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Abstract

Coding metasurface draws amounts of research interests due to its potential
for achieving sophisticated functions in wave manipulation by using simple
logical unit cells with out-of-phase responses. In this paper, we present a nov-
el acoustic coding metasurface structure for underwater sound scattering re-
duction based on pentamode metamaterials. The metasurface is composed of
two types of hexagonal pentamode unit cells with phase responses of 0 and m
respectively. The units are arranged in random 1-bit coding sequence to
achieve low-scattering underwater acoustic stealth effect. Full-wave simula-
tion results are in good accordance with the theoretical expectation. The op-
timized arrangement resulted in the distribution of scattered underwater
acoustic waves and suppression of the far field scattering coefficient over a
wide range of incident angles. We show that pentamode-based coding meta-
surface provides an efficient scheme to achieve underwater acoustic stealth by
ultrathin structures.
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1. Introduction

It is a significant topic to manipulate the propagation of sound at will. Such a
design is available by employing artificial acoustic metamaterials. Recently, as
the planarized counterparts of the acoustic metamaterials, acoustic metasurfaces,
inspired from the pioneering works on optical metasurfaces, are attracting ex-
tensive attention due to their capabilities in controlling sound wavefronts
[1]-[6]. Through assembling arrays of deep subwavelength units with carefully

designed gradient phase profile, numerous fascinating phenomena have been
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observed, including anomalous refraction/reflection, beam bending, converting
propagating waves to surface waves, acoustic diode, and vortex beam [7]-[12].
Due to its reduced dimensionality and possibility to effectively control waves,
the metasurface may become a good candidate to design acoustic components.

Recently, a new concept of manipulation waves by artificial subwavelength
structures, termed the digital or coding metasurfaces, has been developed for the
flexibility in the electromagnetic and acoustic wave control [13]. It contains only
limited kinds of building elements (typically structures contain only two kinds of
structure units to give rise to the phases of “0” and “n.”), called Boolean numbers
or logical bits, to realize different complicated functions by assembling the ele-
ments in a binary like way [14] [15] [16]. It can be viewed as a bridge linking
between metasurface and digital perspective and has more freedoms than the
traditional metasurfaces. Moreover, by introducing reconfigurable unit cells, the
coding can be controlled to realize real-time control of electromagnetic waves or
acoustic waves. Several interesting studies have been reported [17] [18] [19] [20]
[21], including RCS control, reverberating scenarios, computational imaging
and wavefront and scattering signature.

In this paper, we aim to a pentamode-based underwater acoustic coding me-
tasurface design. A digital metasurface model composed of different pentamode
units is proposed to realize underwater acoustic stealth based on the destructive
interferences. The units are arranged in random 1-bit coding sequence and the
scattered field due to an incident wave would be distributed uniformly among all
possible directions. A kind of two-dimensional (2D) hexagonal pentamode me-
tamaterial is introduced to obtain the required phase response [22] [23]. The
distribution of scattered sound field under plane wave incidence are studied and
it has been found that the optimized arrangement resulted in a considerable re-
duction in the far field scattering coefficient over a wide angle range. We show
that pentamode-based coding metasurface may be a novel way to achieve un-

derwater acoustic stealth by ultrathin structures.

2. Model and Theory

Figure 1 illustrates the basic idea and geometry of the coding metasurfaces un-
der investigation. We assume a planar structure in the x — y plane and a plane
acoustic wave incident into it from top to bottom, just as shown in Figure 1. The
planar structure is backed by a steel backing and with water (speed of sound ¢ =
1490 m/s; densit yo = 1000 kg/m?) as the background medium. The planar meta-
surface consists of periodically repeated rectangle cells. The thickness and period
of the cells are d and L, respectively. The ideal cells are filled with imped-
ance-matched inhomogeneous fluidlike materials and can be featured by two
possible element types with different velocity or index. When acoustic waves are
reflected from the two cells, they should be with the same amplitudes but the
phase differences between the different elements should be m at the working

bandwidth, corresponding to the “0” and “1” elements respectively.
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Figure 1. The schematic of the planar coding metasurface composed of squared coding
element “0” and “1”. Arrows indicate the incident and reflected waves.

Pentamode material (PM) is a kind of special metamaterial with five of the six
eigenvalues of its modulus matrix are nearly zero. This means that it is much
easier to change the shape of such a metamaterial (while fixing its volume) than
it is to change its volume (while fixing its shape) and has similar mechanical
properties to those of water, with a very high bulk modulus but a very low shear
modulus and is also called “metafluid” or metal water. More important, its me-
chanical properties are much more dependent on the designed structure than on
the chemical composition, so the effective bulk modulus and mass density can be
adjusted conveniently by vary its structure parameters of the sub-wavelength
unit cells. It makes the pentamode materials is especially suitable for controlling
underwater acoustics. Here two kinds of two-dimensional (2D) hexagonal pen-
tamode unit cells are introduced to build the proposed metasurface, just as
shown in Figure 2, which are network of metallic arms arranged in a regular
honeycomb lattice (with a thickness of and a side length /), with six additional
weights (with a width of / a height of A) located at the vertices of the hexagon.
The “1” and “0” element-types are implemented via suitable choices of the width
of the interconnecting arms, the length and the width of the star arms patch si-
delength. The effective mass density pes approximates its bulk average density,

while its effective bulk modulus k.scan be calculated by Gibson formula [24] as

3
4 (t
eff solid \/g[h]
P (331 -t13B) 12+ B0

Pest =2
eff 3\/5'12

where the unit cells are made of steel with density pyes = 7800 kg/m’® and mod-

follow:

(1

ulus Eyes = 210 GPa. These relations imply the acoustic metasurfaces with the
spatially varying parameter profile can be realized by tailoring the geometry of
the pentamode units. A total of 50 sectors of cells are assembled and we consider
the same unitcell geometry (/2 and /are the same), the “1” and “0” element-types
are implemented via suitable choices of ¢, A and / to obtain required effective
velocities, as well as the corresponding effective mass densities is implement to

keep impendance matching with the surrounding medium.
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Figure 2. Schematic diagram of the metasurface composed of pentamode units, the two
structures are “0” unit and “1” unit respectively. Another one is schematic diagram of the
pentamode unit.

3. Results and Discussion

Reducing the scattering of waves is widely concerned in both electromagnetic
waves and acoustic stealth field. Several methods, such as wave absorbing mate-
rials, scattering cansellation, and cloak have been widely used or studied. In the
field of coding metasurfaces, a new approach proposed to reducing the scatter-
ing of waves is to generate a phase-distribution matrix with “0” and “1” elements
randomly distributed, and place each element according to its reflection phase,
just as shown in Figure 1. The two coding elements are shown in the Figure 2.
Under the normal incidence of the plane waves, the far-field distribution of the

waves scattered by the metasurface can be expressed as
f(6.0)=1,(0,0)

migexp{—i {w(m,n)+kLsin HKm_%jCOSW(n_%jSi”("}H )

where £k is the wave vector, 8 and ¢ are the elevation and azimuth angles of an

arbitrary direction, respectively, and £(6, ¢) is the pattern function of the array.
Here a 1-bit coding metasurface composed of pentamode coding elements is

designed with random coding sequence. Firstly, an 16 x 16 array of coding se-

quence is randomly generated by MATLAB as shown in the following:

1010001010000O01001
0 00OOO0O011O011O0O010
00100111001 01100
11 01100011010101
100100110011 10001
0011101100011 110
1100101010001001
00101110010100001 3)
111000010111 1011
1001100010011 1001
000010001111 0000
00101110101 01101
001 0110001011111
0111100011 010111
1 011111010101011
001 1010011101100
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Then, according to the random coding sequence, a metasurface is constructed
with pentamode unit cells. Using COMSOL software simulation, we get the
far-field scattering pressure field, as shown in Figure 3.

From Figure 3, we can see that the 1-bit random coding metasurface com-
posed of pentamode coding elements can effectively disperse the scattering of
sound waves and make the reflected sound waves scatter in different directions,
so as to reduce the scattering intensity of sound waves. For further research, we
calculated the far-field scattering pressure field of the flat plate and the 1-bit
random coding metasurface composed of pentamode coding elements. The re-

sults are shown in Figure 4. Through the results, we can clearly see that the

@ ; , ; (b)
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Figure 3. The simulated underwater 3D far-field scattering pattern at 7450 Hz. (a) Underwater acoustic scattering
from a flat plate. (b) Underwater acoustic scattering from 1-bit coding metasurface composed of pentamode cod-
ing elements is designed with random coding sequence.
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Figure 4. The simulated underwater far-field scattering pressure pattern of sound waves at 7450 Hz. (a) Under-
water 2D far-field scattering pressure pattern of sound waves from a flat plate. (b) Underwater 2D far-field scat-
tering pressure pattern of sound waves form 1-bit coding metasurface composed of pentamode coding elements is
designed with random coding sequence. (c) Underwater 3D far-field scattering pressure pattern of sound waves
form a flat plate. (b) Underwater 3D far-field scattering pressure pattern of sound waves form 1-bit coding meta-
surface composed of pentamode coding elements is designed with random coding sequence.
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Figure 5. The simulated underwater far-field scattering pressure level of sound waves at 7450 Hz. (a) Underwater 3D far-field
scattering pressure level of sound waves from a flat plate. (b) Underwater 3D far-field scattering pressure level of sound waves
form 1-bit coding metasurface composed of pentamode coding elements is designed with random coding sequence.

far-field scattering pressure field of the 1-bit random coding metasurface com-
posed of pentamode coding elements is dispersed. Compared with the flat plate,
it greatly reduces the far-field scattering pressure.

Finally, we simulate the underwater far-field scattering pressure level of sound
waves on the 1-bit random coding metasurface composed of pentamode coding
elements, and the results are shown in Figure 5. Through simulation, we get that
the far-field scattering sound pressure level of the 1-bit random coding metasur-
face composed of pentamode coding elements is reduced by about 10 dB com-
pared with that of the flat plate.

4. Conclusion

In conclusion, a low-scattering underwater acoustic coding metasurface is pro-
posed based on pentamode metamaterials. The metasurface is composed of two
types of hexagonal pentamode unit cells with phase responses of 0 and 7 respec-
tively. The units are arranged in random 1-bit coding sequence to make the
scattered field due to an incident wave would be distributed uniformly in all
possible directions. Studies have shown that the optimized arrangement of the
random coding sequence can result in a considerable reduction in the far field
scattering coefficient over a wide angle range. Our research works provide an ef-
ficient scheme for the application of coding acoustic metasurfaces in underwater
sound manipulation, which may promise potential applications in underwater

acoustic stealth, focusing, and detecting.
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