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Abstract—High-intensity focused ultrasound (HIFU) treat-
ment efficiency is critical in maximizing the hyperthermia and 
reducing the surgery time. In this paper, a single-aperture, 1.5 
MHz/3 MHz dual-frequency HIFU transducer was designed, 
fabricated, and characterized for tissue ablation enhancement. 
Double PZT-2 layers were configured in serial and dual-fre-
quency ultrasound waves can be concurrently generated by 
exciting one of the PZT-2 layers. Impulse responses from the 
prototype showed that the wave amplitudes at 1.5 and 3 MHz 
were about the same, and both are more than 12 dB larger 
than those of higher orders of harmonics. Tissue ablation tests 
demonstrated that higher temperature rise can be achieved 
with dual-frequency ultrasound than with single-frequency ab-
lation at the same acoustic power.

I. Introduction

The first experimental use of high-intensity focused 
ultrasound (HIFU) was proposed in 1942, by ablat-

ing tissue inside with little harm on the surface [1]. Since 
then, HIFU has become an important tool for noninvasive 
therapy [2]–[6]. In general, HIFU therapy induced the hy-
perthermia effect, which was used to clinically manage a 
broad range of cancer and benign maladies [7], including 
solid tumors [8], [9], breast tumors [10], blood–brain bar-
rier [11], [12], and prostate cancer [13].

To increase the ablation efficiency of HIFU treatment, 
multi-frequency ultrasound has been studied in recent 
years by a few groups [14]–[18]. As an example, the dual 
frequency tissue ablation experiments were carried out 
by simultaneously irradiating porcine liver regions of in-
terest with confocal ultrasound transducers at 1.563 and 
1.573 MHz [14], where the frequency difference is 10 kHz. 
It was found that dual-frequency HIFU induced larger le-
sions than conventional single-frequency HIFU under the 
same power density, which was likely a result of enhanced 
cavitation.

Cavitation is a controversial effect in HIFU ablation, 
which is classified into stable and inertial cavitation. Of 
the two, inertial cavitation bubbles generate broadband 
noise, which could reradiate the incident sound and thus 
enhance heat generation, the scheme of which makes ma-
jor contributions to heating enhancement [19]. Research 
shows that cavitation-induced heating could generate a 
few times greater heat deposition than that induced by 
ultrasound only, largely because of the enhancement of 
cavitation yield from multi-frequency ultrasound [15]–[18], 
[20], [21]. It was also found that a three-beam configura-
tion could further increase cavitation yield (a combination 
of 28 kHz, 1 MHz, and 1.66 MHz) [22]. In a quantitative 
comparison of single- and multi-frequency HIFU ablation, 
temperature rise showed that the ablation efficiency of 
multi-frequency ultrasound is higher than that of single-
frequency ultrasound [23]. Treatment with dual-frequency 
exposure showed better effect on prolonging life of tumor-
bearing-mice [24]. Besides enhanced heating, cavitation 
also aids monitoring of the location of the heat deposi-
tion [19].

Multi-frequency ultrasound takes advantage of cavita-
tion, but, in many cases, increases the complexity and 
cost of the HIFU system. For example, the focal zones of 
the multiple transducers must overlap one another so as 
to generate enhanced inertial cavitation. Multiple trans-
ducers must be driven by multiple amplifiers and multiple 
function generators, which is prohibitive in implementing 
a HIFU array system with a large number of elements [23], 
[25]. An initial effort into exciting a HIFU transducer with 
harmonic signals was explored to create high efficiency at 
low complexity [17], [26]. However, resonance of higher 
harmonics was weak compared with the base frequency 
resonance.

In this study, a single-aperture, dual-frequency HIFU 
transducer was designed and fabricated with identical fo-
cal point for both working frequencies. First, performance 
of the multilayer resonator design was analyzed, and de-
sign parameters were optimized with Krimholtz–Leedom–
Mattaei (KLM) modeling [27] and the Field II program 
[28]. Then, the two-layer, dual-frequency transducer was 
fabricated and characterized. Finally, a tissue ablation 
test was performed using the prototype transducer and 
the same driving electronic equipment in both single-fre-
quency and dual-frequency modes for ablation efficiency 
comparison.
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II. Design Method and Simulation

A. Single-Layer Resonator

A piezoelectric transducer is basically a vibrating plate 
[single layer, Fig. 1(a)], the motion of which is defined as 
the wave propagation equation

	 u x t Ae Bej t kx j t kx( , ) .( ) ( )= +− +ω ω 	 (1)

For the ideal case of an ultrasound transducer with 
little load, the front surface and back surface are consid-
ered as being free to move, which means there is no force, 
and thus no strain, at either surface [29]. Symmetry of a 
homogeneous piezoelectric plate determined that only odd 
orders of harmonics exist [30]. Therefore, the vibration 
mode becomes
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where L is the thickness of the piezoelectric material and 
ωn = (nπc)/L, with n indicating the nth vibration mode 
(as shown in Fig. 2).

With matching layer and backing layer added to the 
transducer, the front and back surfaces are not necessar-
ily free to move, resulting in a frequency shift in each 
mode. Transmission line analysis provides a better ap-
proximation [31]. However, the ideal case (free-free vibra-
tion mode) provides a basic guideline for the transducer 
design.

For a homogenous piezoelectric plate, the amplitude of 
higher order harmonics, such as third and fifth harmonic, 
are pretty low (<−12 dB for this transducer) for a HIFU 
transducer because of the narrow bandwidth in most cas-
es, and the relative strength of each harmonic is hardly 
tunable. As a result, transducers with a single homog-
enous piezoelectric layer are not widely used to generate 
dual or multiple frequencies in HIFU ultrasound.

B. Double-Layer Resonator

To design a single-aperture dual-frequency transducer, 
the overall piezoelectric material is divided into two iden-
tical layers, as shown in Fig. 1(b). With this configuration, 
only layer 1 of the transducer is excited, while layer 2 of 
the transducer acts as a backing layer. Because the thick-
ness is halved, twice the initial frequency is generated. 
Instead of staying still, the plane at the center of the 
transducer vibrates, introducing vibration modes of ωn′  = 
(2nπc)/L, where values with a prime indicate the double-
layer transducer. As shown in Fig. 3, the frequency of each 
order of harmonic introduced by the double-layer tran-

Fig. 1. Configuration of (a) single-layer and (b) double-layer transducers.

Fig. 2. Vibration modes of a single-layer transducer. Values on y-axis 
indicate the relative displacement in each mode. L is the thickness of the 
active (piezo) material. 
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ducer is twice that of the single-layer transducer (ωn′  = 
2ωn). At base frequency with n = 1, both ωn and ωn′  meet 
the requirements of the boundary condition. As a result, 
dual-frequency ultrasound can be generated with this sin-
gle-aperture transducer.

Compared with a single-layer transducer with the same 
overall thickness, a dual-layer transducer introduces an-
other group of vibration modes ( ),ωn′  which is twice the 
frequency (ωn) of the single-layer transducer. With proper 
design, i.e., thickness of active layers and matching layer, 
base frequencies at the two groups could be adjusted to be 
close to each other. At the same time, amplitude of the 
two base frequencies is still much larger (>12 dB) than 
that of higher order harmonics.

C. Transducer Configuration

Based on the analysis, a dual-layer, dual-frequency, sin-
gle-aperture transducer was designed as shown in Fig. 4. 
Two layers of PZT-2 were mechanically bonded together 
and electrically controlled separately so that the trans-
ducer could vibrate at different modes. Mechanically, two 
PZT-2 layers were bonded in series. If the front layer vi-
brates, the back layer acts as a backing layer; in the other 
case, in which the back layer vibrates, the front layer acts 

as a matching layer. The thickness of each PZT-2 layer 
is one-half the wavelength of a 3 MHz ultrasound wave, 
so that the resonant frequency for each PZT-2 layer is 
3 MHz. Bonded together, the two PZT-2 layers could vi-
brate as one layer with twice the thickness and vibrate at 
the same mode, yielding 1.5 MHz ultrasound. In this case, 
the dual-frequency transducer could work in 3-MHz mode 
or 1.5-MHz mode. The polarization of the two PZT-2 lay-
ers is opposite. In electrical view, electrodes between the 
two layers are shorted as a firing signal. The front elec-
trode of the front layer and the back electrode of the back 
layer could be grounded together, or one grounded while 
the other is left unconnected. Thus, choices are available 
by exciting one layer or both layers. A summary of the 
vibration modes is listed in Table I.

D. KLM Modeling

The goal of this transducer design was to obtain dual-
frequency ultrasound with similar acoustic pressures from 
a single aperture. The KLM model was used to estimate 
the performance of the transducer. In particular, the elec-
trical impedance spectra of single-layer and double-layer 
resonators were modeled considering different matching 
and backing materials.

In the modeling, 1.5- and 3-MHz configurations were 
simulated separately. For the modeling of the 1.5-MHz 

Fig. 3. Additional vibration modes of a double-layer transducer. Values 
on y-axis indicate the relative displacement in each mode. L is the total 
thickness of 2-layer piezo material. 

Fig. 4. Configuration of the dual frequency transducer. Arrows on the 
transducer around “P” indicate the polarization direction. 

TABLE I. Summary of Vibration Modes of the Transducer. 

Front-layer excitation Dual-layer excitation

Electrical view 1 layer excited 2 layers in parallel connection
Mechanical view Active layer with backing Homogeneous active layer
Resonant mode(s) 3 MHz and 1.5 MHz 1.5 MHz
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single-frequency configuration, the two PZT-2 layers were 
considered as one thick layer. With this assumption, the 
transmitting electrical impedance should be a quarter of 
the simulated value because of the mechanical serial, elec-
trical parallel configuration. For the 3-MHz configuration, 
the front PZT-2 layer was used as the active layer and the 
back one was considered as the backing layer.

Because there are two frequency modes in the trans-
ducer, the quarter-wavelength matching layer could match 
only one frequency. Attenuation is higher in materials at 
higher frequency, so the matching layer was set to match 
the 3-MHz transducer to balance the power output of the 
two frequencies. Based on KLM simulation, thickness of 
the matching layer was set to be 0.16λ for 3 MHz ultra-
sound.

E. Acoustic Field Simulation

In HIFU applications, targets beneath the skin are ex-
posed to high pressure while keeping the surface of the 
skin little affected. The key is to keep the acoustic pres-
sure at the skin within a low level and to focus ultrasound 
at target to achieve a pressure high enough to induce the 
hyperthermia effect, thus damaging the tumor or cancer 
cells; therefore, it is essential to evaluate the acoustic field 
distribution.

Field II [28], a Matlab-based toolkit (Matlab, The 
MathWorks Inc., Natick, MA), was used to perform the 
field simulation. The surface of the transducer is concave 
because a lens was added to the transducer. The focal 
length of the transducer is 15 mm. A concave model was 
used in the simulation with a radius of 12.7 mm and fo-
cal radius of 15 mm. A continuous wave was supplied to 
the transducer with an effective voltage of 100 V, corre-
sponding to 283 Vpp. Based on KLM modeling, pressures 
generated by the transducer were 2.85 and 1.81 kPa/V 
for 1.5 and 3 MHz ultrasound, respectively. Because the 
transducer is axially symmetric, the emitted field was 
simulated with Field II on the y-z plane, with the z-axis 
being the axial direction of the transducer. The bound-
ary was set as −15 mm to 15 mm in the y-direction and 
0 mm to 40 mm in the z-direction to well cover the area 
of interest.

III. Fabrication and Characterization

A. Fabrication

PZT-2, a piezoelectric ceramic material from the Shang-
hai Ceramic Institute, was used as the active material in 
the transducer. PZT-2 plates with resonant frequency of 
3 MHz were prepared with the thickness of 0.735 mm and 
diameter of 25.4 mm. Two such pieces of PZT-2 ceramic 
plate were bonded together with epoxy, forming the dual-
frequency transducer. It was verified that the thickness of 
the epoxy bonding layer was less than 5 µm. Compared 
with the thickness of the PZT layers (735 µm), such a thin 
bonding layer was considered to be negligible for the vi-
bration at the designed frequencies. In the wave forward-
ing direction, a block of graphite, 7.825 mm in thickness, 
was bonded to the surface of the PZT-2 ceramic. The 
graphite block was then machined to form a 15-mm-radius 
curvature with 7 mm depth of curvature. In the backing 
direction, a very lossy microbubble-filled epoxy, known as 
hard air, with an acoustic impedance of 0.5 MRayl was 
bonded to the PZT-2 back surface to support the piezo-
electric layers. Aluminum was used to house the acoustic 
stack. More parameters of the materials used for trans-
ducer fabrication are listed in Table II.

The outside surfaces of both plates could be connect-
ed to ground while the center electrode between the two 
plates was connected to the hot wire, as shown in Fig. 4. 
In this case, the two PZT-2 plates could either be fired 
together or individually via two BNC cables.

B. Transducer Characterization

Pulse-echo experiment was performed to verify the 
transducer performance. The transducer was positioned 
in a tank with degassed water. A steel block was put 
15 mm away from the transducer to act as the target. An 
electrical pulse generated by an Olympus 5077PR square 
wave pulser/receiver (Panametrics Inc., Waltham, MA) 
was used to excite the transducer at 100 V. The reflected 
impulse was first conditioned by the pulser/receiver and 
then measured and stored by the DSO7104B digital stor-
age oscilloscope (Agilent Technologies Inc., Santa Clara, 

TABLE II. Material Parameters of the Layers of the Prototyped Transducer. 

Back support Active Matching

Material Hard air PZT-2 Graphite
Shape Round Round Round
Diameter (mm) 25.4 25.4 25.4
Thickness (mm) NA 0.735 0.172
Sound speed (m/s) NA 4430 3230
Impedance (MRayl) 0.5 34.1 6.0
Relative dielectric constant NA 560 NA
Coupling coefficient kt NA 0.52 NA
Mechanical quality factor NA 1000 NA
Dielectric loss NA 0.002 NA
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CA). The obtained impulse response was then used for 
determination of sensitivity and bandwidth.

Beam profile and high pressure at focal point were mea-
sured with a high-power hydrophone (HNA-0400, Onda 
Corp., Sunnyvale, CA). In beam profile plotting, a low 
input voltage of 56 Vpp was used to ensure the safety of 
the hydrophone, considering the long exposure (almost an 
hour). The input of the transducer was set as bursts of 
10 Hz PRF with a 5-cycle sine wave in each burst. The 
transducer was held in a stable fixture and the hydrophone 
moved in the emission field to scan the pressure around 
the focal point. Motion of the hydrophone was controlled 
by a 3-dimensional stage powered by step motors in each 
dimension. High pressure at the focal point was measured 
with increased voltage. Excitation type was the same as 
previously mentioned, i.e., bursts of 10 Hz PRF with 5-cy-
cle sine wave in each burst. The hydrophone position was 
adjusted automatically and then fixed at the focal point 
with increasing voltage through the measurement. In the 
beam profile measurement, low PRF (10 Hz) and burst 
with 5-cycle sine wave was also used to excite the trans-
ducer to protect the hydrophone from either long-time 
exposure or very-high-pressure exposure.

C. Tissue Ablation

For hyperthermia ablation, comparison between single-
frequency and dual-frequency ultrasound, acoustic power 
transmitted into tissue should be remained constant. For 
example, if 6 W was used in tissue ablation, then input 
power of all frequency combinations was adjusted so that 
the output acoustic power is 6 W. Power output of the 
transducer versus the input voltage was calibrated with an 
ultrasound power meter (UPM-DT-1AV, Ohmic Instru-
ments Co., Easton, MD). A single-channel arbitrary func-
tion generator AFG3101 was used to provide waveforms 
needed, which was amplified by an RF power amplifier 
Model 3100L (Electronic Navigation Industries Inc., Roch-
ester, NY). Continuous sine waves with different voltages 
were supplied to the transducer and power was measured 
by the ultrasound power meter. The amplification of the 
RF power amplifier is fixed, so voltage of continuous wave 
was adjusted by the function generator. With the monitor 
of the ultrasound power meter, voltage needed for each 
ultrasound type to generate 6 W was recorded, and used 
later in tissue ablation for comparison.

Tissue ablation tests with the dual-frequency transduc-
er using single-frequency and multi-frequency HIFU were 
carried out for ablation efficiency comparison. Packaged 
pork loin tissue was brought to room temperature and 
left in open air for 30 min before being used for experi-
ments. The tissue was cut to obtain a clean, flat surface 
from a bulk piece, and then mounted into a 50-mm depth 
and 150-mm diameter plastic container. Thin steel needles 
were used to hold the tissue in the designed position rela-
tive to the container. The ultrasound transducer was per-
pendicular to the tissue surface and focused on a certain 

depth (e.g., 5 mm) into the tissue sample. A depth of 
5 mm was chosen to avoid significant heat dissipation into 
water. Temperature was measured to numerically indi-
cate the tissue ablation efficiency. A needle thermocouple 
probe (HYP-0, Omega Engineering Inc., Stamford, CT) 
with diameter of 0.2 mm was positioned inside tissue at 
the focal zone to measure the local tissue temperature. A 
needle thermocouple was chosen to minimize acoustic field 
interference in tissue. This T-type (Copper-Constantan) 
thermocouple probe is enclosed in a long hypodermic nee-
dle, and also has a fast response with a continuous tem-
perature rating below 200°C. The thermocouple signal was 
acquired via data acquisition system (USB-6361, National 
Instruments Corp., Austin, TX) for signal recording and 
processing.

The porcine tissue sample and HIFU transducers were 
aligned as described. Ultrasound transducers and the 
data acquisition system for temperature recording were 
triggered at the same time. Each measurement consist-
ed of a 45-s ultrasound exposure at 5 mm below the tis-
sue surface. Signals from thermocouple were simultane-
ously sampled at a rate of 100 samples per second. The 
output acoustic power of 6 W was introduced for both 
single- and dual-frequency modes to compare the tem-
perature rises. Each test under the same condition was 
repeated three times to obtain the average value. The 
dual-frequency signal was generated by a function genera-
tor (AFG3101, Tektronix, Beaverton, OR). The ratios of 
the amplitudes of each frequency component were 1:1, 1:3, 
1:5, and 1:10 (1.5 MHz:3 MHz), and waveforms are shown 
in Fig. 5. Relative magnitude of the two frequency compo-
nents could be easily switched from the input waveform.

IV. Results and Discussion

The final transducer fabricated is shown in Fig. 6. The 
electrical connection is made by two coaxial cables. The 
center wires of both cables are connected together to the 
middle layer of the transducer. The shielding wires of the 
two cables are connected to the front and back surfaces 
of the transducer. To excite one layer of the transducer, 
only one of the cables is connected to power amplifier. To 
excite both layers, both cables are connected to the power 
amplifier via a T-shaped connector.

A. KLM Modeling

Electrical impedance and phase spectrum were mod-
eled separately for 1.5 MHz and 3 MHz and the results are 
shown in Fig. 7. In the modeling result for the 1.5-MHz 
transducer, one resonance is found at 1.5-MHz. The large 
aperture of the transducer makes the electrical impedance 
low. With thin matching layer and no backing layer, the 
phase at resonance is close to 60°. For the 3-MHz model-
ing, as predicted, there are two resonant frequencies at 
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1.5 and 3 MHz, which means the transducer works in two 
different vibration modes.

The transmitting response was simulated for each fre-
quency with 10-cycle sine wave burst excitation. Driven 
with the two frequency components, the transducer was 
expected to generate ultrasound at both frequencies. 
Based on the modeling, 1.81 and 2.85 kPa/V were ex-
pected for 1.5 and 3 MHz ultrasound at the surface of the 
transducer. The detailed transmitting response is shown 
in Fig. 8.

B. Pulse–Echo Test

A pulse–echo test was carried out in water tank, with 
100 V supplied to the transducer as excitation. A steel 
block 15 mm away from and facing the transducer acted 
as the reflection target. The echo signal of the impulse is 
shown in Fig. 9(a). Ringing of the echo signal is a little bit 

long because of the light backing and little matching in 
the transducer. The fast Fourier transform spectrum in 
Fig. 9(b) clearly shows two strong resonant frequencies at 
about 1.5 MHz ( f1) and 3 MHz ( )f1′  with almost identical 
amplitudes. This directly proved the capability of the 
transducer for generating 1.5 and 3 MHz ultrasound, and 
agrees well with the simulation results (Fig. 7). Relative to 
the base band frequency ( f1 = 1.5 MHz), higher order 
harmonics of the transducer at 4.5 MHz ( f3) and 7.5 MHz 
( f5) are very low, with an amplitude of −12.61 dB and 
−49.29 dB, respectively.

C. Acoustic Pressure

The beam profile of the acoustic field was simulated 
with Field II and measured with a high-power hydro-
phone. Simulation results are shown in Figs. 10(a), 10(c), 
and 10(e). Because of stronger focusing, the 3 MHz ul-
trasound shows a smaller focal zone than the 1.5 MHz 
ultrasound. The pressure of 3 MHz ultrasound at focal 
point is 8.39 MPa, compared with 6.64 MPa for 1.5 MHz 
ultrasound, corresponding to a power density of 2.35 kW/
cm2 for 3 MHz ultrasound beam and 1.47 kW/cm2 for 
1.5 MHz ultrasound beam, respectively. With the same 
voltage input, the pressure of the dual frequency ultra-
sound is 8.30 MPa and the power intensity is 1.48 kW/
cm2. Such power density is high enough to cause cavita-

Fig. 5. Signal waveforms generated by the function generator. (a) 
1.5 MHz signal, (b) 3 MHz signal, (c)–(f) dual-frequency signals. The 
ratio of amplitudes between 1.5 MHz and 3 MHz is (c) 1:1, (d) 1:3, (e) 
1:5 and (f) 1:10, respectively. 

Fig. 6. Photograph of the fabricated dual-frequency transducer. 
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tion and hyperthermia effect, thus resulting in lesions in 
biological tissue [5].

The profile of pressure distribution around the focal 
point was mapped with hydrophone at 56 Vpp inputs. 
The results for the scanned field around the focal point 
are shown in Figs. 10(b), 10(d), and 10(f). As listed in 
Table III, the beam width and focal depth are much larger 
than in the simulation. One of the main reasons may be 
the inaccurate location of the focal point. The focal zone is 
very sharp (−3-dB beam width of 0.35 mm for 3 MHz ul-
trasound), whereas the resolution of mechanical scanning 
of the water tank system is 0.5 mm. As a result, it is un-
likely to measure the exact peak value, and the beam thus 
seems less focused. The profile of pressure distribution was 
measured at low pressure with low driving voltages. If 
driven by high voltage, as used in HIFU application, more 
nonlinear effect is expected and the beam profile differs 
slightly [32].

A collection of the beam profile parameters is shown 
in Table III. Note that the wave of dual-frequency ultra-
sound is not a sinusoidal wave, and the power density is 
calculated by integration instead of P2/(2Z), where P is 

the pressure magnitude and Z is the impedance of me-
dium.

Acoustic pressure generated by the transducer at dif-
ferent voltages and frequencies was measured using the 
high-power hydrophone and the results are shown in Fig. 
11. Compared with the simulation, the pressure measured 
from the hydrophone is lower. Several possible factors may 
cause this. One factor might be the low scanning resolu-
tion as mentioned previously, which will lead to inaccurate 
positioning of the focal point. Another reason may be im-
perfection of the transducer lens, causing the less focused 
effect shown in the beam profile.

D. Tissue Ablation

To make tissue ablation comparison among single-fre-
quency and dual-frequency modes, acoustic power cali-
bration of the transducer at 1.5 MHz, 3 MHz, and dual 
frequency (1.5 MHz + 3 MHz) was performed to ensure 
that temperature rise of tissue ablation was compared un-
der the same emitted ultrasound power. An Ohmic ul-
trasound power meter UPM-DT-1AV was used for the 
acoustic power measurements. Input voltage was adjusted 

Fig. 7. Impedance and phase of the transducer with (a) dual-layer excita-
tion and (b) front-layer excitation. 

Fig. 8. Acoustic pressure output with 5-cycle burst input at (a) 1.5 MHz 
and (b) 3 MHz. 
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to generate a given power output. Voltage inputs for an 
output of 6 W at single frequencies and dual frequency are 
listed in Table IV. In case of dual-frequency power mea-
surements, the input voltage signal ratio from the function 
generator of 1.5 MHz to 3 MHz was varied from 1:1 to 
1:10 (as shown in Fig. 5) and the required input voltages 
applied to the transducer were obtained (Table IV).

Under the acoustic power of 6 W at different frequen-
cies, the temperature measurement results are shown in 
Fig. 12. For porcine tissue ablation, the highest temper-

ature rise was found with dual-frequency ablation with 
amplitude ratio of 1:10 (1.5 MHz:3 MHz in amplitude). 
Measurements of each curve were repeated at least 3 times 
with the same setup and the temperature rise was very 
consistent, with a variation less than 0.2°C. However, with 
dual-frequency input, the acoustic pressure distribution is 
between the two single-frequency experiments (Fig. 11), 

Fig. 9. (a) Reflected waveform and (b) fast Fourier transform of the 
waveform in pulse–echo test. 

Fig. 10. Ultrasound beam profile with frequency of (a) and (b) 1.5 MHz, 
(c) and (d) 3 MHz, and (e) and (f) dual frequency. Figures (a), (c) and 
(e) are from simulation, whereas (b), (d) and (f) are from hydrophone 
measurement. (g) Color bar is shared by all of the figures. 

TABLE III. Beam Profile of the Acoustic Field. 

Frequency 1.5 MHz 3 MHz Dual

Simulated
  Focal length (mm) 15 15 15
  Peak pressure (MPa) 6.64 8.39 8.30
  Peak power density (kW/cm2) 1.47 2.35 1.48
  Beam width (mm) 0.65 0.35 0.45
  Focal depth (mm) 2.15 1.1 1.65
Measured
  Focal length (mm) 16.5 15 16.5
  Peak pressure (MPa) 2.81 3.64 3.29
  Peak power density (kW/cm2) 0.263 0.442 0.233
  Beam width (mm) 2 1.5 1.5
  Focal depth (mm) 16.5 9 12.5

Beam width and depth are referred to the −3 dB value.
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which means that the dual-frequency peak pressure is 
lower than that of single-frequency 3 MHz ultrasound and 
higher than that of single-frequency 1.5 MHz ultrasound. 
Therefore, this finding cannot be explained by the linear 
bio-heating theory in which tissue temperature rise in-
creases with acoustic pressure in tissue [33].

However, the measured results are similar to previous 
observations on multi-frequency ablation using different 
frequencies and tissue materials [14], and larger lesion size 
was induced by dual-frequency ultrasound than that by 
single-frequency ultrasound. Dual-frequency ultrasound 
can generate higher temperatures under the same expo-
sure conditions, which may be attributed to the cavitation 
yield at different frequencies, even when frequency differ-
ence is greater than 500 kHz. The frequency differences 
in multi-frequency mode may result in a low-frequency 
homogeneous acoustic wave which will enhance the cavi-
tation effect, according to Iernetti and Feng [34], [35]. A 
combination of two different frequencies may even result in 
the formation of constructive and destructive interference 
patterns that are composed of waves with a wide range of 
different frequencies and pressure amplitudes. Cavitation 
is a random frequency-dependent phenomenon, and thus 
the generation of waves with different frequencies increas-
es the chance of more efficient energy dissipation during 
cavitation.

V. Conclusion

To achieve high-efficiency HIFU ablation without in-
troducing complexity to system or application, a single-
aperture, dual-frequency HIFU transducer was designed, 
fabricated, and characterized. A pulse–echo experiment 
showed that the amplitudes of two frequency components 
are almost equally strong, leading to the advantage that 
acoustic power output could be easily tuned from the func-
tion generator input. Preliminary experiments on tissue 
ablation showed that higher tissue ablation efficiency can 
be expected from dual-frequency ablation compared with 
single-frequency ablation. With proper combination of the 
two frequency components in the function generator out-
put (e.g., 1:10 in amplitude of 1.5 MHz:3 MHz), but under 
the same acoustic power output from the transducer, tem-
perature rise measured was consistently more than that 
induced by single-frequency ultrasound. Specifically, dual-
frequency induced temperature rise was more than 100% 
higher than that generated by single-frequency 1.5 MHz 
ultrasound, which is mostly attributed to the high-fre-
quency component (3 MHz) used in the dual-frequency 
ablation. Moreover, dual-frequency-induced temperature 
rise is 5% higher than that generated by single-frequency 
3 MHz ultrasound, which is likely the result of cavitation 
enhancement by dual-frequency ultrasound. This finding 
suggests that that dual-frequency HIFU can be an effec-
tive approach for more efficient tissue ablation. Further 
study will focus on exploring ablation volume, optimized 
amplitude ratio of the two frequencies, phase delay be-
tween the two frequencies, and ablation with the guidance 
of magnetic resonance imaging.

Fig. 11. Acoustic pressure generated by the transducer with different fre-
quency configurations. In this case, the dual frequency means 1.5 MHz 
and 3 MHz with 1:1 amplitude ratio. 

TABLE IV. Voltage Applied to the Transducer to Generate 
6 W of Acoustic Power. 

Function generator signal
Transducer 
voltage (V)

1.5 MHz 130
3 MHz 111
1.5 MHz + 3 MHz (1:1) 148
1.5 MHz + 3 MHz (1:3) 128
1.5 MHz + 3 MHz (1:5) 121
1.5 MHz + 3 MHz (1:10) 114

Fig. 12. Porcine tissue ablation tests using single-frequency ultrasound 
and dual frequency ultrasound with different frequency components un-
der the same power (6 W). In the figure, single frequency ablations are 
shown with 1.5 MHz and 3 MHz for corresponding frequency. For dual 
frequency ablations, relative amplitude ratios of 1.5 MHz and 3 MHz are 
shown as 1:1 and 1:10. 
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