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Coding Metasurface for Talbot Sound Amplification
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The Talbot effect has found profound applications in a wide variety of research fields, facilitating the
development of sensing, imaging, and lithography, among others. Taking advantage of the flexibilities
offered by the bidimensional Talbot effect, we propose and experimentally demonstrate a 2-bit cod-
ing acoustic metasurface lens. It is capable of arranging the far-field wave-energy distribution and thus
tailoring the passive amplification of wave pattern at positions away from the source. By simply adjust-
ing two different types of embedded helicoid units and their layout in the metasurface lens to change
the coding sequences, the intensity amplification factor and period of the self-image can be manipu-
lated simultaneously within the same imaging plane. The proposed Talbot lens allows flexible far-field
sound redistribution and enhancement. Along with the nonresonant nature, it may open possibilities in
applications such as acoustic communication, sonography, and signal processing.

DOI: 10.1103/PhysRevApplied.14.054067

I. INTRODUCTION

Passively enhancing acoustic field and wave pattern
can intensify sound signals as well as strengthen the
wave-matter interaction effects without introducing the
complex setup of active sources. It benefits numerous
applications in acoustic sensing [1], sound detection [2],
and biomedical imaging [3], etc. The recent develop-
ment of acoustic metamaterials has inspired several inno-
vative approaches towards different enhancement effects
[4–16]. Space-coiled cavities operating at resonance
are able to localize the sound energy in the deep-
subwavelength scale [4,5], yet suffer from narrow band-
width. To lift this restriction, the so-called rainbow-
trapping design [6–9] was proposed, in which broadband
acoustic waves are decelerated and compressed to create
spatial-spectral concentrations of sound energy. But still,
the resonance-based building blocks are highly dispersive
in nature and remain sensitive to the thermal and vis-
cous losses [6,12]. An alternative approach utilizes high
impedance metafluid together with an impedance-matched
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layer to present a feasible way of boosting acoustic
pressure over the spectrum [13,14]. However, for the
mentioned strategies, they are only suitable for the near
field where the enhanced sound field is confined within the
metamaterials, resultantly limiting the application poten-
tials. How to achieve remote sound-field and wave-pattern
enhancement in a passive way with nonresonant structures,
extremely valuable in applications as it would be, remains
an unsolved challenge.

The Talbot effect, also known as self-imaging, is capa-
ble of passively repeating incident wave pattern. It was
discovered and explained in the context of classical wave-
diffraction physics [17,18]. Rayleigh gave an explanation
of the Talbot effect as a result of the interference between
the diffraction orders and showed that any periodic one-
dimensional field pattern reappeared at integer multiples of
the so-called Talbot length [18]. In addition to the integer
Talbot effect, fractional self-images are formed at prop-
agation distances that are equal to a fraction of Talbot
length [19,20]. The simplicity and diversity of this effect
have since beautifully triggered a wave of research across
different frontier disciplines [17–29], facilitating the devel-
opment of wave-front sensing [24], lithography [25], and
optical waveform amplification [23], etc. The recent com-
bination of optical self-imaging with phase-manipulation
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technology even offers great flexibilities associated with
the Talbot effect and multifunctionalities [21].

In this work, we demonstrate the bidimensional Talbot
effect and its unique far-field sound-pattern manipula-
tion capability. By incorporating the integer Talbot self-
imaging [18] and fractional Talbot self-imaging [19], we
present a passive acoustic Talbot amplifier that is able to
not only redistribute the wave pattern but also enhance the
field signal remotely. Such far-field Talbot amplification
is practically realized with a 2-bit isotropic coding meta-
surface whose discrete elements, each containing one of
the four digital states (phase delay) “00” (0), “01”(π/2),
“10” (π), and “11” (3π/2), are implemented using heli-
coid metamaterials [11]. These four digital elements can
be arranged in different coding sequences to create various
Talbot self-imaging patterns. Such digital discretization
of phase profiles can substantially reduce the parameter
search space during the design optimization and simplify
the device design procedure [30–34]. Our study indicates
an efficient approach to passively achieve the far-field
enhancement of sound pattern in free space, as well as
a promising direction to exploit the Talbot effect and its
application potential in acoustic systems.

II. DESIGN PRINCIPLE OF THE CODING
METASURFACE

The proposed coding metasurface is composed of unit
cells periodically distributed within a two-dimensional
space, as illustrated in Fig. 1. The unit cell has four ele-
ments arranged in a 2×2 fashion. Each element, by design,
can realize one of the 0, π /2, π , and 3π /2 phase delays
to the incident wave, respectively, corresponding to “00”,
“01”, “10”, and “11” in the 2-bit 4-digital states. When
an incoming sound pattern illuminates the designed cod-
ing metasurface, applying different spatial-coding arrange-
ments can realize various distinctive images at the same
diffraction distance [21].

The design principle of realizing Talbot sound amplifi-
cation is shown in Fig. 2. For an acoustic Talbot-coding
metasurface without any phase modulation, all unit cells
have the type-0 phase mask, the input sound patterns can
be exactly replicated at the free-space diffraction distance
z as integer Talbot effect, if z is equal to even integer mul-
tiples of the Talbot distance L = D2/λ (D is the spatial
period of the grating pattern and λ is the wavelength) [18].
At the diffraction distance z = (m/n)L (m and n are any
pair of mutually prime integers), the self-image of the orig-
inal beam pattern can also be reproduced. But in such a
case, not only the period of the self-image decreases by a
factor of n along both x and y dimensions to become D′
equal to D/n, but more importantly, the local beam density
will change. It is the fractional Talbot effect [20,21]. For
example, when nis set to be 2, the period would be divided
by 2, as illustrated in Fig. 2(a).

FIG. 1. An acoustic Talbot coding metasurface. An array of
2 × 2 elements forms a basic unit cell of the coding metasur-
face. Each element can provide one of the 0, π /2, π , and 3π /2
phase-delay responses as one state in a 2-bit 4-digital states “00”,
“01”, “10”, and “11.” With carefully designing each unit cell
from four phase-mask candidates labeled as type 0–3, the Tal-
bot coding metasurface can reproduce and amplify the incident
sound patterns at the selected self-imaging plane.

Now considering sound propagation from plane z =
(m/n)L to z′ = (m′/n′)L (where n and n

′
are coprime inte-

gers), a self-image of sound pattern at z = (m/n)L with
a period multiplied by a fractional factor n/n

′
can be

recovered at z′ [35]. If we would like to move the sound
pattern at z = (m/n)L to z = 0 as input, but keep the orginal
self-image at z′ = (m′/n′)L and the fractional factor n/n

′

intact, in this case, a phase mask must be added to z with
additional phase modulation [35]:

ϕi;a,b = −π
a
b

i2 − πc. (1)

i = 1, 2, 3, . . . labels the element sequence number, a and
b are coprime integers determined by m and n. c is a real
constant that represents an equal phase shift for all the
components. It has no effect on the performance of the self-
image. Let E and O denote the sets of even and odd natural
numbers, respectively. The expressions for a, b, and c as
functions of m and n can be written as

m ∈ E, n ∈ O a = m
[(

1
m

)
n

]2

, b = n,

c = n + 1
4

− 1
2

(
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n

)
, (2)

m ∈ O, n ∈ O a = 8m
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]
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c = n + 1
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, (3)
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(a) (b)

FIG. 2. (a) For conventional Talbot effect, the self-image period and intensity fall by a factor of 2 at the plane z = L/2 and z = 3L/2,
while remaining unchanged at the integer multiples of Talbot length L. (b) When moving the sound-beam pattern at z = L/2 to z = 0 as
the new input, adding a phase mask will keep the self-image at z = 2L intact. The period and intensity is thus double that of the input.
The gray and green units denote the required 0 and 3π/2 phase modulation at each element.

m ∈ O, n ∈ E a = m
[(

1
m

)
n

]2

, b = n,

c = −n + 2
4

+ 1
2

(
m
n

)
. (4)

In the above expressions, [1/m]n indicates the modular
multiplicative inverse of the integer m modulo n and(

m
n

)
is the Jacobi symbol. After neglecting the insignif-

icant constant term πc in Eq. (1), the phase profile for the
1D self-image (the period is i) in the fractional Talbot plane
z = (m/n)L becomes

ϕm,n(i) = −π
m
n

[(
1
m

)
n

]2

i2, (5)

where the product mn ∈ E. When the product mn ∈ O, the
phase is given by

ϕm,n(i) = −8π
m
n

[
1
2

]
n

[(
1

2m

)
n

]2

i2. (6)

In our work, m and n are chosen to be 1 and 2, respectively.
As demonstrated in Fig. 2(b), when the sound pattern at
z = L/2 is moved to z = 0 as input, attaching a phase mask
will be able to keep the orginal self-image at z = 2L [21]
and the fractional factor intact. The period of sound beams
at according diffraction distance z = 2L now doubles that
at the input with much increased sound intensity, leading
to the Talbot sound-beam amplification. Here the required

phase mask needs two different types of phase modulation,
0 and 3π/2, caculated based on Eq. (5).

For the two-dimensional Talbot sound amplification,
the required phase-modulation profile for each individual
element labeled by integers ix and iy along the x and y
directions is the sum of the two corresponding individual
phase terms:

ϕ(ix, iy) = ϕmx ,nx (ix) + ϕmy ,ny (iy). (7)

Based on Eq. (7), if sound-beam amplification is only
required along one dimension, 3π/2 phase delay is
required for certain elements at input. If amplifications
along both dimentions are prefered, such phase delay may
become π . As a π phase shift does not alter the nature of
the self-image according to Eq. (1), a phase value of π/2
that corresponds to 3π/2 can be introduced, so that the val-
ues 0, π/2, π , and 3π/2 can act as the “00”, “01”, “10”,
and “11” elements in the 2-bit coding. By arranging the
sequences of these four elements in the metasurface lens,
self-imaging patterns and Talbot sound amplification can
be flexibly tailored.

III. SIMULATED TALBOT AMPLIFICATION
EFFECT

Numerical simulations are conducted with calculated
phase profiles for coding metasurface composed of an
array of 13 × 13 elements and placed at z = 0, to demon-
strate the pattern-controllable self-imaging and sound-
beam amplification effect. Each element is a square plate
(the width D = 6 cm) embedded with a circular disk (the
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(a)

(b)

(c)

(d)

FIG. 3. Simulated Talbot sound amplification for different metasurfaces. Left column shows the metasurfaces at the input applied
with different types of phase masks. Right column shows the sound beam applied, only the area inside the red square is shown.
(a) Conventional Talbot effect (type 0), no phase modulation to the input. (b) Asymmetric Talbot effect with type-1 phase mod-
ulation (0 and π /2), only the spatial period along one direction is multiplied by 2. (c) Symmetric Talbot effect with type-2
phase modulation (0, π /2, and π ), the spatial periods along two dimensions both are multiplied by 2. (d) Symmetric Talbot
effect with type-3 phase modulation (0, π , and 3π /2), the self-imaging pattern is the same as (c). For all the plots in (a)–(d),
the left side is the phase mask applied in the input grating, the right side is the according self-image in the plane z = 2L (L =
D2/λ). D is the spatial period of the input gratings along the two grating dimensions, and λ is the wavelength of the incident
wave.

diameter R = 4 cm) at the center that provides effective
phase response (for details see the Supplemental Material
[36]). The basic unit cell of the phase mask is composed
of 2 × 2 elements, tuned to have one of the four different
phase responses that can resemble a 2-bit state as shown in
Fig. 1. Periodic repeat of the unit cells will constitute the
four different phase masks with various coding sequences.

How sound-field distribution on the self-imaging plane
changes upon different phase modulations is simulated
with COMSOL Multiphysics. The operating frequency is
set at 10 kHz with a wavelength of 3.43 cm. As shown
in Fig. 3, asymmetrical or symmetrical multiplication of
self-imaging pattern periodicity can be realized by dif-
ferent encoded phase modulations. For conventional Tal-
bot effect, the metasurface does not need any additional
phase modulation. All elements are “’00.” In this case, the

incident wave pattern can be fully replicated at z = 0.21 m,
as shown in the right subplot of Fig. 3(a). If two elements
“00” and “01” are utilized to form phase-mask type 1,
the corresponding phase modulation will double the spa-
tial period D of sound pattern along one imaging plane
direction, while the spatial period along the other direction
remains unchanged [right column, Fig. 3(b)]. With three
coding elements “00”, “01”, and “10”, a type-2 phase mask
can symmetrically multiplicate the spatial periods along
both dimensions of the self-image by 2, as demonstrated
in Fig. 3(c). The result of the type-3 phase mask with
three elements “00”, “10”, and “11” is also presented in
Fig. 3(d). The same imaging patterns in Figs. 3(c) and 3(d)
demonstrate that a π phase shift will not alter the nature of
the self-image, which verifies the theoretical prediction in
Eq. (1).
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The intriguing thing about this Talbot effect is it is
almost lossless, with neglectable thermal and viscous
losses in air. The intensity of each repeating individual
pattern in the resulting self-image is thus multiplied by
the product of the multiplication factors of periods along
x and y directions. By comparing the sound-field dis-
tribution on the self-image plane after passing through

four different phase masks, presented in the right col-
umn of Figs. 3(b)–3(d), the redistributed locally amplified
sound field can be clearly observed. The corresponding
energy-amplification factors for the cases in Figs. 3(b)
and 3(c) are numerically calculated to be 2 and 4 (for
details see the Supplemental Material [36]). By select-
ing different m and n, the required phase mask would

(a)

(b)

(c)

(d)

FIG. 4. (a) Fabricated sample
with type-2 phase mask. (b)
Schematics of phase-modulation
arrangement within an area of
3 × 3 elements marked with a
purple box in (a) for different
phase masks. (c) Top view of the
fabricated 3 × 3 element sam-
ples whose phase modulations are
realized with different helical ele-
ments. (d) Phase profiles along
the odd row (blue line) and even
row (red line). “00”, “01”, and
“10” represent the 0, π /2, and π

phase modulation, respectively.

054067-5



HE GAO et al. PHYS. REV. APPLIED 14, 054067 (2020)

be different and the according amplification factor can be
improved.

IV. DEMONSTRATION OF TALBOT SOUND
AMPLIFICATION

Such passive amplification enabled by Talbot self-
imaging as a result of the diffractive effect, tailors the local
energy concentration to occur at some specific positions far
away from any power source, offering the unique possibil-
ity of remote waveform enhancement. To experimentally
demonstrate such a hypothesis, a coding metasurface lens
with modular phase masks is fabricated, as shown in Fig. 4.
Due to the nondispersive and low-loss nature, helicoid
acoustic metamaterials [11,37–39] are employed to engi-
neer the local phase-delay responses. The phase variation
can be easily tuned by adjusting the thread lead of the
helicoid units while keeping other geometric parameters
unchanged (detail structures are presented in the Supple-
mental Material [36]). As the “00” element requires no
phase modulation, only two groups of helicoid units are
designed to, respectively, provide the π /2 and π phase
delays. For the conventional Talbot effect, the top view of a
perforated grating with no additional phase modulation of
the 3 × 3 elements’ region is presented in the left column
of Fig. 4(c). By rearranging some elements with the “01”
and “10” helicoid metamaterials, the coding lens with type-
1 phase mask [middle column, Fig. 4(c)] and type-2 phase

mask [right column, Fig. 4(c)] can be, respectively, con-
structed. The phase profiles along the odd and even rows
in all three cases are plotted in Fig. 4(d), which clearly
show the configuration of the three coding elements (“00”,
“01”, and “10”). It is worth mentioning that, since the rear-
rangement of phase delays can be accomplished with the
insertion and withdraw of helicoid units, different phase
masks can be readily realized with only one metamaterial
framework in a programmable modular way.

The fabricated coding metasurface has been put on
test with different phase masks. The self-imaging sound
patterns on the output imaging plane are experimentally
measured (experimental details are given in the Supple-
mental Material [36]). Owing to the periodicity of imaging
patterns, only the sound fields within an area of 3 × 3 units
at the lens center are presented. As shown in Fig. 5, the
overall measured sound-field distributions agree well with
the simulation results. Without phase modulation, con-
ventional Talbot effect guarantees that the incident wave
pattern can be faithfully reproduced as presented in the
numerical and experimental results. The measured sound
field after adding a type-1 phase mask exhibits an asym-
metric amplification, as demonstrated in Fig. 5(f). While
the period along the x direction is doubled, the three peaks
along the y direction are still intact. When the metasur-
face is coded with type-2 sequence, four, instead of the
original nine, bright spots, arranged in a 2 × 2 way,
appear on the self-imaging plane. The spatial periods along

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 5. Simulated and measured Talbot self-image patterns. (a)–(c) Simulated acoustic intensity distributions for an area of 3×3
elements (in the center of the metasurface) with type-0, type-1, and type2 phase masks. (d) Normalized acoustic intensity profiles along
the white dashed lines in (a)–(c). (e)–(g) Measured acoustic fields corresponding to (a)–(c), respectively. (h) Normalized acoustic field
distributions along the white dashed lines in (e)–(g).
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both directions are obviously multiplied by 2, together
with much amplified peak intensity. To further evaluate
the sound concentration and local energy amplification,
the normalized intensity profiles for all three metasurface
phase-mask configurations, as marked by the white dashed
lines, are presented in Figs. 5(h) and 5(d). The sound inten-
sity increase of the bright spots from conventional Talbot
effect to adding type 1 and type 2 phase modulations can
be clearly observed. Moreover, this acoustic bidimensional
Talbot effect is available over a certain bandwidth (refer
to the Supplemental Material [36]), enabled by the broad
working frequency range of the helicoid metamaterials.

V. CONCLUSIONS

In summary, we develop and experimentally examine a
reconfigurable coding acoustic metasurface lens that can
modulate the far-field sound-beam pattern and energy dis-
tribution. The combination of bidimensional Talbot self-
imaging effect with flexible phase modulation can pas-
sively concentrate acoustic waves and produce local sound
amplification at specific far-field locations. By conducting
modularized arrangement of coding sequences, the sound-
field distribution and amplification factor can be tuned. The
spectral performance of the coding metasurface has also
been experimentally confirmed. Our study suggests that
bidimensional Talbot effect combined with phase modu-
lation can act as an efficient approach to achieve far-field
energy enhancement in free space. It offers a perspective
to explore more functionalities of Talbot self-imaging in
acoustics.

Furthermore, the produced amplification function shows
great potential applications in particle manipulations,
acoustic communications, imaging and signal processing.
For instance, passive amplification of the repeating pattern
in an input image may enable the extraction of this pattern
from a noisy background, which is impossible with con-
ventional gain-based image-amplification methods [40].
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