, 114.9 mm long array produced here may be too 

large to fit comfortably inside the rectum, but was well sized for the experimental characterization 

of the array. 

So far, all of the beam plots of the ultrasound fields have been in a plane perpendicular to the 

center of the cylindrical elements. It has been suggested that the field is uniform around the arc of 

the array. Figure 6.6 shows a relative intensity plot as a function of rotation angle within the focus 

of the array. The focus was produced by the 64-element array center focused 40 mm from the 

array surface. As can easily be seen, the relative intensity is not uniform as a function of rotation 

angle, but rather, varies as much as 50 %. From an acoustical standpoint, the variation in intensity 

is significant, but such irregularities in the field will probably be smoothed by thermal conduction 

when used to heat tissues. The only limitation is that the useful field produced by the array does not 

extend 180° around the array, but rather form -70 to +50°, for a total arc of about 120°. 
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Figure 6.7. Center focus produced 40 mm from array surface with 64 element array. 
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6.2 IN VITRO KIDNEY RESULTS 

The in vitro perfused kidney experiments were used to determine if large enough temperature 

rises could be induced in perfused tissues and if shifting the focus could influence the resulting 

temperature distributions using arrays with 1.8 mm element spacing. Since the array elements 

radiate in a radial pattern, the transmitted energy is dispersed over a larger tissue volume than 

would occur if the array was planer. The ability of the array to induce an adequate temperature rise 

in perfused tissue despite the 1/r loss in power needed to be demonstrated. 

As can be seen in the temperature versus time plot shown in Figure 6.8, temperature eleva

tions in excess of 11 °C were achieved 15 mm from the surface of the kidney (roughly the center of 

the kidney) after being insonated for 10 minutes. This experiment was conducted using a 16 ele

ment array focused along the central axis of the array and 30 mm from the array surface while the 

Figure 6.8. The temperature rise (in °C) as a function of time in a kidney heated by a 16-ele-
ment array focused 1.5 mm from the surface of the kidney. The perfusion flow to the kidney 
was 5 ml/min. 
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kidney was perfused with a 5 ml/min flow of cooling water into the renal artery. Although not 

conclusive evidence that such temperature rises can be achieved in vivo, the results show promise 

that therapeutic temperatures can be achieved. 

The advantage of using a focused array over non-focused arrays can be seen in Figure 6.9. 

The temperatures were measured 15 mm from the surface of the kidney in a line parallel to the 

array. All conditions were identical for both experiments with the exception that the array was 

focused 30 mm from the array surface in one experiment, while in the other, the array was not 

focused. As can be seen, the ability of the array to induce temperature rise is significantly enhanced 

by focusing. 

When the array is focused off its central axis, the location of maximum temperature rise shifts 

to the location of the focus, as shown in Figure 6.10. As might be expected, the maximum 

temperature occurring in the focus during side focusing is not as large as those that occur when the 

array is center focused for an otherwise identical experimental setup. This could possibly be 

explained by the non-uniform nature of perfusion within the kidney. 

These perfused kidney experiments show that phased arrays with 1.8 mm element spacing 

operating at 500 kHz have the potential to increase temperatures to therapeutic levels in tissues 

with low perfusions. The temperature profiles can be modified as expected by electrically shifting 

the position of the focus. This is a significant advantage of using a focused array over a non-

focused array. The only limitation of using the stationary single focus technique so far described is 

that only relatively small volumes are heated. This can perhaps best be seen in Figure 6.11, where 

the width of the heated region (from the 50 % points) is only about 11 mm, much smaller than most 

tumors. Also, since the focus of the longer arrays is short, the total heated volume is small. 

Unfortunately, the radial thermal distributions could not be measured in perfused kidneys due to 

their small size. 
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Figure 6.9. The temperature profiles resulting from heating a perfused kidney with a 16-element 
array, once the focus 15 mm from the kidney surface, and the other with no focusing. The kidney 
was perfused with a flow of 5 ml/min. 
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Figure 6.10. The temperature profiles produced by focusing the array along its central axis and 
15 mm on either side. The results were obtained with the 32-element array focused 30 mm deep, 
and with a perfusion flow to the kidney of 2 ml/min. 
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Figure 6.11. Temperature profile measured 15 mm from the surface of the kidney, parallel to 
the 64-element array. The array was center focused and the perfusion rate to the kidney was 
2 ml/min. 

6.3 MULTIPLE FOCUSING 

Most tumor volumes are larger than the focal region produced by these arrays requiring that 

some techniques be developed to heat larger volumes. Several techniques have been proposed: 

single focus scanning, sectional scanning (Diederich 1991), and multiple focus, or field synthesis 

(Ocheltree 1987, Ibbini and Cain 1989). Single focus scanning, as the name suggests, relies on the 

scanning action of a single focus to heat volumes larger than the focus. This technique is simple to 

implement and, since all of the available power of the array is delivered to a single focus, allows 

for a high intensity focus even if the acoustical power from the array is limited. The disadvantage 

of this technique is that a considerable amount of power is deposited in the nearfield (Ebbini and 

Cain 1991). 
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Sectional scanning is a technique based on single focus scanning, but instead of scanning a 

single focus produced by the entire array, the array is subdivided into smaller array segments, each 

of which produces its own focus. This technique can be implemented in two ways: by using all of 

the array elements simultaneously to produce multiple foci, or by using only certain portions of the 

array. When only a portion of the array is used, the elements nearest the focal region are used so 

that the sub-array is very nearly always center focusing. The advantage of this technique is that it 

can be used if there are more array elements than amplifiers, as this technique allows for multiplex

ing of the amplifiers (Diederich 1990), also, the foci can be generated using a simple geometrical 

focusing algorithm.. The disadvantage is that since all of the array elements are not used at one 

time, the array efficiency is relatively low, and the use of sub-arrays effectively shortens the total 

length of the array, decreasing its focusing ability. 

The phase conjugation and pseudo inverse techniques are mathematical methods of determin

ing the phase of the driving signals required to produce multiple foci. These techniques differ from 

sectional scanning in that all of the array elements simultaneously contribute to all of the focal 

regions. The theory behind these techniques was described in Chapter 2. In general, the phase 

conjugation technique produces poor results as can be seen in Figures 6.14 and 6.15. The relative 

pressure squared measurements indicate that, although two foci are produced, their magnitudes are 

not any where near equal in magnitude, and fairly strong grating lobes are formed. The temperature 

profile in the perfused kidney shows the significance of the disparity in the relative intensity of the 

two foci — the second focus has only minimal effect on the produced temperature profile. 

The pseudo inverse technique is a much more robust technique for solving the necessary 

phasing to produce multiple foci. The foci produced by this technique can have identical, or virtu

ally identical relative pressures. Though this cannot be achieved for all combinations of foci, and 

foci location, certain techniques can be used to optimize the field, including some that help mini 
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Figure 6.12. Beam plot of dual foci, 40 mm from array surface, 20 mm apart, produced using a 
64-element array divided into two sub-arrays, each with their own focus. 
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Figure 6.13. Temperature profile produced with 32-element array using two sub-arrays, each 
one half of the array, focused such that the foci occur 15 mm from the surface of the kidney and 
20 mm apart. The perfusion flow rate to the kidney was 2 ml/min. All of the temperature profiles 
for multiple focus cases were normalized to emphasize their shape. 
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Figure 6.14. Dual foci, produced 40 mm deep, 20 mm apart with 32-element array using the 
phase conjugation technique. 
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Figure 6.15. Temperature profile produced with a 32-element array 15 mm from the surface of 
the kidney using the phase conjugation technique. All of the driving amplitudes were equal and 
the foci were produced 30 mm from the array surface. The perfusion flow to the kidney was 
2 ml/min. 
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Figure 6.16. Dual foci, produced 40 mm from the array surface, 20 mm apart with a 64-element 
array using the pseudo inverse technique. 
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Figure 6.17. Temperature profile produced with a 64-element array 15 mm from the surface of 
the kidney, parallel to the array, using the pseudo inverse technique. All of the driving amplitudes 
were equal and the foci were generated 30 mm from the array surface. The cooling flow to the 
kidney was 2 ml/min. 
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mize the near field power deposition (Ebbini 1990). Not surprisingly, the temperature profile 

achieved in the perfused kidney experiments show temperature peaks that are more uniform than 

those produced by the field conjunction technique. The disadvantage of this technique is that the 

phase calculations are considerably more complex than the other methods. 

The pseudo inverse technique seems to be a useful technique for producing uniform fields 

containing two foci (Figures 6.16 and 6.17). The use of more than two foci would probably not 

work as well since the array might not have enough total power to be divided three ways and still 

induce therapeutic temperatures. By creating a field with two foci 20 mm apart, the width of the 

heated field can be increased from 11 mm to over 35 mm with a stationary field. If the array was 

focused to the back of the treatment volume, enough power would probably be absorbed in the near 

field to heat a volume of about 40x40x40 mm without having to scan the foci. Obviously, 

experiments must be performed to determine the maximum volumes that can adequately be heated 

with each technique. 
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7.0 

SUMMARY AND CONCLUSIONS 

7.1 SUMMARY 

The focusing ability of ultrasound phased array applicators for intracavitary hyperthermia 

provides the theoretical advantage over non-focused arrays of being able to heat deeper within 

tissues while minimizing heating to tissues adjacent to the applicator. Additionally, the flexibility 

allowed by being able to quickly move the focus within the heating volume, and/or to generate 

multiple foci with control over the intensity of each focus, provide an additional measure of 

flexibility unavailable in non-focused systems. To test the feasibility of using phased arrays for 

intracavitary hyperthermia, driving hardware and several phased arrays were constructed and 

tested by measuring their generated ultrasound fields in water as well as in perfused kidney 

experiments. 

Practical phased arrays, intracavitary or otherwise, require a fairly large number of radiating 

elements, which in turn requires a large number of driving amplifiers. To this end, an amplifier 

system was built that was capable of driving up to 64 individual array elements. The computer 

controlled system was capable of controlling the amplitude and phase on each of its output chan

nels as well as measuring the forward and reflected power transmitted by each amplifier. The entire 

system was housed in a relatively small chassis mounted on casters for portability. 

Several phased arrays were built; including two 16 element arrays, one 32 element array, and 

a 64 element array. The 16 element arrays were used to observe the effects of element spacing on 

the generation of grating lobes, which need to by avoided for intracavitary applications. All of the 

1.8 mm spaced arrays were also tested by using fixed canine kidneys as perfused phantoms. 
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7.2 CONCLUSIONS 

Phased arrays that function well can be built small enough for intracavitary hyperthermia 

applications. The construction techniques required to build these arrays from half-cylinder trans

ducers has been fully developed for element spacings as small as one-half wavelength for transduc

ers operating at 500 kHz. Additionally, all of the hardware equipment necessary for driving such 

arrays has been developed and tested. 

The results of the ultrasound field measurements in water show that arrays with an element 

spacing of 1.8 mm can produce foci within a region large enough to heat most tumor sites without 

forming grating lobes within the heating field. The number of elements required to get an array 

long enough to produce sharp foci up to 50 mm from the surface of the array is therefore quite 

large. A phased array would need to be at least 75 mm long to heat this deep (Diederich 1991), 

requiring a minimum of 42 elements if 1.8 mm spacing was used. For body cavities that allow it, 

such as the rectum, larger arrays can be used that would allow for increased heating flexibility and 

the ability to deliver more power to the tumor site. 

From the perfused kidney results, it is apparent that the focus can indeed be moved within the 

heating volume and cause a corresponding shift in peak temperatures. This is important since it 

allows for the electrical scanning of the focus throughout the tumor volume without mechanically 

moving the applicator. Also, the temperature increases induced within the kidneys show that the 

array can deliver enough power to achieve therapeutic temperatures in tumors with low perfusion. 

Several techniques of producing dual foci were looked at in this study. Of these techniques, 

the split focus method produced the most uniform field both in water and in the kidneys. The phase 

conjugation technique produced the most non-uniform foci in both experimental and simulated 
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results. The pseudo inverse technique, in theory can produce uniform foci in some cases, but cer

tain combinations of the number and position of the foci will not yield the desired results. This 

makes the split focus and pseudo inverse techniques the most attractive methods of increasing the 

heated volume. The pseudo inverse technique can be useful for creating power minimums so that 

certain heat sensitive structures are not damage, but this will come at the expense of a decrease in 

the amount of power delivered to the foci. 

7.3 FUTURE WORK 

The in vitro kidney experiments conducted here provide some information on the heating 

characteristics of the array, but since the organ is so small (8.5x4.3x4.3 cm), the edge effects were 

quite significant and little information was gained on the ability of these arrays to heat much 

beyond 30 mm. To allow for deeper heating and to minimize unnatural edge effects, in vivo animal 

experiments need to be conducted. The best test would be to heat the thigh muscle of a dog and 

conduct pull-back temperature measurements along the length of the array. This would over come 

the edge effects found in the kidney and would allow for comparison with previous experiments 

conducted by Diederich (1990) with non focused arrays. Later, the array can be tested on the 

prostate itself, or on a translocated kidney positioned near the rectum to further compare the results 

with Diederich's. 

As was previously shown, the ultrasound field distribution around the arc of the transducers 

was not uniform. This field may be better shaped by slightly altering the driving frequency to the 

transducers. Also, the efficiency of the transducers might be improved by a slight change of operat

ing frequency. Currently the driving system operates at a fixed frequency of 500 kHz, though an 

external signal source could be used by making only simple modifications to the hardware. 
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A farther enhancement of the heating capability might be achieved by using some other trans

ducer material rather than PZT-4, such as a lead titinate ceramic. Another possibility is to use 

higher frequency transducers. Transducers operating between 750 kHz and 1 MHz would produce 

sharper foci with shorter arrays and would require less acoustical power to generate similar ther

mal effects as the 500 kHz transducers. The primary drawback is that smaller element spacing 

would be needed. As was shown in this study, the element spacing needs to be quite close to the 

ideal spacing of X/2 to prevent grating lobe formation. For 1 MHz transducers, this would require 

an element spacing near 0.75 mm — making array construction a difficult, though not impossible 

task. 

Further work needs to be done in determining the optimal technique for heating larger tumor 

volumes. Several techniques have been proposed from focal synthesis (Ebbini 1991) to sectional 

scanning (Diederich 1991) and single focus scanning. So far, only the basic implementation of the 

pseudo inverse technique has been used. In his dissertation, Ebbini (1990) proposes several tech

niques to optimize the driving amplitudes to increase the overall efficiency of the array, and certain 

techniques to optimize focus locations so as to optimize the overall ultrasound field (Ebbini and 

Cain 1991a). These optimizations should be implemented and tested with the intracavitary arrays. 

Finally, the software controlling the phased array amplifier systems needs to be improved. 

Currently, the software is somewhat fragmented and needs to be consolidated so that a variety of 

experiments or treatments can be performed. Also, because of the increased flexibility of the heat

ing fields generated by the phased array, relatively sophisticated treatment planning software 

should be developed to best make use of this. By knowing the locations of all of the thermocouples, 

as well as the shape of the tumor (determined by ultrasound imaging or CT), sophisticated scan

ning patterns could be developed to best heat the tumor volume. 
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