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Phase engineering plays a pivotal role in various scientific research and industrial applications includ-
ing microwaves, optics, and acoustics. However, traditional phase engineering methods lack the flexibility
for arbitrary programming due to the absence of digitization. Conversely, while broadband digitization
technology holds promise, its utilization in wave engineering has been constrained by narrowband trans-
mission capabilities. In this study, we introduce a novel approach to broadband digital phase encoding
spanning frequencies from 50 to 500 kHz. Our methodology is exemplified through the development of an
acoustic soft metacollimator with simulations and experiments conducted underwater across different fre-
quency ranges. Our findings demonstrate that the soft metacollimator significantly enhances transmission
intensity by 7.7 dB and improves spatial resolution by a factor of 10. Moreover, the soft metacollimator
enables novel functionalities such as long-distance energy enhancement and broadband coding properties
in underwater acoustics. This pioneering broadband digital phase encoding technique holds promise for
advancing next-generation phase engineering and offers versatile applications in biomedical ultrasonics,
acoustic communications, and the development of underwater broadband acoustic antennas.
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I. INTRODUCTION

In recent years, the emergence of digital materials has
provided us with miniaturized and programmable design
methods in microwaves, optics, and acoustics. Metama-
terials composed of artificially programmable structures
with periodically or nonperiodically arranged subwave-
length elements, are designed to exhibit unusual prop-
erties beyond those found in natural occurring media.
The concept of negative refraction was first proposed
as early as the 1960s. Pendry et al. introduced a kind
of composite structure capable of realizing negative
permittivity and permeability at microwave frequencies
[1,2]. Subsequently, in 2001, the negative index of refrac-
tion was experimentally verified by Shelby ef al. using
periodic metal rods and resonant split rings [3]. With
advancements electromagnetic metamaterials (EMs) and
ultrasonic metamaterials (UMs) [4—6] have demonstrated
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great potential for phase and amplitude control in acous-
tic fields. They have been applied in many fields such
as underwater acoustic communication, passive meta-
surfaces by phase engineering [7,8], wavefront shaping
[9], negative refraction [10], invisible cloaking [11-13],
mode transitions [14], acoustic lenses [15], and acoustic
holograms [16].

While traditional acoustic metamaterials have made sig-
nificant progress in freely controlling acoustic waves, their
rigid features limit their applications underwater due to
impedance mismatch with background medium, limited
bandwidth, and significant backscattering characteristics
[10,17,18]. Unlike conventional solid materials, soft mate-
rials have provided more freedom in designing soft robots
[19,20], underwater hydrophones [21], and wearable flex-
ible devices [22,23]. Recent proposed soft metamaterials
have been shown to slow down sound speed and elas-
tic modulus by increasing porosity [24]. Furthermore, in
underwater acoustics, soft metamaterials exhibit better
impedance-matching performance with water than other
types of metamaterials, making them better for broad-
band sound transmission [25,26]. However, previous soft
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materials with porous structure suffer from scattering loss,
and their phase velocity cannot be stable over broadband
frequency ranges [27].

Phase encoding technology is widely used in shap-
ing complex wavefronts, including reflected waves [28],
transmitted waves [29], and acoustic beam generation
[30].This encoding can be achieved through the resonant
phase shift of helical microstructure [31], or the gen-
eralized Snell’s law [9]. Labyrinth and spiral structure
in coiling-up-space acoustics are useful for changing the
sound path to control phase [32,33]. However, these struc-
tures can only achieve phase shifts in narrow frequency
bands and are not suitable for underwater acoustics devices
design due to impedance mismatch [33]. Therefore, mate-
rials meeting the underwater broadband acoustic charac-
teristics must satisfy two requirements: tunable acoustic
parameters and impedance matching with water. Tun-
able materials can adjust their physical properties through
their excitation sources, for example, electromagnetic con-
trol, and circulator by motor control [34,35]. Such unique
encoding properties may enable distinct abilities in acous-
tic tweezers [36], high-speed acoustic communication [37]
and acoustic hologram [16]. As for impedance-matching,
soft materials (such as silicone rubber and hydrogel) may
serve as a suitable candidate as impedance-matching mate-
rials with water [38,39].

This paper presents an acoustic soft metacollimator by
broadband digital phase encoding. By utilizing different
volume fractions of the silicone elastomers in water to
adjust the effective sound speed, we can manipulate the
transmission phase across the range from coding bit “0”
to “2m.” This proposed broadband digital phase encoding
enables the creation of a soft metacollimator capable of
operation at various frequencies. Initially, the digital phase
encoding involves nine types of unit cells, each comprising
silicone elastomer columns with identical bottom shapes
but varying interior volume fractions. By precisely adjust-
ing the filling fraction of the soft elastomer in water, we
can assemble an effective sound speed exhibiting a gra-
dient phase deflection in a discrete distribution. Next, we
experimentally validated that a flat acoustic phase profile
can be transformed to linearly changing phase distributions
across frequencies ranging from 100 to 500 kHz. Based on
the analysis above, we demonstrated that the designed soft
metacollimator, enabled by broadband encoding, effec-
tively manipulates acoustic wavefronts in both simulations
and experiments. Notably, encoding the initial phase pro-
file required for achieving acoustic collimation converts
omnidirectional sources to collimation beams effectively
in both simulations and experiments. Results indicate that
the soft metacollimator increases intensity transmission by
7.7 dB and the spatial resolution by a factor of 10. Such
broadband phase encoding with high-efficiency transmis-
sion holds promise in expanding applications in underwa-
ter acoustic and biomedical ultrasonics.

II. THEORETICAL ANALYSIS OF BROADBAND
DIGITAL PHASE ENCODING

We start the point of our design with an arbitrary phase
encoding model. In gels and liquids, we may assume that
longitudinal waves are the only supported modes of prop-
agation. Therefore, the acoustic wave equation can be
written in the time-harmonic form:

3%p(r, 1)
arr

1
Vip ') Vp(r, 0] = )

(1
where «(r) is the bulk modulus, considering the condi-
tion of uniform mass density, the above equation has the
formal solution p (r, ) = A(r)e/ @ ~*IV D) where 4 is the
sound pressure amplitude, a function of spatial location.
k = kon(r) is the wavenumber in a nonuniform medium of
refractive index, and kg is the wavenumber in free space.
By introducing the eikonal equation ¢(r) = n(r)y¥ (r), the
formal solution p (, £) = A(r)e @~%0%®) 5 introduced into
the wave equation (1), where w is the angular frequency.
We can derive the real part of the complex analytic func-
tion as follows:

V2A(r)

A(r) — k® Vo) - Vo) + ) =0,  (2)

when VA% /4 « k?, we can obtain

d
—Vo =Vn(x,y,2), (3)
ds

where ds = \/dx* 4+ dy? + dz?. Therefore, the refractive
index along the sound propagation direction can be

changed by encoding the phase of the sound pressure. The
eikonal equation ¢(7) can be obtained by linearly super-
imposed by ¢;(x,y) and ¢;(2), that is, ¢(r) = ¢1(x,y) +
@2(z). The incident angles of sound waves along axis
x, v, and z are «, B, and y, respectively. According to
the relationship between the sound pressure phase and
the incident angle d¢/dx = ncosw, d¢/dy = ncos B, and
d@/dz = ncos y, where «g and S are the initial incidents
angles. Hence, considering the normal incident of acoustic
wave oy = Py = /2. The expression to achieve arbitrary
phase encoding is shown as follows:

Y, (x,y,2) = ko / n(x,y,z) dz = konesz “4)
0

where, neg(x,y) = ng + T(x,y)(ns — ng)/H, ny and ny are
the refractive index of background medium and substrate,
T(x,y) is the 2D distribution function of the thickness of
the substrate, H represents the maximum height of the
substrate. Therefore, we can obtain the transmission phase
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profile, as follows:

T(x,y) n H—T(x,y)
)”s }\0

Vi(x,y) = 2m < ) + ¥, (5)

where X, and X are wavelengths in the substrate and back-
ground medium, respectively, and W; is the incident sound
pressure phase.

As shown in Fig. 1(a), the incident phase v; can be
controlled in a programmed way via digital phase encod-
ing, the transmission phase is encoded into ¥; + ¥, ¥; +
2 ... and ¥; + nyry, where n represents the steps of dig-
itization, which makes y; + nyy = 27. In Fig. 1(b), the
soft elastomer with different volume fractions has been
released into the 3D printing model with background water
to tune the acoustic effective sound speed. The phase
encoding mold is made of polylactide with the same total
length and width of 126 mm. As shown by its 3D mold
view in Fig. 1(b), there are nine discrete phase encoding
models on the plate around the center, with the same width
W and variation depth 7T(x, y).

The effective refractive index of silicone elastomer in
water gradually decreases from 1.48 to 1 with volume

(a)

Y+

0 40 80

FIG. 1.

120 Ly(mm)

fraction of 7'(x,y)/H. By filling soft silicone elastomer in
water with different volume fractions, where the height of
total column H = 60 mm, the original flat phase profile is
converted into a linear phase profile. As shown in Fig. 1(c),
the transmission phase is encoded by the phase encod-
ing model as the coding bit “0,” “x/4,” “m/2,” “37/4,”
“m,)” “Sm/4)” “3m/2,)” “Tm/4,” and “2m,” respectively.
Since the diameter of the plane wave generator is 125 mm,
we set up three different types of phase encoding models
along x and y directions with the same width W = 42 mm.
The fabrication method of phase encoding is presented
in the Supplementary Material [40]. The thickness of the
ABS mold is Ax =3 mm. With the increasing digitiza-
tion steps, the theoretical phase shift curves are shown in
Fig. 1(d). In the actual process of discretization, the con-
tinuous phase distribution is digitized into discrete units of
different orders. Here, the segmentation results of a contin-
uous phase profile are shown for 5-step digitization, 9-step
digitization, and 21-step digitization. Among them, under
the same horizontal and vertical dimension conditions, the
pixel unit density increases with the increase of the digi-
tization rate, while the width of each pixel unit gradually
decreases. Next, we need to experimentally verify that the

(b)

(d) ——
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(a) Schematic diagram of the 3D digital phase encoding model. The incident phase is encoded into different types of trans-

mission phases v; and y; + ny, where n represents the steps of digitization. (b) Liquid silicone elastomer in the mold (ABS frames)
to fabricate the phase encoding body. (c) Silicone elastomer with the same bottom diameter W = 42 mm and different volume fractions
T(x,y)/H were inserted into the background water and the phase is encoded from “0” to “2m,” respectively. (d) Theoretical phase shift

curves with the decreasing of digitization steps.
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digital phase encoding is capable of achieving broadband
phase modulation.

II1. EXPERIMENTAL VALIDATION OF
BROADBAND PHASE ENCODING

Figure 2(a) shows the photograph of the fabricated
broadband phase encoding model. The plane-piston trans-
ducer with a working frequency from 50 to 500 kHz
generated a 5-cycle tune-burst signal with a pulse repe-
tition period of 165 ms. The measured phase profile and
relative amplitude near the surface of the plane-piston
transducer at the frequency of 100 kHz are shown in Figs.
2(b) and 2(c), respectively. The above two experimental
results show that the phase distribution is flat within the

aperture of the transducer, and the amplitude of the acous-
tic field is gradually decreasing along the radius direction
of the transducer. The fabricated phase encoding mold was
divided into nine types of measurement regions, and each
square region was further divided into another nine regions
with equal lengths and widths to facilitate the measure-
ment of phase deflection results statistically. By changing
the incident frequency from 100 to 500 kHz, the exper-
imental results show that the incident acoustic phase is
encoded from coding bit “0” to “2m.” The experimental
phase distributions at the frequencies of 100, 200, 300,
400, and 500 kHz are shown in Figs. 2(e)-2(i), respec-
tively. Figure 2(d) shows measured a line plot of phase
deflection with different positions at the frequency from
100 to 500 kHz. Statistically, the experimental results show
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FIG. 2. (a)Photograph of the phase encoding model. (b) Statistically broadband phase deflection performance of the phase encoding.

Each phase value in the phase encoding region is measured nine times statistically. (c),(d) The measured acoustic phase and amplitude
distributions without phase encoding model at the frequency of 100 kHz. (e)(i) Measured phase profile with digital phase encoding
model at the frequencies of 100, 200, 300, 400, and 500 kHz, respectively, which is divided into nine types of phase encoding regions,
respectively.
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that broadband digital phase encoding covers the coding
bit “0” to “2m.” The received acoustic signals at differ-
ent encoding positions are phase-normalized from “0” to
“2m,” the received transmission signals in the time domain
are shown in supplementary material Fig. S2 [40].

IV. DESIGN AND VALIDATION OF SOFT
METACOLLIMATOR BY BROADBAND DIGITAL
PHASE ENCODING

Based on the above broadband characterization of soft
material parameters, we proposed the method of broad-
band digital phase encoding. In the next part, we will
demonstrate the performance of broadband digital phase
encoding in the acoustic wave manipulation area includ-
ing achieving two various soft metacollimator over the
broad frequency band. First, the spherical wavefront is
expected to be transformed to a plane wavefront using
a soft metacollimator fabricated by a broadband digi-
tal phase encoding scheme. The spatially varying phase
accumulation could achieve aberration-free acoustic col-
limation if the phase accumulation follows the hyperbolic
gradient profile:

V) = 25y 811, ©)
where A is the wavelength in the background medium of
the incident wave, d = 50 mm is the distance between the
omnidirectional source and the center of the soft meta-
collimator, Sy = 4.463T is the parameter related to the
maximum thickness 7= 60 mm of soft metacollimator,
and r is the coordinate along the radius direction of soft
metacollimator, where the value of coordinate r is chang-
ing from —60 mm to 60 mm. As shown in Fig. 3(a),
the three-dimensional soft metacollimator at different fre-
quencies were designed according to Egs. (1) and (2).
According to the principle of our proposed broadband dig-
ital phase encoding, the continually accumulated phase
profile is required to be discretized for ensuring that the
lattice constant of each discrete unit is less than a one-
half wavelength. The corresponding accumulated phase
profile and discretized method for the soft metacollima-
tor is shown in Fig. 3(b) at the frequency of 50 kHz,
100 kHz, and 300 kHz, respectively. The detailed informa-
tion of 2D phase profiles on designed soft metacollimators
at different frequencies are shown in supplementary mate-
rial Fig. S2 [40]. From the phase profiles extracted at the
surface of the soft metacollimator [Fig. 3(b)], it can be
seen that the phase change rate at the radius direction
is improved with the increase in frequency. To demon-
strate the soft metacollimator by our broadband digital
phase encoding could transfer spherical acoustic wavefront
to plane acoustic wavefront, we performed finite element
simulations with COMSOL MULTIPHYSICS 5.6 (Stockholm,
Sweden) as shown in Fig. 3(c). The dynamical parameters

of silicone elastomers including speed of sound is mea-
sured as 1027.17 m/s and the density is 1090.53 kg/m?.
The two different simulation results at frequencies of
50 and 100 kHz clearly reveal the broadband collimation
functionality of our soft metacollimator. The fabricated
method of soft metacollimator by silicone elastomer is
the same as those mentioned in Fig. 2. The point source
is placed at 50 mm away from the soft metacollimator
and the simulated acoustic pressure field reveals that the
point source located at the position y = 0 is converted
into the plane wave at the position y = 6i¢ by the soft
metacollimator.

In order to verify the features of our designed soft meta-
collimator by broadband digital phase encoding, we dis-
cretized two kinds of soft metacollimator with continuous
phase distributions (see detailed information in supple-
mentary material Fig. S3 [40]) by phase encoding tech-
nique. Underwater acoustic experiments were performed
in a high-intensity anechoic water tank with dimensions of
2m x 1.2m x 0.8 m. The schematic diagram of the exper-
imental setup is shown in supplementary material Fig. S4
[40]. The designed soft metacollimator was submerged at
the center of the water tank. The five-cycle tone burst sig-
nal from 50 to 200 kHz with a trigger interval of 165 ms is
generated using a functional signal generator (AFG 31000
SERIES; Tektronix). The signal is next amplified by a
broadband power amplifier and drives a 27-mm-diameter
spherical source to transmit the broadband acoustic sig-
nals. Changing the input resistance value of the power
amplifier makes the input voltage of the transducer change
from 5 to 170 V. A broadband hydrophone (RSHA-10;
Receiving Sensitivity: —210 dB) with the acoustic a cen-
ter diameter of 13 mm and a length of 67.5 mm is driven
by dc regulated power supply to record acoustic signals
during motor scanning. Sound pressure field P(x,y)) and
Py(x,y)) in the presence and absence of a soft metacolli-
mator is measured at a sampling rate of 1.25 MHz. The
3D mobile motor with a minimum accuracy of 1 mm has
been used for sound field scanning experiments to ensure
the spatial resolution was 30 times higher than the inci-
dent wavelength (30 mm) at the working frequency of
50kHz. The signals are acquired via a digital oscilloscope
(MDO32; Tektronix), and then converted and processed on
a computer. The duration of the incident pulses is about
80 s which is short enough to isolate reflections from
the tank walls (supplementary materials Fig. S5 [40]).
Photographs of the designed soft metacollimator at differ-
ent frequencies are shown on the right of supplementary
material Fig. S4 [40].

Measurements of soft metacollimator are performed in
the x-y plane over a broad range of frequencies from 50 to
100 kHz, respectively. As shown in Fig. 4(a), the spherical
wavefront is modulated to plane wavefront by soft meta-
collimator, the simulated diffraction distance from 6 to
27X is outlined by a white dashed line for comparing the
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(a) The soft metacollimator models in different frequencies of 50, 100, and 300 kHz, respectively. (b) The phase profile

includes the soft metacollimator at frequencies of 50, 100, and 300 kHz, respectively. (c) Simulated acoustic pressure field of the
soft metacollimator at 50 and 100 kHz. The spherical wavefront is converted into a plane wavefront capable of acoustic directional

emission.

experimental results [Fig. 4(b)]. As shown in Fig. 4(c),
simulated and measured sound pressure field along x = 0
and y = 12X direction is normalized by the maximum
sound pressure point at (0,0) and (0, 124¢), respectively.
The experimental normalized main lobe amplitude along
y = 12X is improved from 62.7% to 100%, which show
good agreements with predictions. In addition, we also
extracted the frequency response curve of sound pressure
level (SPL) gain and full width at half maximum (FWHM)
at frequencies from 50 to 500 kHz. For a quantitative anal-
ysis of the acoustic collimation properties of the designed
soft metacollimator by broadband digital phase encoding,
the red solid curve (red hollow circles) and red triangle
in Fig. 4(d) show the simulated and measured SPL and
FWHM in the presence of soft metacollimator, respec-
tively. The measured SPL is improved by about 7.63 and

7.77 dB at frequencies of 50 and 100 kHz in agreement
with the simulation results. Furthermore, the measured
FWHM (red solid circle) is 50 and 40 mm at frequen-
cies of 50 and 100 kHz, respectively, compared with 500
and 460 mm without the soft metacollimator. Simulations
and experimental results both indicate more than ten times
spatial resolution by introducing the soft metacollimator.

V. LONG-DISTANCE TRANSMISSION AND
BROADBAND PERFORMANCES OF SOFT
METACOLLIMATOR

The broadband digital phase encoding properties and
energy enhancement performance of the acoustic soft
metacollimator are investigated by underwater long-
distance transmission experiments. The experiment was
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(a) Simulation results that a spherical wave is modulated to a plane wave by a soft metacollimator at a frequency of 100 kHz.

(b) Experimental acoustic pressure fields correspond to the simulation results, in which the white dashed line indicates the same region
with simulations. (¢) Comparison of an empty field and sound pressure field with soft metacollimator along x = 0 and main lobe along
y = 12X¢. (d) Sound pressure level (SPL) gain and full width at half maximum (FWHM) in the presence and absence of the soft

metacollimator at frequencies from 50 to 500 kHz.

conducted in a water tank with dimensions of 27 m in
length, 15 m in width, and 5 m in depth. Based on a rough
estimation, even for the lowest 50 kHz sound wave exci-
tation, the wavelength in the medium is approximately
30 mm. In the length, width, and depth directions, this
allows for approximately 900, 500, and 166 wavelengths
to be covered, respectively. These experimental conditions
ensure that five sinusoidal pulses can be strictly sepa-
rated in the time domain from the transducer port to the
hydrophone receiver. The pulse width is approximately
150 mm at 50 kHz. Such experimental conditions guaran-
tee that the reverberation field does not significantly affect
the estimation of the direct signal, even in the absence of
sound-absorbing panels. As illustrated in Figs. 5(a) and
5(b), two kinds of soft metacollimators are placed between
the underwater detection system and background water. At
the frequency from 60 to 110 kHz, metacollimator 1 with
a low cutoff frequency of 50 kHz has been used for energy

enhancement, and metacollimator 2 with a low cutoff fre-
quency of 100 kHz has been used from 110 to 150 kHz,
respectively. As shown in Figs. 5(c) and 5(d), with the
introduction of two different soft metacollimators, the
transmission voltage has been improved over two times at
the distance of a 16 m. The broadband digital phase encod-
ing properties of the soft metacollimator are also studied by
broadband encoding experiments. As shown in Fig. 5(e),
we compared the transmission SPL gain of our designed
soft metacollimators at different frequencies and distances.
By comparing the frequency responses at a distance of 8 m,
soft metacollimator 1 could obtain an 810 dB SPL gain
over a low cutoff frequency of 50 kHz [Fig. 5(f)], while
soft metacollimator 2 could achieve a gain of 3—8 dB over
a low cutoff frequency of 100 kHz [Fig. 5(g)], respectively.
The results in Fig. 5(f) clearly demonstrate the SPL gain
above the low cutoff frequency range. This indicates that
customizable soft metacollimators with adjustable cutoff
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(a),(b) Energy enhancement at distances from 0 to 16 m without and with soft metacollimator. (¢c) Comparison of transmis-

sion voltage at frequencies of 80 and 100 kHz. (d),(e) broadband coding properties of soft metacollimator at frequencies above 50 and
100 kHz, respectively. (f) broadband gain of sound pressure level (SPL) with two kinds of soft metacollimators.

frequency can obtain a wideband gain in SPL above its
low cutoff frequency.

VI. CONCLUSION

In summary, we have proposed and experimentally
demonstrated an acoustic soft metacollimator based on a
novel broadband digital phase encoding. Initially, we eluci-
dated on the mechanism of phase encoding by adjusting the

volume fractions of water within soft silicone elastomers.
Subsequently, we fabricated the digital phase encoding
models experimentally, achieving a linear changing phase
profile and observing a broadband performance spanning
from 50 to 500 kHz. Utilizing the unique properties of the
phase encoding, we designed two kinds of soft metacol-
limator, which enhanced the transmission intensity by 7.7
dB and improved the spatial resolution tenfold. The phase
modulation capability of the acoustic soft metacollimator
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is able to convert spherical wavefront to plane wave-
front at different frequencies. Moreover, the proposed
phase encoding provides intuitive modulation of arbitrary
wavefronts including focused spherical wavefront, helical
wavefront, and the holographic wavefront. Theoretically,
phase encoding based on soft materials offers a higher
degree of freedom and controllability than rigid materi-
als, the phase tunability and impedance matching of soft
tunable elastomers allow for more possibilities. It is worth
noting that the theoretical analysis is based on the high-
frequency approximation VA4%/4 « k*. With decreasing
frequency, the imaginary part of Eq. (1) satisfies

2VA )

== Vo) + V() = 0. (7)
Through a meticulous derivation process, it has become
evident that the phase of the sound pressure in the eikonal
equation is solely contingent upon the refractive index

d

— V¢ = Vn(r,z). ®)
ds

However, in scenarios where the consideration of intensity

contribution becomes necessary, it becomes imperative to

calculate the intensity function

V. (4*Vg) = 0. 9)

After introducing an abrupt phase shift at the interface
between two different mediums, the laws of reflection
and refraction by applying Fermat’s principles have been
revisited [41]. In our proposed phase coding theory, we
introduced a gradient refractive index that can lead to local
phase changes that is similar to the generalized Snell’s law.
However, the generalized Snell’s law does not actually
consider much about the intensity function, which provide
more freedom to control energy across two different inter-
faces. Furthermore, the soft material encoding system we
propose is a novel impedance matching system. In a simple
estimation, the current speed of sound in soft materials is
approximately 1000 m/s. With the same pixel density, the
thickness of our designed device (twice the wavelength,
approximately 40 mm) is reduced by at least half com-
pared with the processing thickness (80 mm) mentioned in
most 3D printed metamaterials at a frequency of 50 kHz.
Therefore, it provides greater freedom for lightweight and
miniaturized applications (Fig. S6 in the supplementary
material [40]).

It is important to note that for an individual soft
metacollimator device, the operating frequency is not
strictly broadband. It has a minimum cutoff frequency
and is fundamentally limited by the narrowband trans-
ducer. However, when the operating bandwidth is from
50 to 500 kHz, the metacollimators show the broadband
performance in waveform modulation and collimation.

In conclusion, this new broadband digital phase encoding
technology may pave a new route for future acoustic
functional devices such as programmable helical wave
communicators, acoustic microscopes, acoustic tweezers,
acoustic antennas, and holographic projectors. The data
that support the findings of this study are available from
the corresponding author upon reasonable request.
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