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Abstract—In this study, different load matching techniques
are analysed to identify the optimum method to deliver power to
the receiver for acoustic wireless power transfer systems. Com-
plex impedance matching of the system’s transducers provides
an advantage to drive the transmitter off-resonance for cases
where there is a resonance mismatch between the transducers
due to make, defect or ambient conditions. By studying the
effect of impedance matching for different frequencies near the
resonance frequency, similar power levels can be achieved for
a wider bandwidth of frequencies using complex impedance
matching. Thus, increased power can be delivered to the receiver
by controlling the frequency of the transmitter, which can be
exploited for beam steering along the propagation axis when
standing waves are prominent between the transducers. A
summary of the power experimentally extracted for the different
loading techniques presented in this paper demonstrates a 4 kHz
increase in system bandwidth and 140% more power can be
delivered by tuning both transducers with complex impedance
matching.

Index Terms—Wireless Power Transfer, Acoustics, Complex
Impedance Matching, Piezoelectric Transducers.

I. INTRODUCTION

The application of portable devices for sensing and actua-
tion is proven a necessity recently for security, health and
monitoring systems. With a desire to make these devices
more feasible, the key concern of powering them has been
researched comprehensively including battery technology,
energy harvesting (EH) and wireless power transfer (WPT)
[1]. Among these, WPT has gained significant attention due
to its ease of integration, portability, and ability to recharge
isolated nodes. The main WPT techniques under use and
research are near field inductive power transfer (IPT), far
field RF power transfer and acoustic power transfer (APT),
both in near and far field coupling [2]. The transfer efficiency
of the IPT systems can reach up to 95% in the near-field
but drops sharply for larger separation distance. On the other
hand, acoustic waves can propagate through metal and soil,
thereby providing a potential solution for recharging WSN
nodes within or behind such materials.

APT systems employ electro-mechanical transducers that
can convert mechanical vibrations into electrical energy and
vice versa, such as piezoelectric devices. Unlike EH which
relies on ambient sources of varying and unpredictable nature,
APT uses a power receiver driven by a dedicated (or dis-
tributed) remote power transmitter operating at a known fre-
quency. The familiarity of a single known frequency (or a nar-
row frequency range) allows the design of reactive impedance
matching circuitry tailored to the output impedance charac-
teristics of the receiver at that frequency. Furthermore, in

piezoelectric EH applications capacitive impedance cancella-
tion requires high inductor values, due to the low frequency
operation, which is challenging to integrate in microsystems
without substantial additional losses. In contrast, APT sys-
tems operate at much higher frequencies (in the ultrasonic
range) than piezoelectric EHs, which lowers the required
inductance to practical values for matching the impedance
of the receiver. Subsequent to the initial power analysis of
In-air APT systems in the far-field region by Pandiyan et al.
[3], this work studies the improvement of APT efficiency
by impedance matching techniques to optimise both the
transmitter and the receiver.

Impedance matching in APT systems normally consists
of matching the real impedance of the transmitter circuit
and electrical load to those of the corresponding transducers.
When operated at their resonance frequencies, the transducers
have real impedance with no reactive component to tune out.
However, there will be circumstances where operation off-
resonance is necessary or desirable; for example, manufactur-
ing differences or operating differences such as temperature,
may cause the transmitter and receiver resonances to differ.
Also, reflection between the transducers can prompt standing
waves in the far-field region, causing nodes and antinodes
that affect the power levels at the receiver. To evade this
problem, the transmitter frequency can be detuned to alter
the wavelength of the standing waves, so as to place the
receiver near a positive antinode. Therefore, in this paper,
impedance matching is studied for a range of frequencies
near resonance. The piezoelectric system model used for the
APT transducers is discussed and experimental results from
employing the proposed load matching techniques on an APT
evaluation setup for various frequencies are presented.

II. SYSTEM MODEL

A. Electro-Mechanical Model

The dynamic behaviour of a piezoelectric transducer can
be depicted as an equivalent electrical circuit for a limited
range of frequency bordering the resonance, using lumped
parameter modelling [4], as shown in Fig. 1. This simplified
electrical model consists of an electrical branch interlinked
to the mechanical branch through a transformer with n
turns ratio representing the piezoelectric coupling vector.
The electrical branch consists of the inherent capacitance
of the electrodes, Co and the dielectric loss Ro. However,
Ro is typically very large and has a negligible effect to
the behaviour of the system at the acoustic frequency range
[5]–[7]. The mechanical resonance of the transducer can be
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Fig. 1. Lumped model equivalent circuit of a piezoelectric transducer acting
as an acoustic power receiver

modelled by the series RLC circuit of the modal mass (Lm),
mechanical damping (Rm), and compliance (Cm) of the
transducer. Decoupling the electrical and mechanical systems
helps analyse the output of the transducer for changing load
conditions.

Fig. 1 represents the equivalent network of an APT receiver
with a voltage source Fin (analogous to the force of the
received sound waves) powering the mechanical branch, and
the electrical power from the receiver can be optimised by
matching the load impedance ZL with the impedance of the
transducer.

B. Impedance Matching

Maximum power is delivered from an AC source when
the load impedance is the complex conjugate of the
source impedance [8], [9]. Fig 2 represents the Nor-
ton equivalent of the receiver circuit in Fig. 1. Consider
an AC current source from the piezoelectric transducer,
iS(t) =

√
2ISsin(ωt) and an internal impedance of

ZS = RS + iXS . The average power (PL) delivered to the
load impedance ZL = RL + iXL can be calculated as [9]:

PL =
R2

S +X2
S

(RS +RL)2 + (XS +XL)2
I2SRL (1)

When the load is a complex conjugate of the source
impedance ZL = RS − iXS , then the maximum power
delivered to the load is:

PL,max =
R2

S +X2
S

4R2
S

I2SRL (2)

Alternatively, the load and source impedance are
matched by using a purely resistive load where
ZL = RL =

√
R2

S +X2
S . This method is favourable

for cases that would require large inductance to achieve
conjugate matching. As for Eq.2, the maximum power for a
purely resistive load can be derived as:

PR
L,max =

R2
S +X2

S

2(
√
R2

S +X2
S +RS)

I2SRL (3)

In conclusion, the power delivered to a complex load
impedance is higher (Eq.2) when compared to a purely
resistive load (Eq.3), especially for transducers operating at
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Fig. 2. Norton equivalent of a piezoelectric transducer operating as a
receiver.

TABLE I
SPECIFICATIONS OF FUS-40E FROM DATA SHEET

Dual

Parameters Value
Type Dual Purpose Transducers

Nominal Frequency 40 [kHz]
Sensitivity ∼43 [dB]

Capacitance 2 [nF]
Directionality 40 [Deg]

Maximum Input Voltage 100 [Vp−p]
Outer Diameter φ16 [mm]

lower frequencies or with high reactive impedance. It is also
noticeable that for purely resistive loads, the load voltage and
current are out-of-phase. Since the reactance of the transducer
is a function of frequency, it is essential to evaluate the
impedance of the transducer at its operating frequency for
selecting the optimal load.

III. EXPERIMENT RESULTS AND DISCUSSION

In this work, FUS-40E airborne ultrasonic transducers from
Fuji Ceramics were used as both transmitter and receiver for
quantifying the power extraction efficiency for resistive and
complex loads. They are circular soft ceramic PZT plates
glued to a metal diaphragm operating in flexural vibration
mode enclosed in a plastic open-type tube. The essential
parameters of the transducer are listed in Table I.

A. Frequency Response

The transducer impedance was measured as a function of
frequency in air, using a Precision Component Analyzers
6440B. The measured equivalent resistance and reactance
including the resistance of air on the membrane are plot-
ted in Fig. 3 . The inset graph focuses on the impedance
trend around 40kHz, which is the nominal frequency of the
transducer.

From Fig. 3, the source impedance is purely resistive at
f = 39.5kHz, which is the measured resonance frequency
of the transducer. At this frequency, the transducer provides
the maximum output voltage that can be obtained for a
given incident wave, signifying the open-circuit condition.
Therefore, using a resistive load to match the impedance at
this frequency would be sufficient to deliver maximum power.
Considering Fig. 2, the ZS of a piezoelectric transducer can
be approximated as a capacitor and resistor in series, which
can be matched by a load ZL consisting of an inductor

Fig. 3. Equivalent reactance and resistance of FUS-40E piezoelectric
transducer measured 25.6◦C and 20% dry air.



TABLE II
MEASURED TRANSDUCER IMPEDANCE AND CALCULATED VALUES FOR

COMPLEX AND RESISTIVE LOAD MATCHING.

Source Impedance Load Matching
Frequency Resistive Complex

kHz XS[Ω] RS[Ω] RR
L [Ω] LL[mH] RL[Ω]

37 -500 190 540 2 190
37.5 -100 300 320 0.5 300

38 500 550 750 (8.4nF ) 550
39 2300 3130 4000 (1.8nF ) 3130

39.5 0 7500 7500 0 7500
40 -5100 6500 8250 20 6500

40.4 -5900 3200 6700 23 3200
41 -4700 1100 5000 18 1100

41.4 -4000 660 4000 15 660
42 -3500 360 3500 13 360

and resistor in series. Table II summarises the required load
impedance for both resistive and inductive load matching for
different transmitter frequencies.

It is also evident from Fig. 3 that from 38 kHz to 39.5 kHz,
the equivalent reactance of the transducer is positive. This
implies that the modal mass dominates the capacitance of
the transducers at this frequency range. Consequently, the
transducer has an inductive behaviour in this range and a
capacitor in series with a resistor is needed for load matching.

B. APT Power Measurements

To verify the calculated matched impedance values, a FUS-
40E transmitter powered by a STEVAL-IME011V2 high-
voltage ultrasonic pulser board from STMicroelectronics is
installed on a mounting bracket with precise position control.
The pulser board generates a continuous square wave of pre-
programmed frequencies with a voltage of 44Vp−p. As shown
in Fig. 4, the receiver is mounted on a rail and can be moved
along the x-axis to vary the separation distance between the
transducers from 0 to 1m. This helps to profile the near-,
and far-field power transfer. The whole setup is placed in a
chamber lined with acoustic foam to reduce reflections and
isolate the transducers from external noise. A series network
of an inductive (ELC DL07) and a resistive decade box (RS
PRO R-100) is connected across the receiver ports to measure
the power delivered to the load. The inductance is replaced by
a capacitance decade box (TENMA 72-7265) for frequencies
between 38 kHz and 39.5 kHz.

y-axis

x-axis

Transmitter Receiver

Angular Stage

2-axis Position

Stage

x-axis rail

Fig. 4. Experimental setup for profiling complex and resistive impedance
matching for far-field acoustic power transfer.

TABLE III
MATCHED LOAD IMPEDANCE MEASURED FROM EXPERIMENTS

Transmitter Receiver
Frequency Inductance Resistive Comple
f [kHz] LS[mH] RR

L [kΩ] LL[mH] RL[kΩ]
37 0 0.5 1 0.3

37.5 0 0.3 0.7 0.3
38 (8.4 nF) 0.8 (8.4 nF) 0.5
39 (2 nF) 4 (1.8 nF) 3.5

39.5 0 7.5 0 7.5
40 20 10 20 6.5

40.5 18 6 23 2.4
41 17 3.5 18 1.5

41.5 11 3.5 15 0.5
42 10 3 13 0.3

Fig. 5 shows the output power measured on the load
resistor for varying series load impedance, when the receiver
was fixed at 10 cm separation distance from the transmitter.
The measurements were taken at an ambient conditions of
25.5(±0.5)◦C temperature and 20% R.H. dry air. The solid
line represents the power obtained from resistive loading and
the dashed lines are reactive loading. The measurements are
in agreement with the theoretical calculations. The measured
optimum load impedance for both resistive and reactive
loading is summarised in Tab. III.

Furthermore, it is evident from Fig. 5 that power emitted by
the transmitter decreases as the operating frequency deviates
from the nominal frequency. This is because, similar to
the receiver, the reactance of the transmitter is significant
at non-resonance frequencies, so it is not matched to the
signal source. Consequently, an inductor is connected to the
transmitter to electrically resonate with the capacitance of the
transducer at its operating frequency. By fixing the calculated
reactive load matching values for the receiver, the optimal
matching inductor for the transmitter is experimentally deter-
mined and is summarised in Table III.

Fig. 6 summarises the measured power delivered to the
load at the receiver for four different impedance matching
techniques: (1) Resistive load matching at receiver (resis-
tive Load) (2) Reactive load matching at transmitter and
resistive load matching at receiver (T Matched) (3) Reactive
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Fig. 5. Resistance sweep of the APT receiver for inductive matched and
resistive matched loads to find the maximum power point.
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Fig. 6. Experimental maximum power delivered to the load at the receiver
for the studied impedance matching techniques.

Load matching at Receiver (R Matched) (4) Reactive load
matching at both transmitter and receiver (Both Matched).
The APT system yields low power when at the ’Resistive
Load’ condition at off-resonance where considerable power
is dissipated by the transducer reactance as reactive power.
When the receiver capacitance is cancelled by an inductor,
the peak delivered power increases by up to two times for
frequencies with significant reactive impedance.

When the transmitter capacitance is not matched with
an inductor LS , the source current is 70◦ out of phase
with transducer voltage. Consequently, more than 65% of
the power delivered to the transmitter is lost as reactive
power. By introducing an inductor, the phase difference is
reduced to 10◦, boosting the delivered power and sound
pressure level (SPL). This is apparent from Fig. 6 as the both
’T Matched’ and ’Both Matched’ consistently have higher
power throughput than the other techniques. Furthermore, for
operating frequencies off-resonance, the delivered powered is
higher than at resonance. For instance, at 41kHz, the received
power with and without reactance cancellation is 563 µW
and 30 µW , boosted by a factor of 17. However, the low
load resistance (< 1kΩ) (viz. large circuit current) should be
considered when designing the conditioning circuit for these
cases.

IV. CONCLUSION

This work demonstrates a comparison between the com-
binations of reactive and resistive load matching for the
transmitter and receiver for APT systems. Experimental re-
sults show that at resonance frequency, resistive matching is
an acceptable solution as the reactance of the transducer is
negligible. However, for operating frequencies higher than
resonance,the power delivered to the load substantially in-
creases when both transducers are tuned. For example, the
power increased from 240 µW to 563 µW when shifting
from 39.5 kHz to 41 kHz, as both transducers are tuned for
optimum power transfer. Additionally, reactance cancellation
broadens the operational bandwidth of the APT system by
4 kHz where power greater than 240 µW can be achieved.
However, the power improvement for operating frequencies
less than 39 kHz is negligible, which needs further investi-
gation. Future work will apply the findings to design a self-
tunable impedance matching circuit for varying frequencies
to control the losses due to reflection and standing waves
between the transducers.
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