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The emergent metagrating, with its unique and flexible beam shaping capabilities, offers new paths to efficient modula-
tion of acoustic waves. In this work, an acoustic metagrating is demonstrated for high-efficiency and wide-angle anomalous
refraction. It is shown that the normal reflection and transmission can be totally suppressed by properly modulating the
amplitude and phase characteristics of the metagrating supercells for high-efficiency anomalous refraction. The anoma-
lous refraction behavior is achieved in the wide range of incident angles from 28° to 78°, and the efficiency of —1st order
diffraction is higher than 90% by finely designing the metagrating structure. The anomalous refraction behaviors are ver-
ified experimentally at incidence angle of 28°, 45°, and 78°, respectively. The demonstrated metagrating is anticipated to
possess efficient wide-angle composite wavefront engineering applications in such fields as communications.

Keywords: acoustic metagrating, beam steering, wide-angle anomalous refraction

PACS: 43.20.El, 43.40.+s, 81.05.Xj
DOI: 10.1088/1674-1056/ad8db6

1. Introduction

Metasurface have been demonstrated with efficient and
flexible beam modulation properties.!'=3] The phase gradient
metasurface has grown rapidly and gained widespread atten-
tion in both physics and engineering, opening the way for
complex wavefront control in acoustics.[*! Various func-
tional acoustic devices with excellent performance can be de-
signed by properly designing the structure, size, and other
parameters.[!%1%1 Recently, applications based on transmis-
sive metasurface, such as high numerical aperture, large an-
gle steering, and device miniaturization, have gained extensive
attention. %221 However, due to the beam modulation method
generally relies on local resonance or scattering modes of in-
dependent units and the output energy evaporates as the angle
of incidence approaches a critical angle, traditional phase gra-
dient metasurface often suffers from low spatial frequency and
diffraction efficiency. >3]

Many approaches to improve the efficiency of anoma-
lous refraction for transmissive metasurfaces have been suc-

d.[?627] For example, the efficiency of wide-

cessively reporte
angle beam deflection can be improved by using bianisotropy
metasurfaces.!”8! Recently, metagrating has been proposed
and demonstrated as another type of artificial planar struc-
tures that overcomes the fundamental limitation of the critical
incident angles for the phase gradient method.?*-33! Combi-

nation of the advantages of metasurface and traditional grat-
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ing, acoustic energy direction is manipulated in a single avail-
ably, suppresses normal order output waves due to the syn-
ergy effect between acoustic diffraction and phase modula-
tion. Several design strategies for metagrating device have

[31.34-381 Xu et al. designed an acous-

been reported at present.
tic phase gradient metagratings composed of periodic super-
cells and revealing its diffraction mechanism.!*! Zhang in-
vestigated the theoretical extension of two-dimensional (2D)
metagratings to manipulate waves in three-dimensional (3D)
spaces, adding an extra dimension to modern holographic de-

n.[401 However,

sign and metasurface wavefront manipulatio
previous researches have mainly focused on the anomalous re-
fraction of specific incident waves, which is unable to meet the
requirements of practical wide-angle applications.

In this paper, high-efficiency and wide-angle anomalous
refraction has been achieved through coherently modulating
different order components of the transmitted acoustic field.
By adjusting the geometric parameters of the unit to suppress
the higher order, the interference phase eliminates the normal
order and retains only the — 1st order component to realize the
abnormal refraction function. The transmission phase differ-
ence of units A and B varies linearly over a wide range of
incidence angles at operating frequency, enabling the meta-
gating to perform effectively at various incidence angles with
efficiency higher than 90%. Simulation and experiment indi-
cate the designed acoustic metagrating device achieve beam
steering at the wide incident angle ranges of 28°-78°.
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2. Design and results

If the grating constant (p) is equal to or smaller than the
wavelength of the acoustic wavelength, one or more diffrac-
tion orders can be produced when the obliquely incident
acoustic wave at angle 6, passes through the transmission-
type acoustic metagrating device. The diffraction angle for
various diffraction orders have been calculated by diffraction
formula, denoted as p(n sin 6, — n sin 6;,) = mAg, where n;
and n; are the refractive indices of the medium at the upper and
lower of the acoustic metagrating, respectively, both of which
are 1 here. And 6 is the refractive angle, A is the wavelength,
and m is the diffraction order. The scattering properties of the
metagrating are been altered to obtain the desired diffraction
order by adjusting the length of each period. Therefore, for
obliquely incident acoustic waves, if the diffraction wave only

exists in the highest order of the +-1st order diffraction wave,

229

ST NESE Furthermore, in the case of
m

it needs to meet p <

oblique incidence, if p < is satisfied, there is no +1st

order sound wave in the trlanlglrrileil;tled field. Under oblique inci-
dence, if the wavelength and period satisfy the above equation,
the system will exhibit normal and —1st order diffraction. By
eliminating the normal order diffracted waves, it is possible
to achieve efficient transmission of sound waves in the direc-
tion of the —1st order diffraction. When the phase difference
between adjacent units is 7 within a period, interference elimi-
nation occurs after the acoustic wave passes through the meta-

grating, and the normal order diffraction wave is suppressed.

Acoustic wave

z

L —1st order
T
)

Fig. 1. Schematic diagram of the metagrating of the modulated acous-
tic wave showing anomalous refraction under oblique incidence, and
the inset shows the sketch of the unit cell, which consists of units A and
B with periodic p = 2a.

The metagrating consists of two units (A and B) in a pe-
riodic with the height of /, a 2D structure invariant along the
y direction, as shown in Fig. 1. Two side-open symmetrically
juxtaposed Helmholtz cavities being got for each unit utilize
to provide sufficient phase modulation. And the volume of the
Helmbholtz resonance cavities of units A and B can be adjusted
by varying the parameter w, as they have different volumes.
The width of each unit is a = p/2 = 60 mm, the opening width
of each air cavity is d = 4 mm, the thickness of the side wall is
t = 2 mm, and the height of the whole structure is / = 38 mm

respectively. In this work, 2020 Hz is chosen as the operating
frequency. COMSOL Multiphysics software was used to sim-
ulate the calculations with an air density of 1.21 kg/m? and a
sound velocity of 343 m/s. The incident acoustic wave is set as
a plane wave with an amplitude of 1 Pa, and periodic bound-
aries are applied on both sides of the structure to simulate an
infinite row of units. The perfectly matched layers are used to
attenuate the field of outward radiation without reflection.
When the grating constant p is determined, the operating
wavelength only needs to be slightly larger than p (< Ap), in
g1 4 7 <1 < gy
for any angle oblique incident acoustic wave. At this point,

this way, % <1< are satisfied
only the —1st and normal order diffraction waves are presented
in the transmitted field. It is essential to maximize the reduc-
tion of normal order diffraction by adjusting the phase of the
unit to achieve abnormal refraction. We have selected an op-
erating frequency of 2020 Hz, 6;, = 45°, corresponding to a
wavelength that fulfills the constraints. The phase and trans-
mission coefficients of individual structural units change as w
varies from 2 mm to 25 mm as shown in Fig. 2(a). It is evident
that the coverage during the transmission phase exceeds 7, and
it is always possible to locate two units with a phase difference
of 7. Transmittance is a crucial factor that must be taken into
account for transmissive metasurfaces. We initially chose unit
A with w; = 19.1 mm, corresponding to a transmittance and
phase of 0.99 and 1.49 rad, respectively. In addition, we can
always look for unit B with its phase difference of 7 and higher
transmission coefficient, i.e., wo = 3 mm. Both points corre-
spond to higher transmission values, and the phase difference
complies with our design philosophy.

The two units periodically align to construct the meta-
grating. The normalized diffraction orders in the transmitted
acoustic field are calculated, as shown in Fig. 2(b). It is ob-
served that the normal order diffraction is near O at the oper-
ating frequency f; = 2020 Hz, while —1st order diffraction
close to 100%. At the same time, the metagrating has a high
transmittance at the operating frequency. The scattered acous-
tic field distribution of the metagrating is demonstrated as in
Figs. 2(c)-2(e). At the operating frequency, the abnormal re-
fraction is obvious when the acoustic wave is oblique incident
at 45°. The transmitted wave propagates along the direction
of the —Ist order diffraction angle, and the diffraction angle
6, = —45° obtained by simulation agrees with the theoretical
value calculated by the diffraction formula. The non-operating
frequency f> = 2200 Hz was chosen as a comparison, and the
anomalous transmission phenomenon was not observed from
the transmission field in Fig. 2(e). At this frequency point, the
diffraction efficiencies of the — st and normal orders account
for the same percentage, and the standing waves are formed
by two types diffracted waves in the transmitted field.
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Fig. 2. Behaviour of metagrating modulated acoustic waves. (a) The phase shifts and transmission coefficient induced by single unit as
a function of w, at f = 2020 Hz. (b) The normalized coefficients of each diffraction order in the transmission fields. Green and orange
lines represent —Ist and normal order diffraction, respectively. Purple line represents the transmission coefficient at different frequencies.
(c) Incident acoustic fields with plane wave (upper) and the enlarged diagram of the proposed metagrating (bottom). (d) Scattered pressure
fields at working frequency f; = 2020 Hz. (e) Transmitted pressure fields at non-working frequency f>» = 2200 Hz.
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The modulation behavior of the designed metagrating for
various incidence angles has been investigated simultaneously
in our work. Figure 3(a) shows the variation of the transmis-
sion phase difference between units A and B as a function of
frequency and incidence angle, whereas the gray dotted line
near the operating frequency 2020 Hz indicates a phase differ-
ence of . The change for the transmission phase difference
between units A and B is not significant over the incidence an-
gle of 10°-80°, indicating that the metagrating can effectively
operate over a wide range of angles. However, transmission
phase varies with frequency and incident angle when operat-
ing as a single unit as showed in Fig. 3(b), the transmission
phase abruptly changes at an incident angle of near 78°, result-
ing in the incident beam not being modulated efficiently. The
relationship between the normalized diffraction coefficients of
normal and — Ist order with the incident angle is numerically
calculated, as shown in Fig. 3(c). In Fig. 3(c), the yellow area
refers to the range of incidence angles where the —1st order
diffraction in the transmitted field exceeds 90%. Moreover,
it can be observed that the designed metagrating maintains a
high transmittance within this region. In Fig. 3(d), the exterior-
field pressure of the metagrating is depicted at incident angles
of 28°, 45°, and 78°. The sound waves incident at various an-
gles propagate in the direction of the — 1st order after passing
through the metagrating. The calculated diffraction angles of
the —1st order are —72°, —45°, and —25°, respectively. Fig-
ure 3(e) shows the relationship between the incident angle and
transmitted angle, in which the simulated result (red dot) is in
good agreement with the theoretical value (green solid line)
calculated by the diffraction formula. Numerical simulations
of the acoustic pressure distributions in the region with high
diffraction efficiency for the incident angles of 28° and 78° are
shown in Fig. 3(f). Excellent abnormal refraction phenomenon
could be observed in the transmitted field, where the transmit-
ted waves propagate along the —1st order diffraction angle di-
rection, and is consistent with the theoretical value calculated
by the diffraction equation. In summary, it is verified in the
simulation that the proposed metagrating has the abnormal re-
fraction characteristic of wide angle (28°-78°) incidence.

The anomalous diffraction behavior of the designed meta-
grating composed of units A and B, operating at wide angles,
is experimentally confirmed. The schematic diagram of the ex-
perimental test system for the 2D acoustic pressure field scan-
ning platform is depicted in Fig. 4(a), with a computer con-
trolling the entire scanning platform for sound generation, ac-
quisition, and movement. Eight equidistant loudspeakers are
positioned at the front of the waveguide as the sound source
signal. The 2D waveguide is consisted by two acrylic plates
placed parallel to each other with length, width, and thickness
of 2.2 m, 1.2 m, and 0.02 m, respectively. The distance be-
tween the two parallel plates is 6 cm, and the 2020-Hz acous-

tic wave can be considered as a full-wave experiment when
transmitted in the waveguide according to the acoustic wave
transmission condition. The material density is 1200 kg/m?,
which is much higher than the density of air. To reduce the
influence of other noises on the experiment, a lot of sound ab-
sorbing foams are placed around the waveguide. The sample
is prepared by means of 3D printing technology and the poly-
mer material (PLA, 1250 kg/m?) is considered as the printing
material, as illustrated in the inset of Fig. 4(a).
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Fig. 4. Experimental verification of anomalous transmission behavior at vari-
ous incidence angles. (a) Schematic representation of the experimental setup.
The black dashed line box represents the measurement area where a mobile
microphone is used to scan and measure acoustic pressure. The illustration
is physical image of the samples in one acoustic grating period. (b)—(d) Sim-
ulated acoustic pressure fields under actual conditions of 28°, 45°, and 78°.
(e)—(g) The experimental transmitted acoustic pressure fields of plane acoustic
wave passing through the sample under different incident angles.

Due to the fixed position of the loudspeaker array, the
samples need to be placed at 28°, 45°, and 78° to the z-axis
to verify the anomalous transmission phenomenon. And the
11 periods of simples can be arranged owing to the limitation
of the size of the waveguide. The acoustic pressure field distri-
bution at different angles of incidence has been recalculated to
more realistically simulate the experimental environment, as
illustrated in Figs. 4(b)—4(d). The solid arrows show the direc-
tion of incident wave and the white box represents the experi-
mental measurement area. The field distributions measured at
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different incidence angles are shown in Figs. 4(e)—4(g), where
the black hollow arrows depict their transmission directions,
agreeing well with the simulation corresponding to the white
dashed box. After the obliquely incident acoustic wave passes
through the designed acoustic metagrating, the — 1st diffracted
wave dominates in the transmitted field, and the anomalous
refraction phenomenon is realized. The proposed metagrating
proved to be effective in adjusting the beam deflection over a
wide range of incidence angles.

3. Conclusion

In this paper, a transmissive metagrating, utilizing the
Helmholtz resonant cavity, effectively is proposed to realize
anomalous refraction over a wide range of incidence angles.
The proposed mategrating device contains two units per pe-
riod, significantly alleviating the designed complexity. By
suppressing the higher order component and eliminating the
normal order between the units, the transmitted field only re-
tains the —1st order wave to achieve the abnormal refrac-
tion. Due to the insensitivity of the transmission properties
of the unit structure to the angle, the proposed metagrating
can work efficiently at different incidence angles with —1st
order diffraction efficiency higher than 90%. The efficiently
anomalous acoustic wave transmission behavior in the inci-
dence ranges of 28°~78° have been confirmed by both simu-
lation and experiment. The reported device is promising for
high-efficiently and wide-angle complex wavefront engineer-
ing in high numerical aperture, large angle steering, and device
miniaturization.
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