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ABSTRACT

Capacitive transducers typically require a DC bias or a pre-charged electret to operate, rendering them
non-ideal for applications such as energy harvesting and wireless power transfer. Parametric resonance
based capacitive transducers offer an alternative to traditional capacitive transducers as they can be
operated without the need for a bias voltage or a pre-charged electret. In this paper, we experimentally
validate a 1D lumped parameter model and characterize a CPUT operating in air at 50 kHz for ultrasonic
power transfer and sensing applications. This particular CPUT is able to recover 40.5 uW of power at an
efficiency of 0.32% without any DC bias when excited by a 50 kHz piezoelectric transducer. The application
of the CPUT as a highly sensitive acoustic sensor is explored by making use of active electrical circuits
that reduce the resistance of the system. Finally, the capability of the CPUT as a highly directional acoustic
sensor is presented with the electrostatic transducer demonstrating a directivity of +1° when operated
as a CPUT as compared to +13° when operated as a conventional biased receiver. These results set the
stage for the application of CPUT as a multi-functional acoustic transducer.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Capacitive transducers have long been used for a variety of
applications such as sensing [1-3], medical imaging [4-6], energy
harvesting [7-9] and for wireless power transfer [10,11]. Compared
to their piezoelectric counterparts, capacitive transducers can be
easily realized in various geometries and sizes thanks to advances
in silicon micromachining processes. Furthermore, the operating
frequency of capacitive transducers is not limited by the size of the
transducer as is the case with piezoelectric crystals. The advantage
of miniaturization, large bandwidth and ease of electronics integra-
tion [12] make capacitive transducers highly desirable for various
applications.

Despite these benefits, a DC voltage or a bias must be provided
to a capacitive transducer in order to ensure it operates efficiently.
This places a significant limitation on them as they cannot be used
for applications where the supply of a large bias voltage is imprac-
tical or dangerous. Although pre-charged or electret-based devices
have been explored to circumvent this drawback [ 13], piezoelectric
transducers are preferred for applications such as energy harvest-
ing or wireless power transfer as they do not require any bias
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voltage for operation. Recently we reported a new type of acoustic
capacitive transducer that can work in the absence of a DC bias or
pre-charge, called the capacitive parametric ultrasonic transducer
(CPUT) [14]. The CPUT consists of a time varying, membrane-based
capacitor connected in series with an inductor and resistor to form
a series RLC circuit. An ultrasonic wave incident on the membrane
is used to drive the RLC circuit into parametric resonance (PR),
thereby converting the acoustic energy to an electrical signal.
Parametric resonance is a phenomenon in which an electrical or
mechanical system can be driven into oscillations of large ampli-
tude by varying some internal parameter of the system. Unlike
direct resonance, in which a force is applied on a system at its
natural frequency, primary PR is commonly obtained by varying
a system parameter such as the stiffness (for mechanical systems)
or capacitance (for electrical systems) around two times the nat-
ural frequency. PR-based devices have been in use since the mid
1900’s and first found prominence as low noise electrical ampli-
fiers [15,16]. Advances in micromachining techniques led to the
development of various PR based MEMS transducers used for appli-
cations such as force and mass sensing [ 17-23], angular rate sensing
[24,25], as tunable filters [26] and amplifiers [27]. More recently,
energy harvesting systems have made use of PR as a means of
mechanical pre-amplification to increase the efficiency and band-
width of vibration energy harvesters [28-31]. However, despite the
various attractive features of using PR-based devices for sensing
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and energy harvesting, the technique has certain limitations hold-
ing it back from widespread adoption. Firstly, adamping dependant
initiation threshold must be overcome to drive the system into PR
[32]. This condition requires that large forces be applied to drive
mechanical systems into parametric resonance due to the damp-
ing and losses in the environment. Although this requirement can
be partially overcome by clever design of systems [30,33], current
PR-based mechanical systems are unsuitable for operation in lossy
environments. Secondly, PR is used mainly as a means of mechani-
cal pre-amplification and a second transducer (usually electrical or
optical) is usually employed to convert the input signal into an elec-
trical readout. Naturally, this two-stage implementation increases
the size and complexity of the system. Both of the above men-
tioned drawbacks are addressed by the CPUT, as the input ultrasonic
energy is directly converted to a readable electrical output with-
out the requirement of a secondary transducer. Furthermore, the
initiation threshold for PR is strongly dependent on the electri-
cal resistance of the CPUT. This feature enables the operation of
the CPUT even in lossy environments as it is easier to control the
electrical resistance of the device as compared to the mechanical
damping due to the surrounding fluid. The absence of bias voltage,
single-step transduction and tunable initiation threshold, makes
the CPUT a highly versatile PR-based capacitive transducer.

Previously, simulations performed using a 1D lumped param-
eter model suggested that the CPUT could be used for acoustic
power transfer in water and air [34]. In this paper, we validate the
1D model and explore the operational characteristics of a CPUT
operating in air excited by a 50 kHz ultrasonic source. Performance
parameters such as output power and efficiency are experimen-
tally evaluated as a function of input pressure, forcing frequency
and load resistance - these results are compared with simulations
to confirm the validity of the 1D lumped parameter model and
demonstrate the merits of the CPUT as a bias-free receiver for
acoustic power transfer. We also take advantage of two charac-
teristics which are unique to the CPUT - an adjustable initiation
threshold and an asymmetric frequency response, to demonstrate
the advantages of the CPUT over other parametrically driven sys-
tems for acoustic sensing applications.

2. Theory

A brief review of parametric resonance is presented in this sec-
tion, followed by the principle of operation of the CPUT for the sake
of completeness. While a simple system undergoing linear para-
metric resonance can be represented by the Mathieu’s equation,
the CPUT is a complex system comprising of a coupled electrical
and mechanical resonator. The 1D lumped parameter model that
is used to describe the operation of the CPUT is briefly described
along with two separate methods of solution for the model.

2.1. Parametric resonance in CPUT

Parametric resonance is obtained when some internal parame-
ter of a system is periodically varied at a frequency thatis an integer
or a fractional multiple of the resonance frequency of the system.
The behavior of such systems can be represented by the Mathieu’s
equation:

d?u
e +(a+ Bcos(R2t))u=0 (1)

where the term Bcos(£2t) acts an energy/pump source and is said
to parametrically excite the system. Principle PR is obtained when
2 is around two times the natural frequency of the system, and
an unstable, exponentially growing solution to the equation is
obtained. Unlike in direct resonance, the presence of damping
does not limit the response of the parametrically excited system.
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Fig. 1. 1D lumped parameter model of CPUT.

However, a higher level of damping will require a greater pump
amplitude B to exceed an initiation threshold and drive the system
into PR. While Mathieu’s equation represents a purely linear para-
metric resonator with an unbounded solution, real-world systems
respond with some degree of nonlinearity, which eventually limits
the magnitude of response of the parametrically excited system.

The CPUT is one such system, comprised of a time-varying
capacitor connected in series with an inductor and a resistor to
form a series RLC circuit having a resonance frequency fy. The time-
varying capacitor can be a membrane-based mechanical device
such as an electrostatic transducer or a capacitive micromachined
ultrasonic transducer. The capacitance of the RLC circuit is modu-
lated by exciting the mechanical membrane using ultrasonic waves
of frequency 2fy (pump source). When the capacitance modulation
exceeds the initiation threshold, the RLC circuit is pumped into PR
and the incident acoustic energy is converted to electrical energy.
Unlike direct resonance, some initial oscillation must be present in
the electrical circuit in order to drive it into PR. This condition can
be satisfied by the thermomechanical noise present in the system,
although in the experiments reported in this paper, it is satisfied
by the electromagnetic coupling between the ultrasonic source and
the CPUT, making it a self-starting device.

2.1.1. 1D lumped parameter model

The CPUT can be represented by a 1D lumped parameter model
as shown in Fig. 1. In this model, the membrane-based receiver is
modelled as a parallel plate piston of known mass m, stiffness k
and damping b. The values of m, k and b are extracted from the
dynamics of the actual capacitive transducer used in the experi-
ments and it is assumed that the motion of the piston is uniform.
The piston behaves as a variable capacitor in the electrical domain
and is connected to an inductor L and a resistor R to complete the
RLC circuit. The incident ultrasonic field is simulated by applying a
uniform force on the face of the piston. The 1D lumped parameter
model can be expressed mathematically in the form of two coupled
ordinary differential equations (ODE) as:

d Rd dy-—x
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where dy, x, A, V, Fy and wys represent the initial gap between the
plates, displacement of plate, area of plate, voltage across capacitor,
amplitude of ultrasonic forcing and frequency of ultrasonic forcing
respectively. When the frequency of the incident ultrasonic exci-
tation (wys) is approximately twice the resonance frequency of the

RLC circuit (wye; = ﬁ), the system is driven into PR and a volt-

age develops across the capacitor which settles to a steady value
determined by the nonlinearities in the system. Thus the 1D model
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can be used to predict the performance of the CPUT as a function of
various parameters such as input forcing, excitation frequency, load
resistance, etc. The solutions to the model are obtained by either
simulating the electromechanical circuit in Simulink or by making
use of approximate analytical solutions based on averaging meth-
ods as described in [35]. A more detailed treatment of the lumped
parameter model and methods of solution is presented in [34].

3. Experimental setup

In order to validate the 1D lumped parameter model and charac-
terize the CPUT, experiments are performed on a device operating
in air. A schematic of the experimental setup is shown in Fig. 2a. A
commercially available 50 kHz electrostatic transducer (500ES430,
Prowave inc, Taiwan) is connected in series with a 128 mH induc-
tor and a resistance box to form the CPUT. The unbiased, static
capacitance of the electrostatic transducer and the resonance fre-
quency of the RLC circuit is measured using a network analyzer
(Agilent 8753ES) and is found to be 340 pF and 24.22 kHz respec-
tively. The electrostatic transducer is mounted on a 20cm x 20cm
wooden baffle in order to mimic the baffled piston condition used
in the simulations. Note that while the recommended bias volt-
age for the electrostatic transducer is 200 VDC, no bias voltage is
supplied in the current configuration. An oscilloscope (Tektronix
TDS 5054) is used to measure the voltage across the resistance box
for different values of load resistance. A 50 kHz piezoelectric trans-
ducer (Prowave inc, 500MB120) is used as the ultrasonic source and
is placed 7 cm away from the electrostatic receiver. A signal gen-
erator (Agilent 33250A) connected to an amplifier with a gain of
20x (EPA-104, Piezo Systems inc.) is used to drive the piezoelectric
transmitter.

A calibrated measurement microphone (Larson and Davis model
2520) is used to characterize the acoustic pressure incident on the
CPUT receiver. Since the acoustic wavelength is smaller than the
size of the receiver, the incident pressure field is non-uniform.
A 6cm by 6cm square grid is scanned (Fig. 2c) and the pres-
sure recorded at each point is summed and averaged to obtain
an average RMS acoustic pressure p on the face of the receiver.

The available power is then defined as 2‘%, where p is the den-

sity of air and c is the speed of sound in air. Based on this, the
acousto-electrical efficiency of the CPUT is defined as:

1 Ji 2Rdt

Efficiency = Available power

x 100(%) (4)
where i is the amplitude of current in the RLC circuit. The efficiency
of the CPUT is then calculated for different input forcing, frequency
and resistive loading conditions.

4. Results and discussion

The simulation tools developed in Section 2 along with the
experimental setup described in Section 3 enables the investiga-
tion of the various operational characteristics of the CPUT. In this
section, we benchmark the performance of the CPUT for acoustic
power transfer and sensing to validate the 1D lumped parame-
ter model and to demonstrate the versatility of the CPUT as an
acousto-electrical transducer.

4.1. Acoustic power transfer

Various technological advances in consumer electronics, wear-
ables and Internet of Things (IoT) has rekindled interest in
ultrasonic wireless power transmission through air [10,36-39]. The
ability to operate the CPUT without a bias voltage makes it a prime
candidate to function as a receiver for such applications. Previously,

Table 1
Parameters used for simulations.
Symbol Parameter Value
P Fluid density 1.21kg/m3
c Speed of sound 340 m/s
m Piston mass 1.072 x 107 kg
k Piston stiffness 1x 10*N-m
b Piston damping 1.13kg/s
A Piston area 0.0011 m?
doy Vacuum gap 10 wm

simulations indicated that the CPUT could function as a highly effi-
cientreceiver for ultrasonic power transfer in water [34]. The power
transfer performance of the CPUT in air is simulated using the 1D
model and compared with experimental results in this section.

4.1.1. Simulation results

The parameters used in the simulation of a CPUT operating in air
are listed in Table 1. The main challenge in obtaining the simulation
parameters is that the electrostatic transducer (500ES430, Prowave
inc, Taiwan) used in the experiments operates differently from the
simplistic parallel plate model used in the simulation. The Prowave
transducer makes use of a polymer membrane stretched across a
grooved backplate, similar to the capacitive transducer reported in
[40]. Due to the unavailability of an operational model for such a
design in literature, the lumped parameters for the transducer are
chosen such that the simulations fit the frequency bandwidth data
obtained from the CPUT experiments. This choice of parameters
is justified as the simulation results are also consistent with other
experimental data as shown later in Section 4.1.2.

The average pressure measured on the face of the CPUT using
the measurement microphone is applied as the forcing excitation
in the simulations. The power dissipated across the load resistance
for three different input intensities at 48.6 kHz is plotted in Fig. 3a.
It is observed that the dissipated power increases to a maximum
value before reducing to zero as the resistance is increased. The
resistance at which maximum power is obtained corresponds to
the best impedance match between the CPUT and the electrical
load. Further increasing the resistance causes a gradual decline in
output power until it reaches zero. At this value of resistance, the
forcing threshold required for PR is above the input forcing level,
thereby preventing the CPUT from being driven into PR. Further
increasing the input forcing enables the CPUT to be operated over
a larger range of load resistance, however, the nonlinear nature of
the device causes a shift in the optimal load resistance. Hence, prior
knowledge of the range of input forcing helps in the selection of an
optimal value of load resistance for power transfer.

The frequency response of the CPUT is simulated by recording
the maximum steady state voltage across a load resistance of 100 2
while linearly sweeping though the forcing frequency. The opera-
tional bandwidth of the CPUT for different levels of input forcing is
shown in Fig. 3b. It can be seen that the voltage across the resistor is
negligible at the start of the frequency sweep and this corresponds
to aregion of no PR. As the frequency is increased to approximately
twice the resonant frequency of the RLC circuit, the system tran-
sitions from a region of no PR to a region of PR and this transition
is accompanied by a sharp increase in resistor voltage. As the fre-
quency is increased further, the voltage gradually decreases until it
once again becomes negligible and the system is detuned from PR.
This region in which the CPUT is driven into PR is typically known as
an instability tongue and has been previously derived for an ideal
CPUT without parasitics using Egs. (2) and (3) in [34]. Increasing
the input forcing leads to the broadening of the instability tongue
accompanied by a larger peak response thereby increasing the
output voltage and operational bandwidth of the CPUT. The non-
linearities present in the parametrically excited system cause the
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Fig. 2. (a) Schematic of the experimental setup (b) Actual experimental setup (c) Source pressure distribution as recorded by a measurement microphone.

instability tongue to display an asymmetric frequency response,
which is responsible for the sharp increase in resistor voltage as
the CPUT transitions into PR at its lower frequency boundary. This
transition occurs over a very narrow frequency band and finds
application in sensing, which will be discussed in greater detail in
Section 4.1.2.

The most important metric in power transfer applications is the
acousto-electric efficiency of the transducer. The CPUT efficiency is
expressed as a 2D color map, with forcing frequency on the y-axis
and the input power on the x-axis (Fig. 3c). The range of frequen-
cies in which the CPUT is driven into PR increases with increased
forcing as explained previously. Due to the asymmetric nature of
the frequency response, the regions of maximum efficiency tend
towards a lower frequency and increase with greater available
power. Although simulations indicate that the maximum achiev-
able efficiency is less that 1%, it must be noted that power transfer
is achieved in the absence of a large bias voltage. Furthermore,
a significant increase in efficiency can be obtained by reducing
the compliance of the membrane and decreasing the squeeze film
losses in the air gap of the electrostatic transducer. It is found that
increasing the stiffness of the membrane by a factor of 5 while keep-
ing all of the other simulation parameters the same leads to a 4x
increase in CPUT efficiency.

4.1.2. Experimental results

The primary aim of the experiments is to demonstrate the
feasibility of acoustic power transfer using the CPUT and to vali-
date the simulation results presented in Section 4.1.1. The results
obtained for power transfer in air closely follow the trends observed
in the simulation results and are presented in Fig. 4. A maxi-
mum power of 2 wW, 13.7 wuW and 20.5 uW is dissipated across
a load resistance of 50 €2, 140 2 and 160 2 respectively for three
increasing input intensities (Fig. 4a). In comparison, the maximum
power obtained in the simulations for the same input intensities

are 2.95uW, 6.4 uW and 11 uW, with the discrepancy between
simulation and experiment increasing with increased forcing. The
simulations only slightly under-predict the maximum allowable
load resistance for the three increasing input intensities (160 €2,
2402 and 3002 from simulations vs. 1702, 2802 and 360 Q2
from experiment) and this can be attributed to errors in estima-
tion of the parasitic capacitance and damping parameters used in
the simulation. For similar reasons, the experimental frequency
bandwidth (Fig. 4b) is greater than that predicted by the simula-
tion by 62% for an input intensity of 5.85 W/m? and the difference
increases to 78% for an intensity of 11.6 W/m2. The output volt-
age for an intensity of 11.6 W/m?2 sharply increases from 0V at
47.78 kHz to 90 mV at 47.84kHz before gently decreasing to 0V
at 49.34 kHz. The peak voltage corresponds to an average power
of 40.5 wW obtained across a load resistance of 100 2 without a
DC bias. The efficiency map in Fig. 4c indicates that a peak effi-
ciency of 0.32% for an input acoustic intensity of 11.6 W/m? closely
matches the predicted efficiency of 0.35% by the simulation. How-
ever, the experimental results indicate a drop in peak efficiency
down to 0.11% as the input forcing is reduced to 5.85 W/m? whereas
the peak efficiency stays approximately constant in the simula-
tion.

Overall, these results indicate that the simple 1D model is valid
for predicting the performance and trends of a CPUT operating in
air. Note that the commercial electrostatic transducer used in the
experiments has large parasitic capacitance and damping that neg-
atively affects the power transfer performance of the CPUT. We
have previously shown that increasing the mechanical Q-factor of
the receiver by the use of less compliant membranes leads to a
higher power transfer efficiency [34]. Improving the receiver design
by vacuum sealing the gap [41] and making use of a mass loaded
membrane [42] enables one to obtain a large mechanical Q-factor
in any medium of operation. Similarly, parasitic capacitance can
be minimised by reducing the electrode coverage over non-active
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Fig. 3. Simulations performed using the 1D model yield (a) Power measured across
load vs. load resistance for different values of input forcing at 48.6 kHz. (b) The
operational bandwidth of the CPUT as a function of input forcing. (c) Efficiency of
the CPUT as a function of input forcing level and frequency.

areas of the transducer and making use of improved microfabrica-
tion techniques such as the oxide lift-off [43].

4.1.3. Tunable initiation threshold

Unlike resonant sensors, the response amplitude of a system
driven into PR is not limited by the damping present in the envi-
ronment. However, damping directly affect the initiation threshold
required for PR in mechanical systems operating in lossy environ-
ments such as water and blood, as larger damping requires a greater
force to drive the system into PR. The CPUT has a distinct advantage
when compared to mechanical PR based systems as the losses in
an electrical circuit can be easily reduced by making use of active
circuits that behave as a negative resistance. While acoustic power
transfer requires the CPUT to be a completely passive device, sens-
ing applications do not place the same restrictions on the use of
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Fig. 4. Experimental results for power transfer in air (a) Power measured across
load vs. load resistance for different values of input forcing at 48.6 kHz. (b) The
operational bandwidth of the CPUT as a function of input forcing. (c) Efficiency of
the CPUT as a function of input forcing level and frequency.

active circuits. Using such circuits, the losses in the RLC circuit can
be minimized, thus enabling the detection of a very small acoustic
pressure.

As an example, one such implementation of an active circuit in
the CPUT is shown in Fig. 5a. In order to reduce the losses in the RLC
circuit, a tunable, op-amp based negative resistance circuit [44] is
connected in parallel with the inductor. The value of the negative
resistance can be chosen such that it partly or wholly cancels the
internal resistance of the RLC circuit. In order to demonstrate that
the forcing threshold to drive the CPUT into PR can be dramatically
lowered, the voltage across the capacitor is plotted as a function
of the input voltage to the piezoelectric transmitter for two cases
(Fig. 5b). In the first case, no active circuitry is used, and the capaci-
tor voltage is measured for a zero load resistance condition. Itis seen
that a minimum voltage of 36 V must be applied to the transmitter
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to drive the CPUT into PR due to the internal resistance present in
the system. In the second case, a portion of the internal resistance is
cancelled using an equivalent negative resistance of —160 €2 and in
this case the system requires only 14V to be driven into PR. Further
reducing the losses with a greater value of negative resistance can
lead to a lower threshold for PR and higher sensitivity. In contrast,
PR driven mechanical systems must be operated in high vacuum
conditions in order to lower initiation threshold, thereby limiting
their application in different environments. In addition the CPUT
directly converts the input force into a measurable voltage thereby
circumventing the need for a secondary detection transducer hence
reducing the size and complexity of the system. However, one must
consider the fact that the active circuit injects noise into the system,
and the ultimate sensitivity of the CPUT is eventually limited by the
thermomechanical noise [17,45]. Besides, sensing applications, the
ability to control the initiation threshold will also find applications
in PR based energy harvesters, where complex mechanical designs
are currently used to reduce the force required for PR [30,29].

4.1.4. Exploiting the asymmetric frequency response for highly
directional acoustic receiver

Parametrically excited systems are known to display an asym-
metric frequency response due to nonlinearties present in the
system [46]. In the case of the CPUT, the V2 term in the right hand
side of Eq. (3) results in a net attractive force on the membrane of
the capacitor, which in turn increases the average capacitance. This
softening nonlinearity leads to a left leaning asymmetric instabil-
ity tongue as seen in Fig. 3b. When the system is operated at the
leading edge on the left, a small reduction in the forcing amplitude
or frequency causes the system to transition out of the instability
tongue where PR cannot be sustained, hence leading to a sharp drop
in response amplitude.

We exploit this asymmetric frequency response to demonstrate
that the CPUT can be used as an acoustic receiver with an adjustable
directivity. The experimental setup described in Section 3 is used to
measure the directivity of the electrostatic transducer by mounting
it on a rotational stage. First, a DC bias of 50V is applied across the
terminals of the transducer and the output AC voltage is measured
for different angles of incidence when excited by a tone burst from
the piezoelectric transmitter. The bias voltage is then removed and
the electrostatic transducer is connected to an inductor and resistor
to form a CPUT. The output AC voltage is once again measured for
different incidence angles when the transmitter forcing frequency
is approximately twice the RLC resonant frequency. The results
shown in Fig. 6 indicate a good match between the experimen-
tally measured directivity when biased and the analytical solution
for the directivity of a baffled circular piston. According to the ana-
lytical solution, the main lobe should approximately lie between
+13° and —13° and the experimental deviation could be a result of
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Fig. 6. Directivity of receiver measured while operating device in conventional DC
biased mode and as CPUT.

imperfect alignment between the source and receiver. In contrast,
the main lobe only spans from —5° to +5° when operated as a CPUT.
The narrower beam width is also accompanied by a lack of side-
lobes, as the CPUT is only sensitive to acoustic pressure levels that
exceeds the threshold required for PR. As the angle of incidence
exceeds +5°, the average pressure on the face of the transducer
drops below the level required to sustain PR, effectively causing
the CPUT to become insensitive to the incident acoustic field.

The directivity beam width of the CPUT is determined by the
excitation amplitude and the frequency of the incident acoustic
wave. Fig. 7a shows the experimentally measured beam width in
parametric mode as a function of the forcing amplitude where it can
be seen that the beam width increases as the forcing is increased.
This can be explained by referring to Fig. 3b where it can be seen
that increasing the forcing leads to a broadening of the instabil-
ity tongue. Hence for a fixed frequency, a larger input force allows
for a greater angle of incidence before the average pressure on the
face of the CPUT falls below the threshold required for PR. Simi-
larly, it can be seen in Fig. 7b that a very narrow beam spanning
approximately +1° can be achieved when the incident frequency is
48.4 kHz. This frequency corresponds to a point at the leftmost edge
of the asymmetric instability tongue where even a small change in
incidence angle reduces the average pressure, which in turn causes
the narrowing of the tongue and detunes the CPUT from PR. When
the frequency is increased to 48.5 kHz, the CPUT is now operated in
the middle of its instability tongue, and is therefore less sensitive
to small changes in incident pressure, allowing the CPUT to be sen-
sitive over a larger range of incidence angles. Note that the output
voltage amplitude of the CPUT has been normalized with respect
to itself in both Figs. 7a and b. It is important to mention that the
excitation amplitude can be controlled internally by making use of
a drive mechanism such as one described in [47,48] whereas the
PR frequency band of the CPUT can be shifted by active tuning of
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Fig. 7. CPUT directivity as a function of (a) input excitation amplitude and (b) input
excitation frequency.

circuit parameters. Hence it is possible to internally adjust both
the excitation amplitude and CPUT operating frequency to ensure
a high degree of directivity is obtained independent of the ampli-
tude and frequency of the incident acoustic wave. Such a system
can potentially be employed to increase the directivity of a nearly
omnidirectional receiver which has physical dimensions smaller
than the incident acoustic wavelength [49].

5. Conclusion

In this work, we experimentally validate a 1D lumped param-
eter model and characterize a CPUT for acoustic power transfer
and sensing applications by making use of a commercially avail-
able electrostatic air transducer. The power transfer efficiency of
the CPUT is experimentally evaluated as a function of load resis-
tance, input acoustic intensity and forcing frequency. It is found
that a peak output power of 40.5 wW is obtained across a load resis-
tance of 100 Q2 at an efficiency of 0.32% without the need for a bias
voltage or precharged electret. This efficiency, which is in agree-
ment with simulation results, can be further improved by making
use of a stiffer membrane and reducing the losses associated with
parasitic capacitance and squeeze film damping in the electrostatic
transducer. We further demonstrate that the threshold required
for PR can be dramatically reduced by making use of active electri-
cal circuits. In contrast with purely mechanical PR based systems,
the electrical resistance of the CPUT can be reduced to make it
extremely sensitive to acoustic signals even in a damped environ-
ment such as water thereby presenting opportunities in acoustic
sensing. Finally, we discuss the feasibility of operating the CPUT as

an acoustic sensor with adjustable directivity by taking advantage
of its asymmetric frequency response. It is observed that an acoustic
directivity of +1° can be obtained by operating this particular CPUT
at the edge of its instability tongue as compared to a directivity of
+13° when operated with a DC bias as a conventional capacitive
sensor.

This study indicates significant potential for the operation of a
CPUT as an acoustic transducer. The nonlinear device characteris-
tics and direct energy conversion capability facilitates the use of a
CPUT for acoustic power transfer and sensing. Future work includes
the design and optimization of CPUTs.
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