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The authors report a design of a highly magnified directional acoustic source based on the planar
resonant cavity of two-dimensional phononic crystals. The authors demonstrate that the order of the
resonant mode and the reflective ratio of the double phononic crystal slab are the key factors to the
magnified ratio of the directional acoustic amplifier. With properly designed mode and cavity width
of the asymmetric phononic structure, the optimal magnified amplitude can be achieved by more
than 86.5 times in comparison with the amplitude of the original line source freely radiating in
water. © 2006 American Institute of Physics. �DOI: 10.1063/1.2370382�

Recently, there has been a growing concern for phononic
crystals that demonstrate the band gaps of acoustic wave
propagation in periodic elastic materials. The band gap phe-
nomenon occurs to prohibit elastic waves of specific fre-
quencies from traveling through the phononic crystals.1–3 In
addition to the bulk acoustic waves, band gaps for surface
acoustic waves have also been demonstrated.4–7 Large acous-
tic band gaps occur by several phononic crystal examples
made of solid or fluid constituents.8–12 It may lead to the
development of a variety of acoustic devices, such as sound
insulation wall, acoustic wave guides, etc. Recently, Qiu
et al.13 proposed an asymmetric structure of the planar cavity
composed of phononic crystals to act as a directional acous-
tic source. With such a resonant cavity, acoustic waves can
propagate a long distance with little spreading; however, the
amplitude of the acoustic wave is only slightly increased.

In this letter, based on the resonant cavity proposed in
Ref. 13, we propose a design of a highly magnified direc-
tional acoustic source. The proposed acoustic source not only
preserves the same directional characteristics as that in Ref.
13; the amplitude of the radiative wave is also dramatically
magnified. The calculations in our work are based on the
finite difference time domain method.14 A parallelized com-
putation program with a message passing interface15 is writ-
ten and executed on a personal computer cluster system with
eight processors.

The phononic crystal considered in this study is a solid/
fluid two-dimensional square lattice phononic crystal con-
sisting of water as the base materials and steel as the cylin-
ders. The lattice constant of the phononic crystal structure,
hereunder referred to as a, is 10 mm, and the radius of the
cylinder is 3.75 mm. In this case, the filling ratio f is 0.442.
The density of steel is assumed as 7780 kg/m3, and that of
water is 1000 kg/m3. The velocities of the longitudinal and
transverse waves CL and CT in steel are 5825.22 and
3226.66 m/s, respectively, while the velocity of longitudinal
waves in water is 1490 m/s.

A schematic diagram of the resonant cavity is demon-
strated in Fig. 1. An asymmetric structure composed of six
layers of crystals on the left and four layers of crystals on the
right is designed to minimize the radiation toward the left.
The width of the planar cavity is equal to 1.25a. The length

of the resonant cavity along the Y direction is 26a, and four
layers of phononic structures are employed at both ends to
suppress radiation along the Y direction. Figure 2 shows the
transmission coefficient and dispersion relation of the steel/
water phononic crystal. To calculate the transmission coeffi-
cients, a wideband wave packet is generated and propagates
through the phononic crystal structure, and the spectrum is
calculated and compared to that of free space. The solid line
in the left of Fig. 2 is the result of the resonant cavity. Reso-
nant modes of the cavity are excited, and sensors receive the
resonant signals. Thus there are two resonant peaks, 58.52
and 86.46 kHz, located within the band gap in the �X direc-
tion. The lower frequency peak appears in the partial band
gap, and the higher frequency peak is in the complete band
gap.

Shown in Fig. 3 is the near-field amplitude distribution
with a line source of 86.46 kHz �the resonant peak 2 in Fig.
2� located in the cavity. The darker color presents a larger
amplitude value. As pointed out in Ref. 13, since the reso-
nant frequency is in the complete band gap, the radiative
waves from the source is directive �positive X direction� and
the spreading angle is very small. Observing the amplitude
distribution along the centerline AA�, the amplitude of the
directive waves is only about 1.3 times of the reference
source amplitude. In the calculation, an alternative case as

a�Electronic mail: wutt@ndt.iam.ntu.edu.tw FIG. 1. �Color online� Schematics of the planar cavity.
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the rectangular dotted region shown in Fig. 1 with periodic
conditions along the Y direction is adopted and compared to
the result of the full field case. Since the aperture of the
cavity is large �26a� in comparison with the lattice constant,
the results agree with each other well. Thus we utilize the
periodic boundary conditions in the following studies and
designs of the resonant cavity.

On the other hand, we note that the Fabry-Perot-type
standing wave resonant condition indicates

n
�n

2
= Ln, �1�

where n is the order of the resonant modes, �n is the longi-
tudinal wavelength, while Ln is the equivalent cavity width
for the nth order resonant mode.16 Since the boundaries of
the resonant cavity comprising two phononic slabs are not
purely fixed-end boundary conditions, the equivalent width
of the cavity is expected to be different for different source
frequencies. For the case of the second resonant frequency
�86.46 kHz� in Fig. 3, by setting n=2 in Eq. �1� and the wave
velocity of water as 1490 m/s, we find that the equivalent
cavity width is 1.72a. A close look at Fig. 3 shows that the
position of X=0 is an antinode �i.e., the amplitude is vanish-

ing� and the distance between the first two adjacent antinodes
is 1.72a, the same as that predicted by Eq. �1�.

Figure 4 shows the wave amplitude distribution along
the X direction for the case of a 58.52 kHz source frequency
�the first resonant peak in Fig. 2�. In this case, we find that
the mode of resonance is n=1 and the wave amplitude in the
right hand side is about 48.8 times of the reference source
amplitude, while that at the left hand side is about 11.4 times.
The equivalent cavity width measured from Fig. 4 is 1.27a
and is the same as that calculated from Eq. �1�. It is notice-
able that since this mode is not within the complete band
gap, the radiative wave is not truly directional.

In the prior art, although the directivity is achieved in the
design, the radiative amplitude remains unmagnified. To sum
up, we observe that �1� if the resonant peak of the phononic
resonant cavity is located in the complete band gap, high
directivity of the radiative acoustic waves can be achieved
and �2� utilization of the first order resonant mode leads to a
magnified radiative wave amplitude. Therefore, to achieve an
acoustic wave source that is not only highly directive but
also highly magnified, it is necessary to adjust the width of
the cavity and tune the resonant frequency of the first mode
into the complete band gap.

Since the resonant frequency increases in proportion to
the decrease of the cavity width, we decrease the cavity
width and calculate the corresponding resonant spectrum to
tune the first order resonance frequency into the complete
band gap. Figure 5 shows the resonant spectra for cases of
cavity widths equal to 1.25a, 0.83a, and 0.66a. The case of
1.25a is the same as that in Fig. 2, where the first resonant
peak is located in the partial band gap and the second reso-

FIG. 5. �Color online� Resonant spectra for cases of cavity widths equal to
1.25a, 0.83a, and 0.66a.

FIG. 2. �Color online� Dotted line in the left block represents the transmis-
sion coefficients for six layers of a phononic crystal slab in the �X direction.
The other line in the same block is the transmission coefficients of the
resonant cavity in the �X direction. On the right side of the figure is the
dispersion relation of a steel/water square lattice phononic crystal with a
filling ratio of 0.442.

FIG. 3. �Color online� Near-field amplitude distribution with a line source
set in a 1.25a wide cavity; the operating frequency is 86.46 kHz.

FIG. 4. �Color online� Wave amplitude distribution along the X direction for
the case of source frequency equal to 58.52 kHz, i.e., the first order
resonance.
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nant peak in the complete band gap. For the cases of 0.83a
and 0.66a, the first resonant peak is tuned into the complete
band gap, while the second resonant peak is not in the com-
plete band gap.

Shown in Fig. 6 is the magnification ratio versus the
resonant frequency of the first mode. Six different cavity
widths decreasing from 0.83a to 0.42a are studied. The re-
sults show that the magnification decreases, while the cavity
width decreases. In other words, the optimal magnification
can be achieved as the first order resonant frequency and is
located slightly higher than the lower border of the complete
band gap. A magnification of the amplitude of the radiated
waves as high as 86.5 times has been achieved in this case.
This phenomenon can be detected through the transmission
coefficient of the six-layered phononic slab along the X di-
rection shown in the left of Fig. 2 �dotted line�. On condition
that the reflective coefficient around the lower border of the
complete band gap is the biggest, whereas transmission co-
efficient is the smallest, the phononic resonant cavity can
achieve the biggest resonance. While the cavity width be-
comes smaller �i.e., the first order resonance bounces higher�
and the reflection coefficient decreases, the resonant ampli-
tude would be decreased.

In conclusion, we report a design of a highly magnified
directional acoustic source based on the planar resonant cav-
ity of two-dimensional phononic crystals in this letter. The
order of the cavity resonant mode and the reflection coeffi-
cient of the phononic crystal slab are the key factors in de-
signing a directional acoustic amplifier. In the design, the
first order resonant mode of the cavity is highly recom-
mended for obtaining a much higher magnification ratio. To
obtain a directional acoustic source, the first order resonant
mode has to be tuned to the range of the complete band gap.
Beyond that, the first resonant frequency is required to match
with the highest reflection coefficient of the phononic crystal
slab to obtain the highest magnification ratio. We note that
the results of this study may find important applications in
the design of a highly magnified acoustic source.
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FIG. 6. �Color online� Magnification ratio vs resonant frequency of the first
mode.
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