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Abstract—Ultrasonic waves can be used to trans-
fer power through sealed metallic enclosures when
feedthrough wires are not a viable or desirable option. In
this work, we present a complete system-level investigation
of ultrasonic power transfer through metallic barriers via
detailed experiments, analytical modeling, and numerical
simulations for analyzing and predicting the dc-to-dc per-
formance. A Class E amplifier design is tightly integrated
with the ultrasonic system to excite it efficiently, and a
full-bridge rectifier converts its output to dc. A 1-D transfer
matrix model was used to model the ultrasonic system,
and a harmonic balance analysis simulated the coupled
response, including the driving and rectifying electronics.
The analytical results are compared to numerical simula-
tions using the finite element method and experimental
measurements. The developed system achieves an 83%
ac-to-ac efficiency through a 3 mm aluminum barrier while
operating at 1 MHz. The system’s overall dc-to-dc efficiency
peaked at 68% while delivering 17.5 W to a dc load.

Index Terms—Piezoelectric devices, power amplifiers,
ultrasonic transducers, wireless power transmission.

I. INTRODUCTION

ENSITIVE electronics are commonly sealed in metallic en-
S closures to shield them from electromagnetic interference.
Any gaps or slots in the enclosure result in electromagnetic
leakage and reduce the shielding performance. Physical gaps are
also undesirable to ensure the structural integrity of the metallic
enclosure, such as for sending power to electronics placed on
the external surface of an aircraft, spacecraft, or submarine.
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Ultrasonic waves have, thus, been investigated to transmit power
and data through metallic barriers [1]. Ultrasonic power transfer
(UPT) can also supply power to sensors placed in sealed
hazardous environments, such as nuclear waste containers.
The ability to send power through metals allows for using
continuous structures for sealing the hazard and eliminates the
risk associated with battery replacement. Weather protection
and waterproofing are among other benefits of UPT, as charging
ports introduce the risk of water damage.

Piezoelectric transducers are widely used to generate [2], [3]
and harvest [4], [5S] mechanical waves and vibrations. They were
first used by Hu et al. [6] to transmit power through metals using
ultrasonic waves. Since then, multiple research groups have
investigated using piezoelectric transducers for UPT, albeit with
different motivations. The NASA Jet Propulsion Laboratory
explored supplying high power through titanium barriers for
space exploration applications [7]. They powered a 100 W in-
candescent lamp with a peak ultrasonic efficiency of 88% using
air-backed piezoelectric transducers operating at 750 kHz [8].
They later demonstrated 1 kW of power transfer with 84% ultra-
sonic efficiency utilizing a pair of Tonpliz transducers operating
at 25 kHz [9]. Researchers from the Rensselaer Polytechnic
Institute focused on simultaneously transmitting power and data
through thick steel barriers (submarine steel) [10], [11]. They
demonstrated simultaneous 50 W (@1 MHz) power transfer
and 17.37 Mb/s (@4 MHz) data transfer using two separate
transducers mounted on the same 2.5”-thick steel wall [12].
They also tested the power transfer limits using 2.5 cm diameter
piezoelectric tiles operating at 1 MHz and demonstrated 141 W
power transfer with an ultrasonic efficiency of 67% before
failure [13].

Most of the surveyed through-metal UPT literature only re-
ported the measured ultrasonic (ac-to-ac) efficiency from simu-
lations [6], [8], [14]-[16] or experiments [7], [13], [17], [18]. At-
tempts to compare experimental to simulated ac-to-ac efficiency
showed significant discrepancies [19], [20]. Moreover, only a
few publications discussed the efficiency of the system with
energy harvesting electronics. Lawry et al. [12], Yang et al. [21],
and Tseng et al. [22] reported the ac-to-dc efficiency by incorpo-
rating a full-bridge rectifier in their experiments; however, they
did not report the overall dc-to-dc efficiency, which includes the
driving electronics.
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Fig. 1. (a) Basic configuration of an ac-to-ac through-metal UPT system. (b) Block diagram showing the essential components for a dc-to-dc UPT
system.

In this article, the overall performance of a dc-to-dc UPT
system is analyzed. The ultrasonic system is simulated analyt-
ically using the transfer matrix method and numerically using
the finite element method (FEM), then verified experimentally.
The ac-to-ac performance of the system is reported for mul-
tiple transducer sizes and barrier thicknesses, highlighting the
factors affecting the ac efficiency. A class E power amplifier
is then designed to be tightly integrated with the ultrasonic
system by leveraging it as a mechanical filter. The system’s
dc-to-dc performance, including the amplifier and a full-bridge
rectifier, is simulated using the harmonic balance (HB) method
and verified experimentally. The end-to-end efficiency and dc
power output of the system are analyzed for several dc supply
voltages.

II. ANALYTICAL MODELING

A simplified representation of a through-metal power transfer
system is shown in Fig. 1(a). It consists of transmitting and
receiving piezoelectric disc transducers with the metallic wall in
the middle. The transducers can be mounted on the metallic wall
using glue (epoxy, polyurethane, cyanoacrylate) or a coupling
gel (glycerin, honey, ultrasound gel). The accurate modeling of
the coupling (bonding) layer is essential since it strongly influ-
ences power transmission, especially at higher frequencies. The
transmitter is connected to a power source capable of applying
a voltage V;, while the receiver is connected to a resistive load
R} . For high-frequency systems similar to the one considered in
Fig. 1, the lateral dimensions of the transducer are usually much
larger than its thickness, which allows for assuming 1-D prop-
agation of ultrasonic waves from the transmitter to the receiver
and neglecting lateral propagating waves. The validity of this
approximation for the base model is assessed in Section III-C.

Transmission line models (1-D waveguide models) are com-
monly used for predicting the behavior of 1-D ultrasonic sys-
tems [15], [23], [24]. These models are typically valid for
frequencies above 100 kHz, where the wavelength of the prop-
agating waves is smaller than the thickness of the metallic wall.
For low-frequency systems operating below 100 kHz, lumped
parameter models and lumped circuit elements are more appro-
priate [25], [26] since the wavelength becomes much longer than
the system’s dimensions.

] . I vV . V2
> | Electrical > > Elastic
Vio—| transfer [—V2 F;o—— transfer [—<F
matrix matrix
(a) (b)
Vi . . V) F 1+ . Fy
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matrix < matrix | <«—2
il i 2
(0) (d)
Fig. 2. Transfer matrix parameters for (a) elastic layer and (b) electrical

circuit. (c) Impedance matrix representation for a piezoelectric trans-
ducer. (d) Scattering matrix representation for an elastic layer.

A 1-D ultrasonic system can be modeled as a series of
cascaded elastic/acoustic layers representing different system
components. Each elastic layer is modeled as a two-port element
with a2 x 2 matrix relating the acoustic pressure and velocity at
each port. Among the different representations that can be used
for modeling two-port elements (S-parameters, Z-parameters,
Y -parameters, and others), the transfer matrix [also known as
ABCD parameters in the radiofrequency (RF) literature] sim-
plifies the algebraic manipulations needed to solve the system.
The transfer matrix relates the force and velocity at the input of
a layer Fi, v; to the output F», v, by

I

U1

1)

)

Ty
15

Ti>
T

=T , T= (1)

where velocity directions are shown in Fig. 2(a). The elastic
transfer matrix is analogous to the electric transfer matrix [see
Fig. 2(b)], with forces replaced by applied voltages and veloci-
ties by electric currents.

For an ultrasonic system consisting of n cascaded layers,
the transfer matrix of the overall system Ty is calculated by

multiplying layer matrices
Ty =TT,...T,. 2)

The transfer matrix of a passive elastic layer with acoustic
impedance Z, and thickness h, can be calculated from the
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relation The transfer matrix for a layer operating as a transmitter is
cos (knhpn)  §Zn Ay sin (kyhy) given by
T, = | sin(k,hy,) ek 3) B/D BC/D - A
A cos (knhy) T, = ®)
nfn —-1/D -C/D

where k, = w/c, is the wavenumber of the ultrasonic wave in
layer n, ¢, is the speed of sound in the layer, and A,, is the
surface area of the layer. Equation (3) could be used to calculate
the transfer matrices for the metallic wall and bonding layers
shown in Fig. 1(a).

The piezoelectric layers, on the other hand, cannot be repre-
sented directly as a 2-port transfer matrix since they possess a
third electrical port in addition to the two mechanical ports and
are, thus, represented as a 3-port element [see Fig. 2(c)]. For a
thin piezoelectric layer, the electrical and mechanical equations
of motion can be cast into the impedance matrix (Z-parameters)
form as [27]

F U1
| = Zp U2
Vi I3
r has |
Z,cot(kyhy)  Zpcsc(kphy) —
w
B has
Z,=—j | Z,csc(kphy) Z,cot(kyhy) ~ 4
hsy ha L
I w w oJCp_

where Z,, = p,c, A, is the mechanical impedance of the piezo-
electric layer, p,, is the density, has = exns /€55 is known as the
transmitting coefficient, e33 is the piezoelectric voltage con-
stant, €, is the permittivity at constant strain, k, = w/c, is
the wavenumber in the piezoelectric layer, and C), = €33 A,/ hy
is the piezoelectric layer capacitance at constant strain (when
mechanically clamped). The directions for the velocities and
electric currents used to deduce the impedance matrix in (4) are
defined in Fig. 2(c).

Assuming that the acoustic impedance Zj, at the transducer’s
backside is known, (4) can be reduced to the transfer matrix form
by substituting the relation

F2 = —ZbAp’Uz. (5)

This yields the transfer matrix for a piezoelectric layer operating
as a receiver

C/A D-BC/A

r = 6
1/A —B/A ©)
where
ZgzZz] Z%ZZ%
A= 7 — _— B=_"=22"2 _ 7
N+ I Zy+ Zn .
AYYAS YACYAS
C=7y3—-———, D=—"—"—-7 7
Nz 4 7y Zy+ Zn s ()

and Z;; are elements of the piezoelectric impedance matrix given
in (4).

Equation (8) is not simply the matrix inverse of the receiver as
the mechanical and electrical ports are reversed.

For power transfer applications, the piezoelectric layer’s back-
side is typically left exposed to air (£} ~ 0) since air’s mechan-
ical impedance is much lower than piezoelectric materials, and
thus, virtually no power is lost through the transducer’s backside.

The equivalent transfer matrix for the system shown in
Fig. 1(a) can be calculated by multiplying transfer matrices of
the cascaded layers

Tsys =TT,7T,T,T, 9

where T'y, T',, are the transfer matrices for the bonding layers
and the metallic wall, respectively.

A. Modeling of Attenuation

Accurately modeling attenuation is crucial for estimating the
efficiency of UPT systems; however, attenuation is a complex
phenomenon with several contributing factors even in ahomoge-
neous medium. Attenuation is also frequency-dependent in most
materials, which further complicates its characterization and
reporting in the literature. Attenuation in solids is still an active
research area with multiple theories for damping mechanisms,
unlike the attenuation mechanisms in liquids and gases, which
can be derived from basic principles [28].

A phenomenological approach for defining attenuation in-
volves defining a complex wavenumber [29]

k=w/c— jo(w) (10)

where o is a frequency-dependent attenuation coefficient in
Np/m; however, it is commonly reported with the units dB/mm.

In low-frequency vibrations, mechanical (structural or hys-
tretic) damping is commonly represented as a mechanical loss
factor (n,,). The loss factor 7, is defined by considering a
complex elasticity matrix to represent hysteretic damping in a
material!

C=C(1+ jnn). (11)

The quality factor Q,,, = 1/, is also used in some conventions.
A relation between 7,,, and « can be derived from the complex
wavenumber

w

a=—-Im{ ——7. 12
{ V14 jnm } (12
. . . . 1 ~
For small values of 7,,, the binomial approximation WiEsrmiad

1 — j %= can be used to further simplify the relation to
= Wi _ Tlhmf (13)

2c c

Equation (13) assumes a linear frequency dependence for atten-
uation, and represents a good approximation for attenuation in

'Note that 7,, is sometimes referred to as the mechanical loss tangent
(tan d,,).
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many solids at frequencies below 5 MHz as demonstrated by the
notable work of Ono [29].

A more generalized form is necessary to describe complex
damping behavior and other damping models such as composite
and porous materials. This form is usually a polynomial in
frequency defined as [29]

a=> Cpf"

where (', are the attenuation coefficients commonly given in
the units [dB/m/MHz"], and n are integer or rational exponents
used to fit attenuation measured experimentally. Equation (14)
is a generalized representation of various damping models such
as quadratic dependence on frequency (o = C, f?) derived by
assuming attenuation proportional to the strain rate in the mate-
rial [30], [31].

Piezoelectric transducers have additional attenuation mech-
anisms that arise from the coupling between the electrical and
mechanical domains. In addition to mechanical attenuation com-
monly reported as a mechanical quality factor (Q,,), energy
is dissipated in piezoelectric transducers due to dielectric and
piezoelectric losses. Dielectric losses are commonly reported
with a dielectric loss tangent (tan d,), yielding a complex per-
mittivity matrix (€)

(14)

as)

Piezoelectric losses are usually difficult to distinguish from
mechanical and dielectric losses [32], and hence, they are com-
monly accounted for in the mechanical and dielectric loss factors
rather than reported separately.

€=¢€(l —jtand,).

B. Performance Metrics

The performance of through-metal UPT systems will be
assessed from the voltage transfer function (Vo /Vi,) and the
power transfer efficiency. These parameters can be calculated
from Ty, (9), and the electrical load Z1, connected to the output
of the system. The input and output voltages and currents to the
ultrasonic system are related by

Vi
I

Vout
IOU[

T T

- Tsys
T T

) Tsys = . (16)

By substituting load impedance relation Vi = Z 1 I, into (16)
and assuming a known voltage V;, is applied to the system, we
arrive to

S P
T2+ T T T Z + T
T Zy +Txn
I, = —"~—=V,. (17)
TwZp +1Tn

The voltage frequency response function (FRF), also known as
the voltage transfer function or voltage gain of the ultrasonic
system, can be calculated from (17) as

Vour

n

[d4B] = 2010g,, ( (18)

Zr, >
TuwZ,+Tn)

TABLE |
MATERIAL PROPERTIES USED IN THE TRANSDUCER 1-D MODEL
Property | pp cp hss CEB Cp, Qm tande
Unit kg/m®* m/s kV/mm GPa nF - %
Value 7900 4706 2594 175 1.9 500 0.4

The real input and output power (P, and Pyy) to the system are
calculated from

1 .
Ere (VEnIin) ’

where * indicates the complex conjugate.

The operating ac-to-ac efficiency of the ultrasonic system
(nac) is defined as the ratio of the ac electrical power consumed
by the electric load to the ac electric power input to the ultrasonic
system. It does not account for the electrical power reflected to
the power source by the ultrasonic system due to impedance
mismatch. The ac-to-ac ultrasonic efficiency is given by

1 .
P, = Pow = Ere (V;utlom) (19)

POLI
5 L % 100%.

m

AC = (20)

[ll. BENCHMARK SYSTEM PERFORMANCE

The implementation of the through-metal UPT shown in
Fig. 1(a) is discussed first to establish the practical model geom-
etry and physical parameters. The performance of the system is
then characterized analytically, numerically using the FEM, and
experimentally. The performance of the 1-D analytical model
is compared to 2-D FEM model predictions and experimental
results to assess the validity of the 1-D approximations for the
considered system.

A. Experimental Validation

A piezoelectric transducer with a radius of 15 mm and a
thickness of 2.1 mm, supplied by Steiner & Martins Inc., is
selected as a compromise between:

1) maximizing the directivity of the transducer to minimize
energy lost to lateral propagation;

2) minimizing the attenuation by keeping the frequency as

low as practically possible;
3) keeping the impedance of the transducer close to 50 € to
ensure compatibility with commercial RF equipment;

4) keeping the dimensions of the transducer reasonably

small.

The transducer material is a hard PZT ceramic (PZT-
4/SM111), which has a high quality factor compared to other
piezoelectric ceramics, thus minimizing the power dissipated in
the transducer. The reduced properties for the 1-D piezoelectric
transducer are summarized in Table I. An anodized aluminum
wall is used in the experiment (see Fig. 3) to limit electrical
cross-talk between the piezoelectric tiles that might interfere
with the measurement. A thin layer of gold is deposited on
the aluminum wall to facilitate the electrical connection to
the bonded electrode. The transducer is then bonded to the
aluminum wall using epoxy in a vacuum bonding procedure
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Fig. 3. Experimental setup for characterizing the performance of the
through-metal UPT.

DIMENSIONS AND MATERIAL PTF;gEIE_ETlllEs OF ELASTIC LAYERS IN THE
BASE MODEL
Property p E v c Z « Thickness
Unit kg/m> GPa - m/s MRayl dB/mm/MHz mm
Aluminum 2700 69 0.33 6153 16.6 0.004 3.1
DP460 epoxy | 1100 4 0.35 2416 2.66 0.5 0.005

to ensure minimum epoxy thickness and avoid any trapped air
bubbles. A thin bonding layer of thickness 5 pm is achieved
using 3M DP-460 epoxy. Since the exact material properties
of DP-460 epoxy are not readily available in the literature, an
average value for epoxy resins is used instead. The material
properties of the different passive solid layers are summarized
in Table II.

The experimental setup shown in Fig. 3 is used to characterize
the performance of the UPT system. The system is excited with
a frequency sweep from 100 KHz to 10 MHz generated by an
Agilent 33250A 80 MHz arbitrary waveform generator. The
actual voltage applied to the input piezoelectric tile is measured
as close to the tile as possible using a 10x oscilloscope probe
connected to a Tektronix TDS5034B digital oscilloscope. The
current supplied to the tile is measured simultaneously using a
Tektronix P6022 ac current probe. A 50 €2 1% precision resistor
is connected to the output tile, and a CalTest CT4068 differential
oscilloscope probe is used to measure the output voltage. The
differential probe ensures that the output tile is floating and not
coupled to the input signal through the measurement system.

B. Numerical Model

A high-fidelity FEM is used to evaluate the validity of the
approximations made by the 1-D analytical model and the
influence of lateral modes on the system performance. An ax-
isymmetric piezoelectric-structural-circuit model is constructed
using the material properties and dimensions summarized in
Table II. The element size used is at least five elements per
wavelength at the highest studied frequency. Isotropic structural
damping modeled the attenuation in the different elastic and
piezoelectric layers. Dielectric losses in the piezoelectric layer
are also included in the analysis. The aluminum wall is modeled
with an extended radius of 25 mm and with nonreflecting bound-
ary conditions at the lateral edge. Extending the wall further
did not show a significant change in the calculated performance

14 _
£
12 =
1.0 &
50Q =
08 2
2
0.6 S
=
04
Metallic wall 0.2

Fig. 4. Cross-section in the base UPT FEM model showing Von Mises
stress magnitude distribution calculated numerically when the system is
excited with a steady-state 10 V sinusoidal voltage at 1.025 MHz.

[dB]

VIV,

4 6 8 10
Frequency [MHz] Frequency [MHz]

(@) (b)

Fig. 5. (a) Voltage FRF between the input and output piezoelectric
transducer. (b) Operating (ultrasonic) efficiency of the system. The
experimental results are compared to the 1-D analytical model and
numerical model predictions.

of the system, given that the majority of the elastic waves are
localized between the piezoelectric transducers, as shown in
Fig. 4.

C. Benchmark Results and Discussion

The voltage FRF and efficiency of the UPT system are sum-
marized in Fig. 5. The 1-D analytical predictions are compared
to the 2-D axisymmetric numerical results and the experimental
measurements of the system. An excellent agreement is observed
between the voltage and efficiency predictions of the numerical
model and the experimental results. The influence of lateral and
radial modes of the system is visible in the form of a “noisy”
response for both the voltage FRF and efficiency in the exper-
imental and numerical results. The 1-D analytical model does
not capture these fluctuations; however, it still accurately ap-
proximates the profile of the voltage FREF, as shown in Fig. 5(a).
As shown in Fig. 5(b), the analytical model overpredicts the
system’s efficiency for most of the considered frequencies as it
does not account for the power lost through the lateral modes.
The analytical predictions, thus, represent an envelope for the
maximum theoretical efficiency at a given configuration, and the
actual efficiency achieved is usually lower. The peak experimen-
tal ac-to-ac efficiency for the base system is 83% at 1.025 MHz.

The system response shows three classes of peaks caused by
the superposition of the component resonances. As shown in
Fig. 5(a), the piezoelectric transducer resonance dominates the
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overall response of the system with global peaks at odd multiples
of the thickness resonance of the transducer seen around 1.1, 3.3,
5.5, and 7.7 MHz. The voltage FRF is minimum around 2.2, 4.4,
6.6, and 8.8 MHz, since the electrical and mechanical domains
do not couple at the even modes of piezoelectric transducers [27],
[33]. Using a thinner transducer would shift these global peaks
to higher frequencies and increase the interval between them.

The second class of resonances originates from the standing
waves in the aluminum wall (frequencies at which the thickness
of the wall is an integer multiple of the pressure waves traveling
through it). The sharpness of these resonance peaks depends
on the impedance mismatch between the metal and the piezo-
electric domain. The frequency interval of these peaks depends
mainly on the thickness of the aluminum wall, with thicker walls
resulting in smaller intervals.

The third class of resonances is related to higher order radial
modes in the transducers, and as shown in the insets of Fig. 5,
they appear as a noisy response around the fundamental fre-
quency of the transducer. The strength of these modes depends
on the aspect ratio of the transducer, and their effect diminishes
for higher odd multiples of the transducer resonance.

D. Maximum Achievable Efficiency

The main factor that defines the efficiency of the 1-D ultra-
sonic system model is the attenuation present in the system.
For a lossless system, the operating efficiency is 100% regard-
less of other properties, and hence, the attenuation value is
critical to reliably predict the efficiency. Given the inevitable
attenuation in the system, internal reflections contribute to the
degradation of the system efficiency. When the impedance of
all the UPT domains is well-matched, the ultrasonic waves
travel once through the domain without reflection experiencing
minimum attenuation. The presence of impedance mismatches
causes multiple internal reflections in each layer, and thus, the
traveling wave experiences additional attenuation each time it
is reflected back and forth in the system, which reduces the
efficiency.

The amount of reflection at an interface between two domains
is captured by the scattering matrix, which relates incident waves
(voltage or force) to the reflected and transmitted waves. For a
two-port domain, the scattering matrix is defined as

e
Fy

S Sk
Sy Sw

R
Bt

2y

where F;" and F,' are the complex incident force (pressure) on
ports 1 and 2 of the system, and F|” and F; are the pressure
coming out of the system, as shown in Fig. 2(d). The scattering
matrix can also be defined for voltage signals (V,V ™) de-
pending on whether the domain port is electrical or mechanical.
The elements of the scattering matrix can be calculated from the
transfer matrix [34]. S1; and Sy, represent the complex reflection
coefficients of ports 1 and 2, respectively, while S1, and S;; are
the complex transmission coefficients.

The UPT system efficiency is limited by the following two
mechanisms: 1) the attenuation of the different elements as
the waves propagate from the source to the load, and 2) wave
reflection between the system components. While attenuation

n[%]

Frequency [MHz]

Fig. 6. AC-to-AC efficiency obtained numerically compared to the
maximum achievable efficiency calculated using (22).

is an inherent property of the materials used and can only be
enhanced by using lower loss materials, losses due to reflection
can be reduced by matching the system’s input and output
impedance to the source and load impedance. It can also be
reduced by matching the impedance between the different elas-
tic layers. However, acoustic matching layers might introduce
additional attenuation to the system which might be larger than
the reduction due to reflection losses.

The maximum achievable ac efficiency occurs when the re-
flections at the input and output of the system are minimized.
This maximum efficiency can be calculated by determining the
impedance at the system’s input and output needed to mini-
mize the reflections (simultaneous conjugate matching). This
efficiency only depends on the system parameters and could be
calculated using the relation [35]

1 1 — |0
1T 72 T = Sl |

where the matched source and load reflection coefficients
(I'g,I'L) are given by

EStE x 100%  (22)

MNmax =

Iy — B, + B,2—4|Cl|27 _ Bt B2 —4|Cy?
20, 20,
(23)
where

Bi=1+[Sul’ —|S»f - AP (24)
By =149 = |Sul* - |A] (25)
Cy =811 —AS;, (26)
Cy = Sy — ASY, (27)
A = 5115 — S1251- (28)

The matched source and load impedance (7o, Z;™) can be

calculated from
1+Tsr
1-Tgr

It should be noted that Freychet et al. [15] calculated the
maximum achievable efficiency and corresponding matching
source and load impedance using the elements of the system’s
impedance matrix which should yield identical results to (22).
Fig. 6 shows the maximum achievable efficiency for the
benchmark system compared to the operational efficiency. The

ZF, =50 (29)
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Fig. 7. Experimental setup for through-metal UPT systems using cir-
cular transducers with dimensions (a) 30 mm x 2.1 mm, (b) 15 mm
x 1 mm, (c) 10 mm x 0.5 mm, and (d) rectangular transducer with
dimensions 20 mm x 15 mm x 2.1 mm.

operational efficiency is obtained when the receiver is terminated
with a 50 €2 resistor. The results show that the peak operational
efficiency of the system (at 1.025 MHz) is very close to the
maximum achievable efficiency, which means that the system
is closely matched to 50 €2 at this frequency. The peak of the
maximum achievable efficiency is inversely proportional to the
frequency since it is only limited by the attenuation present
in the system. However, the difference between the maximum
and operational efficiency is significant at higher frequencies,
indicating that the impedance mismatch is large. Electrical
impedance matching can, thus, enhance the efficiency around
the higher transducer resonance frequencies (i.e., 3.3, 5.5, and
7.7 MHz).

V. TRANSDUCERS WITH WRAPAROUND ELECTRODES

Transducers with wraparound electrodes, as shown in Fig. 7,
allow for easy electrical access to the bonded side of the trans-
ducer without using the metallic wall as a common electrical
connection. However, the wraparound electrode portion of the
transducer does not contribute to the active area of the transducer
and introduces asymmetries in the active transducer geometry
which might excite additional lateral modes limiting the effi-
ciency of the structure. This section investigates four transducers
with wraparound electrodes and different shapes, thicknesses,
and areas. Their performance is also compared to the base model,
which uses transducers with full coverage electrodes.

An anodized aluminum plate with a thickness of 1/4”
(6.35 mm) is considered, and a pair of transducers are bonded at
the center of the plate as shown in Fig. 7. Three circular SM111
transducers with dimensions of 30 mm x 2.1 mm (the same as
the base model), 15 mm x 1 mm, and 10 mm x 0.5 mm are
considered as well as a rectangular transducer with dimensions
of 20 mm x 15 mm X 2.1 mm.

The voltage FRF and operating efficiency are shown in Fig. 8.
Since the plate used for this set of experiments is twice the
thickness of that used in the base model, the wall resonances
visible in Fig. 8(a) are closer in frequency than Fig. 5(a). For the

—30x2.1mm circle

= = = 15xImm circle
10x0.5mm circle
20x15x2.1mm rectangle

[dB]

> it
°
> b 4
30x2.1mm circle y
80 - = = 15x1mm circle ! ‘; E
10x0.5mm circle ! \
20x15x2.1mm rectangle LA h
-100 2 yi b
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Frequency [MHz] Frequency [MHz]
(@) (b)
Fig. 8. Experimental (a) voltage FRF and (b) AC-to-AC efficiency for

UPT systems for the transducers shown in Fig. 7.

30 mm x 2.1 mm (1 MHz) transducer, the peak efficiency (80%
as shown in Fig. 8) is only slightly lower than that observed in
the base model (83%) using the same transducer dimensions
[see Fig. 8(b)]. The transducer used in the base model had
full coverage electrodes suggesting that wraparound electrodes
have a limited effect on the efficiency when the transducers are
correctly aligned. On the other hand, the rectangular transduc-
ers had the wraparound part of the electrode at the corner as
shown in Fig. 7(d) preventing aligning the wraparound part
of the transmitting and receiving transducer. The wraparound
electrode misalignment, general transducer misalignment, and
other corner effects reduced the peak efficiency compared to the
circular tiles (50% for the rectangular tiles versus 80% for the
circular tiles).

The results for the higher frequency tiles show the expected
trend of reduction in efficiency as the frequency of operation
increases. The smaller transducers are also more sensitive to
misalignment, which most likely contributed to the reduced
operating efficiency. As shown in Fig. 8(b), the 15 mm x 1 mm
(2 MHz) and 10 mm x 0.5 mm (5 MHz) transducers showed
a peak efficiency of 67% and 61%, respectively. The peak
efficiency obtained by a thin transducer around its resonance
(10 mm x 0.5 mm transducer, for example) is larger than that
obtained by using the higher order modes of a thicker transducer
(third mode of the 30 mm x 2.1 mm transducer).

V. INTERFACING CIRCUITS

For a working implementation of a UPT system, it is nec-
essary to consider the interfacing electronics in addition to the
ultrasonic system itself. The essential components for a minimal
functional UPT system are shown in Fig. 1(b). Electric power is
commonly available in dc form either directly from a battery
or through rectified ac mains. The dc power is converted to
an RF signal to excite the ultrasonic system at the peak effi-
ciency/power transfer frequency. The RF signal is supplied from
a signal generation circuit connected to drive a power amplifier
circuit designed to operate efficiently at the system frequency.

Typical driving and rectifying circuits include nonlinear com-
ponents, such as transistors and diodes. Therefore, a nonlinear
circuit solver is needed for characterizing the overall perfor-
mance of the system. Since UPT systems are modeled and
characterized in the frequency domain, a nonlinear HB solver
is better suited for simulating the system than commonly used
time-domain-based software, such as SPICE or SIMULINK.
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Fig. 9. (a) Concept and (b) simulation of the proposed class E amplifier with the mechanical system acting as the resonant filter. The mechanical

system block represents the base model shown in Fig. 1(a). (c) Implemented printed circuit board which includes the designed class E power
amplifier, a microcontroller used as a variable square wave generator, and the MOSFET driving circuits.

The HB method directly solves for the steady-state system
response at the fundamental frequency of excitation and its
harmonics, which is usually faster than simulating many time
steps before the time-domain solver reaches steady-state opera-
tion [36].

A. Class E Amplifier Design for UPT

This section investigates the design of class E power ampli-
fiers for operation with piezoelectric UPT systems. We suggest
a design that relies on the resonant mechanical system to double
as the filtering circuit of the amplifier. The integration of the
mechanical system in the amplifier design reduces the required
electrical power components to a single feed inductor connected
to the dc power supply.

Class E power amplifiers traditionally rely on a resonant cir-
cuit [see Fig. 9(a)] to provide the transient response required for
the amplifier’s operation. The resonant circuit filters the square
wave driving signal to generate an output sinusoidal signal.
Since piezoelectric UPT systems are resonant and capacitive, the
mechanical system could provide the transient response required
for the operation of the amplifier, and the harmonics generated
are filtered mechanically, providing a clean sinusoidal output
at the piezoelectric receiver. This tight integration, however,
requires a coupled electromechanical model for optimizing the
operation of the amplifier.

A coupled electromechanical HB circuit simulation is con-
structed to design the proposed amplifier using keysight ad-
vanced design system (ADS) software, as shown in Fig. 9(b).
The dynamics of the mechanical system are exported from the
FEM model as a touchstone file (S-parameters representation)
and then imported into ADS, as indicated in Fig. 9(b). A
FQP30N06 power MOSFET is selected for the design because
of its low on resistance (Rps = 40 mf2) and fast switching
time (tg?,‘a") = 210ns). The feed inductor is tuned to provide
zero-voltage switching (ZVS) conditions at the peak efficiency
frequency of the mechanical system (1.025 MHz). The parasitic
inductance from the TO-220 package of the MOSFET and the
connecting wires are included in the model.

A Raspberry Pi Pico microcontroller provides a pro-
grammable square wave signal to the power amplifier circuit,

—Simulation | g
- © -Experiment 93

— Simulation .
"S- © ~Experiment| £,
g ! 9 3
k

0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time [ps] Time [ps]
(a) ()
Fig. 10. Simulated and experimental (a) input and (b) output voltage

waveforms to and from the ultrasonic system as supplied from the
designed power amplifier. The simulation results are obtained from the
circuit shown in Fig. 9(b) without a full-bridge rectifier.

as shown in Fig. 9(c). The microcontroller is connected to a
UCC27423P high-speed MOSFET gate driver integrated circuit
(IC). The square wave signal’s frequency and duty cycle are
controlled using two trimming potentiometers connected to the
analog inputs of the microcontroller, as shown in Fig. 9(c). The
circuit is designed to operate with 5-15 V dc supply levels
allowing for direct operation from a single 9 V alkaline battery
or a 7.2 V lithium-ion battery pack.

VI. UPT WITH AN INTEGRATED POWER AMPLIFIER
(DC-T0-AC OPERATION)

The performance of the UPT system with an integrated class
E amplifier is evaluated as follows. The input and output voltage
waveforms are shown in Fig. 10 for a 50 €2 resistive load without
the bridge rectifier. A 12 V power supply is used to drive
the circuit, and an excellent match is observed between the
experimental measurements and the simulated waveforms. In
Fig. 10(a), the input voltage is zero when the MOSFET is ON (in
the time interval between 0 and 0.5 ps). It swings sinusoidally
when the MOSFET is switched OFF. The output of the system is a
mechanically filtered sinusoidal signal, as shown in Fig. 10(b).

For efficient operation of class E power amplifiers, a ZVS
condition must be achieved, which depends on the mechanical
system properties, operating frequency, driving circuit duty cy-
cle, and the feed inductance value. Since the frequency and the
system properties are fixed, the amplifier is tuned by adjusting
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Fig. 12.  (a) DC-to-AC experimental system efficiency versus dc input

voltage. The efficiency is calculated by dividing ac output power supplied
to a 50 2 load by the total input dc power. (b) Output power versus the
input dc voltage supplied.

the duty cycle and the feed inductor value. Fig. 11 shows the
voltage at the MOSFET drain (input to the ultrasonic system) for a
tuned operation when ZVS is achieved versus detuned operation.
In the detuned operation, the transistor switches OFF when the
drain voltage is not zero, causing high-frequency oscillations
due to the parasitic components in the circuit.

In order to quantify the total dc-to-ac efficiency of the UPT
system, the input dc voltage to the amplifier is varied from 5 to
16 V, while recording the output power. The dc power supplied
to the amplifier circuit (including the microcontroller and driver
IC) is measured using an Agilent E3641A dc power supply with
a current readout. The efficiency from a dc supply is calculated
from

P,
e-AC = H— X 100% (30)

DC
where P, is the output ac power supplied to a 50 {2 resistive
load and Ppc is the total dc power supplied to the system,
including the power needed to drive the microcontroller and
the gate driving circuit (a constant current of 90 mA).

The total dc-to-ac efficiency is shown in Fig. 12(a) versus the
dc supply voltage. The detuned efficiency is also shown in the
same figure to highlight the importance of tuning the amplifier.
The efficiency of the detuned system drops sharply at 12 V,
which is most likely caused by overheating due to inefficient
operation. The system shows a peak dc-to-ac efficiency of 77%
for tuned operation. The efficiency drops to 60% for lower power
transfer because of the overhead of powering the microcontroller
and driving circuit. The efficiency of the Class E amplifier at
peak dc-to-ac operation (7)amp) reached 86.5%, including the

voltage (Vo) waveforms [see Fig. 9(b)] of the complete dc-to-dc UPT
system operated from a 20 V power supply. (b) Total experimental
system efficiency and output power versus dc input voltage.

power needed to drive the amplifier driving circuit. As shown
in Fig. 12, the system delivered 9 W of power to a 50 2 load
with a 16 V dc input. The system output power is only limited
by the breakdown voltage of the MOSFET used and can, thus,
deliver more considerable power with a higher rated transistor,
as realized in the following section.

VIl. OVERALL SYSTEM PERFORMANCE (DC-TO-DC
OPERATION)

The full dc-to-dc operation is studied by adding a full-bridge
rectifier to the output of the UPT system. Schottky diodes with
a fast recovery time are used to minimize the power loss while
switching. Capacitors with values of 0.01, 0.1, and 10 pF are
connected to the output of the rectifier to minimize the output
ripple. Multiple capacitors are used to minimize the equiva-
lent series inductance (ESL). The circuit shown in Fig. 9(b)
simulates a complete through-metal UPT system that transfers
power from a dc source to a dc load. A CDBHM260L-HF
full-bridge Schottky rectifier converts the ac output power from
the UPT to dc power. The power transistor used in Section VI
is upgraded to an IRFB4019PBF power MOSFET capable of
handling 150 V to allow for using a larger dc voltage supply.
The circuit is implemented experimentally, and the steady-state
results are compared to the simulations in Fig. 13(a). An ex-
cellent agreement between the simulations and experimental
measurement is observed. The experimental results show more
oscillations than simulations when the MOSFET is ON (when
the input voltage is close to zero) caused by other electrical
parasitics not captured by the model. Additionally, the ESL of the
smoothing capacitors causes slight ripples in the experimental dc
output.

The dc supply voltage to the system is then varied from 5 to
20V to study its effect on the system efficiency and output power.
The total input power from the dc power supply and the output
dc power are recorded to calculate the total system efficiency
(dc-to-dc) efficiency

Poc,

Thot = =2 % 100% 31)
Ppci

= Tlamp7]ACT]rec (32)

where 7. is the efficiency of the bridge rectifier. As shown
in Fig. 13(b), the dc-to-dc efficiency to a 50 2 load remained
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Fig. 14. Experimental (a) input voltage at the amplifier drain and
(b) rectified output voltage waveforms on a 50 2 load. The waveforms
are measured at the dc supply voltage levels shown in the color bar.

constant around 68% for Vpc above 8 V. For lower Vpc values,
the system’s efficiency drops quickly due to inefficient amplifier
operation. This drop is caused by insufficient MOSFET gate drive
voltage and the reduced bridge rectifier efficiency. The system
delivered 17.5 W of useful dc power up to the current limit of
the dc power supply employed.

The recorded input amplifier drain voltage and dc output
voltage waveforms are shown in Fig. 14 for the tested dc sup-
ply voltage range. The amplitude of the voltage ripple due to
transistor parasitics seems to increase with the supply voltage
level. The ripples are caused by a slightly detuned operation
of the amplifier, which can be adjusted by using a different dc
feed inductor value more suited for the dc-to-dc operation of
the system. The ripple of the output dc voltage [see Fig. 14(b)]
increases with the amplitude of the output voltage. The UPT
system supplied 17.5 W (30 V and 0.59 A) to a 50 €2 load.

VIII. CONCLUSION

Several configurations for through-metal UPT were devel-
oped and experimentally tested. The setup included a bonded
transmitter and receiver sending ultrasonic power through an
anodized aluminum wall. An efficient class E power amplifier
was designed to be tightly integrated into the ultrasonic system
with minimal electronic components. The developed amplifier
relied on the ultrasonic system for filtering its output signal. A
complete power transfer system that includes the amplifier, the
ultrasonic setup, and a full-bridge rectifier was simulated and
then experimentally verified. An excellent agreement was ob-
tained between the numerical simulations and the experiments.
The system delivered 17.5 W of dc power to a 50 € resistive
load at a total dc-to-dc efficiency of 68%.
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