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Abstract
One performance measure of in-air ultrasonic radiators, such as wireless
power transmission, is the power efficiency of the transducers. The efficiency
of most in-air acoustic radiators is low, even at ultrasonic frequencies; however, a large radiating plate with steps introduced by Gallego-Juarez et al., can
provide efficient radiation. Their in-air acoustic radiator consists of a Langevin transducer for wave excitation, a mechanical amplifier, and a stepped plate
with a large radiating area. This study describes a design processing technique
for a stepped-plate radiator developed for optimum energy transmission at
the target point in air. The total efficiency required to transfer the acoustic
energy was divided into three categories, and the design parameters of each
category were calculated to maximize the efficiency. This design technique allows optimum acoustic radiation efficiency and maximum acoustic energy
transmission depending on various acoustic energy transfer conditions.
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1. Introduction
A number of wireless energy transmission technologies, including inductive
coupling, capacitive coupling, magnetic coupling, microwaves, light waves, and
acoustic radiation, are currently proposed, under investigation, or applied. One
type, acoustic wireless transmission, uses sound propagation energy in the medium and can reduce the effect of electromagnetic waves. However, in-air acoustic radiation has a low radiation efficiency because of the large impedance mismatch between the air and the acoustic generator [1] [2]. Therefore, one of the
most important performance measures of in-air acoustic radiators is their power
efficiency, which can be improved by addressing this mismatch.
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The energy transfer system for acoustic energy differs depending on the transmission target. Maximization of the efficiency of wireless acoustic energy transmission at a particular point requires a transducer with high acoustic radiation
efficiency and depends on the directivity of the acoustic beam. The use of a small
region for the energy receiving position will necessitate a high directional sound
beam or a focused sound beam. In other words, efficient energy transmission is
impossible with a nondirectional sound beam, such as an omnidirectional sound
generator, even with a high-efficiency of the acoustic generator is high.
The stepped plate radiator has been adopted to provide high directional, high
acoustic radiation efficiency and a high intensity sound beam [3] [4] [5] [6]. The
Gallego-Juarez group introduced a stepped-plate radiator that increases the
acoustic radiating area of the projector without changing the size of its driver [3]
[4] [5] [6]. However, increases in the size of the radiating plate cause flexural vibration of the plate and lead to discontinuous plate phases and undesirable directivity patterns. The Gallego-Juarez group improved the directivity pattern
through the use of steps with heights equal to half the wavelength of sound in
air. The basic idea underlying this concept was to compensate for the discrete
phase difference by introducing steps in the vibrating plate. This type of transducer offers a large radiation area and good directivity at high frequency. It also
has a simple structure and can reach a high radiation efficiency while producing
high-intensity acoustic waves [3] [4] [5] [6]. This transducer can be used for
acoustic energy transmission in air.
Many parameters in the design of a stepped-plate radiator for in-air energy
transmission may affect the acoustic radiation efficiency. The design of a
stepped-plate radiator optimized for acoustic energy transmission must take into
consideration the optimum design of each part, as well as the integrated system
and boundary conditions.
In the present study, we introduce a method for designing a stepped-plate radiator for wireless acoustic energy transmission. First, we suggest the driving
frequency and the radiating area at a target receiving point. This frequency and
radiating area are then used to calculate the detailed dimensions of the steppedplate radiator for maximum acoustic radiation efficiency. Using these results, we
can then identify the final acoustic wireless energy transmission efficiency of the
stepped plate radiator.

2. Concept of Acoustic Wireless Energy Transmission
Figure 1 shows the schematic view of the acoustic wireless energy transmission
system. Acoustic energy transmission has three efficiencies: transmitter efficiency, propagation efficiency, and the receiver efficiency. The transmitter efficiency
is related to the structure of the radiator, the material, and the radiation impedance of the plate. The propagation efficiency is related to the directivity and the
frequency of the sound beam. The receiver efficiency is related to the structure
and the electrical energy storage system of the receiver.
Our design example has three fixed simulation conditions:
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Figure 1. The schematic view of the acoustic wireless energy transmission system.

 The shape of the receiver is a point.
 The distance between the acoustic radiator and the receiver is 3 m.
 The receiver efficiency at a given position is 100%.
These fixed simulation conditions can be changed according to the application field.

3. Propagation Efficiency
A parametric study is often performed to determine the appropriate values of
various design parameters as quickly as possible. With such applications, the
radiation power efficiency must be maximized to minimize the power loss. In
addition, the directional pattern of the radiated acoustic sounds is important
because power loss during transmission can be minimized if most of the acoustic
power emitted by the acoustic radiator is transmitted to the receiver. In other
words, a large sharp major lobe is required in the acoustic radiation pattern.
First, we should check whether the efficiency of the radiated acoustic wave can
be maximized at a receiver distance of 3 m from the radiating surface of the
stepped-plate radiator. This can be achieved as the driving frequency and radius
of the plate.
The driving frequency and the radiation area of the plate can be determined
by considering the acoustic wave emitted by the radiator. When an acoustic
wave propagates in air, spherical spreading and attenuation should be considered [7]. Spherical spreading is an acoustic phenomenon whereby the energy of
the acoustic wave is inversely proportional to the square of the distance. The location on the surface where the spherical spreading begins can be calculated
from the Rayleigh distance, Rd = πa2/λ, when the radiation area is a rigid circular
plate. Attenuation occurs due to losses in the medium and, in air, is proportional
to the square of the frequency. Spherical spreading increases at low frequencies
because of the short Rayleigh distance. At high frequencies, attenuation may increase. Therefore, an optimum frequency for a given transmission distance is
expected due to the opposite trends in the effects of spherical spreading and attenuation. The receiver efficiency can be calculated as follows [7]:

ηre =
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where Zr and Uplate are the acoustic radiation impedance and velocity of the rigid
circular plate, respectively [7]. The received acoustic intensity at a given location
is I re = p 2 ρ0 c [7].
Figure 2 shows simulation results for the relationship between the radius of
2

the plate and frequency. The frequency and the radius of the plate should be selected based on the specific application. In this study, we determined the optimum frequency to be 70 kHz and the optimum radius to be 0.1 m, to obtain the
maximum received acoustic efficiency at 3 m.

4. Transmitter Efficiency
The design parameters are related to the configuration of the stepped-plate radiator. Figure 3 shows the installation conditions of the stepped-plate radiator
used for the simulation. The Langevin transducer consists of two PZT rings with
head and tail components, which are combined using an elongated bolt that
pre-stresses the contact interfaces between the PZT rings and the head or tail
component (see Figure 3).
In Section 3, the resonance frequency and the radius of the plate were determined. Thus, the overall design process for a stepped-plate radiator can be
summarized as follows:
1) Design the driving components, including the Langevin transducer and
stepped horn. The resonance mode shape of the driving components is the
second longitudinal mode; this is because the node points are located between
the two PZT ring elements and between the different cross-sectional areas of
the stepped horn (Line 1 in Figure 3).

Figure 2. Receiver efficiency relationship between the radius of the plate and frequency.
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Figure 3. Installation conditions of the stepped-plate radiator.

2) Design a plate with identical resonance frequency to that of the driving components, and attach it to the end of the stepped horn.
3) Calculate the acoustic radiation efficiency of the designed stepped-plate radiator.
In this research, the simulations were calculated by the commercial FEM
package (COMSOL Multiphysics) and the material properties of each part are in
Table 1. Figure 4 shows the boundary conditions and simulation conditions of
the stepped-plate radiator in COMSOL Multiphysics. We use the 2d axisymmetric model since the shape of a stepped-plate radiator. The interface A is the
far-field calculation condition which means the perfect matched layer and no
reflection of the acoustic waves.
The transmitter efficiency of the stepped-plate radiator (ηtr) can be defined as
the ratio of the radiated acoustic power to the electrical power input: i.e.,
=
ηtr

Pout ∫interface A I tr dS
=
Pin
Re [V ] Re [i ]

(2)

where V is the voltage applied to the PZT ceramics, i is the consumed current of
the PZT ceramics, and Itr is the acoustic intensity at the interface A. The design
parameters for the stepped-plate radiator are the length of the driving components Ldrive, the radius of the plate ap, the thickness of the plate hp, the radius of
the horn ah, and the radius of the driver ad. The length of the driving components is directly related to the resonance frequency [8]. The resonance frequency
is not included in the design parameters because it is given by the operating frequency, which is determined via a calculation of the propagation efficiency, as
described in Section 3. Using the four variables ap, hp, ah and ad, we can define
the following three dimensionless parameters to investigate the performance of
the radiator.
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Figure 4. Boundary conditions of the stepped-plate radiator.
Table 1. Material properties of the aluminum and PZT ceramic.
Materials

Aluminum
(Al-7075)

Properties

E

72 GPa

Mass density

ρ

2780 kg/m3

Poisson’s ratio

ν

0.33

Mechanical quality factor

Qm

2000

E
11

s

12.0 × 10−12 m2/N

s12E

−3.4 × 10−12 m2/N

s13E

−5.5 × 10−12 m2/N

s33E

14.7 × 10−12 m2/N

s44E

41.7 × 10−12 m2/N

d31

−117 × 10−12 m/V

d33

232 × 10−12 m/V

d15

582 × 10−12 m/V

s11T ε 0

1854

s33T ε 0

1184

Mechanical quality factor

Qm

1235

Mass density

ρ

7600 kg/m3

Dissapation factor

Tan δ

0.3 %

Elastic modulus

PZT ceramic
(C-21 by
Fuji ceramics)

Values

Elastic modulus

Piezoelectric constants

Relative dielectric constants

=
α

hp
ah
ah
=
,β =
,γ
ad
ap
ap

(3)

We suggest the dimensionless parameters; α, β and γ, where α is the amplification ratio of the stepped horn, β is the ratio of the cross-section of the stepped
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horn to that of the plate, and γ is the ratio of the radius to the thickness of the
plate.
A stepped-plate radiator has steps to compensate for the discrete phase difference in the vibrating plate. The height of the steps should be carefully selected,
since the fabrication limit due to the extremely thin circular plate. The minimum
thickness of the plate in this case may be 5 mm. Thus, as shown in Figure 5(a),

(a)

(b)

(c)

Figure 5. The maximum transmitter efficiency of the stepped-plate radiator (a) which is
related to the γ, (b) β, and (c) α.
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for the 8th mode, we have a minimum of γ = 0.045 when the radius of the plate is
0.1 m and the driving frequency is 70 kHz. We find 2ka = 256.4 for the 8th mode.
Optimum values of α, β and γ should be calculated via a parametric study to
maximize the acoustic radiation efficiency of a stepped-plate radiator. The dimensionless parameters β is used to calculate the maximum transmitter efficiency when γ depends on the selected mode number. Figure 5(b) shows the
transmitter efficiency, ηtr, for the 8th mode of the plate. We find γ = 0.045, and
the optimum value of β is 0.000167, and the maximum transmitter efficiency is
20.6%. It follows that β is optimal to maximize the transmitter efficiency.
Using Equation (3), we find an optimal value of β is 0.000167, and the radius
of the horn is ah = 0.0167 mm, which is too small to fabricate the stepped-plate
radiator, as shown in Figure 3. In the parametric calculation, we restrict the
minimum radius of the horn to 2 mm, and β = 0.02. Figure 5(c) shows the relationship between the transmitter efficiency and α, when β = 0.02 and γ = 0.045.
The maximum transmitter efficiency is 20.2%, which differs from that shown in
Figure 5(b) by 0.4%. The optimum value of α is 0.489, and the optimum radius
of the driver is ad = 4 mm.
Based on the simulation results, the dimensionless parameters α and β are determined to achieve the maximum power efficiency. The value of γ is restricted
by the fabrication limit of a plate. Thus, by considering the simulation results
and other constraints for the stepped-plate radiator, we determine the design
parameters that yield the maximum power efficiency for a stepped-plate acoustic
radiator as follows. For an operating frequency of 70 kHz, we have a = 100 mm,

tp = 4.5 mm, ah = 2 mm and ad = 4 mm. The power efficiency of the resulting
stepped-plate radiator is 20.2%.

5. Conclusions
The in-air acoustic wireless energy transmission with a stepped-plate radiator
described here has high efficiency, high directivity, and a high-intensity acoustic
beam. We classify three types of acoustic efficiency: transfer, propagation, and
the receiver efficiency. The receiver efficiency was assumed to have a maximum
value and the shape of the receiver is a point. For the optimum propagation efficiency at a 3 m distance, the driving frequency and the radius of the plate are 70
kHz and 0.1 m, respectively. The design parameters of the stepped-plate radiator
can be represented as 4 variables: the radius of the plate ap, the thickness of the
plate hp, the radius of the horn ah, and the radius of the driver ad. Using these variables, we can obtain the 3 dimensionless parameters; α, β, and γ, and optimum
simulation results of α = 0.489, β = 0.02, and γ = 0.045, taking into consideration
the boundary and installation condition of the stepped-plate radiator. The final
maximum transmitter efficiency is 20.2%.
This design technique achieves an optimum acoustic radiation efficiency of
the stepped-plate radiator, as well as a maximum acoustic energy transmission,
for various acoustic energy transfer conditions in the air.
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