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Coding metasurfaces are a kind of metasurface that can combine artificial structures with digital codes
“0” and “1.” By digitally programming the arrangements of structural units, they can manipulate the trans-
mitted or reflected waves into arbitrary patterns. Recently, coding metasurfaces have been demonstrated
to realize fascinating functions in acoustics, including far-field modulation, focusing, and vortex beam
generation. However, the previous acoustic coding metasurfaces work at a single frequency and have only
one function under a specific arrangement, limiting the efficiency and capacity of manipulation to a low
quality. To overcome these shortcomings, here we propose frequency-selected bifunctional coding acous-
tic metasurfaces. Dual-layer Helmholtz-like resonators are utilized to produce a 0 and 7 phase difference,
corresponding to the “0” and “1” codes, respectively. Owing to the design of the dual-layer resonators,
the two working frequencies are integrated on a single unit with a subwavelength thickness, which elimi-
nates the long-wavelength limitations. Frequency-selected anomalous reflection, diffusion, and Airy-beam
generation are further demonstrated to prove its availability. The results are shown through theoretical
predictions, simulations, and experiments, which show good correspondence. The proposed frequency-
selected bifunctional coding acoustic metasurfaces can be used in acoustic information preservation and

provide an alternative way to achieve multispectral acoustic devices.
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I. INTRODUCTION

Metasurfaces, as the two-dimensional (2D) version of
metamaterials with subwavelength thicknesses, have been
a hot topic in recent years due to their outstanding capabil-
ities in the manipulation of wave propagation. Basically,
metasurfaces are composed of meta-atoms and modulate
the wave fronts by controlling the wave response of each
meta-atom; thus arbitrary wave fronts can be achieved and
numerous functions have been found, such as anomalous
reflection and refraction [1—11], perfect absorption [12—
14], and asymmetric propagation [15—17]. Recently, meta-
surfaces that can achieve multifunctions have received
more and more attention, since there is a strong expectation
of one single metasurface that can deal with concurrent
tasks [18]. Frequency-selected multifunctional metasur-
faces are a kind of multifunctional metasurface that has
different functions at different frequencies. In acoustics,
two methods are proposed to design frequency-selected
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multifunctional metasurfaces. One is to use the supercells,
in which each cell corresponds to one frequency and a
specific function [19,20]. Obviously, this design acquires
multioptimization of the structures. Another is to use the
nonresonant mechanism so that harmonic frequencies can
work at each meta-atom [21]. However, such a design is
limited at low frequency as the wavelength becomes very
large.

Nowadays, a kind of digital metamaterial, termed a cod-
ing metamaterial, has been proposed for the purpose of
simplifying the structure with limited units and controlling
the waves in a more flexible way [22]. The simplest cod-
ing metamaterial contains only two types of coding units,
“0” and “1,” which are related to the “0” and “m” phase
responses and correspond to the on and off" states, respec-
tively [22]. Subsequent to the work of Cui ef al., there has
been a boom in the field of coding metamaterials and the
idea has been extended to multibit, multiband, and time-
modulation coding metamaterials and metasurfaces; thus
many complicated functions have been achieved, includ-
ing diffusion, vortex-beam generation, and holographic
imaging [22-28]. Owing to the simplicity and flexibil-
ity of coding metamaterials, the concept has subsequently
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been introduced to acoustics [29—31], nonlinear optical
metasurfaces [32], and topological structures [33]. By
defining “0” and “1” codes with different phase responses
(0 and ) or different topological states (trivial and nontriv-
ial) and arranging these units in arbitrary patterns, coding
metamaterials can manipulate the wave propagation in an
efficient and simple way. However, the previous acoustic
coding metasurfaces work at a single frequency and have
only one function when the coding pattern is specified. The
realization of frequency-selected multifunctional acoustic
coding metasurfaces still remains a challenge.

Here, we propose frequency-selected bifunctional cod-
ing acoustic metasurfaces based on a two-layer Helmholtz-
resonator-like structure. Four types of coding units are
selected as the “0” and “1” codes working independently
at two specific frequencies. By arranging these coding
units in different patterns, we demonstrate the functions
of frequency-selected anomalous reflection, acoustic diffu-
sion, and acoustic Airy-beam generation through theoret-
ical predictions, numerical simulations, and experiments,
which are in satisfactory agreement. Compared with con-
ventional frequency-selected acoustic metasurfaces, the
proposed frequency-selected bifunctional coding acoustic
metasurfaces distribute the frequency-selected functions
into each meta-atom without a nonresonance mechanism.
The proposed design has a high working efficiency and
removes the long-wavelength limitation, which opens up
an alternative way to design frequency-selected multifunc-
tional acoustic devices.

I1. DESIGN

The conceptual schematic of the frequency-selected
bifunctional acoustic metasurface is illustrated in Fig. 1(a).
For frequency f;, the coding sequence is “010101.../
010101...” in the x direction; for frequency f,, the cod-
ing sequence is “010101.../010101...” in the y direction.
Thus, normally incident acoustic waves containing fre-
quencies f1 and f; will be reflected in two directions on the
x-z plane and the y-z plane at the two frequencies, respec-
tively. The coding unit that makes up the metasurfaces
is shown in Fig. 1(b) and has a two-layer Helmholtz-
resonator-like design. The two layers are connected in
series, with a side length p =3 cm and a whole thick-
ness H = 0.8 cm. The cavities on the two layers have the
same side length D = 2.4 cm, but different heights, 4| =
0.3 cm and A; = 0.2 cm, for the upper and lower ones,
respectively. The two necks on both layers have the same
thickness 7 = 0.1 cm and changeable side lengths d; and
d, for the upper and lower ones. To optimize the param-
eters of the coding unit, we make simulations to obtain
its phase response, utilizing the commercial COMSOL Mul-
tiphysics software, which is based on the finite-element
method [34]. The material of the coding unit is set as
acoustically rigid and the coding unit is immersed in air
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FIG. 1. The schematic of (a) the frequency-selected bifunc-
tional metasurface and (b) the coding unit. (c¢) Simulated reflected
phases versus the frequencies of incident acoustic waves, where
the lines with different colors represent units with different struc-
ture parameters. (d) The extracted phase responses of four units
at fj = 3600 Hz and f, = 6200 Hz.

is described by the density p = 1.21 kg/m? and the sound
speed ¢ = 343 m/s. As the coding metasurface works
independently at two frequencies, there are at least four
optimized coding units for our frequency-selected bifunc-
tional metasurfaces, the parameters d; and d, of which are
shown in Table I. The codes before and after the symbol
“/” represent the codes at frequency f; and f>, respectively.
By appropriately adjusting the dimensions or geometries
of the designed Helmholtz resonators, the two working
frequencies can also be further adjusted to improve the
functionality of our design, i.e., the two working fre-
quencies can be monotonously adjusted by simultaneously
changing the periodicity p and the side length D while
keeping p — D constant, which can cover a large range
of working frequencies. Figure 1(c) illustrates the phase
responses of the four units at different frequencies, from
which we find that two of the four coding units work as
“0” and the other two work as “1” at the frequency of
f1 = 3600 Hz (f;, = 6200 Hz). For a clearer display, we
extract the required phase responses of the four coding
units at the two working frequencies, marked as red trian-
gles for f] and blue inverted triangles for f; in Fig. 1(d). The
phase difference between the “0” and the “1” states cannot
reach the exact 180°, as the existing coupling between the
top and bottom connected resonators results in imperfect
phase reversion during the resonances. But the error is in
acceptable and hardly influences the performance of the
coding metasurfaces.
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TABLE I. The optimized parameters of the four coding units.
Units di(cm) dr(cm)
0/0 1.2 0.5
1/0 1.1 0.7
1/1 1.0 0.9
0/1 0.7 1.4

III. EXPERIMENTS AND DISCUSSION

We now program the coding metasurfaces with the four
coding units. To prove the frequency-selected bifunctional
properties of the metasurfaces, we attempt to study three
functions commonly realized in traditional metasurfaces,
involving anomalous reflection, diffusion, and the Airy
beam. Thus, three 2D coding metasurfaces with sequences
S1 (with subsequences “0101.../0101...” in the x direc-
tion for f; and “0101.../0101...” in the y direction for f),
S, (with subsequences “0101.../0101...” in the x direc-
tion for f; and “0101.../1010...” in the x direction for f;),
and S; (with subsequences “001011” on both the x and
y axes for f; and f;) and a single one-dimensional (1D)
coding metasurface with sequence S; (with subsequences
“011100011100001111000001111111” and “11111000
1100011001101100100100” for f; and f;, respectively) are
considered, in which S; and S, are used for anomalous
reflection, S is used for diffusion, and Sy is used for gen-
erating the Airy beam. Accounting for the limitation of the
working frequencies, the “2 x 2 subarrays of the coding
units are utilized as the fundamental lattices to build the 2D
coding metasurfaces. Samples are exhibited in Fig. 2(a),
all of which are fabricated with photosensitive resin, uti-
lizing 3D-printing technology. For the 2D metasurfaces
S1, S,, and Sz, the measurements are carried out in free
space, as shown in Fig. 2(b), from which we can directly
obtain the far-field and near-field distributions by scanning
the microphone on the dot-line half-circle (with a radius
of 1 m for S; and S, and 5 m for S3) and the gray half-
transport area, respectively. A circular planar speaker (JBL
CSS8006BM, diameter 200 mm) is employed as the sound
source to make a plane wave illuminating on the metasur-
faces. For the measurement of the 1D metasurfaces Sy, an
acoustic waveguide is needed, as illustrated in Fig. 2(c),
which is built using two pieces of acrylic plate and absorb-
ing foams on the boundaries to decrease multireflections.
An array of speakers with a spacing distance of 3 cm is
used as the plane-wave sound source, placed opposite to
the sample array. All measurements are accomplished by
a multianalyzer system (B&K Type 3560B) containing a
pulse generator (B&K Type 3160) and two microphones
(B&K 4961, 1/4-in. diameter). Step distances of 2 cm and
1 cm are used in field scanning for f; and f,, respectively.
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FIG. 2. (a) A photograph of the three-dimensionally (3D)
printed samples S, S>, S3, and S;. S; is subcoded with
the subsequences “0101.../0101...” in the x direction for
fi and “0101.../0101...” in the y direction for fp; S, is
subcoded with the subsequences “0101.../0101...” in the x
direction for f; and “0101.../1010...” in the x direction for
f2; S3 is subcoded with the subsequences “001011” on both
the x and y axes for f; and f;; and S4 is subcoded with
the subsequences “011100011100001111000001111111” and
“111110001100011001101100100100” for f; and f;, respec-
tively. (b),(c) Measurement setups for (b) sample S, S, and S5
(c) sample Sy.

A. Frequency-selected wave splittings

Taking 2D metasurfaces with sequences S; and S, as
examples, we first discuss the function of anomalous
reflection. When an acoustic wave normally illuminates a
2D coding metasurface encoded with N x N equal-sized
lattices, the reflected far-field pattern can be expressed as
[22-29]

F0,9)=F.(0,9)

N N 1
ZZexp{—i{w(m,n) + kP sin 0 [(m — 5) )

m=1 n=1

(D]

where ¢ (m,n) is either “0” or “m” for the mn lat-
tice; 0 and ¢ are the elevation and azimuth angle of
an arbitrary direction, respectively; P is the lattice con-
stant, equal to 2p; k is the wave vector of the acoustic
wave; and F, (6,¢) is the function of a lattice pattern.
The coding sequence S; contains two different subcod-
ing sequences: “0101.../0101...” along the x direction for
f1 and “0101../0101...” along the y direction for f;. The
reflected far-field patterns can be numerically calculated
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using Eq. (1) as

IF11 (6, 9)] = 2C) |cos id er V2 o O ; v 2)
|F12 (0, 9)| = 2C) |sin d er Y2 cos V! ; V2 N E))
where Y = kPsin6 (sing + cos¢)/2,  p = kP sin

0 (singp — cosg) /2, Cy is a constant and the subscripts
“11” and “12” represent the reflected far-field patterns
of §; for fi and f;, respectively. The maxima are
achieved when [cos[(¥1 + v¥2) /2] sin[(Y1 — ¥2)/2]| = 1
for /i and [sin[(¥, + ¥2)/2] cos[ (W1 — ¥2)/2]| = 1 for fi.
Then 6, = arcsin (A;/2P) = 52.6°, ¢;; = 0° and 180°,
012 = arcsin (A, /2P) = 27.5°, ¢12 = 90° and 270° can be
obtained for f] and f, respectively. Thus, a normally inci-
dent wave with a frequency of f; (f;) is reflected in two
symmetric directions with respect to the z axis on the x-z
(y-z) plane, as shown in Fig. 3(a) [Fig. 3(b)]. To carefully
examine the reflected far-field patterns, the 1D expansion
of the normalized far-field patterns versus the reflected
angle are, respectively, given in Figs. 3(e) and 3(f) for f;
and f,, with the line representing the simulated results and
the dots representing the measured results, in which two
peaks for each frequency can be clearly observed and the
energy is more concentrated on the maximum for a higher
frequency.

Figures 3(i) and 3(m) [Figs. 3(j) and 3(n)] show the
simulated and measured pressure distributions for f; (f3),
respectively, where the reflected quasiplane waves propa-
gate in two symmetric directions with respect to the z axis
on the x-z (y-z) plane for f; (f2), with a standing-wave-
like area formed in the center. As the acoustic wave with
a smaller wavelength is more sensitive to the experimen-
tal environment, the measured pressure distribution for f,
has a lower quality than f;. Similarly, for sequence S,
which is encoded with subsequences “0101.../0101...”
for /i and “0101.../1010...” for f;, the reflected far-
field patterns can also be derived as |Fy; (0,¢)| =
2Cy lcos[ (¥ + ¥2) /2] sin[(Y1 — ¥2)/2]| and |Fx, (6, )|
= 2C |sin[ (Y] + ¥2) /2] cos[ (Y1 — ¥2)/2]|. The extremal
points are achieved at 6,; = arcsin (A;/2P) = 52.6°,
@21 = 0° and 180° for f1, 65, = arcsin (Az/«/fP) = 40.7°,
@1 = 45°,135°,225° and 315° for f>. Then, the incident
wave splits into two branches for f; and four branches for
/>, as shown in Figs. 3(c) and 3(d).

Figures 3(g) and 3(h) give the 1D far-field distribu-
tions on the x-z and y = —x planes for f; and f;, respec-
tively, where two peaks can be found for each frequency
and the reflected angle for f, is bigger than that of S,
consistent with the theoretical prediction. Corresponding
pressure distributions are shown in Figs. 3(k) and 3(o)

for f; and Figs. 3(1) and 3(p) for f;, with the simulated
results in Figs. 3(k) and 3(1) and the measured results
in Figs. 3(o) and 3(p). To evaluate the performance of
the wave-branching functions, we calculate the signal-to-
noise ratios (SNRs) for S| and S,. The SNR is defined as
SNR = E;/(Ey — Ej), where the E; and E|, are the effective
and whole signal intensities, respectively. The E; is defined
as the signal exceeding 1/e of the peak intensity around the
designed angle. The SNRs are 3.08 (f;), and 5.25(f;) for
S1, 3.32(f1), and 4.43(f>) for S,, respectively. The SNRs
at f) are lower than that at /; for the two metasurfaces,
indicating that the devices can work more efficiently at a
higher frequency. The SNR also can be further improved
by increasing the number of coding lattices.

B. Frequency-selected diffusions

When the incident acoustic wave is reflected in a suf-
ficient number of directions and the energy is evenly
distributed in each direction, we obtain another applica-
tion—diffusion. Research on acoustic diffusion originates
from echo control of the music in a large auditorium, where
the energy of the echo should be preserved rather than
absorbed to avoid the loss of sound. One of the most sig-
nificant occurrences in diffuser design was the invention of
the phase-grating diffuser by Schroeder [35], leading to the
flourishing development of Schroeder diffusers in the years
that followed. Nevertheless, the large thicknesses limit
their applications when the frequency is low. To overcome
this limitation, Zhu et al. proposed an ultrathin design of
Schroeder diffuser in 2017 [36], based on Helmholtz-like
resonators. The ultrathin Schroder diffuser has a thick-
ness of only 1/20th of the working wavelength, which is
1/10th of that of the traditional Schroeder diffuser. How-
ever, the working frequency of one unit has been limited
to a single frequency due to the resonating nature. Thus,
our proposed frequency-selected coding units can be uti-
lized well to realize a frequency-selected acoustic diffuser.
The diffusion can be reached by minimizing the directiv-
ity of the reflected acoustic waves, which can be described
by the reduction of the radar cross sections (RCS) [22]. By
optimizing the coding sequence with “0” and “1” lattices,
the best RCS reduction can be achieved and the optimized
sequence for diffusion is obtained as “001011” along both
the x and y axes for a 6 x 6 array. According to the deriva-
tion of Eq. (1), the reflected directions will increase and
the energy will be discretely distributed in these direc-
tions. The simulated 3D reflected far-field patterns of S
are shown in Fig. 4(a) for f; and in Fig. 4(c) for f;. Fig-
ures 4(b) and 4(d) are obtained by illuminating the plane
wave on a flat plate, which works as the reference. To
compare the reflected energy in different reflection angles
of the metasurface with that of the plate, we extract the
1D normalized far-field patterns on the x-z plane versus
the reflected angle for f; and f;, shown in Figs. 4(e) and
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FIG. 3. (a)«d) Simulated 3D reflected far-field patterns of (a),(b) S} and (c),(d) S, for (a),(c) fi and (b),(d) f>. (e)~(h) Simulated

(line) and measured (dot) 1D far-field patterns corresponding to (a)—«d), respectively. Simulated (i}~«1) and measured (m)—p) pressure

distributions corresponding to (a)—(d), respectively.

4(f), respectively, with the solid line representing the simu-
lated results and the dashed line representing the measured
results. We can see that the energy peak presents a dramatic
decline and the relative energy of the peak decreases for
f1; while for f5, the energy peak disappears and the energy
has a uniform distribution in all reflected directions. To
compare the efficiencies of diffusion at the two frequen-
cies, we calculate the normalized diffusion coefficients as
0.38 and 0.72 for f; and f5, respectively, which means that
the diffusing efficiency for f; is lower than that for £, [36].

The frequency-selected acoustic wave diffuser is of great
significance in conditions where the high-frequency com-
position is expected to disperse while the low-frequency
composition remains.

C. Frequency-selected generation of airy acoustic
beams

Finally, we demonstrate a metasurface that can gener-
ate frequency-selected acoustic Airy beams programmed
by dual-band coding units. An Airy beam is a type of
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and (f) f>.

“nondiffraction” wave packet described by the Airy func-
tion [37]. In addition to the nondiffraction and self-healing
properties, the Airy beam has a marvelous feature of “self-
accelerating” without any external potential, which has
been widely applied to wave manipulations in optics and
acoustics [37,38]. For a 1D Airy beam, the phase and
displacement are expressed as [37,38]

¢ = Ai (bx) exp (ax + ibx sin0), 4)

where Ai(bx) is the 1D Airy function, & denotes the
wave number, a is a positive value to ensure the
finite Airy tail when x — oo, b is the transverse scale,
and 6 represents the bending direction. Here, we take
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FIG. 5. The Airy functions (red line) and approximate phase
distribution (blue line) of the Airy functions with (a) ¢, for fi
and (b) ¢, for 5. (c),(d) The theoretical field distributions of Airy
beams generated by approximate phase distributions, shown as
blue lines in (a) and (b) for f; and f;, respectively.

0 equal to 0°, which means that the bending direc-
tion of the Airy beam is perpendicular to the metasur-
faces; then ¢; = Ai[(250/21)x] exp[(25/21)x] and ¢, =
Ai[—(500/27)x] exp [—(50/27)x] are used for f; and f5,
respectively, as the red lines shown in Figs. 5(a) and 5(b).
To generate the Airy beam with a metasurface, the desired
phase distribution can be obtained as arg [¢ (x, 0)] = 0° for
¢ (x,0) > 0, arg[¢ (x,0)] = 180° for ¢ (x,60) < 0, which
are illustrated as blue lines in Figs. 5(a) and 5(b), respec-
tively. The calculated field distributions of the generated
Airy beams are shown in Fig. 5(c) for f; and Fig. 5(d) for
f>. Then, we can discretize the phase distributions to two
sequences at the two frequencies and integrate the them
onto one metasurface utilizing the proposed dual-band
coding units. Figure 6(a) exhibits the discrete phase dis-
tributions to generate the frequency-selective Airy beams,
from which the metasurface with sequence Sy is acquired.
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FIG. 6. (a) The discrete phase profile of the designed meta-
surfaces Sy to generate the frequency-selective dual-band Airy
beams. (b),(c) Simulated field distributions of the reflected Airy
beams for f; and f;, respectively. The corresponding simulated
(d),(e) and measured (f),(g) pressure distributions of the reflected
Airy beams for f; and f,, respectively. The areas indicated by
the black dashed rectangle are the measurement areas. The white
and black arrows in (d)—(g) indicate the bending path of the Airy
beams.
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The simulated field distributions of S4 with discrete phases
are shown in Figs. 6(b) and 6(c), which are consistent with
the simulated results of the continuous phases, indicating
that our discretization process is available. The corre-
sponding simulated and measured pressure distributions at
/1 (f2) are shown in Figs. 6(d) and 6(e) [Figs. 6(f) and 6(g)],
respectively, in which an Airy beam bending to the right
(left) is observed, with the arrows indicating the bending
path. Thus, if the metasurface is normally illuminated by
an acoustic wave containing f; and f;, two Airy beams with
opposite bending directions can be obtained, which can
be employed to produce nondiffraction frequency-selected
acoustic focusing devices.

IV. CONCLUSION

In conclusion, we propose frequency-selected bifuncti-
onal-coding metasurfaces based on two-layer Helmholtz-
like coding units. The proposed designs are demon-
strated to work independently at two frequencies and
have two functions at two specific frequencies. To evalu-
ate the frequency-selected bifunctions, frequency-selected
anomalous reflection, diffusion, and Airy-beam genera-
tion are realized. The proposed frequency-selected bifunc-
tional coding acoustic metasurfaces open up an avenue
for frequency-selected multifunctional acoustic devices
and have applications in acoustic preservation, imaging,
and acoustic wavelength multiplexing devices. Moreover,
owing to the resonant mechanism of the proposed dual-
band bifunctional coding metasurfaces, the principle can
be further extended to the higher frequencies or the elastic
waves. Certainly, as the resonant mechanism of the elas-
tic waves in the solid is different from that of the acoustic
waves in the resonators immersed in air, the coding unit
needs to be redesigned rather than the simple Helmholtz
resonators.
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