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ABSTRACT

Narrow bandwidth and wavefront distortion are two shortcomings of some existing asymmetric acoustic transmission devices. In this letter,
we propose a high-index prism for realizing broadband asymmetric acoustic transmission with uniform plane wave outputs. Numerical sim-
ulations and experiments are carried out to verify the theoretical prediction. The experimentally measured acoustic pressure fields, the energy
transmission contrast, and the refracted angle in the high transmission direction are in good agreement with the numerically simulated
results. Both the simulated and measured energy transmission contrast exceeds 10 dB within the broad frequency range of 2000 to 3500Hz.
The broadband performance is attributed to the spiral unit cell employed to construct the prism, which features a high refractive index within
a broad bandwidth. Besides, the transmitted waves in the high transmission direction are uniform plane waves. Our approach provides a
practical method to design a broadband asymmetric acoustic transmission device with uniform plane wave outputs and has potential in vari-
ous applications, such as noise control and medical ultrasound.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092125

Asymmetric acoustic transmission (AAT) devices are devices in
which the incident waves from one direction are allowed to transmit
through, while those from another direction are blocked. AAT devices
can be realized by nonlinear or linear systems and have attracted
growing interest due to their potential applications in many fields,
such as noise control1–3 and medical ultrasound.4,5 Liang et al.6–8 first
theoretically and experimentally demonstrated an acoustic diode com-
posed of a nonlinear medium and a superlattice to break time reversal
symmetry. To overcome the barriers existing in nonlinear systems
(such as frequency conversion, low transmission, narrow bandwidth,
and structure complexity),9 many researchers devoted to designing lin-
ear AAT devices composed of artificial structures, such as phononic
crystals,10,11 grating structures,12 and acoustic metasurfaces.13,14

Acoustic metamaterials with an unusual refractive index,
including a negative index,15,16 a near-zero index,17,18 and a high
index,19 offer great potential for the design of AAT devices and
have attracted growing attention. Many fascinating phenomena have
been realized based on such kinds of acoustic metamaterials, such as
negative refraction,20 acoustic focusing,21,22 and asymmetric acoustic

transmission.23–25 Li et al.,23 Shen et al.,24 and Jiang et al.25 employed
near-zero index materials for realizing the AAT effect. However,
these AAT devices still suffer from a limited bandwidth. Many
researchers used phononic crystals,26 gradient-index structures,27

and acoustic metasurfaces13 to realize the broadband AAT effect, but
significant wavefront distortion occurs in these broadband AAT
devices.13,26–28 Therefore, it is necessary to explore new methods to
solve these problems. In airborne acoustics, some previous studies
suggest that the coiling-up space structures,29,30 helical structures,31

and air-filled intercrossing pipes32,33 can be designed to yield a high
refractive index with low loss within a relatively broad bandwidth.
The high-index structures may be used to design AAT devices with a
broad bandwidth and uniform plane wave outputs.

In this letter, we propose a high-index prism composed of
spiral unit cells to realize the AAT effect with a broad bandwidth and
uniform plane wave outputs at the same time. Theoretical analysis,
numerical simulations, and experiments are carried out to verify the
behavior of the proposed design. The working principle is that normal
refraction or total internal reflection occurs at the interface for

Appl. Phys. Lett. 114, 121902 (2019); doi: 10.1063/1.5092125 114, 121902-1

Published under license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/1.5092125
https://doi.org/10.1063/1.5092125
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5092125
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5092125&domain=aip.scitation.org&date_stamp=2019-03-29
https://orcid.org/0000-0003-1909-1371
https://orcid.org/0000-0002-5184-1737
https://orcid.org/0000-0003-3535-8494
https://orcid.org/0000-0002-4644-100X
https://orcid.org/0000-0003-3519-9796
https://orcid.org/0000-0002-8631-120X
https://orcid.org/0000-0002-0002-0613
mailto:ailingsong@outlook.com
mailto:cummer@ee.duke.edu
https://doi.org/10.1063/1.5092125
https://scitation.org/journal/apl


different incident wave directions. Compared to the previous AAT
devices utilizing based on total reflection,23–25 our proposed prism
shows a much wider bandwidth. Additionally, the transmitted waves
in the positive direction are still uniform plane waves, which is a dis-
tinctive advantage over many previous broadband AAT devices. Our
design concept provides a practical method to design broadband AAT
devices with uniform plane wave outputs.

The proposed acoustic prism is a triangle structure immersed in
air, and the prism angle is b, as shown in Fig. 1. The air density is
qair¼ 1.21 kg/m3, the sound speed in air is cair¼ 343 m/s, and the
refractive index of air is nair¼ 1. The refractive index of the prism nE
is higher than that of air (nE> 1), which means that the acoustic waves
travel slower in the prism than in air. In simulation, the upper and bot-
tom boundaries are perfectly matched layers (PMLs) that can totally
absorb the incoming waves. Considering the acoustic waves impinging
on the interface between the prism and air, the transmitted waves will
travel and obey classical Snell’s law

sinðhiÞ � ni ¼ sinðhtÞ � nt ; (1)

where hi is the incident angle, ht is the refracted angle, ni is the
refractive index of the incident medium, and nt is the refractive
index of the transmitted medium. When acoustic waves travel
from the prism into air and the incident angle is greater than the
critical angle, total reflection will occur and the critical angle of
total reflection is hc ¼ sin�1ðnair=nEÞ.

When the acoustic waves of left incidence (LI) and right inci-
dence (RI) horizontally impinge on the prism, the wave paths are
shown in Figs. 1(a) and 1(b), respectively. The wave paths suggest that
the proposed prism can realize the AAT effect by properly designing
the prism angle and the refractive index. In the LI case, the acoustic
waves refract at interfaces OA and OB and transmit through the
prism. The incident angle and the refracted angle at the interface
OA are hi1 ¼ b and ht1 ¼ sin�1ð sinb � nair=nEÞ, respectively. The
incident angle and the refracted angle at the interface OB are
hi2 ¼ b� ht1 and ht2 ¼ sin�1ð sinðhi2Þ � nE=nairÞ, respectively. For
the acoustic waves to transmit through the interface OB, the incident
angle should satisfy hi2 < hc. In the RI case, the normal incident
acoustic waves first pass the interface OB. The incident angle at the
interface OA (hi3¼ b) should satisfy the total reflection condition
hi3> hc. In this paper, nE is set to 2.0 at 3000Hz. Therefore, the prism
angle should satisfy 30�< b< 54� to realize the AAT effect. Here, b is
chosen as 41�.

We adopt the spiral unit cell to achieve the required refractive
index and broadband high transmission.30,34,35 Figure 2(a) shows the

schematic view of the unit cell composed of four identical spiral walls
with rotational symmetry, and this unit cell has a good isotropic prop-
erty. The geometrical shape of the spiral walls can be described by the
Archimedean spiral

r að Þ ¼ aeba a1 < a < a2ð Þ; (2)

where r(a) is the radial distance, a and b are coefficients, and a is the
spiral angle. The required effective refractive index can be obtained by
tuning the parameters of the Archimedean spiral. A retrieval method
is used to calculate the effective refractive index from the reflection
and transmission coefficients of the unit cell.36 When nE is 2.0, the
parameters of the spiral wall are t¼ 0.6mm, w¼ 18mm, a¼ 6mm,
b¼ 0.21, and a1¼ 0, a2¼ 130�. Figure 2(b) shows the photograph of a
3D printed unit cell fabricated with acrylonitrile butadiene styrene
(ABS) thermal plastic via 3D printing technology. To verify the cor-
rectness of the calculated refractive index, we simulate the pressure
fields for the unit cell and the effective medium using COMSOL
Multiphysics, as shown in Fig. 2(c). For the effective medium, the den-
sity is 3.8 kg/m3 and the sound speed is 171.5 m/s. We can see that
these two pressure field distributions agree well with each other, which
demonstrates the validity of the effective medium model. The refrac-
tive index and transmittance at different frequencies are calculated
and shown in Fig. 2(d). Within the frequency range of 2000–3500Hz,
the refractive index gradually increases from 1.89 to 2.12, and the
transmittance is higher than 90% within the frequency range.

By periodically arranging the spiral unit cells in a square lattice,
we can obtain the high-index prism. Numerical simulations are first
carried out to validate the performance of the proposed prism. A
Gaussian beam of 3000Hz is incident from the left and right side of
the prism, respectively. We first demonstrate the acoustic performance
in the ideal effective medium, as shown in Fig. 3(a). It is clearly seen
that the AAT effect is realized by the effective medium, which verifies
our design strategy. Then, we simulate the acoustic pressure fields in
the proposed high-index prism with a real structure, as shown in Fig.
3(b). In the LI case, the acoustic waves can pass the acoustic prism
with high transmission. The transmitted waves are still uniform plane
waves. In the RI case, the incident waves first normally transmit
through the vertical interface and then undergo total reflection at the
other interface. Therefore, the acoustic waves cannot pass the prism
and the transmitted pressure is nearly zero.

FIG. 1. Schematic view of the high-index prism. The red arrow lines indicate the
wave paths in (a) LI and (b) RI cases.

FIG. 2. (a) Cross-sectional view of the unit cell. (b) Photograph of the 3D printed
unit cell. (c) Simulated acoustic pressure fields for the unit cell (upper panel) and
the effective medium (lower panel). (d) Refractive index and transmittance of the
unit cell as a function of frequency.
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Then, the experiments are performed in a 2D waveguide to verify
the simulation results. The 3D printed sample is shown in Fig. 4(a),
and the prism size is labeled. The experimental setup is shown in Fig.
4(b), where the sample is placed between two parallel glass plates. The
height of the sample is 40mm, the same as the distance between two
glass plates. The cutoff frequency of the 2D waveguide is 4287Hz,
which is above the working frequency of the prism to ensure 2D wave
propagation. Wedge-shaped sound-absorbing foams are placed at the
open boundaries of the waveguide to mimic an anechoic environment.
A speaker array with 28 speakers is used to generate a Gaussian beam.
The field in the scan area is mapped by a moving microphone with the
step of 1 cm. A Gaussian modulated sinusoidal pulse with a center fre-
quency of 3000Hz is sent out by the speakers, and signals at different
positions are recorded by the microphone. The collected time-domain
signals are time windowed to eliminate boundary reflections and then
Fourier transformed to obtain the acoustic fields at different
frequencies.37

The areas marked by the red dotted boxes in Fig. 3(b) are
scanned by the moving microphone. The measured real parts of the
acoustic pressure fields are shown in Fig. 3(c), showing good agree-
ment with the simulated ones. The transmitted waves in the LI case
are still uniform plane waves. In the RI case, the wavelength along the
interface OA (kOA¼ 8.5 cm) is smaller than that in air (kair¼ 11.4 cm),
and so, the wave number along the interface OA (kk ¼ 2p=kOA)
is larger than that in air (kair ¼ 2p=kair). Due to the relation, k2k þ k2?
¼ k2air , the wave number perpendicular to the interface OA (k?)
becomes imaginary. Therefore, the transmitted waves at the interface
OA become evanescent, which decay rapidly along the normal direc-
tion and do not contribute to the far fields.38 The measured acoustic
intensity fields are shown in Fig. 3(d). We can observe strong acoustic
intensity distributions in the LI case and weak acoustic intensity distri-
butions in the RI case. Both the simulated and measured results dem-
onstrate the AAT performance of the proposed prism.

Although the proposed prism is effective at 3000Hz, it is neces-
sary to analyze the bandwidth. As shown in Fig. 2(d), the refractive
index and the transmission coefficient remain high within a broad
bandwidth, which suggests the possibility of the AAT effect in a broad
bandwidth. We calculate and compare the energy transmission con-
trast in both simulations and experiments, as shown in Fig. 5(a). Due
to the fact that the test frequency of the 2D waveguide is limited by its
size, we only present the simulation and measured results from
2000Hz to 3500Hz. The energy transmission contrast Ce is defined as
the ratio between the total transmitted energy in the LI and RI cases.
The total transmitted energy is obtained by integrating the acoustic
energy along a line 10 cm away from the sample. The simulated and
measured energy transmission contrast at 3000Hz is 14.5 dB and
14.1 dB, respectively. The measured energy transmission contrast

FIG. 3. Acoustic field patterns in the LI case (upper panels) and the RI case (lower panels) excited by a Gaussian beam of 3000 Hz. (a) Simulated acoustic pressure fields in
the effective medium. (b) Simulated acoustic pressure fields in the high-index prism composed of spiral unit cells. (c) Measured acoustic pressure fields. (d) Measured acoustic
intensity fields.

FIG. 4. (a) Photograph of the 3D printed sample. (b) Experimental setup.
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agrees well with the simulated one, despite some small deviations.
Both the simulated and measured energy transmission contrast
exceeds 10 dB within the frequency range of 2000 to 3500Hz, indicat-
ing the broadband AAT performance of the proposed prism. The
broadband performance is attributed to the spiral unit cell employed
for designing the prism, which can maintain a high refractive index
within the broad bandwidth.

In the LI case, the acoustic waves can pass the prism and the
transmitted wave direction can be described by the refracted angle ht2.
It is necessary to compare the simulated and measured refracted
angles, as shown in Fig. 5(b). The energy distributions in each direc-
tion are calculated by performing Fourier transform along a line right
behind the high-index prism; then, the refracted angle can be deter-
mined. The variation tendency of the measured refracted angle agrees
well with that of the simulated refracted angle. When we increase the
frequency from 2000Hz to 3500Hz, ht2 gradually increases.

Therefore, the transmitted waves gradually deviate from the normal
direction of the interface OB. The small discrepancies between the
simulated and measured results in Fig. 5 may be caused by several fac-
tors. The inevitable internal loss can result in smaller transmission in
experiments than in simulations. The imperfect boundaries of the 2D
waveguide may cause some unwanted reflections from the boundaries.
Besides, the fabrication errors may result in the existence of small gaps
between the top glass plate and the sample’s upper surface. The gaps
may cause some sound leakage.

In summary, we report on the theoretical analysis, numerical
simulations, and experimental demonstration of a high-index prism
capable of realizing the broadband AAT effect with uniform plane
wave outputs. The prism angle is carefully designed, and the spiral
unit cells are used to achieve the required effective refractive index.
The experimental results agree well with the theoretical analysis and
simulated results. Both the simulated and measured acoustic pressure
fields show that the proposed prism can realize the AAT effect, and
the transmitted waves in the high transmission direction are still uni-
form plane waves. The simulated and measured energy transmission
contrast exceeds 10 dB within the broad frequency range of 2000 to
3500Hz. The broadband performance is attributed to the high-index
spiral unit cell employed for designing the prism. Our design concept
provides a practical way to design broadband AAT devices and has
potential in various applications, such as noise control and medical
ultrasound.
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