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This paper focuses on ultrasonic wireless power transfer (UWPT), a form of underwater wireless power
transfer (WPT) using acoustic (ultrasonic) waves. We propose an ultrasonic transducer designed based on the
Langevin transducer model, along with its equivalent circuit model for underwater transmission, tailored for
efficient medium-distance underwater WPT. The performance of this transducer is simulated and analyzed
using the acoustic-piezoelectric structure module in COMSOL. The results demonstrate that the transducer
exhibits excellent underwater transmission characteristics. Additionally, an equivalent circuit model of the un-
derwater UWPT system is developed and analyzed to characterize its transmission properties. For validation,
a prototype UWPT is fabricated. At a 35 cm separation between the transmitter and receiver, the transmitter
power is 2.5 W. With a 1.2k load, the received root mean square (RMS) voltage is measured at 22.8 V, corre-
sponding to a received power of 433 mW and a transmission efficiency of 17 %. These results verify the proposed
model, demonstrate a significant improvement in the transmission distance of underwater UWPT systems, and

confirm the feasibility of medium-distance UWPT.
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1. Introduction

With the development of science and technology
along with rising living standards, the global de-
mand for electricity continues to grow, highlighting
the limitations of traditional wireless power trans-
mission (WPT) methods and increasing interest in
WPT (SONG et al., 2021; ZHANG et al., 2019). WPT,
which enables power transmission without physical
contact, has demonstrated significant application po-
tential through various methods such as magnetic res-
onance, inductive coupling, and far-field microwave
power transfer (ROES et al., 2013; Kim et al., 2022;
SINGER, ROBINSON, 2021; SHIN et al., 2014; SANNI
et al., 2012; VALENTA, DURGIN, 2014). At present,
electromagnetic wireless power transfer (EWPT) tech-
nologies are relatively mature. However, in underwa-
ter environment, the presence of electrolytes in sea-

water reduces the efficiency of EWPT, especially for
long-distance transmission (XU et al., 2015). In the
case of inductive coupling, the maximum operating dis-
tance is typically limited to only a few centimeters.
In contrast, ultrasonic waves offer excellent transmis-
sion performance underwater, as sound waves undergo
low attenuation in aqueous environments. Compared
to electromagnetic waves, sound waves can propagate
over long distances in water with lower energy loss.
Therefore, ultrasonic wireless power transfer (UWPT)
holds significant promise as an alternative to electro-
magnetic induction for underwater power delivery sys-
tems (GUIDA et al., 2022).

Current research in UWPT technology has mostly
focused on power transmission through metal walls
and for subcutaneous medic. For instance, Toshihiko
Ishiyama presented the concept of wireless charging
for mobile electronic devices using ultrasonic trans-
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ducer in air, transmitting 0.8 W of power over a dis-
tance of 0.3m (ROES et al., 2011). BAO et al. (2008)
developed a kilowatt-scale high-power device that pen-
etrated a metal wall at a frequency of 24.5kHz to
achieve 1kW of UWPT through a metal wall. CHEN
et al. (2018) demonstrated underwater UWPT with
a transmission efficiency of 31 % at a distance of 5 cm
between the transmitter and receiver for transducer
charging. BASAERI et al. (2019) employed piezoelec-
tric ceramics to power an implantable medical device,
delivering 0.7 mW of power to the receiving transducer
over a distance of 20 mm.

In previous underwater UWPT systems, the trans-
mission distance has typically been confined to short
ranges (less than 10cm). In this work, by employing
28 kHz ultrasonic transducers, we extend the trans-
fer distance to 35cm — placing it within the medium-
range regime (10 cm-50cm). We develop a Langevin-
type transducer and employ COMSOL Multiphysics
to simulate its underwater propagation characteristics.
Additionally, we propose an equivalent circuit model of
the underwater UWPT system and derive its theoret-
ical transfer characteristics. The accuracy of the theo-
retical model and the performance of the underwater
WPT system are further validated through experimen-
tal testing. The feasibility of mid-range UWPT is ef-
fectively demonstrated, which is of great significance
for underwater wireless power delivery.

2. Underwater WPT system

The initial step in developing an UWPT system in-
volves constructing the underwater WPT setup. The
system comprises a signal source, ultrasonic transduc-
ers at both the transmitting and receiving ends, and
an impedance matching circuit designed to optimize
the receiving impedance. Since piezoelectric transduc-
ers operate most efficiently at their resonant frequency,
a high-frequency signal generator supplies the trans-
mitting ultrasonic transducer with a high-frequency
signal at its resonant frequency of fy to generate ultra-
sonic waves. These waves propagate through the wa-
ter and are received by the ultrasonic transducer at
the receiving end, where they are converted back into
electrical signals. Due to the capacitive nature of the
ultrasonic transducer, an impedance matching circuit
is employed to eliminate reactive power generated by
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the transducer and ensure maximum power transfer
efficiency. The received signal is then rectified and fil-
tered through a circuit to supply power for downstream
electronic components. The structure of the underwa-
ter UWPT system is shown in Fig. 1.

The underwater ultrasonic transducer discussed in
this paper is based on a Langevin-type design. It con-
sists of a backing layer, piezoelectric ceramic elements,
and a front matching layer. The Langevin transducer is
constructed by stacking piezoelectric elements, which
are compressed and held together in place by bolts
positioned between the backing and the metal match-
ing layer. This compression bolt applies a preload to
the piezoelectric elements, maintaining them in a com-
pressed state to prevent material fractures during high-
power operation (BAO et al., 2008).

From an acoustic perspective, the impedance mis-
match between solid and liquid necessitates the inclu-
sion of a matching layer to enhance transmission ef-
ficiency. The acoustic impedance of the metal at the
front of the transducer is approximately 17.3 MRayl,
while that of water is around 1.48 MRayl. When there
is a significant mismatch in acoustic impedance be-
tween two materials, most of the sound waves will be
reflected at the boundary, resulting in minimal trans-
mission through the interface. Conversely, when the
difference in acoustic impedance is relatively small,
most of the sound waves can pass through the bound-
ary. To ensure efficient underwater operation and
achieve optimal acoustic impedance matching with wa-
ter, a two-layer matching structure is required. One
of these layers is composed of epoxy resin adhesive
(CALLENS et al., 2004).

The design principle is shown in Fig. 2. This
method uses the classical transfer matrix method,
where the thickness of each matching layer is T,,, and
an acoustic impedance of the matching layer is Z,.
The transfer matrix of the n-th matching layer can be
obtained as (CALLENS et al., 2004):

cosB, jZ,sinb,
T 2 sinf,,
n

(1)

cosb,,

where ), is the wavelength of the n-th layer, t, is the
thickness of the n-th layer, n = 1,2, 3,4, and the phase

shift 6, = 2.
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Fig. 1. Underwater UWPT system.
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Fig. 2. Schematic diagram of the multi-layer matching
transducer.

Impedance matching is achieved by adjusting the
equivalent impedance of the ultrasonic transducer
Zeq = Z3 at the transducer-dielectric boundary (Zp is
the impedance of the transmission medium), where
Zeq is

e = ?1120 + T 7 2)
2170 + Tho

where T;; is an element of the multilayer matching
structure transfer matrix T, defined by

(3)

Ty T
Lﬁﬂnﬂn=[”1ﬂ.

To1 T

The primary advantage of this method lies in its
ability to broaden the range of materials suitable for
acoustic impedance matching, thereby enhancing the
efficiency of underwater ultrasonic power transmission.
The transducer was designed to operate at a frequency
of 28 kHz, with the thickness of each layer calculated
using the relevant formula: 0.3 cm for the epoxy adhe-
sive layer and 0.98 cm for the plexiglass layer. Using
these parameters, the ultrasonic transducer was mod-
eled in COMSOL Multiphysics, as shown in Fig. 3.
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Fig. 3. Transducer simulation model.

The interior of the transducer housing is airtight.
Since the acoustic impedance of air is 4 x 1074 MRayl
(SELFRIDGE, 1985), which differs significantly from
both the piezoelectric ceramic and the metal acous-
tic impedance at the front end, the ultrasonic waves
encounter a solid-gas boundary inside the housing.
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Fig. 4. COMSOL simulation of transducer sound pressure:

a) sound pressure distribution at the front face of the trans-

ducer; b) multi-slice sound pressure maps; c¢) sound pres-

sure levels at 25 c¢cm from the transducer; d) YZ-plane

acoustic pressure distribution map from the COMSOL sim-
ulation.
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This design effectively minimizes the side lobes of the
ultrasonic transducer, thereby ensuring efficient ultra-
sound emission from the front face.

After that, COMSOL Multiphysics was used to
simulate the underwater performance of the ultrasonic
transducer. The simulation results reveal that when
the transducer operates underwater, the sound field
energy generated by the transducer is primarily con-
centrated at its front face, as shown in Fig. 4a. By
constructing an underwater multi-plane acoustic pres-
sure map, as shown in Fig. 4b, it is observed that the
side lobe pressure levels of the transducer are minimal,
while a pressure level at the center of the transmission
is significantly high. This indicates the transducer’s ex-
cellent transmission characteristics. Furthermore, mea-
surements of the sound pressure level at a distance
of 25 cm from the transducer confirm that the central
sound pressure is the strongest, as shown in Fig. 4c.
The effective underwater transmission characteristics
of the transducer can be seen in the YZ-plane, as
shown in Fig. 4d.

3. System modeling and experimentation
3.1. Equivalent circuit of ultrasonic transducer

In order to increase the power of the transducer
and the received efficiency, proper impedance match-
ing is essential. Therefore, establishing an equivalent
circuit model of the ultrasonic transducer has to be es-
tablished first. Based on the operating principles of the
transducer, its equivalent circuit model near the reso-
nant frequency is shown in Fig. 5 (FAI et al., 2015).
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Fig. 5. Equivalent circuit diagram of ultrasonic transducer.
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In Fig. 5, U, is the induced voltage, C,, is the intrin-
sic capacitance of the piezoelectric material, and R,
is the leakage resistance associated with C),. Addition-
ally, L represents the transducer’s mass, C' denotes the
stiffness, and R corresponds to the mechanical damp-
ing. Figure 6 illustrates the equivalent circuit diagram
of the underwater UWPT system. When the excita-
tion frequency applied to the transmitting transducer
face matches it resonant frequency fy, the transmitting
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The transducer at the receiving end converts the in-
coming ultrasonic signal into an electrical signal. At
this point, the input voltage at the receiving end can
be modeled as a controlled current voltage source
(CCVS), with a magnitude of kI, where k is the con-
trol coefficient. The control coefficient k represents the
attenuation coefficient of ultrasonic waves propagat-
ing in water. Under fixed experimental conditions and
a predetermined propagation distance, the ultrasonic
wave traveling from the transmitter to the receiver un-
dergoes attenuation characterized by this constant co-
efficient k£, which quantifies the energy loss incurred
within the medium. In the equivalent electrical circuit,
this acoustic attenuation is modeled by a CCVS that
delivers the attenuated signal at the receiver. Conse-
quently, a larger value of k corresponds to lower acous-
tic attenuation.

The parameters Lo, Ry, Co and Ly, Ry, C are
derived from the LRC' impedance shown in Fig. 5.
Cpo and Cp; represent the intrinsic capacitance of
the piezoelectric transducer, while R,; denotes the
equivalent resistance of the energy radiated by the trans-
ducer. Furthermore, L; represents the back-end imped-
ance matching inductance, and R; denotes the im-
pedance matching resistance.

Next, we calculate the equivalent input resistance
7, seen from terminals @ and b. When U, = 0, the
equivalent impedance as viewed from the right end is
Z1, and the equivalent output impedance of the ultra-
sonic transducer at its receiving end is calculated as

7175
—_— 5
Z1 +Z2 ( )

fo

Zy=Zpl]Zs =

When the transducer operates at its resonant fre-
quency fo, L1 resonates in series with C;. At this point,
the equivalent impedance Z; is given by

Z1 _ Rl —j R%wC’pl
(R1w0p1)2 +1 (lecp1)2 + 1

(6)

To eliminate the reactive power, the imaginary com-
ponent of the impedance Z must be set to zero. Con-
sequently, an external inductance Ly is

R%Cpl

T wC) e T "

Receiver

Fig. 6. Equivalent circuit of an underwater UWPT system.
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After compensation, the equivalent output imped-

ance is
Ry

= 8

(leCp1)2 +1 ( )
The simplified equivalent circuit diagram after im-
pedance matching is shown in Fig. 7.
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Fig. 7. Simplified circuit modeling.

The voltage across R can be calculated as Uy, and
according to the maximum power transfer theorem, the
power at the receiving end is

RU,
U, = 9
'""Rizy (9)
UQ
P = 10
1 4Z27 ( )

where P; is the maximum accepted power obtained
when R = Z5 according to the maximum power theory.

To obtain the impedance of the ultrasonic trans-
ducer, an impedance analyzer (Agilent 4294A) is used
to measure the impedance of the ultrasonic transducer.
Its internal impedance is shown in Fig. 8, indicating
that its impedance reaches a minimum at 26.9 kHz,
corresponding to its resonant frequency, with an equiv-
alent resistance of 1200 2.
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Fig. 8. Ultrasonic transducer impedance amplitude
vs. frequency.

3.2. Underwater ultrasonic power transfer experiment

The underwater ultrasonic transducer used in this
experiment is based on a Langevin structural design
machined by the manufacturer. The receiver is identi-
cal in size to the transmitter, with a circular vibrating

surface measuring 80 mm in diameter and a resonant
frequency of 28 kHz. The actual resonant frequency
was measured to be 26.9kHz using an impedance an-
alyzer. By substituting Cp1 = 2nF and R = 1.5k into
Egs. (7) and (8), the equivalent impedance is calcu-
lated to be approximately 12002, and the matching
inductance is 3.58 mH.

A high-frequency AC signal, matching the reso-
nant frequency of the transducer, is generated by a high-
frequency signal source. After amplification by a power
amplifier, a voltage of 40V is applied at the transmit-
ting end. The assembled underwater UWPT system is
shown in Fig. 9.
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Fig. 9. Underwater UWPT system.

Piezoelectric components in ultrasonic transduc-
ers operate exclusively at their inherent resonant fre-
quency, where they achieve maximum amplitude and
optimal power conversion efficiency. When the signal
frequency supplied to the ultrasonic transducer de-
viates from this resonant frequency, both the ultra-
sonic power generated at the transmitting end and
the acoustic-to-electric conversion efficiency at the re-
ceiving end decrease significantly. This also causes
a marked reduction in the received voltage at the
receiving end. Moreover, when the receiving ultra-
sonic transducer is laterally displaced from the trans-
mitting transducer (i.e., off the transmitter’s cen-
tral axis), the received power decreases significantly
— falling by 40 % at a 5cm offset. This indicates that
the acoustic power generated by the transmitter is pre-
dominantly concentrated in the central region. These
observations are consistent with the COMSOL simula-
tion results.

As shown in Fig. 10, the maximum voltage at the
receiving end occurs when the signal source output fre-
quency is 26.88 kHz, with a peak-to-peak value reach-
ing 64 V. Notably, this resonant frequency is slightly
lower than previously measured values. This reduction
in resonance frequency is attributed to the addition of
matching layers onto the exterior of the Langevin
transducer (FEI et al., 2015).

Resistors of varying sizes are used as loads at the
receiving end of the ultrasonic transducer to exam-
ine how the load power changes with different resis-
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Fig. 10. Load acceptance voltage vs. input signal frequency.

tance values. While the theoretical model closely pre-
dicts the output characteristics, slight deviations from
the experimental data are observed, likely due to con-
ductance variations induced by changes in load resis-
tance. As shown in Fig. 11, the load power increases
with rising resistance, reaching an RMS voltage of
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Fig. 11. Output performance characteristics
for different resistive loads.

22.8 V across the load at an impedance of 1.2 k2, re-
sulting in a real power output of 433 mW. However,
when the resistance deviates from this optimal value,
the load power decreases significantly.

When the transmitter delivers a real power of
2.5 W, the system achieves an effective transmission ef-
ficiency of 17 % over a 35 cm distance, corresponding to
a received power of 433 mW. This study demonstrates
the feasibility of medium-distance underwater UWPT,
offering a viable solution to the challenges associated
with underwater ultrasonic power transmission.

4. Conclusion

In this paper, we proposed an ultrasonic transducer
designed based on the Langevin transducer model,
along with its equivalent circuit model for underwa-
ter UWPT systems. The performance of the trans-
ducer was simulated and analyzed using the acoustic-
piezoelectric structure module in COMSOL. The re-
sults demonstrated that the ultrasonic transducer ex-
hibits excellent underwater transmission characteris-
tics. Subsequently, the equivalent circuit model was
employed to theoretically predict the transmission
characteristics of the UWPT system. The model pro-
vided an effective means of calculating the expected
performance of the designed system. An experimental
platform for the underwater UWPT system was devel-
oped to validate the proposed model. The measured
efficiency matched the theoretical predictions within
experimental error.

Currently, UWPT distances are typically limited
to millimeters or a few centimeters. The underwa-
ter ultrasonic transducer developed in this study sig-
nificantly extends the transmission range, enabling
WPT over a distance of 35cm. The maximum trans-
mission power of the UWPT system was calcu-
lated using the equivalent circuit model. Finally, the
receiver registered a power output of 433mW, cor-
responding to a net transmission efficiency of 17 %.
It was demonstrated that the theoretical model aligns
with the experimental data and effectively enhances
both the transmission distance and efficiency of un-
derwater WPT. This approach provides a non-contact
solution for underwater wireless charging, enabling ma-
rine monitoring sensors and small autonomous under-
water vehicles to recharge without frequent retrieval or
cumbersome tethered connections. It may offer valu-
able benefits for future underwater sensor networks
and small-scale autonomous subsea vehicles.

Future work will focus on constructing a larger wa-
ter tank to enable ultrasonic energy transmission into
the far-field region, thereby significantly extending the
underwater WPT distance. Additionally, underwater
phased-array techniques will be investigated to enable
precise acoustic beam focusing and enhanced directiv-
ity, further improving transmission power.
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