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(57) ABSTRACT

A system includes a transducer configured to emit ultra-
sound in response to receiving an electrical signal from a
driving circuit. The transducer includes a first dimension that
determines a frequency of the ultrasound and a second
dimension that determines an impedance of the transducer.
The frequency is independent of the second dimension
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IMPEDANCE MATCHING FOR ULTRASOUND
PHASED ARRAY ELEMENTS

SUMMARY

[0001] In an aspect, the invention features a method for
manufacturing a transducer component. The method
includes adjusting a first dimension of a piezoelectric com-
ponent to cause the piezoelectric component to emit sound
at the selected frequency: and adjusting a second dimension
of the piezoelectric component to affect an impedance of the
piezoelectric component.

[0002] In another aspect, the invention features a system
including a transducer configured to emit ultrasound in
response to receiving an electrical signal from a driving
circuit. The transducer has a first dimension that determines
a frequency of the ultrasound; and a second dimension that
determines an impedance of the transducer, wherein the
frequency is independent of the second dimension.

[0003] In a further aspect, the invention features an ultra-
sound array including a plurality of transducers each con-
figured to emit ultrasound in response to receiving an
electrical signal from a driving circuit. Each of the plurality
of transducers has a first dimension that determines a
frequency of the ultrasound; and a second dimension that
determines an impedance of the transducer, where the fre-
quency is independent of the second dimension. The ultra-
sound array also includes a substrate attached to the plurality
of transducers.

[0004] Embodiments may include one or more of the
following. The impedance of the transducer may be inde-
pendent of the first dimension. The transducer may include
a piezoelectric cylindrical wall having an inner surface and
an outer surface concentric with the inner surface, where the
inner surface defines a lumen. The first dimension may
depend on a length of the cylindrical wall, and the second
dimension may depend on a distance between the inner and
outer surfaces. The transducer may also include a first
electrode located along the inner surface; a second electrode
located along the outer surface; and a loading material (e.g.,
water, air, silicone, and epoxy) inserted within the Iumen,
where the loading material affects the impedance of the
transducer. A first electrical conductor may be attached to the
first electrode; and a second electrical conductor may be
attached to the second electrode. Furthermore, the first and
second electrical conductors may be configured to transmit
the electrical signal from RF-driving circuitry to the first and
second electrodes. The piezoelectric cylindrical wall may
include multiple portions having different lengths and con-
figured to emit ultrasound having multiple frequencies deter-
mined by the different lengths of the multiple portions. The
loading material may include a combination of different
materials (e.g., air and water). The frequency may range
between 50 kHz and 10 MHz

[0005] The impedance prior to adjusting the first dimen-
sion may be substantially equal to the impedance after
adjusting the first dimension. Adjusting the first dimension
of the transducer may include adjusting a length of the
cylindrical wall (e.g., by cutting the cylindrical wall along a
cross section); and adjusting the second dimension of the
transducer may include adjusting a distance between the
inner and outer surfaces. For example, the length of the
cylindrical wall may be adjusted after the distance between
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the inner and outer surfaces has been adjusted. Manufactur-
ing the transducer component may also include forming a
first electrode along the inner surface; forming a second
electrode along the outer surface; and inserting a loading
material within the lumen (e.g.. partially filling the lumen
with the loading material). The transducer may be mounted
on a substrate of an ultrasound phased array.

[0006] The transducers of the ultrasound array may be
arranged such that their center-to-center spacings are equal
to at most one half of a wavelength corresponding to the
frequency. The substrate may be planar or have a spherical
curvature. The plurality of transducers may be configured to
emit first ultrasound radiation having a power level for
ablating tissue and second ultrasound radiation having a
power level for imaging tissue.

[0007] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0008] FIG. 1a shows an ultrasound phased array of
transducers;
[0009] FIG. 16 shows a transducer for use with the ultra-

sound phased array of FIG la;

[0010] FIGS. 2a-2b show a flowchart of a process for
fabricating the ultrasound array shown in FIG. 1a.

[0011] FIGS. 3-4 show plots of the impedance and phase
curves of transducers of the type shown in FIG. 15;

[0012] FIG. 5 shows a plot of the impedance and phase
curves of transducers of the type shown in FIG. 15 with
different loading conditions;

[0013] FIG. 6 shows a plot of the impedance, phase, and
acoustic output efficiency curves of a transducer of the type
shown in FIG. 15;

[0014] FIG. 7 shows a plot of the acoustic power as a
fanction of the driving radio-frequency (RF) power for a
transducer of the type shown in FIG. 15; and

[0015] FIGS. 8-9 show contour plots of ultrasound fields
produced by transducers of the type shown in FIG. 12.

DETAILED DESCRIPTION

[0016] Manufacturing the transducers such that their elec-
trical impedance closely matches the output impedance of
RF driving circuitry eliminates the need for additional
matching circuitry and reduces impedance mismatch. As
used herein, “impedance” refers to electrical impedance
unless otherwise indicated.

[0017] The invention described herein is directed to an
apparatus that includes an ultrasound transducer whose
impedance can be fine-tuned during manufacturing. A first
physical dimension of the transducer determines its imped-
ance and a second physical dimension of the transducer
determines the frequency of the ultrasound emitted by the
transducer. Adjusting the first physical dimension has little
to no effect on the frequency of the ultrasound and adjusting
the second physical dimension has little to no affect on the
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impedance of the transducer. Thus, the structure of the
transducer enables the impedance of the transducer and the
frequency of the ultrasound to be controlled independently.

[0018] FIG. 1a shows an example of an ultrasound phased
array 10 with impedance matching. The phased array 10
includes identical transducers 12a-d that are mounted to a
substrate 26, which is typically a plastic, such as plexiglass.
Although the array 10 in FIG. 1a is shown to have only four
transducers 12a-d, in practice, the array 10 includes more
than four transducers. In some embodiments, the array 10
includes over one-thousand transducers. To provide for
focusing everywhere in front of the phased array 10, the
center-to-center spacing between the transducers is equal to
or smaller than one half wavelength of the emitted ultra-
sound. Larger spacing may be used when the range of focus
is limited and/or when the substrate 26 is non-planar. For
example, a spherically curved array can have a larger
spacing. Any number of transducers could be arranged in
any pattern. For example, one arrangement has a thousand
transducers arranged in concentric circles in which the
horizontal distances and vertical distances between the cen-
ters of the transducers are equal to half of the wavelength of
the ultrasound. The vertical and horizontal spacing between
the centers of the transducers could be equal but different
from one half wavelength of the ultrasound, or they could be
unequal. Other patterns could include a grid, a spiral, or an
irregular pattern, though any pattern is possible. The array
10 could include transducers of the same size, shape, and
material composition, or the array 10 could include any
combination of transducers of different sizes, shapes, and
material compositions. The substrate 26 of the array can be
other than planar. For example, the substrate 26 can have a
spherical curvature.

[0019] In some embodiments, the ultrasound phased array
10 is used for therapeutic applications (e.g., tissue ablation).
In other embodiments, the ultrasound phased array 10 is
used for diagnostic purposes (e.g., imaging tissue).

[0020] FIG. 15 shows an example of a transducer 12,
which could be any of the transducers 12a-d, for use in the
ultrasound phased array 10. The transducer 12 is mounted to
the substrate 26. The transducer 12 includes a cylindrical
wall 14 composed of piezoelectric material. The cylindrical
wall 14 includes concentric inner and outer surfaces that
together define a hollow cylinder in which the inner surface
defines a lumen (i.e., the hollow space within the cylinder).
A first conductive material (for example metal) applied
along the inner surface of the cylindrical wall 14 forms an
inner electrode 16 and a second conductive material (for
example metal) applied along the outer surface of the
cylindrical wall 14 forms an outer electrode 18. The con-
ductive materials are composed for example of metals or
alloys, or conductive epoxies or paints. Examples of elec-
trode metals include copper, nickel, gold, and silver.

[0021] Inner and outer conductors (for example wires, or
metal foils) 20 and 21 are connected (for example soldered)
to the inner and to the outer electrodes 16 and 18, respec-
tively. The conductors 20 and 21 provide electrical connec-
tions to RF driving circuitry (not shown). In some embodi-
ments, the conductors 20 and 21 are composed of copper or
silver. In some embodiments, the ends of the conductors
include connectors that engage the RF driving circuitry.

[0022] A non-conductive layer 22 interposed between the
cylindrical wall 14 and the substrate 26 provides a low
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impedance backing on the back end of the transducer and
thus reduces wave propagation into the substrate and maxi-
mizes the power output from the front end of the transducer
12. In other embodiments, the non-conductive layer 22
provides a high-impedance backing. One example of a
non-conductive layer 22 having a low acoustic impedance is
a 2 mm thick cork layer. In some embodiments, a layer of
glue holds the non-conductive layer 22 to the substrate, and
a layer of silicone rubber holds the cylindrical wall 14 to the
non-conductive layer 22. In other embodiments the acoustic
impedance of the backing material is selected to maximize
the wave transmission into the backing to provide a wide-
band response (also referred to as a short-pulse response).

[0023] Aloading material 24 fills the lumen defined by the
inner electrode 16. Examples of a loading material 24
include liquids (such as water), gases (such as air), or solids
(such as silicone, and epoxy). The loading material 24 can
also be a mixture or two or more materials, for example,
tungsten powder loaded with epoxy. The loading material 24
may also be controllable during operation. This allows the
impedance of the transducer 12 to be changed while the
transducer 12 is operating, for example, by configuring the
transducer 12 such that a controllable amount of fluid can be
pumped into the lumen of the transducer 12 while a portion
of the lumen is filled with another fluid. The loading material
24 is selected to adjust the impedance of the ultrasound
transducer 12. In some embodiments, the loading material
24 includes a combination of materials, such as air and
water. In other embodiments, a membrane such as a poly-
vinylchloride (PVC) membrane covers the end of the trans-
ducer 12 to hold the loading material 24 inside the lumen.

[0024] The piezoelectric material of the cylindrical wall
14 is polarized in a direction along the radial axis of the
cylindrical wall 14. Examples of piezoelectric materials
include piezo-ceramic materials, such as lead zirconate
titanate (PZT), calcium-modified PbTiO; (PCT), and
SrBi,Ta, 0, (SBT). In some embodiments, the piezoelectric
material is a composite material and/or a material that
includes polymers. The cylindrical wall 14 is manufactured
by conventional techniques, such as those used by EDO
Blectro-Ceramic Products of Salt Lake City, Utah, and
Valpey-Fisher of Hopkinton, Mass. The cylindrical wall 14
can also be formed by injection molding, using micro
machining, or using nanotechnology methods or any other
methods.

[0025] When driven by the RF circuitry, the transducer 12
produces ultrasound having a frequency that corresponds to
the vertical length of the cylindrical wall 14. In particular,
the length of the cylindrical wall 14 determines the trans-
ducer’s natural frequency of vibration. This frequency is
referred to as the “length-mode resonant frequency”. When
driven by an RF signal having a frequency equal to its
length-mode resonant frequency, the transducer 12 absorbs
more oscillatory energy. This causes it to vibrate with greater
amplitude. The vibrations of the transducer 12 form an
ultrasound wave that propagates from its exposed end 28.

[0026] The surface area of the inner and the outer elec-
trodes 16 and 18, the thickness of the cylindrical wall 14,
and the loading material 24, determine the impedance of the
transducer 12. For a given loading material 24, the imped-
ance of the transducer is directly proportional to the wall
thickness and inversely proportional to the electrode surface
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area. The cylindrical design of the transducer 12 increases
the surface area of the inner and the outer electrodes 16 and
18 and reduces the wall thickness to provide overall reduced
impedance. The thickness of the cylindrical wall 14 can be
modified without changing its length. Therefore, adjusting
the wall thickness controls the electrical impedance of the
transducer 12 without substantially affecting the frequency
of the ultrasound generated by the transducer 12.

[0027] The length of the cylindrical wall 14 ranges
between approximately 0.2 mm to 30 mm; the outer diam-
eter of the cylindrical wall 14 ranges between approximately
0.075 mm and 20 mm; and the thickness of the cylindrical
wall ranges between approximately 0.001 mm and 5 mm.
The transducer 12 can produce ultrasound having a fre-
quency that ranges between approximately 50 kHz and 10
MHz. In some embodiments, the frequency of the ultrasound
produced by transducer 12 is greater than 10 MHz. The
impedance of the transducer 12 can be adjusted to match the
impedance of the RF driving circuitry, which is typically a
standard 50 ohms or 100 ohms.

[0028] FIGS. 2a-2b show a process 40 for constructing the
ultrasound array 10 shown in FIG. 1a. The impedance and
frequency specifications of each transducer 12 in the ultra-
sound array 10 are determined and stored, for example, in a
computer (step 42). From the impedance specification, the
thickness and outer diameter of the cylindrical wall 14 is
determined (step 44). In some embodiments, the thickness
and outer diameter are determined using a processor that
calculates these dimensions using one or more mathematical
equations. In other embodiments, the thickness and diameter
are determined from a lookup table, stored in memory,
whose entries contain thickness and outer diameter values
corresponding to impedances. From the frequency specifi-
cation, the length of the cylindrical wall is determined (step
46). In some embodiments, a processor calculates the length
using one or more mathematical equations. In other embodi-
ments, a processor retrieves the length from a lookup table,
stored in memory, whose entries contain lengths correspond-
ing to frequencies. The values stored in the lookup table may
be obtained empirically or by calculation.

[0029] The cylindrical wall 14 is then fabricated to have
the determined outer diameter, wall thickness, and length
(step 48). In some embodiments, the cylindrical wall 14 is
first constructed according to the thickness and diameter
specifications and then cut to a desired length using, for
example, a diamond wire saw. The inner and outer elec-
trodes 16 and 18 are formed as metal coatings on the
respective inner and outer surfaces of the cylindrical wall 14
(step 50). In some embodiments, steps 48 and 50 are
performed in reverse order (i.e., the top and bottom surfaces
of a rectangular sheet of piezoelectric material are coated
with metal and then the sheet is curled to form the cylin-
drical wall 14 with the inner and outer electrodes 16 and 18
already attached). If more transducers need to be fabricated
(step 52), the steps 42, 44, 46, 48, and 50 are repeated.
Otherwise, the transducers are mounted one-by-one onto the
substrate 26. The non-conductive layer 22 is mounted on the
substrate (step 54). In some embodiments, the non-conduc-
tive layer 22 is glued to the substrate. The cylindrical wall
14 is attached to the non-conductive layer 22 (step 56). In
some embodiments, the cylindrical wall 14 is mounted on
the non-conductive layer 22 with a layer of silicone rubber.
The wires 20 and 21 are soldered onto the inner and outer
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electrodes 16 and 18 to provide electrical connections to RF
circuitry (step 58). The lumen defined by the inner electrode
16 is filled with a loading material 24 (step 60) selected to
adjust the impedance of the ultrasound transducer 12. In
some embodiments, the loading material 24 is chosen from
a group consisting of water, air, silicone, and epoxy. In some
embodiments, a thin membrane is attached at the end of the
cylindrical wall 14 to provide air loading in and around the
transducer 12. In other embodiments, the loading material
24 is a combination of materials (e.g., air and water). In
further embodiments, the loading material 24 only partially
fills the lumen defined by the inner electrode 16. After the
transducer 12 has been mounted, a determination is made as
to whether all of the transducers have been mounted to the
phased array 10. If there are transducers remaining, the
process 40 repeats steps 54, 56, 58, and 60 until all of the
transducers are mounted.

[0030] The steps of the process 40 are not limited to the
sequence shown and could be performed in other sequences.
For example, a transducer 12 could be fabricated (steps 42,
44, 46, 48, and 50) and then immediately mounted to the
phased array 11 (steps 54, 56, 58, and 60) before another
transducer is fabricated. In some embodiments, multiple
transducers are mounted in parallel. In other embodiments
the array 11 is constructed by injection molding or by using
micro machining or nanotechnology methods.

EXAMPLES

[0031] The feasibility of using the transducer 12 and the
ultrasound phased array 10 shown in FIGS. 1¢-16 for
therapeutic and diagnostic applications was tested. All of the
transducers under test had the same structure as the trans-
ducer 12 shown in FIG. 15. The transducers were driven by
RF signals that were produced by a frequency generator
(Model DS345 or Wavetek 395, available from Stanford
Research Systems of Sunnyvale, Calif.) and amplified with
a RF-amplifier (Model 2400L, available from ENI, Inc. of
Rochester, N.Y.). The electrical impedance of the transduc-
ers was measured using a network analyzer (Hewlett-Pack-
ard, Model 4195A).

[0032] FIG. 3 shows plots 70 and 72 of impedance and
phase curves that were measured for two transducers having
the same outer diameter (10 mm) and wall-thickness (1.3
mm) but different lengths (4.8 mm and 10 mm). For ease of
explanation, the transducer with the length of 4.8 mm will be
referred to as “transducer T1” and the transducer with the
length of 10 mm will be referred to as “transducer T2”. The
dotted curve corresponds to transducer T1 and the solid
curve corresponds to transducer T2. Both transducers T1 and
T2 exhibited a thickness-mode resonant frequency of 1.5
MHz and were loaded with air. The symbol “L” in FIGS. 3-4
denotes the length-mode resonant frequency and the symbol
“L3rd” denotes the third harmonic of the length-mode
resonant frequency. The plot 72 of the phase curves indicates
that the transducer T2 exhibited a fundamental length-mode
resonant frequency at approximately 175 kHz and a third
harmonic length-mode resonant frequency at approximately
500 kHz and that the transducer T1 exhibited a fundamental
length-mode resonant frequency of approximately 350 kHz
and a third harmonic length-mode resonant frequency of
approximately 900 kHz.

[0033] FIG. 4 shows plots 80, 82, 84, and 86 of impedance
and phase curves that were measured for two transducers
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having the same diameters and lengths of 15 mm and 25
mm, respectively, but different cylindrical-wall thicknesses
of 4 mm and 2 mm. For ease of explanation, the transducer
having the cylindrical-wall thickness of 4 mm is referred to
as “transducer T3” and the transducer having the cylindrical-
wall thickness of 2 mm is referred to as “transducer T4”. A
thickness-mode resonant frequency of approximately 0.5
MHz was measured for the transducer T3 while a thickness-
mode resonant frequency of approximately 1.0 MHz was
measured for the transducer T4. The impedance of the
transducer T3 exhibited a minimum impedance of 642 Ohms
and the impedance of the transducer T4 exhibited a mini-
mum impedance of 327 Ohms. The transducers T3 and T4
both exhibited a length-mode resonant frequency of approxi-
mately 50 kHz. Another, non-overlapping resonant fre-
quency, denoted in FIG. 4 by the symbol “TA”, was
observed at 100 kHz for the transducer T3 and at approxi-
mately 85 kHz for the transducer T4.

[0034] FIG. 5 shows plots 90, 92, 94, and 96 of impedance
and phase curves for a transducer having different loading
materials (i.e., air, water, and air with the end of the
transducer in water). In many of the measurements, a thin
PVC membrane (thickness 0.07 mm) was attached at the end
of the transducer to provide air loading in and around the
cylindrical wall. The impedance curves of plots 90, 92, and
94 indicate that the impedance of the transducer at its
length-mode resonance depended on the loading material.
According to the phase curves shown in plot 96, the length-
mode resonances (i.e., the frequency of the peak phase)
varied only slightly depending on the loading condition. Air
loading produced the lowest impedance value at the length-
mode resonant frequency and the highest peak impedance
value. Water loading decreased the magnitude of the peak
impedance but had only a small impact on the phase. Air
loading with the end of the transducer touching the water
produced impedance and phase curves that lay in between
the air-loading and water-loading curves.

[0035] The outer-diameter dimensions of the transducers,
which were on the order of a wavelength of the emitted
ultrasound, caused the emitted ultrasound to diverge.
Because the emitted ultrasound was measured after it had
begun to diverge, the actual conversion-efficiency values of
many of the tested transducers were higher than the mea-
sured conversion-efficiency values. The measured conver-
sion-efficiency values were determined by dividing the
electric power of the RF-driving signal by the acoustic
power measured at the output of the transducer.

[0036] FIG. 6 shows a plot 104 of conversion-efficiency
curves of the transducer whose impedance and phase curves
are shown in the plots 90, 92, 94, and 96 in FIG. 5. The plots
102 and 104, also shown in FIG. 6, show the impedance and
phase curves for the transducer when it was loaded with
water and when it was loaded with air with its end touching
water. These impedance and phase curves are identical to
those shown in the plots 90 and 96 for the same loading
conditions. According to the conversion-efficiency curves
shown in the plot 104, the maximum conversion efficiency
of the transducer occurred approximately at the peak phase
for both loading conditions. The conversion efficiency was
relatively constant between the peak phase and the peak
impedance when just the tip of the transducer was touching
water, whereas when the transducer was completely filled
with water, the acoustic efficiency was reduced at the
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frequency corresponding to the peak impedance. However,
at the minimum impedance value, the conversion efficiency
was reduced only approximately 30% from the peak effi-
ciency to the minimum impedance, indicating that the
impedance of the transducer 12 can be selected from a
wide-range of values without causing the conversion effi-
ciency of the transducer 12 to fall below an adequate level.

[0037] To measure the acoustic power and efficiency of a
transducer at a selected driving frequency, an external
matching network was constructed and tuned for a trans-
ducer operating at the selected driving frequency. The
matching network was also coupled to RF-power monitoring
equipment having a 50-ohm impedance. The RF-power
monitoring equipment, which included a dual directional
coupler (Model C1737, available from Werlatone) and a
digital power meter (Model 438A, available from Helwett-
Packard), measured the forward and reflected electric power
at the interface between the matching network and the
transducer under test. In a radiation-force measurement
system, an absorbing target was configured to receive the
ultrasound generated from the end of the transducer and
measure the acoustic power of the ultrasound.

[0038] FIG. 7 shows plots 110, 112, and 114 of the
acoustic power as a function of the driving RF power for
various transducers under test. The plot 110 shows the
acoustic-power curve of a transducer when it was driven at
its fundamental length-mode resonant frequency (i.e., 173
kHz) and the acoustic-power curve of the same transducer
when it was driven at the third harmonic of its length-mode
resonant frequency (i.e., 474 kHz). The transducer had a
length of 10 mm, an outer diameter of 10 mm, and a wall
thickness of 1.3 mm. An approximately linear relationship
was observed for each acoustic power curve shown in plot
110.

[0039] The plot 112 shows acoustic-power curves that
were measured for two transducers having a length of 5 mm,
cylindrical-wall widths 1.3 mm and 4 mm, and outer diam-
eters of 10 mm and 15 mm, respectively. For ease of
explanation, the transducer having a cylindrical-wall width
of 1.3 mm and an outer diameter of 10 mm will be referred
to as “transducer T5” and the transducer having a cylindri-
cal-wall width of 4 mm and an outer diameter of 15 mm will
be referred to as “transducer T6”. The curves with circular
markers correspond to the transducer T5 and the curves with
square markers correspond to the transducer T6. Curves with
different markers correspond to different transducers having
wall thicknesses of 1.3 mm. As shown in plot 112, the
water-filled transducers exhibited a slightly higher conver-
sion efficiency than the air-filled transducers and provided
higher power outputs. The water filled transducers were
driven to their limit such that the wire connections to the
electrodes were destroyed. A maximum power measurement
of 10.7 W and 11.3 W was achieved for transducers T5 and
T6 before they failed. The transducers T5 and T6 failed at
the locations where the electrodes were connected to the
wires. Higher powers may have been achieved if the con-
nections between the electrodes were made more robust.

[0040] Plot 114 shows acoustic-power curves that were
measured for the transducer T5 when it was filled with water
and when it was filled with silicone rubber. A comparison of
the two acoustic-power curves shows that using silicone as
a loading material did not significantly reduce the efficiency
compared to using water as a loading material.
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[0041] Contour plots of ultrasound fields produced by
transducers under test were determined using the following
procedure. A needle hydrophone having a spot diameter of
1 mm detected the pressure wave distributions of the ultra-
sound produced by the transducers under test. Computer-
controlled stepper motors moved the hydrophone to prede-
termined locations that were stored in the computer. At each
of the several predetermined locations, the hydrophone
measured the pressure wave of the ultrasound emitted from
the transducer under test. The hydrophone encoded the
pressure wave measurements as electrical signals that were
then amplified using an amplifier (available from Precision
Acoustics Ltd) and stored by an oscilloscope (model 2431L,
available from Tektronix). The oscilloscope measured the
amplitudes of the stored pressure waves and the computer
stored these amplitude measurements in memory. From the
amplitude measurements and their corresponding locations,
the computer calculated the ultrasound field generated by the
transducer.

[0042] FIG. 8 shows contour plots 120, 122, and 124 of
ultrasound fields produced by a transducer that was driven
with different RF frequencies and subjected to different
loading conditions. The transducer had a length of 10 mm,
an outer diameter of 6 mm, and a wall thickness of 0.3 mm.
The contour plots 120 and 122 show the ultrasound fields
produced by the transducer when it was completely filled
with water and driven at RF frequencies of 343 kHz and
311.5 kHz, which corresponded, respectively, to the fre-
quencies at which the transducers impedance reached its
maximum and minimum values. As expected, the contour
plots 120 and 122 show some variation as the frequency
increases, but they also indicate that the shape of the
ultrasound beam did not depend significantly on the mini-
mum and maximum impedance values. The contour plot 124
shows the ultrasound field that was produced by an air-
loaded transducer covered by a PVC membrane, a portion of
which was in contact with water. The transducer was driven
at an RF frequency of 311.5 kHz, a frequency at which it
reached its minimum impedance. As seen in the contour plot
124, the ultrasound field produced by the transducer was
slightly more directed than the ultrasound fields shown in
the contour plots 120 and 122. Increasing the outer diameter
of the transducer also produced a more directed ultrasound
field. The ultrasound field directivity decreased when the
outer diameter was decreased and approached that of a point
source as the outer diameter approached half of a wave-
length of the emitted ultrasound.

[0043] Driving the transducers at higher harmonics also
produced ultrasound fields that were more directed than
those produced at the fundamental frequencies. FIG. 9
shows contour plots 130, 132, and 134 of the ultrasound
fields produced by a transducer having a length of 10 mm,
an outer diameter of 6 mm, and a wall thickness of 0.3 mm.
A PVC membrane, a portion of which was in contact with
water, provided an air surface around the transducer. The
contour plot 130 shows the ultrasound field produced by the
transducer when it was driven at its fundamental length-
mode resonant frequency (i.e., 192 kHz), a frequency at
which the transducer reached its minimum impedance. The
contour plot 132 shows the ultrasound field produced by the
transducer when it was driven at the third harmonic of the
length-mode resonant frequency (i.e., 465 kHz). The contour
plot 134 shows the ultrasound field produced by the trans-
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ducer when it was driven at the fifth harmonic of the
length-mode resonant frequency (i.e., 778 kHz).

Discussion

[0044] The results shown in FIGS. 3-9 demonstrate that it
is possible to use length-mode coupling to produce thera-
peutically useful ultrasound power outputs from ultrasound
transducers 12 of the type shown in FIG. 15. The structure
of the transducer 12 allows the transducer impedance to be
adjusted to a desired value so that impedance matching can
be achieved even with small transducer-dimensions used in
phased arrays with full wave control.

[0045] The power measurements of the transducers under
test translated to a maximum transducer surface intensity of
13.6 W/cm2, a value that is higher than what is currently
used for many therapy applications. The length-mode reso-
nant frequencies of the transducers under test were propor-
tional to the lengths of the transducers, and their impedance
values were directly proportional to their wall thicknesses
and inversely proportional to their electrode surface areas.
The transducers produced adequate power as their imped-
ances were adjusted from a minimum value to a maximum
value. The loading material also had an impact on the
impedance, but had little to no effect on the power output or
on the ultrasound field.

[0046] One therapeutic application of the phased-array 10
is that of performing low frequency (200-300 kHz) transc-
ranial sonications that are used, for example, to disrupt the
blood-brain barrier or to treat thrombolysis. A system
designed for this application includes a hemispherical array
with a diameter of 25-30 cm. According to the results
described in connection with FIGS. 3-9, adequate electronic
steering of such an array can be achieved with 10 mm
diameter transducers. Transducers having the desired dimen-
sions and output frequency range were produced. Some of
these transducers had diameters that were approximately
equal to half of the wavelength of the emitted ultrasound.
Thus the practicality of a transducer 12 for this particular
application was demonstrated.

Other Embodiments

[0047] A number of embodiments of the invention have
been described. Nevertheless, it will be understood that
various modifications may be made without departing from
the spirit and scope of the invention. For example, the
transducers could be configured to resonate at higher fre-
quencies than the transducers tested in the study.

[0048] The lumen of the transducer 12 could be used to
provide additional functionality to the array 10. In some
embodiments, imaging transducers or hydrophones are
placed within the lumen of the transducer 12. In other
embodiments, a detector placed within the lumen of the
transducer 12 receives diagnostic signals that are emitted by
the transducer 12. In further embodiments, a transducer of a
multi-frequency array is composed of two or more trans-
ducers 12 of different lengths that are arranged concentri-
cally.

[0049] In some embodiments, the transducer 12 is part of
an intravascular catheter that delivers ultrasound. Such a
catheter could be useful for thrombolysis treatment, targeted
drug delivery, gene therapy. and other applications. In some
of these embodiments, the frequency produced by the trans-
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ducer 12 is lower than the lowest frequencies that are
typically generated by conventional catheters. In some
embodiments, the lumen of the transducer 12 includes
guide-wires or systems for irrigation and debris removal.

[0050] In other embodiments, the cylindrical wall 14 has
non-parallel ends thus making the length of the wall uneven.
This results in multi-frequency excitation. The transducer 12
could be arranged to include two or more concentric piezo-
electric cylinders of the same or different length with inner
electrodes and outer electrodes connected together.

[0051] In further embodiments, the transducer 12
includes: a piezoelectric plate having an inner surface and an
outer surface, in which a the first dimension of the plate is
a length or width of the plate and the second dimension is a
thickness of the plate (e.g., a distance between the inner and
outer surface). The inner surface of the plate includes a first
electrode, and the outer surface of the plate includes a
second electrode. A loading material that affects the imped-
ance of the transducer may be inserted around the plate.

[0052] In some embodiments, the transducer 12 includes
two or more parallel plates of equal size and shape with first
and second electrodes located on the inner and outer surface
of each plate. The impedance of the transducer is determined
by the thickness and number of the plates and the resonance
frequency is determined by the length or width of the plates.
The first and second electrodes of each plate are electrically
connected. A loading material that affects the impedance of
the transducer may be inserted between the plates. To enable
the transducer 12 to be excited at multiple frequencies, a
dimension (e.g., length or width) of one or more of the plates
1s selected to be uneven (i.e., to have different lengths).

[0053] Inother embodiments, the transducer 12 includes a
piezoelectric material with electrodes on surfaces of struc-
tures within the transducer 12. The piezoelectric material
emits ultrasound in response to receiving a driving signal
having a frequency equal to the resonance frequency of the
transducer 12. The acoustic impedance of the transducer 12
is determined by thickness and size of the piezoelectric
material between the electrodes and the resonance frequency
of the transducer 12 is determined by the dimension of the
material parallel with the electrodes.

[0054] Accordingly, other embodiments are within the
scope of the following claims.

What is claimed is:
1. A system comprising:

a transducer configured to emit ultrasound in response to
receiving an electrical signal from a driving circuit, the
transducer having:

a first dimension that determines a frequency of the
ultrasound; and

a second dimension that determines an impedance of the
transducer, wherein the frequency is independent of the
second dimension.

2. The system of claim 1, wherein the impedance is

independent of the first dimension.

3. The system of claim 1 wherein the transducer com-

prises:

a piezoelectric cylindrical wall having an inner surface
and an outer surface concentric with the inner surface,
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the inner surface defining a lumen, wherein the first
dimension depends on a length of the cylindrical wall
and the second dimension depends on a distance
between the inner and outer surfaces;

a first electrode located along the inner surface;
a second electrode located along the outer surface; and

a loading material inserted within the lumen, wherein the
loading material affects the impedance of the trans-
ducer.

4. The system of claim 3, further comprising:
a first electrical conductor attached to the first electrode;

a second electrical conductor attached to the second
electrode, wherein the first and second electrical con-
ductors are configured to transmit the electrical signal
from RF-driving circuitry to the first and second elec-
trodes.

5. The system of claim 3, wherein the piezoelectric
cylindrical wall comprises multiple portions having different
lengths, the piezoelectric cylindrical wall being configured
to emit ultrasound having multiple frequencies determined
by the different lengths of the multiple portions.

6. The system of claim 3, wherein the loading material is
selected from the group consisting of: water, air, silicone,
and epoxy.

7. The system of claim 3, wherein the loading material
comprises a combination of different materials.

8. The system of claim 1, wherein the frequency ranges
between 50 kHz and 10 MHz

9. A method for manufacturing a transducer component
that emits ultrasound at a selected frequency, the method
comprising:

adjusting a first dimension of a piezoelectric component
to cause the piezoelectric component to emit sound at
the selected frequency; and

adjusting a second dimension of the piezoelectric com-
ponent to affect an impedance of the piezoelectric
component.

10. The method of claim 9, wherein the impedance prior
to adjusting the first dimension is substantially equal to the
impedance after adjusting the first dimension.

11. The method of claim 9, wherein the piezoelectric
component comprises a piezoelectric cylindrical wall having
an inner surface and an outer surface concentric with the
inner surface, the inner surface defining a lumen,

wherein adjusting a first dimension includes adjusting a
length of the cylindrical wall; and

wherein adjusting a second dimension includes adjusting
a distance between the inner and outer surfaces.

12. The method of claim 11, wherein adjusting a length of

the cylindrical wall is performed after adjusting a distance
between the inner and outer surfaces.

13. The method of claim 9, wherein adjusting a length of
the cylindrical wall comprises cutting the cylindrical wall
along a cross section.

14. The method of claim 9, further comprising:

forming a first electrode along the inner surface;

forming a second electrode along the outer surface; and



US 2007/0167764 Al

inserting a loading material within the lumen, wherein the
loading material affects the impedance of the trans-
ducer.

15. The method of claim 14, wherein inserting a loading
material within the lumen comprises partially filling the
lumen with the loading material.

16. The method of claim 9, further comprising mounting
the transducer on a substrate of an ultrasound phased array.

17. An ultrasound array comprising:

a plurality of transducers each configured to emit ultra-
sound in response to receiving an electrical signal from
a driving circuit, each of the plurality of transducers
having:

a first dimension that determines a frequency of the
ultrasound; and

a second dimension that determines an impedance of
the transducer,
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wherein the frequency is independent of the second
dimension; and

a substrate attached to the plurality of transducers.

18. The ultrasound array of claim 17, wherein the trans-
ducers are arranged such that center-to-center spacings
between the transducers are equal to at most one half of a
wavelength corresponding to the frequency.

19. The ultrasound array of claim 17, wherein the sub-
strate has a spherical curvature.

20. The ultrasound of array of claim 17, wherein the
plurality of transducers is configured to emit first ultrasound
radiation having a power level for ablating tissue and second
ultrasound radiation having a power level for imaging tissue.
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