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Narrow bandwidth and complicated structures are the main disadvantages of the existing asym-
metric acoustic transmission devices. In this paper, a simple broadband asymmetric acoustic
transmission device composed of an acoustic prism and absorptive material is proposed and
numerically investigated. The triangular acoustic prism is filled with xenon gas and can modu-
late the propagation direction of transmitted wave according to the generalized Snell’s law. The
absorptive material can completely absorb the incoming waves. The sound pressure field distri-
butions, sound intensity distributions, and transmittance are calculated by using finite element
method. The sound pressure field distributions show that asymmetric acoustic transmission can
be realized by the proposed device, which agree well with the theoretical predictions. The
acoustic wave of left incidence is transmitted by the acoustic prism with a certain refraction an-
gle and then the transmitted wave is absorbed by the absorptive material, the acoustic propaga-
tion is not allowed. However, the acoustic wave of right incidence can pass through the device
due to the absence of absorptive material. The asymmetric acoustic transmission is valid within
a remarkably broad frequency range from 1000 Hz to 10000 Hz. Besides, the effects of prism
angle on the transmitted wave direction are discussed. The proposed device may have potential
applications in various areas, such as medical ultrasound and noise control.
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1. Introduction

The electric diodes can realize the rectification of current flux and bring significant revolutions
in various fields [1]. Inspired by the electric diodes, some researchers have dedicated to investigat-
ing the asymmetric transmission of other forms of energy, such as optical energy [2], thermal ener-
gy [3], and acoustic energy [4-17]. The asymmetric acoustic transmission (AAT) device can realize
the asymmetric transmission of acoustic waves. Recently, the AAT device has gradually become a
research focus due to its potential applications in many areas, such as medical ultrasound and noise
control.

In the beginning, the AAT devices were designed by breaking the time-reversal symmetry. Liang
et al. [4,5] designed an AAT device by using a superlattice and a strongly nonlinear medium, and
the acoustic energy rectification was demonstrated theoretically and experimentally. The nonlinear
AAT devices can change the frequencies of acoustic waves, and have disadvantages of low conver-
sion efficiency and complexity in experimental realization. Compared with the nonlinear AAT de-
vices, the linear AAT devices that break the spatial reversal symmetry have attracted more atten-
tions due to their significantly improved performances. The asymmetric grating structure can be
used to design AAT devices based on one-way diffraction principle [6,7,8]. Phononic crystals (PCs)
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are periodic composites composed of two or more materials [9], and have been very important in
realizing the AAT devices. Li et al. [10] experimentally demonstrated the asymmetric acoustic
transmission in a PC-based AAT device that breaks the spatial reversal symmetry. Yuan et al. [11]
and Song et al. [12] realized AAT devices composed of a bended waveguide and a linear PC. In
recent years, the acoustic metasurface (AMS) has attracted extensive attentions and shows special
advantages in the design of AAT devices. Li et al. [13] designed an acoustic prism composed of
metamaterials with near-zero refractive index to realize high efficient asymmetric acoustic trans-
mission. Zhu et al. [14,15] proposed two kinds of open tunnels by using reflective AMSs. Wang et
al. [16] proposed an AAT device by using two structured impedance-matched AMSs. Song et al.
[17] proposed a waveform-preserved AAT device composed of an AMS and a PC structure.

Although various AAT devices have realized asymmetric acoustic transmission in many litera-
tures, most devices have complicated structures and the valid bandwidth is limited, which will re-
strict the potential applications of AAT device. In this research, we propose a simple AAT device
by using an acoustic prism and absorptive material. Compared with the previous AAT devices, the
proposed AAT device can realize asymmetric acoustic transmission within a broad frequency range.
The acoustic prism is designed according to the generalized Snell’s law. The sound pressure field
distributions, the sound intensity field distributions, and the transmittance are calculated for differ-
ent incident directions. Furthermore, the prism angle effects on transmitted wave directions are dis-
cussed. Finally, a brief conclusion is given.

2. Asymmetric acoustic transmission device

In this paper, a simple broadband AAT device is proposed by using an acoustic prism and ab-
sorptive material. The schematic of the proposed AAT device is shown in Fig. 1. The cross-section
of the acoustic prism is right triangle (marked with “ABC” in Fig. 1), and the prism angle is denoted
as 6. The prism is filled with xenon gas and placed in air, and the directions of the transmitted
waves can be modulated according to the generalized Snell’s law. The absorptive material is placed
on the right of the acoustic prism (marked with “CD” in Fig. 1) and can completely absorb the inci-
dent waves. The absorptive material can be realized by metamaterials [18-20] or traditional materi-
als, such as porous, spongy or fiber materials. Other boundaries are hard boundaries which can
completely reflect the incident waves. In Fig. 1, the red and blue arrows denote the directions of the
incident waves for left incidence (LI) and right incidence (RI), respectively. The sound velocities in
air and xenon are ca=343 m/s, cx = 169 m/s, respectively. The acoustic impedances of air and xenon
are Za=442.5 Pa s/m, Zx= 996.1 Pa s/m, respectively. Besides, the interfaces between air and xenon
can be separated by polyethelene films in the experiment [5]. Due to the impedances of air and xen-
on are in the same orders of magnitude, the proposed AAT device can achieve very high transmit-
tance.
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Figure 1: Schematic of the proposed AAT device.

First of all, it is necessary to clarify how the asymmetric acoustic transmission is realized by the
proposed device. When the plane waves are incident from different directions, the wave paths rep-
resented by red arrow lines are shown in Fig. 2. In Fig. 2(a), the plane wave of LI is normally inci-
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dent on the boundary “AB” and passes through the interface without changing the wave direction.
Then the wave impinges on the boundary “AC” with incident angle #;;, and then transmits through
the interface with refraction angle 6. The direction of transmitted wave for LI case can be denoted
by a. Finally, the transmitted wave is incident on the absorptive material and completely absorbed,
so the acoustic propagation for LI case is forbidden. However, as shown in Fig. 2(b), the plane
wave of RI can transmits through the acoustic prism and then impinges on the hard boundary, so the
acoustic propagation for RI case is allowed due to the absence of absorptive material on the left.
The direction of transmitted wave for RI case can be denoted by 6. Therefore, the designed device
can realize asymmetric acoustic transmission.
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Figure 2: Schematics of the wave paths when the plane waves are incident from (a) left and (b) right.

It’s important to point out that the prism angle 9 should be carefully designed in order to realize
the asymmetric acoustic transmission. When the plane wave is incident upon the interface between
two media with different refractive index, the refraction will appear and obey the generalized
Snell’s law:

sin(@) -n, =sin(4) 1. ®

where 6 is the incident angle, & is the refraction angle, n; is the refractive index of incident medium,
n; is the refractive index of transmitted medium.

The refractive indexs of air and xenon are na=1, nx= 2.03, respectively. When the acoustic wave
is incident from xenon into air, the incident angle is smaller than the refraction angle and the critical
angle for total reflection is 6= sin™(cx/ca)=29.5< For LI case, at interface AC, the incident angle is
6:1=0, the refraction angle is 6y =sin*(sin(fi1)-nx/na). To ensure the total reflection does not occur at
interface AC, the incident angle needs to satisfy 6i1<6.. For RI case, at interface AC, the incident
angle is 6;,=0, the refraction angle is 8p=sin™(sin(fi2)-na/nx). At interface AB, the incident angle is
0i3=6-0y, the refraction angle is Os=sin™(sin(is)-Nx/na). To ensure the total reflection does not
occur at interface AB, the incident angle needs to satisfy 6i3<6.. Therefore, the prism angle should
be smaller than 29.5°to ensure the asymmetric acoustic transmission can be realized by the pro-
posed device. In this paper, the prism angle is #=28.125< the boundary AB=32 cm, CD=20 cm.

3. Numerical Results and Discussions

3.1 Asymmetric acoustic transmission performance

To intuitively show the asymmetric acoustic transmission performance of the proposed AAT de-
vice, the sound pressure field p and sound intensity field |p|* at 6 kHz (an arbitrary frequency) for LI
and RI cases are calculated and numerically analysed, as shown in Fig. 3. The colour maps indicate
the sound pressure values and sound intensity values. All numerical simulations are performed by
Comsol Multiphysics software based on finite element method [21]. Fig. 3(a) and (b) are the sound
pressure field distributions for LI and RI cases, respectively. Fig. 3(c) and (d) are the sound intensi-
ty field distributions for L1 and RI cases, respectively.
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Figure 3: The sound pressure field distributions at 6 kHz for (a) LI and (b) RI cases. The sound intensity field
distributions at 6 kHz for (c) LI and (d) RI cases. White arrows indicate the directions of the incident waves.

As shown in Fig. 3(a), the plane wave of LI transmits through the acoustic prism with refraction
angle 0;=73.125< Then the transmitted wave is completely absorbed by the absorptive material, so
the acoustic propagation for LI case is forbidden. No sound intensity field distribution can be ob-
served at the right side of the device, as shown in Fig. 3(c). For RI case, the plane wave passes
through the acoustic prism with refraction angle 63=31< then impinges on the hard boundary with
normal reflection as shown in Figs. 3(b). Therefore, the acoustic wave of RI can pass the proposed
device. Besides, some sound intensity field distribution can be observed at the left side of the device,
as shown in Fig. 3(d). The simulation results agree well with the theoretical predictions, which
demonstrate that the proposed AAT device can realize asymmetric acoustic transmission. The
asymmetric acoustic transmission is mainly attributed to the special design of prism angle and the
usage of absorptive material.

3.2 Transmission spectra

In order to demonstrate the broadband performance of the designed device, the transmittance for
LI (red solid line) and RI (blue solid line) cases are calculated and shown in Fig. 4. The transmit-
tance is defined as the ratio of the transmitted power to the incident power. By changing the fre-
quencies of acoustic waves from 0 kHz to 10 kHz, the transmission spectra of the proposed device
are obtained.
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Figure 4: Transmission spectra of the proposed AAT device for LI and RI cases.

For the frequency range of 0-520 Hz, the transmission spectrum of LI case nearly overlaps with
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that of RI case, and the asymmetric acoustic transmission is invalid. This phenomenon is attributed
to the wavelength of this frequency range is close to the prism size and the diffraction happens.
When we increase the frequency to 520 Hz, the designed device begins to show asymmetric acous-
tic transmission performance. It is obvious that the transmittance of LI case decreases and that of Rl
case increases with the increase of frequency. For the frequency larger than 1000 Hz, the transmit-
tance of LI case is less than 20%, and the transmittance of RI case is more than 70%. As we further
increase the frequency to 2600 Hz, the transmittance of LI case is less than 10%, and the transmit-
tance of RI case is more than 90%. What is more, the transmittance of RI case is almost 100% for
the frequency larger than 7000 Hz. The results indicate that asymmetric acoustic transmission can
be realized by the designed device within a broad bandwidth from 1000 Hz to 10000 Hz, which is a
great advantage of the designed device. The broadband performance of the designed device is at-
tributed to the wave paths are not affected by the frequencies. In other words, the wave paths are the
same for incident waves of different frequencies. Actually, the designed device is still valid for fre-
quencies larger than 10000 Hz.

3.3 Prism angle effects on the transmitted waves

As discussed earlier, the proposed device can realize asymmetric acoustic transmission if the
prism angle is smaller than 29.5< It is necessary to discuss the prism angle effects on the transmit-
ted waves for both LI and RI cases. For LI case, the transmitted wave direction is denoted by « and
can be expressed as a=sin(sin(#)-nx/na)—6 according to the generalized Snell’s law. The relation
between « and the prism angle & is shown in Fig. 5(a). When we increase the prism angle from 0<°to
29 a is escalating faster and faster and increases from 0<to 50.8< This means the transmitted
waves of LI case gradually deviate from x axis with the increase of 6.
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Figure 5: (a) The transmitted wave direction « as a function of the prism angle 6 for LI case. (b) The trans-
mitted wave direction 8,5 as a function of the prism angle 8 for RI case.

Similarly, the transmitted wave direction of RI case is denoted by 6 and can be expressed as
Oz=sin*(sin(#-sin(sin(#)-na/nx))-nx/na) according to the generalized Snell’s law. The relation be-
tween 63 and the prism angle @ is shown in Fig. 5(b), and is almost a linear relationship. It can be
observed that 63 increases from 0°to 32.1<as we increase the prism angle from 0°to 29< Increas-
ing the prism angle can also result in the transmitted waves gradually deviate from x axis. From the
above analysis, we can find that the designed acoustic prism can control the directions of the trans-
mitted waves, and increase the prism angle can make the transmitted waves deviate from x axis for
both LI and RI case.
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4. Conclusions

In summary, we propose a simple broadband AAT device by using an acoustic prism and ab-
sorptive material. We first introduce the structure of the proposed AAT device. Then the acoustic
prism filled with xenon gases is designed, and the prism angle should be smaller than 29.5<to en-
sure the proposed device can realize asymmetric acoustic transmission. The sound pressure field
distributions and sound intensity field distributions show that the proposed device can realize
asymmetric acoustic transmission, which agree well with the theoretical predictions. For LI case,
the acoustic wave transmits through the acoustic prism and the transmitted wave is completely ab-
sorbed by the absorptive material, the acoustic propagation is forbidden. However, the acoustic
wave of RI can pass through the device due to the absence of absorptive material. The transmission
spectra show that the proposed AAT device is valid within a broad frequency range from 1000 Hz
to 10000 Hz due to the wave paths are not affected by the wave frequencies. Finally, the prism an-
gle effects on the transmitted wave directions for both LI and RI cases are discussed. The designed
acoustic prism can modulate the directions of the transmitted waves, and increase the prism angle
can make the transmitted waves deviate from x axis. The proposed broadband AAT device may
have potential applications in many areas, such as medical ultrasound and noise control.
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