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Abstract: Ultrasound-mediated tumor perfusion enhancement offers a promising strategy to
overcome treatment resistance. To enable precise therapy, we developed a dual anti-matching
layer transducer array capable of simultaneous imaging and power output. Simulation results
show a 31% increase in pulse-echo sensitivity and a reduction in -6 dB bandwidth from 61.9%
to 55.5%. The fabricated transducer array achieves a -6 dB bandwidth of 56.5%, close to the
simulation, with uniform acoustic output suitable for therapeutic use.
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Introduction

Chemotherapy and radiotherapy are currently the
main clinical approaches for treating most malignant
tumors, while immunotherapy, as an emerging modal-
ity, shows promising potential for future development.
However, all of these treatment methods often face
therapeutic resistance in hypoperfused tumors, which
leads to suboptimal efficacy and increased risk of
recurrence [1].

In recent years, ultrasound-mediated tumor perfu-
sion enhancement has provided a novel strategy to
address this challenge [2, 3]. This technique involves
the injection of microbubbles into the bloodstream,
followed by ultrasonic stimulation targeted at the
tumor region to enhance local perfusion, thereby im-
proving drug delivery and overcoming resistance in
hypoperfused tumors [4].

In this approach, the ultrasound transducer must
not only deliver sufficient acoustic power to effectively
stimulate tissue but also provide real-time imaging
capability to ensure treatment precision and safety [5].
If separate transducers are used for imaging and ther-
apy, accurate localization of the therapeutic focus
within the image becomes difficult. In contrast, using
a single transducer for both functions ensures that the
imaging and therapeutic beams share the same path,
allowing for direct visualization of the treatment focus
in the image and thereby improving targeting accu-
racy. Therefore, the development of an ultrasound
transducer with both imaging and power output ca-
pabilities is essential for ultrasound-mediated tumor
perfusion enhancement therapy.

However, traditional ultrasound transducers face
challenges in meeting this dual-functional requirement.
Imaging transducers typically employ a high-acoustic-
impedance backing layer behind the piezoelectric el-
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ement to absorb backward waves and improve axial
resolution [6]. However, this design results in 20—
30% of the total acoustic energy being converted
into heat within the backing layer, reducing transmis-
sion efficiency and potentially causing thermal defor-
mation of the backing material, which may damage
the transducer. In contrast, therapeutic transducers
typically employ an air backing layer with extremely
low acoustic impedance to avoid this issue, making
them suitable for applications requiring high acoustic
power [7], such as high-intensity focused ultrasound
(HIFU). However, the air backing layer does not pro-
vide mechanical support, and since the piezoelectric
array in imaging transducer arrays is relatively frag-
ile, an air backing layer is not suitable for imaging
transducers.

To address these challenges, this study developed
an ultrasound transducer array incorporating a dual
anti-matching layers (AML) structure. By stacking
multiple layers of materials to form an equivalent
low-impedance backing, this structure provides high
acoustic reflectivity and sufficient mechanical support.
On one hand, it improves the forward transmission
efficiency of the emitted acoustic energy; on the other,
it preserves imaging resolution. As such, it enables si-
multaneous high-performance imaging and high-power
delivery, meeting the performance requirements of
ultrasound-mediated tumor perfusion enhancement.

Transmission Line Model and Dual
Anti-Matching Structure

Traditional ultrasound transducers typically consist
of a matching layer, a piezoelectric layer, and a back-
ing layer arranged from front to rear. When electrically
excited, the piezoelectric layer emits acoustic waves
both forward (toward the matching layer) and back-
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ward (toward the backing layer). To improve reflection
of the backward waves, this study introduces two in-
termediate layers between the piezoelectric layer and
the backing layer, referred to as the 1t AM layer and
2"d AM layer (see Fig. 1).

Due to the similarity between the propagation char-
acteristics of acoustic waves in media and electromag-
netic waves in transmission lines, microwave transmis-
sion line theory is adopted to analyze the energy trans-
fer efficiency of the multi-layer structure [8]. Since the
piezoelectric layer is acoustically impedance-matched
to the front load via the matching layers, it can be
regarded as a pure resistor with an impedance of Z,
in the transmission line model. The backing layer, due
to its thickness being much greater than the wave-
length, is also treated as a pure resistance Z;,. When
the thicknesses of the 1t AM layer and the 2"¢ AM
layer are much smaller than their respective acoustic
wavelengths, they can be modeled as transmission
line segments with characteristic impedances Z; and
Zs, respectively (see Fig. 1).

According to transmission line theory, the acoustic
energy transmission efficiency can be calculated as

Tr=1-|R,[% (1)

where R, is the acoustic pressure reflection coefficient,
which can be calculated as

Ry=2"% (2)
P Zy+ 27,

where Z is the complex conjugate of the impedance
Zy. Zy is the equivalent impedance of the dual AML,
which is calculated as

Z1 + jZa1 tan(kailar)
To =T 1 3
? W Zar + § 20 tan(karlar)’ 3
Zb + jZaZ tan(ka2la2)
Zy = Za . . s 4
! ? Za2 + ]Zb tan(ktﬂltﬂ) ( )

As indicated by equations Eq. (1)—(4), when Z,; <
Zp, Zaz > Zg1, and Zy < Z,2, the structure exhibits
high acoustic reflectivity.

In this study, the 15* AM layer is made of epoxy
resin (2.7 MRayl), the 2" AM layer is made of tung-
sten steel (97.2 MRayl), and the backing layer is
made of a mixture of alumina and epoxy resin (5.0
MRayl). The transmission efficiency distribution of
the dual AML structure can be calculated based on
transmission line theory. Without the dual AML struc-
ture, approximately 45% of the backward acoustic
energy transmits into the backing layer, with an in-
sertion loss of around —3.5 dB. The dual AML struc-
ture exhibits a wideband suppression region, where
the strongest suppression occurs when both AML
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Fig. 1: Schematic view of the equivalent circuits for
the dual AML structure.
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Fig. 2: Insertion loss of double AML structure.

layers are a quarter-wavelength thick. Under this con-
figuration, the insertion loss reaches approximately
—33.0 dB, corresponding to a transmission efficiency
of only 0.05% (see Fig. 2). This indicates that nearly
all the backward-propagating energy is reflected back
into the load rather than entering the backing layer,
thereby significantly reducing thermal loss and en-
hancing forward transmission efficiency.

In addition to acoustic performance, the AML struc-
ture also provides robust mechanical support, making
it suitable for ultrasound transducers that require both
high power output and reliable imaging performance.

Transducer Design and Fabrication

In this study, we designed and fabricated an ul-
trasound transducer array with the dual AML. The
transducer consists of 128 elements, with a total array
length of approximately 65 mm and a width of 13 mm.
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The design center frequency is 2.8 MHz. The pitch
between elements is 0.508 mm, and the kerf width is
0.04 mm.

The backside of the piezoelectric layer is equipped
with the dual AML structure (see Fig. 3). The 1°* AM
layer is composed of epoxy resin, while the 2" AM
layer is made of tungsten steel. Both AM layers have a
thickness of one-quarter wavelength at the center fre-
quency to effectively reflect the backward-propagating
acoustic waves. Behind the 2" AM layer, a 10 mm-
thick composite backing layer made of alumina and
epoxy provides mechanical support.

Although the dual AML structure effectively en-
hances power output by reflecting backward waves,
it also tends to increase pulse duration and reduce
bandwidth. For traditional backing layer designs, the
primary function is to absorb backward acoustic waves
and shorten the pulse duration. The AML structure,
equivalent to an extremely low-impedance backing,
essentially loses the ability to absorb backward waves,
resulting in significantly prolonged pulses. Therefore,
precise design of the matching layers is essential to
ensure reasonable pulse length and bandwidth for
imaging. In this work, a double matching layers struc-
ture is employed at the front of the transducer to
effectively shorten pulse duration and broaden band-
width. The detailed structural parameters of each layer
are listed in Tab. 1.

The Krimholtz—Leedom—Matthaei (KLM) model
was used to simulate the pulse-echo response of the
proposed transducer and compare it with that of a tra-
ditional backing layer structure. The pulse-echo signals
were post-processed by envelope detection. Simulation
results show that the proposed transducer achieves
a pulse-echo sensitivity of 6.24 mV/V, compared to
477 mV/V for the traditional design—an increase of
approximately 31%, indicating a significantly stronger
output (see Fig. 4). The —6 dB bandwidths of the
proposed and traditional transducers are 55.5% and
61.9%, respectively, reflecting a decrease of about
6.4%. These results demonstrate that the proposed
design can significantly enhance power output while
maintaining comparable imaging performance.

The fabrication process of the proposed transducer
is as follows: A PZT-5H piezoelectric ceramic was
selected as the base. The dual AML were bonded
sequentially to the bottom surface of the piezoelectric
ceramic, following the designed thickness. A prefabri-
cated double matching layer was bonded to the top
surface. The piezoelectric ceramic was then diced into
128 elements, and the kerfs were filled with epoxy
resin. The top electrode of the piezoelectric ceramic
was grounded, while signal wires were soldered to
the bottom electrodes of each element. Finally, the
backing layer was attached behind the 2" AM layer,

2025 ICU PADERBORN
9th International Congress on Ultrasonics - ICU

20d matching layer

= 15 matching layer

LA picaoctectictaer

| L—e 15t AM layer
2nd AM layer

—1—= Backing layer

Fig. 3: Structural diagram of the dual AML transducer
array.

Tab. 1: Transducer parameters

Structure Velocity  Density  Thickness
(m/s)  (kg/m®)  (pm)
2" matching 2600 1040 214
15t matching 1554 6253 133
Piezoelectric 4400 7500 720
15t AM 2600 1040 232
2" AM 7200 13500 643
Backing 2307 2180 10000

and the transducer was encapsulated to complete the
fabrication.

Transducer Performance

The acoustic performance of the fabricated dual
AML transducer array was experimentally evaluated.
A pulse-echo test was conducted using an ultra-
sound pulser/receiver (5073PR, Olympus Corp., USA),
which generated excitation pulses with an energy of
8 puJ. The echo signals were captured and recorded us-
ing an oscilloscope (MSO54, Tektronix Inc., USA). A
reflecting surface was placed in front of the transducer
to ensure wave reflection.

The measured pulse-echo peak amplitude was
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Fig. 4: Pulse-echo waveforms and spectra from KLM
simulations of (a) AML and (b) traditional transduc-
ers.
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Fig. 5: Measured (a) pulse-echo waveforms and spec-
tra, and (b) acoustic field distribution of the AML
transducer array

127.8mV, and the -6 dB bandwidth was 56.5% (see
Fig. 5). The measured bandwidth was slightly higher
than the simulation result, which may be attributed
to the one-dimensional nature of the KLM model,
whereas the actual transducer is a three-dimensional
structure—potentially affecting the accuracy of band-
width prediction.

In addition, the acoustic field of the transducer
was scanned using a hydrophone (NH0200, Precision
Acoustics Ltd., UK), which was precisely positioned
by a three-axis motorized stage. A custom-developed
128-channel ultrasonic driving system was used to
excite the transducer with a 2.8 MHz, 5-cycle square
wave signal at 20V. The hydrophone signals were
acquired and digitized using an oscilloscope (MSO54,
Tektronix Inc., USA).

Experimental results indicate that the transducer
maintains good pressure uniformity within a depth
range of 40-110 mm, with a lateral -6 dB beamwidth
of approximately 60 mm (see Fig. 5). The peak neg-
ative pressure in this region exceeds 0.5 MPa, corre-
sponding to a mechanical index (MI) of 0.3, which
meets the typical threshold for ultrasound-mediated
tumor perfusion enhancement (Ml ~ 0.3) [2].

Conclusion

In summary, we developed an ultrasound transducer
array with a dual AML structure that enables the in-
tegration of imaging and acoustic power output. The
proposed design effectively enhances acoustic power
transmission through improved reflection of backward
waves, while maintaining imaging performance. Both
simulation and experimental evaluations demonstrated
the transducer’s suitability for ultrasound-mediated tu-
mor perfusion enhancement. Overall, this transducer
design offers a promising approach for integrating ther-
apeutic ultrasound with real-time imaging, enabling
more precise and efficient tumor perfusion enhance-
ment.
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