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Due to their limited number of units but outstanding ability to control rather complex wave-propagation
phenomena, acoustic coding metasurfaces (ACMs) as two-dimensional metamaterials show a stronger
competitiveness in metamaterial applications. However, hindered by their narrow-band modulation capa-
bility, the previously reported ACMs do not exhibit a broadband applicability. To address the frequency-
based coding capability, in this paper we report broadband acoustic coding metasurfaces (BACMs) whose
units are designed by the bottom-up topology optimization method. Subsequently, by utilizing our opti-
mization strategy, we design the 1-bit coding units “0” and “1” with out-of-phase responses and the 2-bit
coding units “00”, “01”, “10,” and “11” with four different phase shifts of 0°, 90°, 180°, and 270°. The
topological features show constant phase differences, and in the following analysis, we attempt to explain
this phenomenon by the related mechanisms of the internal resonances and the bianisotropy effect. The
optimized BACMs are beneficial to improve the functions of a fixed coding metasurface in the frequency
range. This idea provides an inspiration for fabricating fast-sector-scanning sound antenna. In combina-
tion with the convolution method, we also present the design strategy for the broadband fast-scanning
multiple-beam antenna. The design of the acoustic antenna is a fixed coding sequence, and its scanning
and echolocation mode does not depend on the reconfiguration of the coding units. Furthermore, we also
demonstrate a pair of opposite functions, namely the broadband sound focusing and diffusion-scattering
characteristics, which have potential applications in ultrasonic therapy, low-scattering target design and

noise control, and so on.
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I. INTRODUCTION

Recent years have witnessed a rapid development in
the field of metasurfaces, which are acquired by com-
pressing the thickness and structural complexity of bulk
metamaterials to two-dimensional (2D) scale [1-9]. Sev-
eral striking features, such as the subwavelength scale [2],
tangential phase controllability [7,8], and even transmit-
tance modulation [10], provide us more space for wave
manipulation (optical waves [1], acoustic waves [4], and
even elastic waves [11]). The concept of metasurfaces was
proposed in the optical field and the generalized Snell law
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provides us with theoretical guidance. Alternative surpris-
ing applications were opened up by metasurfaces and, for
many years, the increased research on metasurfaces was
in the ascendant. As 2D subwavelength metamaterials,
metasurfaces mainly provide nontrivial local phase shifts,
which highlights their ability to freely tailor the wave
fields. Such great features have revealed numerous intrigu-
ing properties, such as anomalous reflection and refraction
[12,13], noise control [14,15], carpet cloaking [16,17],
perfect sound absorbing [18], Schroeder diffusion [19],
asymmetric transmission [10], vortex beam [20,21], and
focusing [7-9]. At the same time, the introduction of deep
learning [22,23] also brings opportunities for metasurface
design.

Based on the effective
aforementioned metamaterials

medium theory, the
or metasurfaces with
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continuously varying macroscopic properties can be clas-
sified as “analog metamaterials.” Recently, the concept of
“metamaterial bytes” implemented through proper spatial
mixtures of “digital metamaterial bits” was presented
by Della Giovampaola and Engheta [24]. Subsequently,
Cui et al [25] further clarified the general concepts
of “coding metamaterial,” “digital metamaterial,” and
“programmable metamaterial.” The digital metamate-
rial is assembled by the distinct coding units named
“0” and “1” that have opposite phases; and the 2-
bit coding metasurface is constructed by four cod-
ing units “00”, “01”, “10,” and “11”, exhibiting 0°,
90°, 180°, and 270° phase responses, respectively. With
less variety of metasurface elements, coding metasur-
face design could be greatly simplified, and the vari-
ous functionalities, such as directional antenna [25-29],
focusing [27,30,31], and diffusion scattering [32—35] can
be simply implemented by the corresponding coding
sequences.

However, broadband features still remain challenging
in metasurface design and from the practical viewpoint,
a broadband metasurface with customized dispersion is
required. In recent works, the integrated resonant unit is
introduced to design broadband optical achromatic devices
[36—39] whose performance still relies on the achromatic
phase modulation of the units. The inverse-design method-
ology has shown a strong competitiveness in the field of
broadband design [40—42]. Our latest work [43] expanded
the ultrabroadband capability to acoustic metasurfaces;
and a customized dispersion for the units was achieved
by the optimization method, which ultimately leads to
the desired broadband frequency-independent functionali-
ties featuring a record-breaking relative bandwidth about
100%. In order to further expand the connotation of
broadband metasurfaces, in this paper, we propose an
optimization-based technology to design 1-bit and 2-bit
broadband acoustic coding metasurfaces (BACMs) and
demonstrate several performances numerically and exper-
imentally, including broadband sound antenna, broadband
focusing, and diffusion scattering. The customized disper-
sion units of the BACMs with constant phase differences
have a higher degree of design difficulty, especially in
exploring the transmission-type BACMs. This apparently
calls for a coding-unit design method and leaves us a
huge potential space to explore the BACMs relying on the
customized inverse-design approaches. To date, these opti-
mized coding units present one of the first examples of
the BACMs for coded acoustic antenna and field manip-
ulation. The optimized design in this paper advances the
application of metasurface in acoustic control field such
as broadband acoustic antenna. In our future research,
we will also consider other challenging engineering
applications such as ultrasonic [44] and underwater acous-
tic fields [45-47], which will lead to more innovative
technological advances.

I1. DESIGN OF THE METASURFACE UNITS BY
TOPOLOGY OPTIMIZATION

Topology optimization has been widely used in the field
of metamaterial design, and many metastructures including
metasurfaces with alternative functions have been realized.
Indeed, different optimization problems in the metamate-
rial design have different objectives and physical mech-
anisms. The realization of any successful optimization is
possible only if a mathematical model encompassing spe-
cific objective functions and constraints is properly set.
Many previous metamaterial optimization designs mainly
focus on the broadband gaps, double negative metastruc-
tures and specific modulus design, and so on. It is not
our intention to develop a completely alternative topology
optimization method in this work. Instead, we define par-
ticular objective functions and constraints as described in
what follows, which are aiming at constant phase differ-
ences and totally different from previous works. Concisely
speaking, the focus of this paper is not the topology opti-
mization method itself, but the inverse design of the broad-
band coding units, which can realize the constant phase
differences in a wide frequency range with a relatively high
transmission.

To construct the transmission-type BACMs with the
constant phase differences (0° and 180° phase-response
units for 1-bit BACM; 0°, 90°, 180°, and 270° phase-
response units for 2-bit BACM), and at the same time
guarantee a certain transmittance, we employ topology
optimization to systematically design the demanding meta-
surface units. In addition, some geometrical constraints
are also adopted in our optimization program to restrict
the minimum size, e.g., the minimal solid components
should guarantee the sufficient strength and manufactur-
ing feasibility, and there should be no conspicuous viscous
dissipation in the narrowest air channel.

A. Optimization parameter setting

To systemically design the required coding metasur-
face units, it is effective and robust to perform topology
optimization for the unit with the prescribed phase-shift
property. To realize the broadband coding manipulation,
two arbitrary metasurface units should maintain a constant
phase difference, such as 90°, 180°, and 270°. At this point,
the target frequency range [funin, fmax] can be divided into
a certain number of sampling frequencies. Therefore, the
optimization objective is converted into minimizing the
difference between the target phase shift and the actual one
at all discrete frequencies. It is generally difficult to main-
tain a fixed phase difference over a certain frequency range
with metamaterial elements. However, our optimal design
of the units can overcome the unpredictability dispersion
and then achieve customized dispersion characteristics that
meet the rigorous requirements. To ensure the relatively
high transmission, the averaged transmission coefficient
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should be larger than 0.6 within the target frequency range.
It is difficult to achieve high transmittance in the broad-
band frequency range with the antiphase unit of 180°,
S0 we use an average transmittance larger than 0.6 over
the broadband, and there are some frequencies where the
transmittance is slightly lower than 0.6. The transmission
difference of the units will lead to distortion of the pre-
set sound field to a certain extent, however, the following
numerical simulation and experimental results confirm that
the above transmittance conditions have not significantly
changed the phenomenon of the sound regulation.

We use the genetic algorithm (GA) [43] to solve this
optimization problem. A metasurface unit can be treated
as an individual, which is composed of 240 x 60 design
variables. First, a population consisting of Np binary indi-
viduals is randomly generated. Then, the “abuttal entropy
filter” is applied to all individuals to eliminate the tradi-
tional checkerboard pattern and improve the topologies.
Secondly, the fitness and constraint satisfaction of every
individual is evaluated according to the phase-matching
extent and the averaged transmission. Thirdly, a series
of genetic operations including selection, crossover, and
mutation are employed to all individuals in the current

J
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generation to produce the offspring population. Fourthly,
the elitism strategy is introduced in optimization to accel-
erate the evolution. Finally, the whole evolution will stop
and give rise to an optimized unit when the generation
number is equal to the presupposed one.

B. Objective functions and constraints

To construct the transmission-type BACMs with con-
stant phase differences (0° and 180° units for 1-bit BACM;
0°, 90°,180°, and 270° phase-response units for 2-bit
BACM), and at the same time guarantee a certain trans-
mittance, we employ topology optimization to systemati-
cally design the demanding metasurface units. In addition,
geometric constraints are also adopted in our optimiza-
tion program to restrict the minimum size, such as the
minimal solid component should guarantee the sufficient
strength and manufacturing compatibility and there should
be no conspicuous viscous dissipation in the narrowest air
channel. To address the above requirements, the single-
objective optimization with multiple constraints for a 2D
rectangular design domain (Fig. 1) is formulated as follows
[43]:
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where the sampling frequency number in the target fre-
quency range [fmin, fmax] 1S (Vg — 1), which are uniformly
distributed over the whole range; Q2p is the 2D design
domain; ¢}, characterizes the absolute difference between
the desired and theoretical phases at the ith sampling fre-
quency; p; represents the material density 0 (1) of a finite

(

element of air (solid); Ny are numbers of the finite ele-
ments; 24 is the number of the connected air domains and
the air channel is connected from the left side of the unit to
the right port to ensure that sound waves can pass through;
R, and Rg represent arrays consisting of local air and solid
blocks, respectively; ¢4 and fg are the prescribed test values
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FIG. 1.

The computational model used in the coding units’
optimization progress. The gray area p is the optimization
design domain. In simulation, the periodic boundary conditions
are imposed on the top and bottom boundaries of the model.
Nonreflecting boundaries are introduced on the left and right
ports.

[40,41]; T is an averaged transmission coefficients within
the targeted range.

Figure 1 is the topology optimization model utilized in
our paper, where Q2 is the design domain with the size of
W x H that is meshed by Ngx X Ngy 4-node linear quadri-
lateral finite elements (AC2D4) in ABAQUS 6.14-1. To
avoid acoustic coupling between the optimized units, we
add a layer of solid wall on the top and bottom boundaries
of the design domain. The plane waves are incident in the

model from the left port and the transmission coefficient is
calculated based on the classical four-microphone method
[48]. The microphones are placed at the positions of xj,
X2, x3, and x4, as shown in Fig. 1. The geometric sizes of
H and W in optimization take the values of 4 and 6 cm,
respectively.

The material parameters used in optimization arep,;, =
1.29 kg/m3, Cair = 343 m/s, pso1ia = 1230 kg/m3, and
Csolid = 2230m/s. Because of the high impedance mis-
match between the solid and air, generally, the solid can
be assumed to be acoustically hard to simplify the opti-
mization. Thus, the four 2-bit optimization units are cus-
tomized as shown in Fig. 2(a). The broadband phase dif-
ferences and the transmission spectra of the four units are
present in Figs. 2(b) and 2(c) and the relative bandwidth
namely the ratio of the bandwidth to its central frequency
reaches 46%.

To clarify the physical mechanism of the broadband
phase modulations, we prudently study the topological fea-
tures and it can be found that the optimized asymmetrical
units are composed of multicavity and complex coiling
channels.

1-bit “0” (0°) “1” (180°)
2-bit “00” (0°) “01” (90°) “10” (180°) “11" (270°)
(b) 405 | —@— Normalized phase of unit "00" (©) 1.0
= 360 - —@— Phase difference of "01" and "00"
sl | —@— Phase difference of "10" and "00" 08
<) | —@— Phase difference of "10" and "00" :
< 270 : 3
9 g
5 225 J06
— b B=
2 180 g
B 135 5 04 :E_ff?_‘?PYS_f?_e.fl‘}.‘?%‘?_y._df_’}?}?‘}.n'
% 90 = ' —@—The unit of "00" !
= I 0.2 i —9@—The unitof "01" .
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FIG. 2. The 1-bit and 2-bit optimized coding units and the corresponding broadband phase differences and transmission spectra.
(a) The 3D-printed four units achieved by stretching the optimized 2D topology along the axial direction. (b) The broadband phase
differences of the four units in (a), where the phase of the unit “00” is normalized to 0. (c) The transmission spectra of the four units.
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The topological features revealed in this paper are dif-
ferent from the traditional Helmholtz-resonator and space-
coiling-type acoustic metasurfaces; and the constant phase
difference is generated by the combination of the internal
resonances and the bianisotropy effect.

The geometry of the four asymmetrical units shares
the similar characteristics, e.g., the irregular resonant cav-
ities and complex connecting channels. The simulation
results show that there are multiple internal resonance
modes within the frequency range of interest [see insets
of Fig. 3(a)]. Therefore, as the transmission characteris-
tic is affected by the unit resonance, the internal resonance
should play a role in the respective frequency bands, which
leads to the broadband effect. In addition, the underlying
mechanism of the broadband effect is rather complex,

and there may be other mechanisms that contribute to
the overall property of the metasurface, including the
bianisotropy.

At the beginning of our design, the structural asym-
metry is intentionally embedded to keep a high degree
of freedom to design more complex structures. In other
words, the designed unit cells are asymmetric in their
geometry, which could lead to a bianisotropy in general.
Our design results show that the optimized units exhibit
in fact an asymmetry and a bianisotropy. Here, bian-
isotropy refers to the phenomenon that when sound waves
are incident from opposite directions, the corresponding
sound responses at both ends of the structure are different,
which is therefore generally utilized to achieve direc-
tional wave control. Furthermore, the impedance matrix
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FIG. 3. Broadband wave characterizations of the four coding units. (a) Theoretical and optimized phase differences of the four

coding units [Fig. 2(b)]. The insets display the acoustic pressure fields and the energy flux directions of the optimized units. These
internal resonances contribute to the rigorous phase compensations at different frequencies. (b)—(e) Impedance spectra of the four
optimized coding units of “00” (b), “01” (c), “10” (d), and “11” (e), where Z, is the impedance of air.
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Zn Zp
of Z = |: L1 Iy
isotropy effects caused by the asymmetry of the optimized
units. Here, Z; are the components of impedance matrix
and if Z;| # Zj;, the unit will show bianisotropic response
[49]. The results in Figs. 3(b)-3(e) reveal that the four cod-
ing units exhibit a bianisotropy property with Z;; # Z;.
The four units show an obvious bianisotropy that is caused
by the strong dispersion of the units with constant phase
differences. Our results clearly show that the broadband
performance does require asymmetric structures due to
the additional degrees of freedom offered by the asym-
metry of the units. These results also suggest that the
bianisotropy may have a broader impact on wave manip-
ulations than most previous works had claimed, where
the bianisotropy was primarily utilized for the directional
wave control.

To further clarify the role of the bianisotropy, we also
present the beam-regulation effect of the sector antenna
when the acoustic wave is incident from the positive or
opposite direction (see the Appendix). The design of the
sector antenna is described in the following content (see
Fig. 5).

In summary, the underlying mechanism of the broad-
band effect is rather complex and we can provide only
a qualitative analysis. The resulting broadband effect is
induced by the combination of both the internal resonance
and the bianisotropy. As the bianisotropy is related to
the unit symmetry, a stronger bianisotropy can increase
the freedom of the cavity arrangement and may therefore
enhance the internal resonance.

] can be used to explain the bian-

I11. RESULTS AND DISCUSSIONS

Compared with the prosperous development of the cod-
ing metasurfaces in the community of electromagnetic and
optical waves, the ACMs are obviously lacking aware-
ness. However, the ACMs composed of limited kinds of
coding units exhibit a high flexibility in acoustic wave
control, and certain complicated functions include beam
steering, wave bending, focusing, and random scattering,

J

N N
FO.8)=f0.5> Y exp (—j {go(m,m +

m=1 n=1

where ¢(m, n) is the local scattering phase (0°, 90°, 180°,
or 270°) of the mnth (m,n=0,1) unit on the 2D plane
of the coding metasurface. In addition, due to the regu-
lating action of the metasurface, the far-field beam pass-
ing through the metasurface has a particular directivity.
Here, we use 6 and B to represent the elevation and

2 fperiL
Cair

etc. Furthermore, the BACMs can expand the manipulation
flexibility in the frequency range, which is not attainable
with narrowband ACMs.

A. Broadband sector-scanning sound antenna

The periodic variation in the frequency domain of the
emission source will lead to the harmonic scattered-power
distributions varying periodically with the frequency. The
abovementioned frequency-angle-dependent features of
the BACMs greatly improve the flexibility of the sound
antenna. For example, we can design a sector-scanning
antenna with a rapid frequency variation of the wave
source, and the emission beams will fast scan a sector

area periodically. This kind of frequency-angle scanning
method can locate the azimuth of obstacles based on

the echo frequency and it can further locate the distance
by the echo time. Of note, the design of the acoustic
antenna is a fixed coding sequence, and its scanning and
echolocation mode does not depend on the reconfiguration
of the coding units. Above all, the frequency-dependent
broadband acoustic antenna designed by topology opti-
mization can avoid the complexity of the reconstruc-
tion of the coding units by the traditional tunable
approaches.

Abandoning the regulation method using the special
dispersion relations, the BACMs can simply manipulate
sound wave through different coding sequences composed
of “0” and “1” (1-bit) or “00”, “01”, “10,” and “11” (2-
bit). The sound-wave regulation principle of the BACMs
can be explained by the traditional phased array antenna
theory. To further quantitatively apply the above theory
and method for describing the sound field, we assume that
the square BACM contains N x N equal-sized units with
the side length of L. The coding metamaterial is assem-
bled by the distinct coding units, and the 2-bit coding
metasurface is constructed by the four coding units “007,
“017, “10,” and “11” exhibiting 0°, 90°, 180°, and 270°
phase responses, respectively. Under the normal incidence
of plane waves, the frequency-domain far-field pattern
scattered by the BACMs can be expressed as [33]

sin O[(m — 0.5) cos B + (n — 0.5) sin ,6]}), “)

(

azimuth angles of the beam direction, respectively; f.(6, B)
is the pattern function of a lattice; fyeri is the incidence
frequency varying periodically; and c,i; is the speed of
sound in air. Consequently, the deflection angles of the
far-field emission beams vary periodically with the fre-
quency, and the scanning antenna within a sector area can
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FIG. 4. Diagram of the far-field acoustic emission beam
of the BACM having the simplest coding sequence with
010101.../010101..., where the deflection angle of the beam
will decrease with the incidence frequency increasing.

be constructed. The emission beam of the sound antenna
is related to the coding sequence. Figure 4 illustrates the
far-field sound-pressure distributions for the simplest
coding sequence with 010101.../010101..., where the
deflection angle of the beam will decrease with the inci-
dence frequency increasing. The above frequency-angle-
dependent features of the BACMs greatly improve the
flexibility of the wave regulation, which provides inspi-
ration for fabricating multichannel sound antenna. By
rapidly varying the frequency of the source, the emis-
sion beam will fast scan a sector area periodically, thereby
locating obstacles according to the echo frequency. More-
over, as a splitter device, the BACMs can also separate
the mixing waves by deflecting them into different direc-
tions according to the incidence frequencies. According
to the generalized Snell law, the beam deflection angle is
related to the phase gradient of the metasurface, and thus
the refraction angle can be written as

)

6, = sin~! |: Cair ) d¢(y)]

27Tfperi dy

where d¢ (y)/dy represents the phase-shift gradient along
the coding sequence. Taking Fig. 5(e) as an example, the
phase difference corresponding to the length of the four
units in the y direction is 27, so the phase gradient can be
derived as d¢p(y)/dy = 2w /AL.

In this section, to show the validity of the broadband
effects, most BACMs (except the checker-board pattern)
are comprised of 20 x 20 units and the plane waves are
normally illuminated on the incident port. To circumvent
the narrowband limitation, our optimized BACMs can
modulate the scattering beam in a continuously scanning
angle. For far-field simulations, several ordinary 1-bit and
2-bit sequences are investigated in this section, and the
broadband beam-emission results are presented in Fig. 5.

Since the topology optimization process is operated on
the 2D plane, the flat topological configuration should be
stretched into bricks [see Figs. 5(a)-5(d)], thereby assem-
bling the three-dimensional (3D) BACMs. A metasurface
consisting of an array with pure bits of “0” or “1” has
no phase variety, and the refracted waves should verti-
cally radiate from the BACM at broadband frequencies.
The far-field patterns with different arrays of ¢(m, n) can
be deduced from Eq. (4). For the simplest coding sequence
of 0000.../0000..., the transmitted phase ¢ (m,n) equals
0° for every unit, and the far-field pattern in Eq. (4) can be
simplified as

116, B)I = Cilcos ¥ + cos | = 2C

Y1+ Y2 Y1 — Y2
cos ,
2 2

X |COS

(6)

where Y| = (7 fperil/ Cair) (sinfcosp + sinfsinf) and Y, =
(7T fperil / Cair) (—sinfcos B + sinfsinB), respectively. Obvi-
ously, when the sinusoidal functions reach 1, namely
lcos[ (Y1 + ¥2)/2]1 = lcos[ (¥ — ¥2)/2]| = 1, the maxi-
mum scattering beam can be obtained at 8; = 0° regardless
of the incidence frequency fyeri. Consequently, the trans-
mitted wave beam will radiate along the incidence direc-
tion. Furthermore, the similar far-field patterns for different
coding sequences, for example, 010101.../010101... [see
the results in Fig. 5(f)] and 101010.../010101... [see the
results in Fig. 5(g)] can be also simplified, respectively, as

1126, B = Calsin§ry + sinz| = 2C;

X |sin 4 —; v cos 4 g v , @)
13(6, B)| = Cslcos Y — cos ¥ra| = 2C5
X |sin Vit sin Vi—v» . ®)
2 2

The maximum points for sequence 010101.../010101...
can also be derived from Eq. (4) as B, =90° and
270°, and 6, = sinfl(cair/4Lﬁ,eri), while the correspond-
ing ones B3 = 45°, 135° 225° and 315° and 6; =
sin_l(cair/3\/§preri) for sequence 101010.../010101....
In order to locate the refraction angle within a rea-
sonable range of 0°-90° throughout the broadband fre-
quency region, each code number consists of two units
for sequence 010101.../010101... and three units for
sequence 101010.../010101.... Therefore, the incident
plane wave is scattered into two or four beam branches,
and the deflection angles vary continuously depending
on the periodic frequency, namely 6, € (27.7°,56.8°)
for fperi € (2500Hz,4500Hz), and 63 € (26.6°,46.9°) for
Jreri € (2700Hz,4400Hz). It should be pointed out that, in
order to make the refraction angle 85 locate in a reasonable
range within 0°-90°, we adopt the overall dimensions of
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18 x 18 units in the checker-board pattern with each code
number consisting of a supercell with 3 x 3 units. In addi-
tion, constructing the single-beam scanning antenna by the
2-bit BACMs is feasible. The broadband results are pre-
sented in Fig. 5(e). With a unidirectional phase gradient,
the 2-bit sequence 00 01 10 11.../00 01 10 11... has a
single branch effect, and the refracted angle can be derived
from Eq. (5) as 64 = sin™ ' (cair/4Lfperi), Which gives rise
to a single-beam scanning angle of 64 € (34.4°,56.8°) for
Jperi € (2500Hz,3700Hz).

As aforementioned, the sequences of the partial
BACMs are essentially one dimensional (1D), such as
010101.../010101... in Fig. 5(f) and the 2-bit sequence
of 00 01 10 11.../00 01 10 11... in Fig. 5(e). Thus,
the 2D coding array can be compressed to a 1D strip
sequence, and the numerical simulation as well as the
experimental operation process will be significantly sim-
plified. The experiments of the above 1D BACMs are
conducted in a waveguide system, which consists of two
hard waveguide plates with the surrounding border being
filled with sound-absorbing sponge, see Fig. 6(a). A row of
loudspeakers located on the incident part of the structure
works as a plane-wave source, and the testing microphone
on the other part will scan the reconstructed sound field
point by point. In conjunction with the reference micro-
phone, we can measure the pressure amplitude and phase
distribution. Then, based on the discrete data we can plot
the 2D sound-field profile. And subsequently the beam-
emission direction can be evaluated by the tilt angle of
the wave front. To reduce the experimental test region, we
adopt 14 units for the 1-bit BACM with the sequence of

3500 Hz

FIG. 5. Detailed structures
of the 3D units and the far-
field beam-emission  results
for different coding sequences.
(a){(d) Detailed structures of
the 3D-printed four units and
their phase-delay schematics.
(e) The broadband single-beam
emission results of the 2-bit
Lk BACM with the coding sequence
of 00 01 10 11.../00 01 10
11.... (f) and (g) The far-field
patterns for the 1-bit BACMs
- with different coding sequences,

namely 010101.../010101... in

(f) and 101010.../010101... in
4400 Hz

3700 Hz

3100 Hz

2500 Hz

(e), and the incident plane wave
is scattered into two or four beam
branches. The beam colors in
(e){(g) represent the normalized
pressure amplitude of the far-field
patterns.

010101...; and another 2-bit sequence of 00 01 10 11...
composes a 1D BACM with 16 units having four coding
periods, as shown in Fig. 6(b). In the full-field numerical
simulation for the sector-scanning acoustic antenna, each
code number consists of a supercell having two units. As
for sequence of 010101..., we have 6, € (27.7°,56.8°) for
Jperi € (2500Hz,4500Hz). The simulated and experimental
results are presented in Figs. 6(c) and 6(d). As shown in the
figures, the 1-bit coding metasurface can also be regarded
as a beam splitter that can separate the incident sound
waves into two waves with a certain angle. In addition, the
numerical simulation and the experimental verification of
a 2-bit single-beam broadband scanning antenna are also
carried out, see Figs. 6(¢) and 6(f).

To quantitatively describe the refractive directions, we
further analyze the beam-emission properties of the sound
fields by the Fourier-transform method [49]. First, we
extract the real and imaginary parts of the pressure field
along the line above the device, as shown by the dashed
line in Fig. 6(b), and then apply the Fourier transform to
calculate the diffraction orders based on the data. Specif-
ically, for the normal incidence direction of 6; = 0°, the
diffraction orders are calibrated by the proportion fac-
tor k,/k,, where k, is the tangential component of the
diffracted wave vector, such that the corresponding refrac-
tion angle of the normally incident waves can be found
from 6, = sin~!(k./ky). For all beam-emission results,
most of the acoustic energy is localized between the —1
order and +1 order (from —90° to 90°), while the other
diffraction orders are almost completely suppressed. Fur-
thermore, the wave-vector component perpendicular to the
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FIG. 6. Numerical and experimental verifications of the 1-bit and 2-bit 1D broadband BACMs. (a) The waveguide experi-
ment system for the 1D BACMs. (b) The schematic diagram of the 1-bit and 2-bit 1D BACMs with the coding sequences of
010101.../010101... and 00 01 10 11.../00 01 10 11.... (c)«d) Simulated and experimental results of the 1-bit sequence at the
frequencies of 2500, 3500, and 4400 Hz. The corresponding double-beam deflection angles are signed in the figure. (e)~f) Numerical
simulation and experimental verification of the 2-bit single-beam broadband BACM at the frequencies of 2500, 3100, and 3700 Hz.
The counterpart beam deflection angles are signed in the figure. (g)—(h) The spatial Fourier transform of the simulated near-field pres-
sure along the 1-bit and 2-bit BACMs. Most of the energy is localized between the —1 and +1 orders, and the locations of the energy
peaks are used to obtain the beam-deflection-angle results.

. . o 2 modes arise. To validate the broadband frequency-angle
BACMs has the imaginary value of &, = iy/k; — &; in the scanning property, we further study the Fourier-transform

case of k > ko, which means that the evanescent wave  results at the representative frequencies of 2500, 3500, and
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4400 Hz corresponding to the sequence of 010101.... The
different diffraction orders presented in Fig. 6(g) are clearly
visible; and the energy peaks within (—1,1) lead to the
beam-deflection-angle results within 27.4°—58.4°, which
is close to the theoretical value of 6, € (27.7°,56.8°). We
also conduct the Fourier transform to the pressure field
along the line above the 2-bit BACM at the frequencies
0f2500, 3100, and 3700 Hz. For the single-beam emission
results, most of the energy is localized between the 0 order
and +1 order, as shown in Fig. 6(h). The beam-deflection
angles are obtained by positioning all the peak locations
based on the corresponding frequencies. The angle results
of 58.2° (2500 Hz), 43.6° (3100 Hz), 35.4° (3700 Hz) are
in fairly good agreement with the theoretically predicted
results of 64 € (34.4°,56.8°).

The above results are based on several common cod-
ing sequences for far-field beams’ radiation. By intro-
ducing broadband frequency-angle scanning technology,
the BACMs with a rapid angle-scanning ability can be
deduced. In the following part, we introduce the convo-
lution concept, study more complex beam-scanning fea-
tures of the BACMs, and further clarify their flexible
wave-beam control performance.

Broadband scanning antenna have the ability to shape
the plane waves into targeted complicated beams, which
will greatly improve its detection functions and extend
the scope of its applications. Fortunately, by performing
convolution operations on the BACMs, we can make

(d)

\ 2500 Hz 3100 Hz

more useful explorations on multibeam scanning antenna
[50]. The concept implies that if employing a convolution
between a spectrum function f(w) and an impulse func-
tion §(w — wy), the spectrum function will shift wy in the
frequency domain without distortion. The equivalent effect
between the convolution in the frequency domain and the
multiplication in the corresponding time domain can be
described by

1) - "' E (@) % 8(w — wp) =f(@— o). (9)

Since the acoustic field on the coding metasurface and
its corresponding far-field scattering pattern are a Fourier-
transform pair, the convolution operation can be intro-
duced to design the coding metasurfaces. The principle of
the scattering-pattern shift can be similarly described by

P(xy) - 5060 & psing) 5 5(sind — sinby)
= P(sinf — sinty), (10)

where x; = x/A; and 6 is the angle with respect to the inci-
dence direction. The above formula means that the mul-
tiplication between a coding pattern of P(x;) and the
gradient coding sequence of ¢™%"% will bring an angu-
lar deviation to the far-field acoustic beam P(sin@) with
a specific value of sin 6. It should be noted here that the
convolution idea gives us a design perspective for coding

FIG. 7. A double-beam scan-
ning acoustic antenna based on
the convolution method. (a)~(c)
The convolution implementation
process of the double-beam
deflection case. The multiplica-
tion of the 1-bit symmetrically
shaped coding pattern in (a)
and the 2-bit gradient coding
sequence in (b) allows the
p1 BACM in (c) to manipulate the
deviation angle of the scanning
beams flexibly. (d) The simulated
double-beam deflection results at
lo the frequencies of 2500, 3100,
and 3700 Hz. (e) The broadband
beams’ deflection diagram.
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metasurfaces to realize a flexible control of the radiation
beams to arbitrarily desired directions.

In this section, we employ the 2-bit BACMs to demon-
strate how the convolution concept is used to construct a
broadband multibeam scanning acoustic antenna. Unlike
the previous simple “0” and “1” sequences, the multipli-
cation of the 1-bit coding pattern with known scattering
beams, and the 2-bit gradient coding sequence allows the
BACMs to manipulate the deviation angle of the scanning
beams flexibly with significantly reduced computational
complexity. For instance, if the symmetrically shaped 1-bit
coding pattern in Fig. 7(a) is multiplied by a 2-bit gradient
sequence such as “00 01 10 11...” in Fig. 7(b), the origi-
nally split two main beams will deviate from the x-z plane
with an angle depending on the frequency. Consequently,
we can easily construct a double-beam scanning acoustic
antenna [Fig. 7(c)] having a smart frequency-angle sen-
sitivity. The broadband far-field acoustic scattered-power
distributions are presented in Fig. 7(d), where the swept
angle varies periodically with the cyclically changing fre-
quency. The deviated angles of the convolution results will
follow the 2-bit sequence 00 01 10 11.../00 01 10 11...
having 6 = sin”! (Cair/4Lfperi); and the corresponding val-
ues in Fig. 7(e) is 6 € (34.4°,56.8°) within the frequency
range of freri € (2500 Hz, 3700 Hz).

2500 Hz

3200 Hz

Moreover, this operation approach can be extended to a
lot of other analogous complex wave-beam manipulations.
As examples, we also demonstrate the sector-scanning
properties of the triple-beam antenna created by the banded
coding sequences and the multibeam cluster antenna gen-
erated by the cross-shaped coding pattern, which are pre-
sented in Figs. 8(a) and 8(d), respectively. The convolution
between the original triple-beam coding pattern in Fig.
8(a) and the 2-bit coding sequence in Fig. 8(b) will gen-
erate a broadband deviated triple-beam coding pattern.
The broadband property is efficient between 2500 and
3700 Hz, within which the emission angle varies in the
range 6 € (34.4°,56.8°). Similar to the triple-beam sound
antenna, a beam cluster having five beams generated by
a cross-shaped coding pattern is presented in Fig. 8(d),
and its convolution with the 2-bit gradient sequence will
also deflect the emission wave beams with a specific angle
dependent on the frequency. From the simulation results in
Fig. 8(g), the elevation angle is 6 € (35.6°,48.4°) in the
operation frequency range of fyeri € (2800 Hz,3600 Hz).
The idea of combining both of the BACMs and the
Fourier transform provides us another degree of free-
dom in designing complex-beam scanning antennas. All of
the sector-scanning antennas afford us a sufficient option-
ality in the field of sound detection. Meanwhile, the

FIG. 8. The triple-beam and
the multibeam cluster antennas
generated by the banded and
cross-shaped coding sequences.
(a)y«e) The convolution imple-
mentation process to achieve
the deflection of the triple-beam
and multibeam clusters. (f}«g)
The broadband beams’ deflection
results, where (f) is the simulated
far-field results at frequencies of
2500, 3100, and 3700 Hz, and
(g) is the corresponding multi-
beam deflections at 2800, 3200,
and 3600 Hz.

3700 Hz
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innovative frequency-angle locating method has the
advantages of stability, rapidness, and accuracy.

B. Broadband coding Fresnel lens

Compared with the previously proposed ACMs, the
present BACMs can also bring alternative control flexibil-
ity to the Fresnel lens in terms of broadband frequency.
Two different types of the 0 and 1 coding units can
build various focusing lenses and consequently realize
the customized focusing performance. Here we propose
a pluggable mortise and tenon way to refactor the broad-
band Fresnel lens, see Fig. 9(a). Although this refactoring
method is not automatically controlled, its broadband char-
acteristics enhance the engineering applicability. When
manufacturing the lens by the 3D printing technology, the
baseboard and coding units are separately printed. More-
over, we reserve a tenon on the partition plates between
the units, whereas a matching mortise is cut on the base-
board. This kind of easy-plug design can reassemble the
location of the coding units by hand and further reset the
Fresnel lens, hence achieving flexible focusing results in
a broadband scope. A thin flat Fresnel lens consisting of
Fresnel zones is similar to the effect of the focusing lens.
Through a proper configuration of the reverse phase bits of
0 or 1, the Fresnel lens can concentrate the sound waves
at the desired focal point. Consistent with the abovemen-
tioned fact, in Fig. 9(a) the orange area indicates the zones
composed of the bit “0,” and the green area indicates the
zones composed of the bit “1.” In order to make the sound
waves have constructive interference at the focal point, the
wave-path difference between the adjacent Fresnel zones
should satisfy

A
liyy — ;= 5

)

where A = c,i;/f 1s the wavelength of the focal frequency
f;and [; = ,/zf +rl2 (i=1,2,3...) is the length of the
wave path from the ith zone to the focal point, with z
being the focal length and 7; denoting the horizontal dis-
tance of the midpoint of the ith zone to the center of the
lens, see Fig. 9(b). For the central zone, we have r; = 0
and /; = zr. From Eq. (11), we can locate the midpoint of
the (i+1)th zone as [7]

rint = \/(A/2+\/z_?-Tr%> -2

Once the frequency f* and the focal length z; are estab-
lished, then the Fresnel zones composed of the bits 0 or
1 are also settled. Because each zone consists of integer
coding units, and the side length of the coding bit is L =
0.042 m, it is very hard to make the Fresnel zones meet Eq.
(12) precisely without introducing any solid fillers between

(12)

the zones. Therefore, in this section, the size condition
of each zone is only approximately satisfied, and a lim-
ited number of 20 bits are used to build the Fresnel lens.
We take the focal length zx = 0.3 m and the frequency
3000 Hz (A = 0.114 m) as an example to show how to
ascertain the 0 or 1 coding number in every Fresnel zone.
When the abovementioned numbers are finally assigned to
the parameters of Eq. (12), the zones’ midpoints are eval-
uatedas r1 =0, 7, = 0.1938 m, 3 = 0.2858 m, and r4 =
0.3637 m. As a result, the coding-unit numbers from the
center of the lens to the edge are 4-2-2-2, respectively, and
the coding sequence of 00110011111111001100 approxi-
mately satisfies the focusing requirement. As for the other
focusing conditions, the coding sequences are marked in
Fig. 9. To highlight the broadband features, we adopt the
reconfiguration method to build the BACMs. In theory, the
sound focusing with any focal length in the broadband of
f € (2500 Hz, 4000 Hz) can be obtained by reconstructing
the coding units in each Fresnel zone.

Below we exemplify Fresnel lenses with varying cod-
ing sequences that present specific focal effects, such as
a series of the same focal length at different frequencies,
see the experimental results in Fig. 9(c) and the simulation
results in Fig. 9(d). The sound fields with the same focal
length of 0.3 m at the frequencies of 2500, 3000, 3500,
and 4000 Hz show a high degree of consistency in the
focal location; and the broadband experimental results in
Fig. 9(c) are close to the simulation results in Fig. 9(d).
In order to further clarify the efficiency of the focusing
property, the normalized longitudinal pressure fields at the
focal spot along the z direction (x =0) corresponding to
Fig. 9(d) are shown in Fig. 9(f). In addition to the focus-
ing effect at different frequencies with the same position,
we also demonstrate the focusing results at the same fre-
quency (3500 Hz) but at different positions (0.1 m, 0.2 m,
0.3 m, 0.4 m), as shown in Fig. 9(e). The pressure ampli-
tude across the focal spot along the z direction in Fig. 9(g)
also confirms that the required focal lengths obtained by
the numerical simulation and the experimental measure-
ment are correct and in fairly good agreement. Figures
9(c)-9(e) all show a sharp focal spot that is higher than 2
times of the pressure amplitude of the incident plane wave.

C. Broadband acoustic diffusion

Through combining the two unit cells with out-of-phase
responses, the BACMs can achieve a broadband diffusion
scattering and its broadband validity also does not require a
reconfiguration of the units. It is worth mentioning that the
broadband-transmission-type diffusion-scattering design is
different from the previous reflective type, which is bene-
ficial to transform the internal sound field into the external
diffusion one. This transmission design has potential appli-
cations including the automatic antenna control and the
reduction of the acoustic radar cross section (RCS), as well
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FIG. 9. Numerical simulation and experimental study of the broadband coding metasurfaces with the focusing properties. (a) and
(b) Schematic diagram of a reconfigurable 1D coding metasurface and its focusing effect. (c¢) and (d) The experimental results in
(c) and the simulation results in (d) show a series of the focusing effects with the same focal length of 0.3 m at the frequencies
of 2500 Hz for the sequence of 01100111111111100110, 3000 Hz for the sequence of 00110011111111001100, 3500 Hz for the
sequence of 10011001111110011001, and 4000 Hz for the sequence of 01011001111110011010. (e) The simulated focusing results
at the frequency of 3500 Hz but different focal points (0.1 m for the sequence of 10010110111101101001, 0.2 m for the sequence of
01001101111110110010, 0.3 m for the sequence of 10011001111110011001, and 0.4 m for the sequence of 00110011111111001100).
(f) The normalized longitudinal pressure fields at the focal spot along the z direction (x = 0) corresponding to (d). (g) The simulated

and experimental pressure fields across the focal spot in (e).

as the sound-field shaping in reverberating scenarios. As a
useful application, the reduction of the acoustic RCS based
on the BACMs aims to reduce the far-field detectability
of the noise sources. In fact, different cloaking strategies

such as underwater cloaking using pentamode metamate-
rials force waves to bend around the target [S51]; while
the sound-absorption method uses an anechoic cover com-
posed of a sound sponge or thin metamaterial [52]. But
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here, we propose a coding method to reduce the acoustic
RCS. By an adequate spatial arrangement of the coding
units, the acoustic radiation energy is redirected to all
directions. Compared with the reflective coding metasur-
faces whose diffusion design can reduce the acoustic active
detection, the transmission BACMSs can refract the broad-
band acoustic waves uniformly in all possible directions,
thereby leading to an obvious acoustic RCS reduction in
both single and multibase passive detection.

Here, we introduce the pair of the out-of-phase units
with the numbers of “01” and “11” in Fig. 2 as the coding
units of the acoustic diffusion metasurface. For simplic-
ity, the two units are also marked as the “0” or “1”.
Furthermore, to specifically illustrate the acoustic diffu-
sion phenomena, we consider a square BACM containing
N x N equal-sized supercells with the side length of D.
The supercells labeled with “0” or “1” are composed of
M x M units, therefore, we get the side length of D = ML.
Relative to a total reflection on the acoustic hard bound-
ary or a plane-wave source radiation, the RCS reduction
brought by the BACMs can be derived as [25]

2

S= N2 l\(/glzx[Dir(G, Bl

13)
where A € [0.0858 m,0.149 m] is the broadband wave-
length related to the frequencies from 2300 to 4000 Hz.
In addition, the directivity function Dir(8, §) of the meta-
surface can be written as

2 pm/2
Dir(@,ﬂ)=4n|f(9,ﬁ)|2/// 116, B)|* sin6 dodp,
0 0
(14)

where f (0, ) is identified as the far-field function, which
is equal to the pattern function of a coding bit made of the
supercell, i.e., f (8, B) =f.(0, B). In this part, our aim is to
suitably assemble the coding sequences to minimize the
metasurface directivity function Dir(0, ) with respect to
6 and B, so that the transmitted waves will be radiated in
all possible directions uniformly.

The coding sequences having the best acoustic RCS
reduction should be achieved by optimization method.
Several optimization options have been put forward to
minimize the electromagnetic RCS, e.g., the particle-
swarm [53], the simulated annealing [54], and the sub-
optimal methods [33]. Here, we particularly mention the
mature optimization strategies in Refs. [25,33] and give
some examples of the acoustic diffusion analogy for com-
parison. In our designs, the supercell size D is fixed as A
so that the code sequences along the horizontal and ver-
tical directions are the same. Fortunately, the broadband
character of our optimized out-of-phase units still prevails
in designing the broadband acoustic diffusion metasurface,
because the RCS reduction remains relatively insensitive

TABLE 1. P,-type GRS polynomial coding sequences with
different v.

v N Coding sequence

2 4 1110

3 8 11101101

4 16 1110110111100010

5 32 11101101111000101110110100011101

when D/X varies from 0.6 to 3.0 [25]. In order to ensure
the approximate consistency between the broadband wave-
length and the supercell size, we assign the supercell with
3 x 3 units, that is, D = 0.126 m; and we have D = A
at the frequency of 2722 Hz. Following the suboptimal
design strategy, we introduce the Golay-Rudin-Shapiro
(GRS) polynomials to construct the P,-type GRS polyno-
mial coding sequence that is generated rather straightfor-
wardly. It can be verified that the number of the generated
polynomial coding bits can be written as N = 2", where
v is a variable value. Another advantage of the subopti-
mal method is that with the increase of the optimization
scale, the requirements on the computing resources do not
increase significantly. The abovementioned GRS supercell
coding sequences with different v are listed in Table 1.
Without loss of generality, in the following numerical
and experimental investigations, we adopt v = 3 and the
coding number N =8 to further explore the broadband
diffusion effect. The relative coding sequence contain-
ing the above eight “0” or “1” bits is “11101101” as
shown in Table 1. Because both of the x and y directions
have the same coding sequence under the certain prereq-
uisites in this section, the 1D coding sequence can be
simply extended to the 2D plane coding sequence with its
schematic diagram being displayed in Fig. 10(b). Under
the irradiation of the vertical sound waves, the above
BACM increases the uniformity of the scattered sound
energy, thus reducing the directivity of the radiation beam.
The inset of Fig. 10(b) shows the detailed structures of
the two 3 x 3 units, with the two colors representing dif-
ferent bits. The experimental setup in Fig. 10(a) contains
the homogeneous source array, 3D-printed testing sample,
1/8-inch microphone, automatic scanning equipment, and
surrounding absorbing sponge. From the simulated far-
field acoustic scattering results, it can be found that the
BACM can achieve a 10-16 dB acoustic RCS reduction
in the design broadband frequency range from 2300 to
4000 Hz. Figure 9(c) shows the simulated far-field RCS
patterns of the BACM at three discrete frequencies, namely
2500, 3100, and 3700 Hz. As shown in the figure, the
RCSs are always lower than —10 dB, and in all directions
the scattered acoustic fields are suppressed at relatively
low levels. According to the energy conservation prin-
ciple, the acoustic wide-angle scattering can reduce the
radiation energy in a single direction as a consequence.
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FIG. 10. Numerical simulation and experimental study of the broadband acoustic diffusion properties. (a) The experimental setup
for the 3D acoustic field testing. (b) Schematic diagram of the broadband diffusion metasurface and the detail structure of the coding
supercells. (c) Simulated far-field RCS patterns of the BACM at three discrete frequencies of 2500 Hz, 3100 Hz and 3700 Hz. (d) and

(e) The near-field acoustic simulation and scanning test results.

At the same time, the near-field acoustic simulation and
the scanning test results in Figs. 10(d) and 10(e) show mul-
tiple energy speckles, which further indicates the far-field
diffusion property.

In addition to the near-field plane test, we also give the
far-field experimental results in Fig. 11. The inset arc curve
with a radius of 1 m in the schematic diagram of Fig.
10(a) is the moving trajectory of the microphone in the
far-field test. These polar plots in Figs. 11(a)-11(c) show
a high degree of agreement between the simulation and
experimental results. As shown in the figures, the sound
energy distribution is relatively uniform over the test range
of 180°. Comparing the far-field RCSs for the uniform
bit arrangement and the diffusion coding sequence, the

simulation and experimental RCS reduction data are pre-
sented in Fig. 10(d). Obviously, more than —10 dB RCS
reduction is achieved between 2300 and 4000 Hz and
the maximum reduction even reaches —16 dB. The above
experimental results are proved to be robust by repeated
measurements.

IV. NUMERICAL SIMULATIONS

Throughout the paper, the full-field wave simulations
are performed by using COMSOL Multiphysics 5.3 with
the pressure acoustics module. The background medium
is air and the solid portion of the BACM is consid-
ered as an acoustically hard material; and therefore, the
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Numerical and experimental results of the far-field broadband acoustic diffusion properties. (a)~(c) The far-field simulation

and experimental results at three different frequencies of 2500, 3100, and 3700 Hz. During the test, the microphone is scanning the
points on the semicircle arc around the BACM and the radius of the arc is 1 m. (d) The broadband simulation and experimental far-field

RCS reduction data.

acoustic hard boundaries are introduced on the surface
of the solid structure. To eliminate the reflected waves
on the outer boundaries of the computational domain, the
plane-wave radiation boundary condition is adopted. The
incident plane wave is excited on the source port. To
consider the far-field distribution of the scattered wave
beams, we use the exterior field boundaries on the surfaces
of the domain, which allows the calculation and visu-
alization of the pressure field outside the computational
domain at any distance including the pressure amplitude
and phase.

V. EXPERIMENTAL VALIDATION

The BACM samples having the functions of the broad-
band acoustic wave scanning, focusing, and diffusion are
3D printed by the printer UnionTech Lite800HD (Com-
pany: Wenext) with a printing resolution of 200 um. The
printing material is the low-viscosity photosensitive resin
with the elastic modulus about 2500 MPa and the mass
density of 1250 kg/m>. The waveguide test scheme is
adopted in the experiments of the scanning-beam antenna
and focusing. To characterize the acoustic field, the 1/8-
inch microphone (type 4138-A-015) is connected with the
B&K data acquisition device (type 3160-A-042), which
measures the acoustic pressure by moving it on the plane
within the waveguide. The surrounding boundaries are
filled with a sound-absorbing sponge to reduce the impact

of the reflected sound waves. In the 1D experimental test,
the microphone scanning area is 70 x 50 cm? for the
single- or double-beam acoustic antenna. As for the broad-
band diffusion test, we use automatic scanning equipment
to control the microphone for the far-field sound-pressure
level and the near-field sound-pressure scanning detection.
In the experiment, a 6 x 6 source array is used to generate
incident plane waves.

VI. CONCLUSIONS

In this paper, we propose an optimization-based design
method and its experimental validation to construct broad-
band acoustic coding metasurfaces whose units exhibit a
fixed phase difference in a broadband frequency range.
The optimal design of the metamaterials can overcome
the unpredictability of the unit cell’s dispersion and then
achieve customized dispersion characteristics that meet
the rigorous requirements. For broadband coding meta-
surface, the units must support specific dispersion. For
example, the refractive index of the units varies nonlin-
early with the increase of frequency that is called cus-
tomized dispersion. Utilizing the optimization strategy, we
design the 1-bit coding units with out-of-phase responses
and the 2-bit coding units with four phase shifts of 0°,
90°, 180°, and 270°. The above phase differences result
in a broadband stability. The broadband customized dis-
persions can be qualitatively explained by a combination
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of the internal resonances and the bianisotropy effect.
Because the far-field scattering-beam angles are depen-
dent on the frequencies, so by making the convolution
operations on the metasurfaces, we explore the single-
or multibeam acoustic scanning antennas. Furthermore,
through refactoring the out-of phase coding bits, we intro-
duce a flexibility in customized focusing to the coding
Fresnel lens. The pluggable unit is simple and feasible.
The experimental study validates the effectiveness of this
regulation mechanism. In addition, the optimized coding
sequences can redirect the transmitted waves to all possi-
ble directions, and the scattered energies in all directions
are suppressed to low levels. The simulation and experi-
mental results clearly demonstrate the broadband acoustic
RCS reduction properties.

The main contributions of this paper can be summarized
as follows:

(1) By means of topology optimization, the narrow-
band restriction of the conventional coding metasurface is
removed, and the main findings of this work are explained
by the associated mechanisms of the internal resonances
and the bianisotropy effect.

(2) A sector-scanning antenna with a rapid frequency
variation of the wave source is designed, and the emission
beams can fast scan a sector area periodically. This kind of
frequency-angle scanning method can locate the azimuth
of obstacles based on the echo frequency, and it can further
locate the distance by the echo time. Of note, the design
of the acoustic antenna is a fixed coding sequence, and its
scanning and echolocation mode does not depend on the
reconfiguration of the coding units.

(3) Through combining the two unit cells with out-of-
phase responses, the BACMs can achieve a broadband
diffusion scattering and its broadband validity also does not
require a reconfiguration of the units.

Opposite incident direction ’ \

2500 Hz

Positive incident direction 2500 Hz

\M/W

3500 Hz

3500 Hz

As an outlook, if both phase and amplitude regulations
are considered in the unit design [49,55,56], the perfor-
mance of the metasurface regulation may achieve even
higher efficiency. It should also be pointed out that the
truly tunable and programmable acoustic metasurfaces in
which the unit-cell patterns can be changed by a specific
physical field (e.g., mechanical, electric, magnetic, ther-
mal, and chemical, etc.) via a computer program without
any human intervention [57,58], are very useful for con-
trolling and reshaping a complex sound field automatically.
Therefore, in our future work, we will combine the truly
tunable and programmable approaches with the broadband
coding metasurfaces to achieve broadband acoustic wave
manipulation.
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APPENDIX: BIANISOTROPY VERIFICATION BY
NUMERICAL SIMULATION

For the acoustic antenna in Fig. 5(f), we perform a
bianisotropy verification based on the numerical simula-
tion. In Fig. 12, we compare the results of Fig. 5(f) with
that when the acoustic wave is incident from the opposite

FIG. 12. The differences in the

wave-scattering pattern caused by

\ the bianisotropy when the acous-

tic wave is incident to the sec-

tor antenna from two opposite
directions.

4500 Hz

4500 Hz
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direction. The results clearly show that there is a signifi-
cant difference between the results for the positive incident
direction and the opposite incident direction, indicating
that the bianisotropy effects exists.
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