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Asymmetric acoustic transmission through near-zero-index

and gradient-index metasurfaces
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We present a design of acoustic metasurfaces yielding asymmetric transmission within a certain
frequency band. The design consists of a layer of gradient-index metasurface and a layer of low re-
fractive index metasurface. Incident waves are controlled in a wave vector dependent manner to
create strong asymmetric transmission. Numerical simulations show that the approach provides
high transmission contrast between the two incident directions within the designed frequency band.
This is further verified by experiments. Compared to previous designs, the proposed approach
yields a compact and planar device. Our design may find applications in various scenarios such as
noise control and therapeutic ultrasound. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4953264]

Asymmetric transmission, in which an incident wave is
blocked from one direction while allowed for transmission
from another, adds the flexibility to control the direction of
the wave energy flow. Significant research efforts have been
made to studying one-way manipulation of waves for both
electromagnetic (EM) waves'? and acoustic waves.>™ In
the acoustic regime, several design strategies have been
proposed to realize asymmetric transmission, in both
linear>"'*~'3 and nonlinear systems.**'® While nonrecipro-
cal systems generally offer high transmission contrast, recip-
rocal but asymmetric systems can be good alternatives, with
generally reduced system complexities, to provide similar
one-directional functionality. Besides, such asymmetric and
reciprocal systems can be designed entirely with passive
structures that do not change the frequency content of the
sound as may occur in nonlinear systems.16 These asymmet-
ric systems, however, are commonly associated with bulky
structures. Recently, the emergence of acoustic metasurfaces
opens up more possibilities in manipulating acoustic waves
by controlling the reflection/refraction behaviors.'’ ' An
acoustic open tunnel with metasurfaces attached to the walls
has been proposed to allow sound transmission only in one
direction.'? Although asymmetric transmission is realized
based on the phase engineering through the tunnel walls, the
scheme requires the presence of a tunnel and its cross-
sectional dimension to be comparable to the working wave-
length, which poses limitations to its application. One-way
acoustic metasurfaces with flat geometry can be readily inte-
grated with existing surfaces (e.g., a wall or a planar trans-
ducer), and are highly desirable in the acoustic community
since such metasurfaces allow easy application to various
real-world needs.

In this letter, we investigate dual-layer flat and thin meta-
surfaces and their application to asymmetric transmission.
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The working principle of the metasurfaces reveals that, for
incident waves with different directions, tunneling/total reflec-
tion will occur for the proposed structure. The transmission
coefficients will thus have an asymmetric behavior in different
directions. Both numerical simulations and experiments are
carried out to verify the proposed structure. The geometry of
the structure is flat so that it can be easily integrated with other
structures, enabling a wide range of applications. The realiza-
tion of asymmetric transmission in such a linear device may
offer possibilities in controlling acoustics waves in various
applications, such as therapeutic ultrasound and architectural
acoustics.

The proposed device is composed of two layers: a near-
zero index metasurface (ZIM) and a gradient-index metasur-
face (GIM), both having subwavelength thickness at the
operating frequency as illustrated in Fig. 1. Consider a plane
wave impinging normally on the GIM (Fig. 1(a)), the trans-
mitted wave will travel at an angle dictated by the general-
ized Snell’s law**

(sin 0; — sin 0;)kog = d®/dx, (1)

where 0, and 0; are transmitted and incident angles, & is the
wave number, and d®/dx is the phase gradient along the sur-
face. For normal incidence, the refracted angle 0; will have a
certain non-zero value as 0; is equal to zero. When the acous-
tic waves reach the interface between ZIM and GIM, total

CHN N

(a) (b) k
Zero index

AVATATAVAVA
EENT BN EEEC

x |

Zero index

Momentum
mismatch

FIG. 1. Schematic of the working principle of the device. (a) Low transmis-
sion case where the incident wave faces the GIM. (b) k-space diagram show-
ing that the rotation of momentum vector causes its mismatch in transverse
components, leading to the low transmission. (c) High transmission case
where the incident wave faces the ZIM.
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reflection will occur if the incident angle is greater than the
critical angle of the ZIM. Since the effective phase velocity
of the ZIM is much greater than that of air, i.e., vz > v,
the critical angle is close to zero as 0, = sin™" (vo/vzm).
Consequently, the transmission coefficient in this direction is
very low. This can be understood by the momentum mis-
match at the interface when the incident angle is above the
critical angle, as illustrated in Fig. 1(b). On the other hand,
for acoustic waves propagating from the opposite direction,
the incident wave reaches the ZIM at the normal direction
and will pass through the ZIM with high transmission due to
the tunneling effect,”> > as indicated by Fig. 1(c). The unit
cells in the GIM are designed to yield a relatively high trans-
mission coefficient. As a result, the overall transmission
coefficient is expected to be high in this case. The transmit-
ted wavefront will also be redirected because of the phase
gradient along the GIM surface. It is noted that for this high
transmission case, the transmitted wave will be redirected
compared with the incident wave as illustrated by Fig. 1(c),
dictated by the reciprocity in such a linear system.'® In con-
trast to the previous asymmetric devices utilizing total inter-
nal reflection,”'® the metasurfaces proposed here combine
the concept of the ZIM and GIM, making the profile planar
and thinner.

To design the ZIM and GIM, labyrinthine metamaterials
are used.”® It should be pointed out that the general strategy
for realizing asymmetric transmission in this paper is not re-
stricted to the labyrinthine metamaterials, other candidates
with the same required parameters can also be adopted, such
as membrane-based structures.?® For the ZIM, a type of laby-
rinthine structure is used which consists of subwavelength
curled channels. The geometry of a single unit cell is the
same as that in an earlier study?’ and is depicted in Fig. 2(a).
The labyrinthine unit has a width d; = 26 mm, and the thick-
ness of the channels and hard walls are 1.5mm and 1 mm,
respectively. The walls are 3-D printed with acrylonitrile bu-
tadiene styrene (ABS) plastic with density 1230kg/m® and
speed of sound 2230 m/s, and are assumed to be acoustically
hard since their impedance is much greater than that of air.
The effective refractive index for this structure is retrieved
numerically using an inverse method,”® and the results are
plotted in Fig. 3. The background medium is air, with the
density and speed of sound 1.2kg/m> and 343 m/s, respec-
tively. It can be seen that the refractive index of the proposed
structure is close to zero at the operating frequency (around
3.1 kHz). The ZIM is thus acoustically transparent for
incoming waves with normal incidence and opaque for
oblique incident angles at working frequencies. To ensure
sufficient energy contrast, two layers of the ZIM are used for
the proposed device. The spiral structures of the GIM are
adopted from a previous study, which showed extraordinary
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FIG. 2. The geometry of the metasurfaces (a) ZIM. (b) GIM. Top panels
show the relative phase change across the unit cells.
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FIG. 3. Retrieved refractive index of a ZIM unit cell. The index is close to
zero around 3.1 kHz.

capabilities in manipulating transmitted wavefronts.?® Fig.
2(b) shows the geometry of the GIM, which consists of six
types of individual unit cells. For the unit cells designed
here, the transmitted phase difference across adjacent unit
cells is about 7/6, and two layers of the unit cells can cover a
complete 2n of phase change for one period (6 unit cells).
The relative phase difference can be preserved over a broad
bandwidth and can be found in Ref. 20. The proposed GIM
is thus expected to have a wavefront-bending effect around
3.0kHz. The unit cells have identical thickness d, = 34 mm
and width d3 = 26 mm, thus making the GIM planar and
easy for integration with existing surfaces. At 3.1 kHz, the
phase gradient along the surface of the GIM is d®/dx =
40.3 rad/m, and the corresponding transmitted angle can be
calculated as 45.2° (assuming the incident angle is 0°)
according to Eq. (1).

To verify the performance of the proposed structures,
simulations using finite element package COMSOL
Multiphysics and measurements of the prototype are carried
out. Perfect matched layers (PML) are used in the simulations
to minimize reflections from the boundaries. The experimental
setup is shown in Fig. 4, where a loudspeaker array sends
Gaussian beams with a center frequency at 3.0 kHz towards
the metasurfaces. The metasurfaces are secured in a two-
dimensional (2D) waveguide, with absorbing foams placed on

speaker array

can area

FIG. 4. Simulation and experimental setup. The inset shows the photo of the
fabricated sample.
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FIG. 5. Simulated and measured acoustic fields for incident waves in different directions. Left panels show the simulated acoustic pressure fields at 3.1 kHz.
Middle and right panels show the measured acoustic pressure and intensity fields in the scan area at 3.1 kHz and 3.28 kHz, respectively. Axis unit: cm. (a)
Incident beam is facing the GIM, corresponding to the low transmission case. (b) Incident beam is facing the ZIM, corresponding to the high transmission

case.

both sides to prevent acoustic waves bypassing them. The
field behind the metasurfaces is scanned with a moving micro-
phone with a 2cm step size. The signals are averaged with
five measurements. The acoustic pressure field at different fre-
quencies is then obtained by the inverse Fourier transform.
Two sets of simulations and measurements are performed by
swapping the direction of the incoming wave.
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The fabricated device is shown in the inset of Fig. 4,
where the red structure on the top is GIM and the white
structure on the bottom is ZIM. The overall size of the device
is 63 cm x 12 cm, and the thickness is about one wavelength
at the operating frequency. The acoustic fields in the scan
area for simulation and measurement are illustrated in Fig. 5
at 3.1 kHz. The right panels also show the measured acoustic
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FIG. 6. (a). Normalized intensity transmission for different directions of incoming waves. (b) Normalized intensity transmission as a function of the incident

angle.
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fields at 3.28 kHz, which is the measured operating fre-
quency as seen in Fig. 6(a). A reasonable agreement can be
observed. The results indicate that the proposed device can
yield an asymmetric transmission phenomenon for incident
waves from different directions. The measured transmitted
wavefront for the high transmission case is around 46°,
which matches well with theory. Next, we integrated the
total acoustic energy along a transverse line behind the sam-
ple. The overall normalized transmission is shown in Fig.
6(a) within the frequency band 2.6 kHz—3.6 kHz. The peak
energy contrast is about four times in measurement, which is
smaller than simulation (over ten times), and the optimal
working frequency also has a certain shift from 3.1kHz to
3.28 kHz. Several factors could contribute to these deviations
between simulation and measurement. The peak energy con-
trast may be reduced in measurements because some leakage
may have occurred inside the metasurfaces. This can also be
caused by the imperfect boundary conditions of the 2D
waveguide. The transmission may also be greater in simula-
tion as it assumes no internal loss within the metasurfaces,
which is inevitable in measurements.”® The shift of operating
frequency may be due to imperfection (e.g., fabrication
errors of the space coiling geometry) and nonuniformity of
the fabricated sample. To minimize the effect of loss in the
proposed scheme, the labyrinthine structures may be
replaced by low-loss membrane-type acoustic metamateri-
als.?® Tt is also expected that more ZIM layers can be
employed to yield a larger energy contrast, with the sacrifice
of the device size. Numerical simulations are also performed
to study the performance of the proposed device as a func-
tion of the incident angle. The normalized transmission is
shown in Fig. 6(b) at 3.1 kHz. As expected, the transmission
for the high transmission direction reaches its highest value
at 0° and decreases quickly when the incident angle becomes
larger. The device appears to have acceptable performance
when the incident angle is less than around 10°.

It is worth pointing out that due to the dispersive nature
of the ZIM structure, the near-zero refractive index occurs
only within a relatively narrow frequency band, as illustrated
in Fig. 3. The operating bandwidth of the proposed device is
thus mainly limited by the performance of the ZIM. For the
GIM, its performance can be preserved within a certain fre-
quency band, which is wider than the yALY R

To conclude, we have designed, fabricated, and experi-
mentally characterized dual-layer thin acoustic metasurfaces
which exhibit asymmetric transmission within a certain fre-
quency band. The effect is realized by total reflection for
oblique incidence and tunneling for normal incidence
induced by the ZIM. The device has a flat geometry and can
be also readily modified to achieve asymmetric transmission
for 3D wave propagation. It is hoped that this design can be
helpful in noise control and architectural acoustics by reject-
ing the unwanted acoustic waves from selected directions.
The design may also find applications in therapeutic
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ultrasound, acoustic sensors, and energy harvesting.30 For
example, the reflected wave in therapeutic ultrasound will be
filtered out so that it will not interfere with the incident wave
and generate standing waves, which may be harmful to
tissue.
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