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Abstract—Ultrasonic Wireless Power Transfer (UWPT) has
been widely investigated in recent years as a promising solution
for powering inaccessible sensor nodes in structural health
monitoring (SHM) applications without affecting materials’ in-
tegrity and overcoming metal shielding effect. In this work,
the Frequency-Steerable Acoustic Transducer (FSAT) has been
considered as an innovative device for ultrasonic guided waves-
based energy transmission thanks to its directional properties.
Power transmission and conversion from ultrasonic waves have
been investigated, along with techniques exploiting impedance
matching to ensure maximum power transfer and sufficient
voltage at the receiver side. More specifically, FSAT’s output
impedance is measured and two impedance-matching networks
are proposed and characterized: a parallel-connected inductor
and a magnetic transformer. Experimental results conducted on
a 1 mm thick aluminum plate with two FSATs bonded at a 50 cm
distance pointed out a maximum received power value of 164 yW
at 83 kHz, with a 23 V peak-to-peak voltage in transmission. The
received power and voltage are sufficient to energize a low-end
MCU and micropower management circuits on a sensor node.

Index Terms—Frequency Steerable Acoustic Transducers
(FSATs), Impedance matching, Ultrasonic wireless power trans-
fer, Energy harvesting

I. INTRODUCTION

Structural Health Monitoring (SHM) gathers several tech-
niques for system health diagnosis and damage identification
[1]. While alleviating the electrical and geometrical constraints
compared with the wired alternatives, wireless connectivity
is a widespread technological solution for this kind of appli-
cation However, wireless transmission is generally a power-
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demanding task and, therefore, energy autonomy is a fun-
damental requirement to ensure long-lasting sensor nodes.
Energy harvesting is a promising technology to support this
goal. Requirements become even stricter in metal structures,
since drilling holes for supply wires can compromise structural
integrity, and costs for battery replacement are unbearable [2].
In these structures, e.g., fuselages [3], chassis or pipelines
[4], nondestructive evaluation techniques (NDE) are generally
performed by ultrasonic guided waves (GWSs), because of their
ability to travel long distances with negligible attenuation [5].

For these reasons, GWs have also been studied to achieve
ultrasonic wireless power transfer (UWPT) and energize in-
accessible sensor nodes. In these terms, UWPT provides an
alternative or additional solution to typical energy harvesting
techniques, which can be affected by problems of time and
space availability of the natural energy source [6], [7].

GWs-based systems are mostly implemented using piezo-
electric (PZT) transducers permanently attached to the struc-
ture being inspected [8]; consequently, most of the UWPT-
related studies are based on PZT arrays [2], [6], [9]. However,
the integration of this technology is limited by several fac-
tors: bulky hardware instrumentation high power consumption
and integration costs, as well as poor directivity. To bypass
these challenges, Frequency Steerable Acoustic Transducers
(FSATs) offer inherent directional capabilities that can prof-
itably be used instead of traditional piezoelectric transducers
[10]. FSATs leverage frequency-dependent spatial filtering
effects, resulting in a direct relationship between the Lamb
wave direction of propagation and the frequency content of the
driving/received signals, hence maximizing the overall energy
injected in the structure.

The UWPT-FSAT system architecture proposed in this work
is shown in Fig. 1 for the representative case of a metal
structure, highlighting functional blocks of the receiver and
transmitter units.
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Fig. 1. System architecture and application: A) FSAT gateway (based on
signal generator and power amplifier for transmission) B) FSAT sensor node
(based on monitoring subsystem and micro-power management unit) C)
Micro-Power management unit (based on matching network, diode rectifier
and DC/DC converter) D) UWPT for metal structures monitoring application

A preliminary analysis of directional UWPT [11] with FSAT
emphasizes the superior performances of FSAT over PZT-
based alternatives. Proof is provided in terms of open circuit
voltages at the receiver side under the same transmission con-
ditions, i.e. the same frequency, the same peak-to-peak voltage
on the electrodes, and the same distance between the transduc-
ers. Indeed, in a 83 kHz transmission at a 50 cm distance over
a 1mm thick aluminum plate, peak open circuit voltages of
11.32mV and 134.25mV were respectively measured with
2 cm diameter Murata PZTs and FSATs. These values are not
sufficient to supply a sensor node, thus a matching network
is required to boost voltage and increase received power.
Impedance matching networks (IMNs), e.g., T-shaped or PI-
shaped, are widely studied in ultrasonic applications [12]-[14]
and they are mostly exploited to maximize power in actuation.
However, this work focuses on the receiver side of the UWPT
system, considering a simpler IMN to achieve, at the same
time, maximum power transfer and higher voltages from the
RX transducer.

The paper is structured as follows: objectives of the work
are presented in section II; FSAT description together with
its output impedance measurement and electrical model are
presented in Section III-A, while the theory behind impedance
matching is introduced in Section III-B; experimental tests of
the proposed FSAT-UWPT are reported in Section IV; finally,
conclusions are drawn.

II. OBJECTIVES OF THE WORK

The final goal of the above-described system is to prove the
feasibility of powering a low-power sensor node connected to
the FSAT device via an efficient power management circuit
(PMC), such that it can perform structural inspections in
an energy-autonomous manner. To this end, two different
aspects need to be evaluated at the receiver side: transducer
voltage and maximum output power. By identifying suitable
impedance networks, this work aims at maximizing the re-
ceiver power, while guaranteeing at the same time an adequate
voltage to perform rectification and power conversion at the
receiver side. Since transmitted power is significantly lower
than the one typically involved in UWPT systems [2], [15],
boosting the voltage amplitude in reception is fundamental
to overcome the threshold voltage of rectifier diodes and the
cold-start level of the DC-DC converter.

This work refers to the case of low voltages applied to
the TX transducer side, and its main contributions can be
summarized as follows:

1) Improvement of received power in FSAT-UWPT by
matching the output impedance of the receiving trans-
ducer with two different electrical networks, one based
on inductors and the second on a magnetic transformer.
Transmission tests on the same experimental setup
used in [11] highlighted a maximum received value of
164 uW at 83kHz, with 23V peak-to-peak voltage in
transmission and with both impedance matching net-
works. This corresponds to a power value is 6.56x higher
than the previous work.

2) Increase of 5.68x in the output voltage in reception
(maximum value of 3.23 V) when matching the trans-
ducer’s impedance with a magnetic transformer, with
respect to the voltage measured with a purely inductive
matching network. The gain increases to 35x when
compared to a pure resistive load. A sufficient voltage at
the received side is necessary to overcome the threshold
of any rectifier device and the minimum input voltage
of any necessary power management circuit.

III. MATERIALS AND METHODS
A. Frequency-Steerable Acoustic Transducers (FSAT)

In this work, a specific type of Frequency-Steerable Acous-
tic Transducer (FSAT), termed as Discrete-FSAT [16], is
employed for directional energy transmission. This transducer
can actuate or sense Lamb waves propagating in three 60°
spaced orientations, carrying three potential and distinct fre-
quencies (between 50 and 450 kHz) in each direction. Due to
the inherent correlation between the propagation direction of
ultrasonic waves and the orientation of the two transducers,
a 83kHz frequency was chosen, as it corresponds to the 0°
direction connecting the TX and RX FSATs. The Discrete-
FSAT is accessible by a couple of channels, as it is displayed
by Fig 2, and, when employed for transmission, the two
channels’ voltages need to be in phase opposition to maximize
the beam steering effect. Similarly, when the Discrete-FSAT



is employed in reception, these two channels generate two
voltages again in phase opposition and the differential output,
whose peak-to-peak voltage value is approximately double that
of each single channel, represents the output port of the RX
side for an external load. It is important to point up that this
FSAT prototype was designed to work on aluminum plates
and, if applied to other materials, will generate different wave-
lengths corresponding to different frequencies. Importantly,
the electrode layout can be re-designed to retrieve the same
wavelengths of the presented FSAT in case a different material
would be exploited.

Fig. 2. Discrete-FSAT: A) fabricated device B) electrodes layout with first
and second channel pads respectively in red and yellow

To study the maximum power transfer problem with FSAT,
the single and differential channels’ impedances were mea-
sured and modeled. Fig. 3 shows that the FSAT impedance
is mainly capacitive and each single channel can be approx-
imated with a 33nF capacitance; on the other hand, the
differential measurement, given by the series of the first and
second channel is characterized by a 16.5nF capacitance, as
expected.
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Fig. 3. Discrete-FSAT measured impedance compared with ideal capacitive
impedance for transducers’ single and differential channels

B. Impedance matching

Under the maximum power transfer theorem [13], a power
source delivers maximum active power to an external load
when the load impedance is the complex conjugate of the
source impedance. An IMN is a two-port network that is
designed to transform the load impedance into the source
complex conjugate impedance when this condition is not
met [12]. Two different kinds of IMNs, illustrated in Fig. 4,
have been studied for the Discrete-FSAT differential output,
respectively based on inductors and transformers, to investigate
the maximum achievable output power on the receiver side

of the UWPT system. Since the FSAT behavior is slightly
different from the one of an ideal capacitance (Fig. 3), its
output impedance has been modeled by adding a resistance
Rpgar in parallel with the 16.5nF Cpgarp.

FSAT B Fsar "

A
@é , : % % @é , : ‘ %
FSAT  |FsAT MaLmh AL FSAT  |FsAT u% ELZ RL

Fig. 4. Proposed Matching Network schematics: A) inductor-based B)
transformer-based

1) Inductors: Since the RX FSAT can be modeled with
a current generator with a capacitive and a resistive parallel
branch, the simplest way to evaluate the maximum power
transferred to an external resistive load is to add a parallel
inductor that matches the reactive part of the source impedance
(Fig. 4A). To assess this inductance value at the transmission
frequency f, (1) can be used.

1
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When power is transmitted at 83 kHz, the optimal parallel
matching inductance L,,q¢c is equal to 223 uH considering
a differential capacitance Cpgar of 16.5nF for the power
source (i.e., the FSAT). Once the reactive part is compensated,
the maximum active power is transferred to an external parallel
resistance matching that of the FSAT:

Rp = Rrsar )

2) Transformers: A purely inductive matching network
is suitable for a first experimental evaluation of the best
impedance matching conditions but it is not convenient in
practical applications, as voltage amplitude values are too low
to allow the use of conventional rectifiers. For this reason, a
second IMN, based on a magnetic transformer (Fig. 4B), is
proposed to match impedance and boost external load voltage
values. Considering an ideal fully-coupled transformer model
with a primary inductance L1, a secondary inductance Lo, and
a purely resistive load R, connected to the secondary winding,
the transformer’s primary input impedance at the transmission
frequency f is given by (3).

- Jj2nfLiRy

" Rp +j2nfLo
Thus, the maximum output power is achieved when (4) and
(5) are met

(1)

3)

Ry = N?Rpsar 4

1
(27f)? Crsar
where N represents transformer turn ratio (/La/L1), Rout

and Crgar indicate the output resistance and capacitance
of the Discrete-FSAT differential channel, respectively, in

L, = &)



a Norton equivalent model. Notably, turn ratio N is the
transformer’s parameter that boosts load voltage, since the
secondary voltage is N times the primary voltage.

IV. EXPERIMENTAL VALIDATION

Circuital simulation and experimental tests were carried out
to validate impedance matching theoretical results. To simplify
the analysis, a specific propagation direction (corresponding to
a specific transmission frequency enabled by the FSAT device)
was chosen and a single value of the peak-to-peak voltage on
the transmitter side was considered.

A. Experimental Setup

Experimental tests were carried out on a square aluminum
plate with a length of 1m and a thickness of 1mm, on
which two Discrete-FSATs are bonded at a distance of 50 cm.
At the transmitter side, a function generator (AFG31000,
Tektronix) was used for generating continuous sinusoidal
signals at 83 kHz and two power amplifiers [17], one for each
transmission channel, were introduced to reach a maximum
voltage of 23V peak-to-peak. Voltages and currents on an
external load resistor at the receiver side were measured
by using digital multimeters (Agilent 34401A, and Keithley
DMM?7510). Fig. 5 shows the experimental setup used for the
Discrete-FSAT-based UWPT system testing, with transmitting
and receiving transducers bonded on the aluminum plate and
external circuitry mounted on a breadboard.

A . g
e vutimers

|

T o
Waveform
Generator
= -

Fig. 5. Experimental setup: Discrete-FSAT bonded on the 1mm thick
aluminum plate at a distance of 50 cm along the 0° direction, electronic testing
equipment and passive RX load on breadboard

B. Inductor tests

Active power measurements were carried out to validate
the theoretical results of inductive IMN at continuous 83 kHz
transmissions. The root-mean-square (RMS) voltage on dif-
ferent load resistors was measured at the receiver side and
active transferred power was determined using (6). Resistance
values ranging between 102 and 33 k() from the E12 series
were applied without any matching network and with matching
inductances of 125 pH, 220 pH, and 560 pH.

2
Vvload rms

P =
Rload

(6)
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Fig. 6. Measured voltage amplitudes on the external RX load at 83 kHz with
purely inductive IMNs

Fig. 7 shows the active power values from these measure-
ments, revealing the great improvement given by the 220 pH
parallel inductance, coherently with (1). Fig. 8 compares
LTSpice simulation and test results without any IMN and
with the optimal inductive matching condition. In these tests,
the resistive load was progressively increased starting from
10 until the achievement of the power peak value for
each of the four configurations. For this reason, the number
of resistive combinations explored for the various inductive
solutions changes, depending on how rapidly the maximum
peak values are reached. Despite some discrepancies due to
measurement conditions, experiments validated the theoretical
hypothesis, pointing out a maximum output power of 164 yW
with a load resistance of 1k(2 and a 220 uH parallel inductor,
whereas a maximum of 25uW, 6.56x lower, without any
parallel inductor and a load resistance of 100 2. Fig. 6 shows
that voltages at the RX output port exhibited maximum values
of hundreds of mV, even in the optimal matching condition
and in the maximum power point. Since these values are
comparable with the forward voltage drop of diode rectifiers,
conversion efficiency would be impaired. Then, a different
matching network needs to be chosen to design a power
management circuit.

C. Transformer tests

Transformer matching was considered to both extract the
maximum active power and to boost voltage values on the
load, in the perspective of overcoming rectifier diode thresh-
olds and reaching an output DC voltage compatible with the
cold-start of a DC-DC converter. Ten commercial transformers
for switching converters with different primary inductances
and different magnetic cores, gapped and ungapped, were
chosen to validate (4), preferring a maximum turn ratio of 1:5
in order not to excessively scale down the secondary output
current. RMS voltages on the secondary winding were mea-
sured with several resistive loads estimating the active power
with (6) and progressively increasing resistance value until
the achievement of the power peak value, as it was performed
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Fig. 8. Measured and simulated active power delivered to external RX load
without any IMN and with the optimal purely inductive IMN at 83 kHz

with inductive IMNs. Table I summarizes the parameters of the
off-the-shelf transformers used in these tests, e.g. turn ratio NV
and primary inductance, and maximum output power measured
with the optimal load resistance R,,; on the secondary wind-
ing. It points out that the right choice of the transformer deeply
influences the system power transfer efficiency, as the received
power falls down when the transformer’s input impedance is
not able to match the FSAT’s output one. Fig. 10 and 9 show
the voltage and power measured on the secondary winding
of each commercial transformer as a function of the load
resistance, respectively.

Table I and Figs. 9, 10 verify the transformer-based IMNs
theoretical hypotheses. Indeed, it was possible to identify
a commercial device, the VPHI1-1400-R by Eaton Versa-
Pac series (measured primary inductance of 210 pH) able to
match the FSAT output impedance and provide to the external
load the same maximum power achievable with the optimal
inductive IMN. Furthermore, the load resistance value that
allows reaching this result is in the [22-33] k) range, as it

TABLE I
TRANSFORMER TEST RESULTS

Product [ N [ Lprimary [WH] [ Pmax[pW] [ Ropt k]
VPHI1-1400-R 5 201.6 £+ 30% 161 32.5
VPH5-1200-R 5 173 + 30% 148 21.8

749196101 5 198.6 + 30% 75 14.7
749196108 5 224.6 £ 30% 59 8.20
750032051 5 20 £ 10% 6 0.68
750315839 5 40 £ 10% 6 0.82
749196201 5 140 £+ 30% 53 8.20
750317828 4.43 206 + 30% 53 5.60
750343725 3.9 250 + 30% 44 3.30
750311692 5 80 £ 10% 14 1.50
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Fig. 9. Measured active power delivered by transformers to external RX load
on secondary winding at 83 kHz

is displayed in Fig. 9. This result is consistent with (4) since
the FSAT differential output resistance is about 1k (Fig. 8)
for the transformer turn ratio of 5. While the load voltage peak
in the maximum power point reached 569 mV with the 220 pH
matching inductor, the VPHI-1400-R transformer provided
3.23'V, which is 5.68x higher.

D. Discussion

Almost the same maximum power value of 164 uW was
measured both with a 220uH parallel inductor and the
commercial transformer VPH1-1400-R, connecting load re-
sistances respectively of 1k() and 32.5k{). Moreover, this
maximum power value matches the one obtained from LTSpice
simulations with a 1% accuracy. It has to be mentioned that
the losses introduced by necessary elements like rectifiers and
power management circuits may reduce the power available
for the load. However, despite this, with the reported power
and voltage levels, an ultra-low-power MCU, e.g. a device
from the STM32L0, STM32L4, or PIC16 families, can still
be powered by a micropower DC/DC converter with voltage
regulation and maximum power point tracking capabilities.
It is worth noting that this is possible with a relatively low
voltage applied to the TX transducers, whose impedance is
not matched to the pulser output one. Furthermore, this result
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is achieved using simple wiring and electronic components,
both for the TX and RX side, as the impedance matching is
achieved by a single component and the beam focusing effect
by a single transducer. These microcontrollers offer ultra-low
power consumption, reaching as low as 195nA in sleep mode
and up to 28 pA /MHz in low-power run mode, hence requiring
power in the order of nW to start up. The measured power
of 164 uW could be sufficient to ensure the above-mentioned
power-independent smart sensor functionalities.

V. CONCLUSIONS AND FUTURE WORKS

In this work, the problem of maximum power extraction
from a directional discrete FSAT transducer was studied for
UWPT applications. A 23V peak-to-peak 83 kHz continu-
ous sinusoidal signal was applied to each channel of the
transmitting device and the receiving FSAT output power
was evaluated with different loads. Two reactive networks,
respectively based on a single inductor and on a transformer,
were considered to match the output capacitance of the dif-
ferential FSAT channel and the load resistance was tuned
to reach the maximum power transfer condition. A peak
power value of 164 uW, 6.56 times higher than the maximum
achievable without any IMN, was measured both with a
220 puH matching inductor and the commercial transformer
VPHI1-1400-R, respectively, connecting a load resistance of
1k and 32.5 k2. Furthermore, the load voltage peak obtained
with the transformer in the maximum power point is 3.23 V,
5.68x higher than the one measured with the purely inductive
matching network. Based on these results, in future works, a
rectifier and a low-power DC-DC converter for PMC will be
included in the design, as well as one of the above-mentioned
ultra-low power MCUs.
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