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Extraordinary acoustic transmission (EAT) has been investigated in a tunable bull’s eye structure. We demonstrate
that the transmission coefficient of acoustic waves can be modulated by a grating structure. When the grating is located at
a distance of 0.5 mm from the base plate, the acoustic transmission shows an 8.77-fold enhancement compared to that by
using a traditional bull’s eye structure. When the distance increases to 1.5 mm, the transmission approaches zero, indicating
a total reflection. Thus, we can make an efficient modulation of acoustic transmission from 0 to 877%. The EAT effects
have been ascribed to the coupling of structure-induced resonance with the diffractive wave and the waveguide modes, as
well as the Fabry–Perot resonances. As a potential application, the modulation of far-field collimation is illustrated in the
proposed bull’s eye structure.
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1. Introduction
Metamaterials have gained extensive attention due to

their ability to exhibit many unnatural and fascinating phe-
nomena that are impossible to obtain in natural materials.[1]

Optical metamaterials have shown many applications, such
as extraordinary optical transmission (EOT),[2–11] optical
superlensing,[12,13] and invisibility optical cloaking.[14] On
the other hand, acoustic metamaterials have been pro-
posed to have many potential applications, such as extraor-
dinary acoustic transmission (EAT),[15–24] collimation and
focusing,[25–27] acoustic cloaking,[28,29] sonar sensing,[30] and
acoustic filter.[31–33]

Acoustic grating has been widely used to tune many as-
pects of acoustic transmission, such as the realization of unidi-
rectional acoustic transmission,[34–36] extremely flat transmis-
sion under oblique incidence,[37] and the EAT.[15–17] The EAT
phenomenon has been intensely investigated in many struc-
tures, such as single subwavelength aperture surrounded by
finite periodic grooves and a one-dimensional grating.[15–22]

Zhang[15] obtained the EAT through acoustic gratings with
very narrow slits by multiple-scattering numerical simulations.
The resonant transmission has been ascribed to the excita-
tion of transverse and coupled resonant acoustic modes along
the direction of grating period. Lu et al.[16] experimentally
demonstrated the EAT phenomena through 1D acoustic grat-
ings with subwavelength apertures. The physical origin of the

EAT is attributed to the strong coupling between the diffrac-
tive surface wave and waveguide modes. Christensen et al.[17]

presented a complete study of the acoustic transmission prop-
erties of subwavelength apertures. When the apertures are
placed in a periodic fashion, a new type of transmission reso-
nance appears in the spectrum. They have demonstrated that
this resonance stems from the excitation of an acoustic guided
wave that hybridizes strongly with the FP resonances associ-
ated with waveguide modes in single apertures. However, the
EAT phenomenon only occurs at particular frequencies and it
cannot be modulated in the traditional grating structure.

In this paper, we have proposed a tunable grating with an
asymmetric bull’s eye structure that can modify the acoustic
transmission coefficient. An efficient modulation of acoustic
transmission from 0 to 877% has been demonstrated. We have
further found two kinds of EAT effects. One is attributed to
the coupling of structure-induced resonance with the diffrac-
tive wave and the waveguide mode, and the other is due to the
FP resonances between the grating and the base plate. As a
potential application, the modulation of far-field collimation
is illustrated in the proposed bull’s eye structure.

2. Simulation results and discussion
Figure 1(a) illustrates a cross-section view of the pro-

posed tunable bull’s eye structure, which consists of a peri-
odic rectangular grating and a base plate with a single cen-
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tral aperture. The thickness of the base plate and width of
the aperture are w = 1.5 mm and a = 0.5 mm, respectively.
The thickness of the grating is h = 0.5 mm, and the period
is d = 3.0 mm. The distance between the grating and base
plate H can be tuned. When H = 0 mm, this structure de-
generates into a traditional asymmetric bull’s eye structure.[17]

In this study, the fluid medium is selected to be water with a
density of ρw = 998 kg/m3 and the sound velocity is set as
cw = 1483 m/s. The metal plate is assumed to be rigid and
the acoustic impedance significantly mismatches with that of
water. The structure consists of 32 periods and is excited by a
monochromic source.
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Fig. 1. (a) Tunable bull’s eye structure consisting of a periodic grat-
ing and a base plate with a central aperture. The thickness of the base
plate and the width of the aperture are w = 1.5 mm and a = 0.5 mm,
respectively. The thickness of the grating is h = 0.5 mm, and the pe-
riod is d = 3.0 mm. The grating consists of 32 periods. The distance
H between the grating and the base plate is a configurable parameter.
(b) Transmittance with different H values: 0.5 mm (solid curve), 0 mm
(dashed curve), and no grating (dotted curve).

First, we investigate the influence of H on the acoustic
transmittance. We assume that an acoustic plane wave im-
pinges normally onto the structure, and the incident frequency
sweeps from 300 kHz to 550 kHz. By using full-wave simula-
tions, the variation of the acoustic transmittance for the asym-
metric bull’s eye structures with different H values is shown
in Fig. 1(b). Transmission peaks are observed in both regu-
lar bull’s eye structure with H = 0 mm (dashed curve) and
modulated version with H = 0.5 mm (solid curve), while no
obvious peak exists for a pure plate without grating (dotted
curve). For the case of H = 0.5 mm, the transmission peak
is significantly higher than that for the other two cases. The
peak intensity (T = 0.4158) for the case of H = 0.5 mm has
an 8.77-fold enhancement compared to that (T = 0.0474) for
the case of H = 0 mm, and a 62.06-fold enhancement com-
pared to that (T = 0.0067) without grating structure. The T
value (∼ 0.4158) for the case of H = 0.5 mm is significantly
improved compared to that (T = 0.0474) for the regular bull’s

eye structure (H = 0 mm), suggesting an enhanced EAT effect.
It is noted that the resonant frequency is slightly shifted from
432 kHz for the case of H = 0 mm to 456 kHz for the case of
H = 0.5 mm. This can be ascribed to the variation of the reso-
nance of structure-factor-induced surface modes and coherent
diffraction in the EAT.[17,18]
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Fig. 2. Far-field spatial distribution of the pressure field at the output
side of the structure: (a) H = 0.5 mm at 456 kHz. (b) H = 0 mm at
432 kHz. (c) The angle distribution of the energy at the output side for
H = 0.5 mm (solid curve), H = 0 mm (dashed curve), and no grating
(dotted curve).

In order to confirm the manipulation EAT effects as
shown in Fig. 1(b), we further calculate the far-field spatial
distributions of the pressure fields at the output sides of the
structures. In Fig. 2, it is found that the acoustic transmis-
sion for H = 0.5 mm (Fig. 2(a)) is much stronger than that for
H = 0 mm (Fig. 2(b)). We further investigate the angle dis-
tribution of the acoustic transmission, the extracted directivity
diagrams at the output sides are shown in Fig. 2(c). The solid,
dashed, and dotted curves represent the cases of H = 0.5 mm,
H = 0 mm, and plate without grating, respectively. All the re-
sults are plotted in log scale. For the case of plate without grat-
ing, the low transmission is about 81.6 dB and the near-ideal
isotropic sound radiation emits uniformly in directions from
0◦ to 75◦ (dotted curve in Fig. 2(c)). When the grating struc-
ture is attached to the input surface of the plate, the transmitted
acoustic wave is dramatically enhanced by 7.9 dB in almost all
directions (dashed curve in Fig. 2(c)). Furthermore, the trans-
mission increases to about 98.8 dB when the grating is moved
to a distance of H = 0.5 mm from the base plate (solid curve in
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Fig. 2(c)). The acoustic radiation is almost equally improved
by 9.3 dB in all directions compared to that of the case for
H = 0. When H becomes zero, the sound pressure level LP0

along the axis direction is 89.5 dB, while the sound pressure
level LP0.5 is 98.8 dB when H = 0.5 mm. Thus, an 851% en-
hancement of the sound transmittance is achieved, according
to the ratio of IP0.5/IP0 = 10(LP0.5−LP0 )/10=8.51, which is al-
most in agreement with that (877%) calculated in Fig. 1(b).

In order to investigate the effective manipulation charac-
ter of the proposed approach, we further investigate the evo-
lution of transmitted sound with the variation of H from 0
to 3 mm. In Fig. 3(a), we find two EAT lines: a horizontal
line and an inclined line. For the horizontal line, it is found
that the resonant frequency shifts from 432 kHz to 461 kHz
when the H value increases from 0 to 3 mm (square curve in
Fig. 3(b)). This behavior is analogous to the locally-resonant
frequency in metamaterials composed of coupled microstruc-
tures, and should be attributed to the coupling of structure-
induced resonance with the diffractive wave and the waveg-
uide mode. Moreover, the resonant frequency for the in-
clined line greatly decreases from 450 kHz for H ∼ 1.6 mm to
300 kHz for H ∼ 2.4 mm (circle curve in Fig. 3(b)). The cor-
responding wavelength increases from 3.30 mm to 4.94 mm,
which is about twice the distance H, indicating the first-order
FP resonance. Similarly, when H increases from 2.7 mm to
3.0 mm, the resonant frequency decreases from 550 kHz to
500 kHz (triangle curve in Fig. 3(b)), and the corresponding
wavelength is roughly equivalent to the distance H, suggest-
ing the second-order FP resonance. It is further found that the
transmittance maintains a high value in the range of H = 0.3–
1.2 mm, and then decreases to a low value at other H values,
as shown in Fig. 3(a). Figure 3(c) shows the dependence of
the transmittance on the H values. For the horizontal line, the
transmittance gradually increases from 0.05 at H = 0 mm to
0.4158 at H = 0.5 mm, and then decreases to 0 at H = 1.5 mm,
as shown by the square curve in Fig. 3(c). With further in-
crease of the H value from 1.5 mm to 3.0 mm, the trans-
mittance suddenly increases to ∼ 0.07. It is surprising that
the transmission (T ∼ 0) is almost perfectly inhibited when
H = 1.5 mm, which is even lower than that (T = 0.0067) for
the plate with a single aperture. In the range of H values from
0.3 mm to 1.2 mm, we find intensive resonance in the aperture
of the base plate. Meanwhile, the resonance in the aperture
of the base plate becomes weak at other H values, especially
at H = 1.5 mm. Thus, the resonance in the aperture of the
base plate plays an important role in acoustic transmission.
Therefore, we can not only enhance but also isolate the acous-
tic transmission by changing the distance between the grating
and the base plate. In addition, for the inclined line, the trans-
mittance due to the first-order FP resonance decreases from
0.067 for H = 1.6 mm to 0.029 for H = 1.8 mm, and then in-
creases to 0.11 for H = 2.4 mm, as shown by the circle curve

in Fig. 3(c). The transmittance due to the second-order FP
resonance decreases from 0.067 for H = 2.7 mm to 0.015 for
H = 3.0 mm, as shown by the triangle curve in Fig. 3(c). We
further compare the contribution of FP resonance and the cou-
pling modes between the diffractive wave and the waveguide
modes on the EAT. As shown in Fig. 3(c), the coupling modes
between the diffractive wave and the waveguide mode play a
main role on the EAT in the range of H values from 0 mm to
1.5 mm. In the range of H values from 1.5 mm to 3.0 mm,
both the coupling modes between the diffractive wave and the
waveguide mode and the FP resonance contribute to the EAT.
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Fig. 3. (a) Evolution of the transmittance with H. (b) Dependence of
the resonant frequency on H. (c) Dependence of the intensity for the
transmission peak on H.

We further investigate the surface acoustic waves induced
by the tunable grating structure and the eigenmodes through
the pressure field distribution in the unit cells of the compos-
ite structure. Figure 4 shows the near-field pressure amplitude
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distributions for the cases of the regular bull’s eye (H = 0 mm
at 432 kHz), H = 0.5 mm at 456 kHz, and H = 1.5 mm at
456 kHz. Here, the arrows represent the vibration velocity,
and the scale factor of the arrows in Fig. 4(c) is magnified by
five times. We note that a local resonance exists in all three
cases. Although the pressure amplitude inside the grooves is
very high (e.g., ∼14 times of the amplitude of the incident
wave), the intensity of the surface wave is weak and the trans-
mitted energy through the central aperture is low for the case
of H = 0 mm (see Fig. 4(a)). For the case of H = 0.5 mm (see
Fig. 4(b)), the intensive resonances are investigated not only
between each grating, but also between the gratings and the
base plate. The diffractive wave is also found to be excited by
the grating and the waveguide modes coupling with each other,
which leads to the circular vibration around the rectangular
gratings. The separation of the plate and the grating opens
an additional effective propagation path for surface acoustic
waves, and then more energy can be gathered, thereby enhanc-
ing the acoustic transmission through the central aperture. In
addition, the induced resonances can also isolate the transmis-
sion when they are not coupled with each other, as shown in
Fig. 4(c). The velocity around the grating becomes very small
compared to that for the case of H = 0 mm or 0.5 mm. We have
further found that the stronger the resonances couple with each
other are, the more intensive the resonance in the aperture of
the base plate will be, and hence the higher acoustic transmis-
sion.
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Fig. 4. Near-field spatial distribution of the pressure field at the input side
of the structure: (a) H = 0 mm at 432 KHz; (b) H = 0.5 mm at 456 KHz;
(c) H = 1.5 mm at 456 KHz. The direction (size) of the arrows indicates the
direction (magnitude) of vibration velocity. Note that the scale factor of the
arrows in (c) is magnified by five times.

Finally, a possible application of the manipulation ap-
proach in sound collimation is discussed. In Fig. 5, another
grating is placed in front of the output side of the base plate

in the asymmetric bull’s eye structure. Here, the material and
geometric parameters of the output grating are the same as that
of the input one, and the distance between the base plate and
the output grating is H. According to Christensen’s theory, the
regular bull’s eye structure has the ability to achieve extraor-
dinary acoustic transmission and strong collimation.[21] Thus,
the grating on the input surface allows for the coupling of sur-
face modes, while the grating on the output surface determines
the beam shape and angle.[26] In our proposed structure, the
far-field acoustic pressure field for the case of H = 0 mm at
430 kHz is shown in Fig. 6(a). It is found that the acoustic sur-
face waves are excited, which is accompanied by the acoustic
resonant transmission in the structure. Then, the acoustic sur-
face waves are scattered by the grooves, which further couple
with the transmitted wave from the slit, forming the collimated
beam in the far-field region. In the case of H = 0.5 mm at
456 kHz, a significant enhancement of the collimated beam is
observed in the far field, as shown in Fig. 6(b). The origin of
the enhanced collimation phenomenon is ascribed to the de-
tached gratings, which induces the scattered waves stronger
and hence the larger coupling with the diffracted waves. As
a reference, the far-field acoustic pressure field for the case
of grating only on the input side (H = 0.5 mm) at 456 kHz
is shown in Fig. 6(c), in which the collimation phenomenon
disappears. We also exhibit the corresponding directivity di-
agram at the output side of the structure in Fig. 6(d). The
maximum pressure amplitudes are determined to be 114.72 dB
and 102.14 dB along the direction of 0◦ for the two gratings
of H = 0.5 mm and H = 0 mm, respectively. The far-field
energy-flow density along the direction of 0◦ for H = 0.5 mm
is improved by 18.11 times compared to the regular bull’s eye
(H = 0 mm). In addition, the sound beam is found to have
a narrow angular region with a full width at half maximum
(FWHM) of 3.55◦ for the case of H = 0.5 mm, which is only
one third of that (FWHM=10.25◦) for the case of H = 0 mm,
as shown in Fig. 6(d). In contrast, for the case of one grating
at the input side (H = 0.5 mm), the sound energy exhibits uni-
form distribution in directions from 0◦ to 75◦ with a pressure
amplitude of 98.8 dB, as shown by the dotted cave in Fig. 6(d).
Thus, a significant improvement for superdirectivity has been
observed in the proposed bull’s eye structure.
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Fig. 5. Tunable symmetric bull’s eye structure with two acoustic grat-
ings at the input and output sides.
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Fig. 6. Far-field spatial distribution of the pressure field at the output
side of the structure at the resonance frequency: (a) H = 0 mm with
two acoustic gratings; (b) H = 0.5 mm with two acoustic gratings; and
(c) H = 0.5 mm with one grating. (d) Angle distribution of the en-
ergy in the output side for H = 0.5 mm with two gratings (solid curve),
H = 0 mm with two gratings (dashed curve), and H = 0.5 mm with one
grating (dotted curve).

3. Conclusion

We have reported a manipulation of the extraordinary
acoustic transmission (EAT) by a tunable bull’s eye structure.
The efficient modulation of EAT can be changed from 0 to
877%. The EAT effects have been ascribed to the coupling of
structure-induced resonance with the diffractive wave and the
waveguide mode, as well as the Fabry–Perot resonances. We
also demonstrate the enhanced collimation effect in the bull’s
eye structure. This approach has shown potential applications
in ultrasonic focusing and detection.
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