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ABSTRACT

The pursuit of tunable asymmetric sound transmission has been a long-term topic since it could contribute to providing more flexibilities in
many areas of acoustic engineering. The interference effect can be a feasible approach in which two waves with the same frequency super-
posed to form the resultant wave with manipulated amplitude according to the relative phase difference between them. However, strictly
speaking, restricted by the spatial variance of phase, the manipulated domain created by the specific phase difference is always limited to a
spot with dimensions much smaller than the wavelength. Here, we proposed a design to break this barrier that can realize the tunable asym-
metric transmission via the combination of zero-index metamaterials and the binary metasurface. The zero-index metamaterial can provide
the effective extremely large speed to shrink the infinite domain into a spot acoustically and the binary metasurface can be used to tune the
specific phase difference. Numerical simulations and experimental measurements have good agreement and show that the acoustic waves
impinged from the side of metasurface will be manipulated to have controllable transmission, while the acoustic waves impinged from the
side of zero-index metamaterials will keep a high transmission. We think the proposed design is full of physical significance, which may find
potential applications in many fields, like noise cancelation, acoustic imaging, and ultrasound therapy.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046756

Zero-index media (ZIMs), characterized by effective infinite phase
velocity, have attracted on-going attention and interest of researchers
owing to their fascinating abilities in the wave manipulations that cannot
be achieved naturally. '’ As the refractive index approaches zero
approximately, the critical angle at the interface between air and ZIM
will decline toward zero. It indicates that only normally incident waves
can penetrate through ZIM.* Meanwhile, due to the infinite phase veloc-
ity, waves propagating inside the ZIM undergo no phase variation and
keep a constant. These marvelous properties can be utilized to achieve
many intriguing wave phenomena, such as super-coupling, cloaking,"'
and asymmetric transmission.””

A metasurface, which is a new type of engineered functional mate-
rial with planar and thin features, has been widely utilized to manipulate
the wave propagation.'” *’ By tailoring the phase response of the

building block judiciously, the arbitrary manipulations on the reflection
and refraction can be achieved in many wave systems, such as optics,”
acoustics,”” and elastic waves.”’ A well-tailored metasurface is a flexible
tool for the purpose of changing the wave vector of the transmitted
waves. Recently, by combining the advantages of ZIM and metasurfaces,
their integration has been proposed to manipulate the wave transmission
with additional functionalities.”* *° In principle, ZIMs can decouple the
spatial-temporal relationship to have a quasi-invariant phase distribution
yet metasurfaces can generate accurate phase control by adjusting their
geometries. It may give rise to more possibilities and freedom to realize
the extraordinary and complex wave manipulations by ingenious inte-
grations of ZIMs and metasurfaces.

In this Letter, we present a unique design consisting of ZIM and
binary metasurfaces to achieve tunable asymmetric wave
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transmission”” " based on the ZIM enabled interference effect. In our
approach, the ZIM is arranged in a waveguide and clamped by the
hard boundary; meanwhile, two ports remain for the incidence and
the transmittance. One port is covered by the binary metasurfaces and
the other is connected to the background media. The binary metasur-
faces contain two kinds of designed units to provide relative differ-
ences of phase response. The ZIM offers the generalized interference
effect that mixes different incident waves linearly based on the quasi-
invariant phase. In this way, by changing the filling ratio between the
binary metasurfaces, the traveling wave impinged on the metasurface
could have a tunable transmission coefficient. On the contrary, the
beam impinged on the ZIM first will be confronted with the tunneling
effect and remain intact. After that, the transmitted wave will have a
slightly distorted wavefront imposed by the metasurface but still has
high transmission efficiency. It should be noted that we employ the
acoustic wave as the specific physical realization of our scheme here,
but it can be easily extended to the fields of electromagnetic waves or
optics, as they obey similar mathematical formulas.

As one of the most basic and important wave phenomena, the
interference effect can be observed in all types of waves and plays a key
role in acoustic engineering, including ultrasound imaging, active
noise control, music instruments, and so on. Conventionally, multiple
sinusoidal waves with the same amplitude and frequency can create
the interference area constructively or destructively determined by the
constant phase difference between them, which is governed by
the superposition principle. Notably, when the phase difference is 7,
the interference area is tranquil and invariant spatially and temporally,
which constitutes the fundamental basis of the active noise control.”
However, restricted by the fact that the phase distribution varies along
propagation path, the interference area may contain several construc-
tive and destructive parts simultaneously and consequently turns out
to be fringe patterns. Zooming in the patterns, the invariant spot still
can be observed but with the dimension much smaller than the wave-
length. After leaving away from the interference area, the incident
waves keep unchanged and propagate independently. As the ZIM has
the ability that enforces the large domain in reality to behave as a spot
acoustically,” the process of wave interference in the ZIM may be dif-
ferent from the case in free space. Consider the ZIM is enclosed by the
rigid boundary but leaves several ports for wave interaction. The mul-
tiple traveling waves incident normally can penetrate the ZIM and
leave along the normal direction of the ports of the ZIM. As neither
gain nor loss element has been taken into account in the ZIM, the net
acoustic energy enclosed the ZIM should be 0, which can be expressed
as follows:™

Z LSk =0, (6]
k=1

where I and Sy are the net acoustic intensity and size of the kth port,
respectively. Equation (1) guarantees the continuity of acoustic energy
flow across the ZIM and implies that both the incident waves and the
sizes of ports contribute to the resultant waves. By combining the con-
dition of pressure continuity, one may expect that the resultant waves
can be controlled as designed by adjusting the incident waves and the
sizes of the ports.

The ZIM-based interference effect also can be extended to the
single beam that splits into two beams with different phases. Here, we

ARTICLE scitation.org/journal/apl

consider a reduced model that the ZIM attached with the binary meta-
surface has been placed in the waveguide to have a verification, as
shown in Fig. 1. The yellow and green areas that are separated by the
rigid boundary are the binary metasurfaces that impose the incident
waves with the additional phase responses @,4q and @44 + A@,
respectively. The blue area represents the ZIM that has the matched
impedance with the background medium and near zero refractive
index. The variable ¢ is the filling ratio of the yellow area in the wave-
guide and 1 —t is the filling ratio of the green area accordingly.
The traveling wave p; incident from the left side will be divided into
two parts by the binary metasurface with the additional phases:
pit = piexp (ip,qa) and  pip = piexp (ipyqq + iA@), respectively.
Moreover, the proportion of these two parts will be tuned by changing
the filling ratio of t. It should be noted that the multiple reflections at
the interfaces have been ignored for the sake of simplification. After
superposing in the ZIM, the transmitted wave p; can be deduced
directly according to Eq. (1): py = tpiy + (1 — t)pip. Subsequently, the
acoustic pressure transmission coefficient can be written as follows:

T = e[t + (1 —1t)e'] @)

Equation (2) clearly shows that the absolute value of T is determined
by the filling ratio t and phase difference A¢. The transmission spec-
trum is mapped in Fig. 2(a) for an unambiguous explanation. The
cases of Ap = 0 and Ap = 27 indicate that there is no phase differ-
ence between the two kinds of metasurface units, which brings the
transmission coefficient close to 1. Similarly, the cases of t = 0 and
t = 1 indicate that only one kind of metasurface unit takes a dominant
role, which also leads to nearly full transmission. However, the coeffi-
cient will approach zero at the specific case of t = 1/2 and Ap ==
simultaneously owing to the fact that the two parts take the same pro-
portion and opposite signs. The waves incident from the left side will
be blocked and reflected totally under these conditions. The variances
of t and A¢ also have impacts on the phase spectrum, as mapped in
Fig. 2(b). Apparently, in the case of t = 0, the phase response of the
transmission coefficient will have a change as A¢ varies from 0 to 27.
On the contrary, in the case of ¢ = 1, the phase response will keep
unchanged as the A¢ has little influence on the transmitted wave. In
particular, when ¢ = 1/2 and Ag = 7, the phase response will reel
from a shift of 7 as the dominant part changes. For the situation that
the wave is incident from the right side, the propagation encounters a
much simpler process. Owing to the tunneling effect, the incident

T A
‘ VY
v
P i 2 P t
Prz
VY

%
=
§

1 Py

mmmm Hard boundary " Binary Metasurface | ZIM

FIG. 1. Model for tunable transmission. The combination of the binary metasurface
and ZIM is arranged in the waveguide covered by the rigid boundary. The yellow
and green regions represent the metasurfaces with different phase responses; t
and 1 — ¢ are the filling ratios for them. The blue region represents the ZIM. p;
denotes the incident wave, which has been divided into two parts: pjy and p, by the
metasurface. pr1 and py, are the reflected waves generated at the interface. p; and
p: denote the reflected and transmitted wave for the whole system.
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FIG. 2. The transmission properties. (a) Theoretically calculated amplitude of transmission coefficient responses to the phase difference A¢ and filling ratio ¢. (b) Theoretically
calculated phase of the transmission coefficient response to the phase difference A¢ and filling ratio t.

wave will keep an intact wave-front and have a total transmission
through the ZIM. In addition, the binary metasurface will have slight
modulation on the transmitted wave and lead to a high energy
transmission.

What needs to be emphasized is that, in the case of Ap = =, the
expression of the transmission coefficient will degenerate into
T = "% (2t — 1). As the filling ratio of ¢ is a real number, the ampli-
tude and phase of the transmitted wave have been decoupled natu-
rally."” On the one hand, the additional phase ¢,44 will be imposed
upon the transmitted wave by the metasurface, which can be con-
trolled as designed. On the other hand, the amplitude of the resultant
wave will be modulated by altering the filling ratio ¢ independently
(see the supplementary material for the decoupled transmission ampli-
tude and phase). Obviously, the ¢,44 can also be set as gradient values
along the surface of the metasurface,”” which can be applied to the
case of oblique incidence (see the supplementary material for the case
of oblique incidence).

To experimentally investigate the tunable and asymmetric trans-
mission properties of the proposed model, we design and fabricate the
sample with the help of a 3D printer, which is shown in Fig. 3(a).
Here, we introduce the hybrid structures with 4 side-loaded
Helmholtz resonators to act as the binary metasurface,”” as enclosed
by yellow (Type 1 units) and green (Type 2 units) dashed lines in
Fig. 3(a), respectively. By adjusting the structural parameters of the
units carefully, the phase response of the transmitted waves can be
modulated in the range of 0 to 27 with high transmission (see the sup-
plementary material for the detailed design of the units). These two
types of units have been designed to have a 7 phase difference. 8 units
with the same size have been arranged along the y axis to constitute
the binary metasurface, and the filling ratio of certain type of units can
be controlled easily by changing the number of units. We also employ
the labyrinth-like structure’” that preserves the matched impedance
and effective near zero refractive index’*”” to act as ZIM (see the sup-
plementary material for the design of the units). A 4 x 4 ZIM array,
enclosed by a blue dashed line in Fig. 3(a), is arranged to connect with
the metasurface. The working frequency has been chosen as 2615 Hz,
and the structure parameters of the model have been set as a = 3cm
and L = 6.5cm to guarantee that the size of unit is much smaller than
the wavelength. 8 2-in. loudspeakers are employed to form a speaker
array to generate the plane wave, and the transmitted acoustic energy

has been integrated at the output port. For the waves traveling along
the x axis, the transmitted wave will be modulated by the sample
according to the above discussion. To eliminate the doubt that
thermoacoustic viscosity may ruin the transmission performance, first
of all, the normalized pressure transmission spectra for the cases that
the whole units constituted by Type 1 or Type 2 have been measured,
as displayed in Fig. 3(b). Both Type 1 units and Type 2 units show the
property of high transmission and the spectra have a similar profile
that reaches sharp peaks around 2615 Hz owing to the tunneling effect
of the ZIM. For a comparison, the ambient sound pressure has been
measured in the situation without source excitation, which has been
labeled as noise floor in Fig. 3(b). The profile reflects that there are
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FIG. 3. Sample fabrication and demonstrations of tunable transmission. (a)
Photograph of the fabricated sample for tunable asymmetric transmission, which
consists of 8 metasurface units and the 4 x 4 labyrinth-like structure array. We
define that the negative direction is along the x axis and positive direction is against
the x axis contrarily. (b) The transmission spectra for the cases that the whole
metasurface units are type 1 and type 2, respectively. The measured results have
been normalized to the maximal value. The background noise floor has also been
taken into account for a comparison. (c) The measured transmission amplitude vs
the parameter of n. (d) The measured transmission phase vs the parameter of n.
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clear transmitted waves despite the existence of thermoacoustic viscos-
ity. Meanwhile, the transmission spectrum of the ZIM also restricts
our model in a relatively narrow working bandwidth.

The process that replaces the metasurface units from type 2 to
type 1 in sequence will introduce the variable of filling ratio f. In the
practical realization, we use an integer n that indicates the number of
type 1 units to represent the filling ratio since the metasurface has
been discretized into 8 units. In the case that the whole units are type
2, n is 0. While changing the units from type 2 to type 1 one by one, n
will increase to 8 gradually, which means all units are type 1. The
transmission measurements for different n have been conducted for
multiple times to obtain reliable averages, and the results have been
normalized to maximal values. The pressure transmission spectrum
displayed in Fig. 3(c) presents that the amplitudes of the transmitted
waves indeed decrease monotonously with the increase in n and reach
a dip when # is 4, as predicted by Eq. (2). After that, as n increases
from 4 to 8 one by one, the spectrum profile will be reversed and
approaches a high transmittance again. We further calculate the phase
information of the transmitted waves according to the comparison
with the excitation signals, as plotted in Fig. 3(d). The phase profile is
separated into two parts by a shift at n = 4. Both the left part and the
right part have the quasi-even line shapes that are determined by the
dominant part being Type 2 or Type 1, respectively, and the gap
between them equals the difference of the phase response between the
Type 2 units and Type 1 units. During the theoretical calculations in
Figs. 2(a) and 2(b), we assume that both the types of units that consti-
tute the binary metasurface have the total transmission and rigorous
phase difference as designed, which is hardly achievable at one take
due to the existence of fabrication errors and acoustic loss. Both
unequal transmission and the inaccurate phase response may harm
the performance of the model and lead to imperfect results (see the
supplementary material for the error analysis).

Finally, we demonstrate the asymmetric transmission realized by
the integration of binary metasurfaces with ZIM, as illustrated in
Fig. 4. Figures 4(a) and 4(d) show the simulated absolute pressure

=:11.ﬂﬂELﬂJ'—:mf 2
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FIG. 4. Asymmetric transmission generated by the proposed model. (a) The simu-
lated acoustic intensity distributions for the waves incident along the negative direc-
tion. The green arrows represent the incident waves. (b) The measured results for
the area enclosed by the dashed line in (d). (c) The measured results for the area
enclosed by the dashed line in (a). (d) The simulated acoustic intensity distributions
for the waves incident along the positive direction.
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distributions when the acoustic waves impinged on both sides of the
model, respectively, in which the green arrows represent the incident
waves. The 2D full-wave numerical simulations are conducted by the
finite element method with COMSOL Multiphysics (5.2a). As the rec-
tification ratio is an important factor for asymmetric transmission,
here, we consider n = 4 for the specific case since it has the lowest
transmission along the negative direction, as shown in Fig. 4(a). The
incident waves impinged on the metasurface are almost reflected and
leave a silent area on the other side of the model. However, things
changed totally in the case that the incident waves impinged on the
ZIM first, as shown in Fig. 4(d). The slight fringes along the incident
direction imply that minor standing waves are generated and most of
the acoustic energy has transmitted through the structure. Figure 4(d)
also points out that the transmitted waves along the positive direction
have an irregular distribution since the wavefront has been modulated
by the metasurface in a divergent way. In the measurement, the mov-
ing stage is utilized to support the 2D scanning. The measured regions
(12 x 30 cm?) have been meshed into 330 measured points with a
spacing of 1 cm (see the supplementary material for the experimental
setup). Figures 4(b) and 4(c) show the measured absolute pressure
fields when the traveling waves are incident along positive and nega-
tive directions, corresponding to the areas enclosed by the dashed lines
in Figs. 4(d) and 4(a), respectively. Strong contrast between lights and
shades can be observed by comparing the measured results in
Figs. 4(b) and 4(c), which means that robust asymmetric transmission
can be achieved by the proposed structure that the incident waves
have an unencumbered transmission along the positive direction while
being blocked and reflected totally along the opposite direction.
Meanwhile, by changing the filling ratio of the binary units of the
metasurface, the transmission along the negative direction can be
modulated arbitrary, which may find potential applications in many
areas of acoustic engineering.

In summary, we have proposed and demonstrated an acoustic
metamaterial consisting of binary metasurfaces and zero-index meta-
materials, which enables the tunable and asymmetric transmission
that restrains the waves incident from the negative direction with a
fully controlled transmission while allowing the waves incident from
the positive direction travel through totally. The labyrinth-like struc-
ture has been employed to realize the impedance matched zero-index
metamaterials that offers the capabilities to superpose the incident
waves based on the pressure and volume flow continuities. The
hybrid structure with 4 side-loaded Helmholtz resonators has been
utilized to form the binary metasurfaces that divide the incident wave
into two parts and impose the predesigned phase difference between
them. By judiciously changing the phase difference and filling ratio of
the binary metasurface, our design has been demonstrated both
numerically and experimentally. The measured transmitted fields
show a strong contrast between the waves incident from positive and
negative directions, which implies the asymmetric transmission
indeed occurs.

For the topic of asymmetric transmission, compared to previous
schemes that can barely suppress the transmission along the negative
direction, our scheme provides a versatile approach that could have
significant applications in many areas, such as noise control, ultra-
sound imaging, and therapy. By decoupling the transmission ampli-
tude and phase simultaneously, we envision that our findings may
enrich the freedom to inspire more intriguing wave phenomena.
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See the supplementary material for the details on the decoupled
transmission amplitude and phase, the case for oblique incidence, the
design of component units, the influence of the differences between
the two units consisting of the binary metasurface, and the experimen-
tal setup.
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