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Superresolution metalenses that can realize a far-field needle focusing effect are highly desired in vari-
ous applications, such as medical diagnosing, ultrasonic detection, and underwater communication. Here,
we propose a design paradigm of a metalens with superresolution for waterborne sound, which is based
on metagrating and has a compact and simple configuration. The central region of the metalens is open,
surrounded by a metagrating-based peripheral region. In the radial cross section, each meta-atom contains
two elliptical iron cylinders that are intelligently designed to deflect the impinging wave along the desired
direction towards the intended focal spot. In this way, a needle focusing effect with high intensity and
superresolution is achieved in the far-field region, where the conventional Rayleigh-Abbe diffraction limit
is broken due to the coherent interference of the ±1 order diffraction channels. Since the design principle
does not rely on sharp resonances, the foci of waves carrying different frequencies partially overlap so that
an achromatic focusing functionality is realized where incident waves in a continuous frequency range can
be simultaneously focused around the same spots. The compact, planar, and center-open configuration of
the metalens not only provides a flexible and practical solution to acoustic needle focusing functionality,
but also has potential applications as a powerful planar component that can be easily integrated.
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I. INTRODUCTION

Relying on a gradually accumulating phase change
along the wave’s propagation path, conventional focusing
lenses are usually bulky and costly. They have two sig-
nificant features that are originated from the underlying
physical mechanism. The first one is the chromatic dis-
persion, which implies their incapability of simultaneously
focusing the incident waves with different frequencies, or
leads to different focal positions at different frequencies.
The second one is the finite resolution, which is limited
by the Rayleigh-Abbe diffraction limit of 0.5λ/NA, where
λ and NA are the wavelength and numerical aperture,
respectively.

Recently, metalenses have emerged as a compact plat-
form for wave-front tailoring and focusing, with the
reflected or transmitted phase precisely controlled by
intendedly designed meta-atoms [1,2]. Their flat con-
figuration or miniaturized thickness provides a compact
and efficient solution to various wave-manipulating func-
tionalities. Metalens can be designed on the basis of
metasurfaces or metagratings, where both electromag-
netic and acoustic metalenses were studied to demonstrate
their intriguing focusing capabilities. For the electromag-
netic waves, superoscillating metalens were designed to
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exhibit the far-field subdiffraction focusing effect, with cor-
responding focal spots smaller than the Rayleigh-Abbe
diffraction limit [3–6]. In addition, superoscillatory lenses
with an enlarged depth of focus were fabricated to gen-
erate subdiffraction-limit light sheets with reduced beam
divergence [7–11].

In parallel, pioneering works were done with regard to
acoustic metalenses. Researchers demonstrated the acous-
tic needle focusing effect using different methods, such as
fabricating a miniature transducer with the press-focusing
technique [12], designing an active and configurable pla-
nar metasurface with piezoelectric transducers [13], using
binary reflected phases on a planar surface [14], imple-
menting LiNbO3 ultrahigh frequency transducers as a
microbeam acoustic tweezer [15], projecting different spa-
tial frequency components to generate superoscillation
packets [16], generating two symmetrical parabolic accel-
erating beams along the designed trajectories [17], using
the double-parabolic-reflector wave-guided high-power
ultrasonic transducer [18], constructing a compact and pas-
sive ultrasound metasurface at megahertz frequencies [19],
using a planar ultrasonic transducer based on a metasur-
face piezoelectric ring array [20], utilizing an optically
transparent microfiber ultrasound sensor [21]. While most
acoustic metalenses are constructed from metasurfaces,
few designs are developed on metagratings. Differing
form measurfaces, metagratings are based on the grating
diffraction theory [22,23] rather than the generalized
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Snell’s law (GSL) [24–37], and thus can redirect the
incident wave energy along the specific direction with uni-
tary efficiency even in the limit of extreme wave-front
manipulation. In contrast, the overall efficiency of gra-
dient metasurfaces to reroute the impinging waves along
large steering angles are comparably low due to the mis-
matched impedances between the incident and scattered
wave beams. Furthermore, the unit cells of metagrat-
ings do not need to discretize a fast-varying continuous
impedance or phase profile, which substantially reduces
the fabrication and testing costs. Recently, there is a
growing interest on the study of metagratings for vari-
ous wave-manipulation functionalities, such as anomalous
reflection or refraction [22,38–43], cloaking [44], sound
vortices [45], nonreciprocal transmission [46], multifunc-
tional device [47], elastic wave manipulation [48,49], and
far-field focusing [50–56].

Inspired by the above works, in this paper we propose
a metagrating-based metalens to achieve a far-field, high-
intensity, subdiffraction, and achromatic needle focusing
effect for waterborne sounds. The reason that we choose
metagrating as the platform to design the metalens is as
follows. Firstly, metagrating can retain very high diffrac-
tion efficiency even for very large steering angles, which
is helpful to realize an enlarged depth of focus and bene-
ficial to achieve high-intensity subdiffraction focusing in
both near-field and far-field regions. Secondly, we can
independently manipulate the diffraction direction of each
meta-atom in the metagrating, so that it is straightforward
to obtain a needle focusing pattern by redirecting the scat-
tered waves from different meta-atoms towards different
focal spots. Thirdly, since no sharp resonance is utilized,
in principle the metalens can work for different frequen-
cies. By utilizing the above characteristics of metagrating,
we design the metalens to achieve a needle focusing pat-
tern with a large depth of focus. Interestingly, since the
foci of different frequencies partially overlap with each
other, we can achieve the achromatic focusing function-
ality where incident waves of different frequencies are
simultaneously focused at the same spots. Last but not
least, the metalens has a compact and planar configura-
tion, which is easy to be integrated with other acoustic
devices to implement more comprehensive and complex
wave-manipulation functionalities. Therefore, we expect
the proposed metalens can find applications in various sce-
narios, such as medical diagnosing and treating, ultrasonic
detection and navigation, and underwater communication.

II. DESIGN METHOD

The metalens is axisymmetric and based on metagrat-
ing, and we start with the two-dimensional (2D) cross
section of the three-dimensional (3D) metalens, as shown
schematically in Fig. 1. Figure 1(b) shows the x-y plane
cross-section view of the metalens, where a metagrating

(a)

(b)

FIG. 1. The needle-focusing effect enabled by a metagrating-
based metalens. (a) Schematic of the metalens and it needle-
focusing effect. (b) A 2D cross section of the metalens, where the
3D lens can be obtained by rotating its 2D cross section around
the x axis. A metagrating composed of 50 meta-atoms is sur-
rounding the central axis, where each meta-atom contains two
elliptical iron cylinders. The Lth (L = 1, 2, . . . , 50) meta-atom is
intelligently designed to deflect a normally incident plane wave
(pinc) along the diffraction angle θL towards the Lth focal spot
on the x axis. Different meta-atoms focus the wave energy into
different focal spots, as indicated by red arrows, with a distance
0.5λ between neighboring spots. In this way, all focal spots form
a quasicontinuous needle pattern on the x axis.

consists of 50 meta-atoms (i.e., unit cells of the metagrat-
ing) is surrounding the lens’ central axis, with the first
meta-atom being closest to the central axis. Each meta-
atom is composed of two elliptical iron cylinders, and the
geometric parameters include the major semiaxes a1 and
a2, minor semiaxes b1 and b2, rotation angles ϕ1 and ϕ2,
and their center positions (x1, y1) and (x2, y2), as shown in
the inset of Fig. 1(b). We note that although the design of
the metalens is based on a diffraction analysis in 2D, it is
easy to extend the analysis to 3D by simply rotating the
meta-atoms around the x axis (i.e., the central axis of the
metalens).
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The metalens works for waterborne sound, so the
background medium is water, with a mass density ρ =
1000 kg/m3 and sound velocity c0 = 1490 m/s. For the
solid iron cylinders, their mass density, longitudinal
velocity, and transverse velocity are ρ1 = 7670 kg/m3,
cp = 6010 m/s, and cs = 3230 m/s, respectively. Each
meta-atom is independently designed so that the Lth
(L = 1, 2, . . . , 50) meta-atom deflects a normally incident
plane wave (pinc) of wavelength λ along a specific direc-
tion (with diffraction angle θL) towards the Lth focal spot
on the x axis. Different meta-atoms focus the wave energy
into different focal spots. One by one, these focal spots
form a quasicontinuous needle pattern on the x axis, with
a mutual distance �F between neighboring focal spots.
The length measured from the first focal point to the last
one is called the propagation length of the needle focusing
pattern.

To realize the needle focusing effect, we start with the
grating diffraction theory. When a plane wave is normally
incident on a grating, it will be reflected and transmitted
into several diffraction orders along different directions,
i.e.,

n
2π

d
= k0 sin θ for the nth transmission order (1)

m
2π

d
= k0 sin η for the mth reflection order (2)

where n(m) = 0, ±1, ±2, . . . denotes the diffraction order,
d is the periodicity of grating, k0 = 2π/λ is the wave num-
ber in water, and θ(η) represents the angle of transmission
(reflection).

Let us take the metagraing on the +y direction as an
example to demonstrate the design paradigm. We design
each meta-atom individually so that its −first-order trans-
mitted wave (n = −1) be the sole dominating channel.
That is to say, the wave scattered by the Lth meta-atom
propagates exclusively along the n = −1 channel with a
diffraction angle θL, as shown in Fig. 1(b). Here n is nega-
tive because the transmitted wave deflects towards the −y
direction.

Following Eq. (1), the periodicity dL and diffraction
angle θL of the Lth meta-atom should satisfy

dL = −λ/sin θL, (3)

where λ = c0/f0 is the wavelength of the incident wave in
water at the working frequency f0. Without loss of gener-
ality, we assume that the working frequency is 500 kHz,
so that the corresponding wavelength is λ = 2.98 mm in
water. The radial distance from the first meta-atom to the
central axis is r = 50λ, as marked in Fig. 1(b), leaving
an open central region of that is reserved as an efficient
water-flow channel [55].

As shown schematically in Fig. 1(b), the n = −1 order
transmitted wave of the Lth meta-atom converges to the

Lth focal spot with a focal length FL = F1 + (L − 1)�F ,
where F1 is the focal length of the first meta-atom. The
first meta-atom has a periodicity of d1 = 5.79 mm and a
diffraction angle θ1 = −31◦. Then its focal length F1 =
84.83λ can be determined by the geometric relation F1 =
(r + d1/2)/tan(|θ1|). In order to obtain a quasicontinu-
ous needle focusing pattern along the x axis, the dis-
tance between neighboring focal spots is set as �F =
0.5λ. Thus, the second meta-atom has a focal length
of F2 = F1 + 0.5λ, and its radial distance to the x axis
is r + d1 + d2/2. Consequently, its diffraction angle is
θ2 = −tan−1(r + d1 + d2/2)/F2 = −31.79◦. In a succes-
sive way, the diffraction angle for the Lth meta-atom can
be uniquely determined by

tan(|θL|) =
⎛
⎝r +

∑
i=1,...,L−1

di + dL/2

⎞
⎠ /(F1 + (L − 1)�F)

(4)

with the help of Eqs. (3) and (4), we can obtain the peri-
odicities and diffraction angles of all meta-atoms. After the
geometrical parameters in the 2D cross section are deter-
mined, we can rotate all meta-atoms around the x axis to
obtain a 3D metalens.

As mentioned previously, when a plane wave (pinc)

is normally incident on a grating, it will be reflected
and refracted along several discrete channels with n(m) =
0, ±1, ±2, . . .. In this work, we aim to utilize the minus-
first-order (n = −1) transmission channel of each meta-
atom to realize the needle focusing effect. To this end,
we let all high-order diffraction channels [i.e., n(m) =
±2, ±3, . . ..] be evanescent in the far-field region, and
thus we need only to consider the 0th and ±1st diffraction
orders. In this way, each meta-atom could have a geomet-
rical structure as simple as possible, which can not only
substantially reduce the difficulty of the inverse design pro-
cess, but also is beneficial to the fabrication and testing
of the metalens. According to Bragg’s diffraction condi-
tion, the diffraction order of |n(m)| = 2 happens to be an
evanescent wave when the diffraction angle |θL| takes the
critical value of 30◦. Thus, as long as |θL| > 30◦, only
n = 0, ±1 and m = 0, ±1 are the propagating orders.

Along this line, we let |θL| of all meta-atoms be larger
than 30◦. This is the reason why we choose θ1 = −31◦
for the first meta-atom. As shown in Fig. 1, other meta-
atoms (L = 2, 3, . . .) have their diffraction angles |θL| >

|θ1|, which means that for every meta-atom in the lens, we
need only to manipulate six diffraction channels, including
three reflection channels (m = 0, ±1) and three transmis-
sion channels (n = 0, ±1). In particular, we design each
meta-atom intelligently to control its six diffraction orders
so that the desired focusing functionality is implemented
exclusively by the −first transmission channel (n = −1),
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TABLE I. Optimized geometric parameters of the meta-atoms.

No. L a1/mm b1/mm ϕ1/rad (x1, y1)/mm a2/mm b2/mm ϕ2/rad (x2, y2)/mm

1 1 3.89 1.15 2.440 (−3.42, 2.78) 1.68 0.62 1.982 (−0.32, 2.80)
2 2 3.72 1.13 2.526 (−3.38, 2.75) 1.70 0.60 2.058 (−0.31, 2.92)
3 3,4 3.81 1.18 2.623 (−3.28, 2.40) 1.72 0.61 2.083 (−0.31, 2.65)
4 5,6 3.77 1.04 2.657 (−3.25, 2.22) 1.68 0.57 2.109 (−0.32, 2.47)
5 7,8 3.76 0.95 2.679 (−3.36, 2.26) 1.62 0.53 2.120 (−0.45, 2.49)
6 9–11 3.78 0.82 2.688 (−3.56, 2.34) 1.63 0.53 2.116 (−0.61, 2.51)
7 12–16 3.13 0.96 2.614 (−3.17, 2.24) 1.51 0.46 2.109 (−0.78, 2.51)
8 17–23 3.16 1.13 2.675 (−2.83, 2.28) 1.44 0.38 2.750 (−0.44, 2.79)
9 24–32 3.19 0.94 2.644 (−3.28, 2.17) 1.35 0.33 2.583 (−1.01, 2.43)
10 33–50 3.19 0.80 2.644 (−3.24, 2.00) 1.38 0.35 2.352 (−0.89, 1.96)
11 51–79 3.21 0.69 2.641 (−3.12, 1.67) 1.40 0.35 2.363 (−0.85, 1.60)
12 80–116 3.20 0.63 2.642 (−3.11, 1.85) 1.56 0.39 2.338 (−0.78, 1.79)
13 117–149 3.20 0.57 2.667 (−3.20, 1.72) 1.54 0.39 2.290 (−0.81, 1.72)
14 150–180 3.20 0.57 2.716 (−3.24, 1.68) 1.50 0.41 2.193 (−0.71, 1.87)

and at the same time the other five propagating chan-
nels (m = 0, ±1 and n = 0, +1) are completed depressed.
In contrast, if we choose a smaller diffraction angle with
|θL| < 30◦, we will have to simultaneously manipulate at
least ten diffraction orders (n, m = 0, ±1, ±2) to realize
the focusing effect, which poses a more difficult inverse
design task and inevitably requires a more complicated
configuration of the meta-atom.

When the incident plane wave is scattered by the meta-
atom made of iron, both longitudinal and transverse elastic
wave modes in iron cylinders need to be considered, which
not only raises a much more complicated scattering prob-
lem than the scalar one (such as the electromagnetic or
acoustic wave scattering problem), but also brings richer
physics. For example, the multiple-scattering effects [57,
58] of sound waves between any two solid cylinders need
to be taken into consideration. To resolve this challenge,
we use an intelligent optimization method based on par-
ticle swarm optimization (PSO). PSO is an evolutionary
optimization technique that solves a problem by having a
population of candidate solutions (i.e., particles) flowing
around in the search space according to a simple mathe-
matical formula over the particle’s position and velocity,
and it can search for candidate solutions in very large
spaces. In applying the PSO algorithm, we take the geo-
metrical parameters of each meta-atom, i.e., (a1, a2, b1,
b2, ϕ1, ϕ2, x1, x2, y1, and y2) of the two elliptic cylinders,
as the optimization variables. Our optimization objective
is to ensure that the diffracted wave propagates exclu-
sively along the n = −1 transmission channel (i.e., T−1 →
100%), and all other propagating diffraction channels are
completely depressed, (i.e., T0,+1 → 0 and R0,±1 → 0).
With the help of the PSO algorithm, the optimized geo-
metric parameters of all 50 meta-atoms can be quickly
obtained, which are listed in Table I.

Each row in Table I represents a set of optimized geo-
metric parameters for the meta-atoms, and a total of ten

sets of parameters are needed to construct a metalens con-
sisting of 50 meta-atoms. For example, the first and second
rows of Table I show the sets of parameters for the first
and second meta-atoms, respectively, with corresponding
diffraction angle θ1 = −31◦ and θ2 = −31.79◦. From the
third row of Table I, however, the diffraction angle θL
becomes relatively large, so that two or more neighboring
meta-atoms can share the same set of optimized parame-
ters. For example, the seventh and eighth meta-atoms (i.e.,
L = 7, 8) share the same set of parameters (as listed in the
fifth row of Table I), and their diffraction angles have a
minor difference, with θ7 = −35.19◦ and θ8 = −35.78◦.
In this way, for the metalens consisting of 50 meta-atoms,
we need only ten sets of distinct geometrical parameters
to achieve the needle focusing functionality, which not
only simplifies the design process but also reduces the
fabrication and testing cost.

To verify the optimization results of PSO, we use
the pressure acoustics and solid mechanics module of
the acoustic-solid interaction interface in COMSOL Mul-
tiphysics for the full-wave numerical simulations, where
both longitudinal and transverse wave modes in iron cylin-
ders are rigorously taken into consideration. We firstly
independently design each meta-atom to manipulate the
diffracted wave along the desired direction, with the sim-
ulation setup shown in Fig. 2(a). The upper and lower
boundaries of the simulation domain are set as periodic
boundary conditions (PBCs), with a plane wave incident
from the left-hand side. Perfectly matched layers (PMLs)
are applied on the left and right boundaries to absorb
the outgoing scattered waves. The two orange solid lines
are the integration boundaries, where the transmittance is
evaluated.

Let us take the first and 50th meta-atoms as an example
to demonstrate their intriguing wave-deflection ability. In
Fig. 2(b), we plot both acoustic pressure field in water and
stress field (i.e., the first Cauchy stress invariant) in iron
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(a)

(b)

(c)

FIG. 2. Design of each meta-atom. (a) Numerical simulation
setup in COMSOL Multiphysics. (b) Shows the wave deflec-
tion abilities of the first and 50th meta-atoms, respectively.
White arrows represent the directions of incident and transmit-
ted waves. Strong coupling between the incident acoustic wave
and the elastic vibration modes in solid cylinders can be seen. (c)
The n = −1 channel transmission efficiency T−1 and periodicity
dL of the Lth meta-atom as a function of the refraction angle |θL|.

cylinders for the meta-atoms. The subwavelength features
of the stress field in solid cylinders and the distributions
of pressure and stress fields across the cylinder’s bound-
ary show strong coupling between the incident acoustic
wave in water and the elastic vibration modes in solid
material. It is this coupling that enables the anomalous
transmission along the n = −1 channel. The correspond-
ing transmission efficiencies T−1 are found to be 91.7%
and 97.4%, respectively, for the first and 50th meta-atoms.
In Fig. 2(c) we plot the transmission efficiencies T−1 for
all 50 meta-atoms, and they all exhibit high values close
to 100%. We note that such a high transmittance can be
also achieved with acoustic metamaterials or metasurfaces
[59,60], where a broadband and wide-angle impedance
matching was demonstrated.

III. RESULTS

In this section, we demonstrate the needle-focusing
effect of the metalens. We begin with the metalens com-
posed of 50 meta-atoms. The outmost meta-atom, i.e., the
50th meta-atom, has a diffraction angle of θ50 = −48.82◦.

(a)

(b) (c)

FIG. 3. The acoustic needle-focusing effect for a metalens con-
sisting of 50 meta-atoms. (a) Shows the logarithm of normalized
pressure intensity (log10Inorm) within the x-y plane, where a nee-
dle pattern with a propagation length approximately 25λ can be
seen. (b) Shows the logarithm of pressure-intensity profile along
the x axis (blue line) and the transverse FWHM of each focal
spot (red stars). Orange dot-dashed line and green dotted line rep-
resent the Rayleigh-Abbe diffraction limit (0.5λ/NA = 0.664λ)
and superoscillation criterion (0.38λ/NA = 0.505λ), respectively.
(c) Shows the pressure-intensity profiles along the y axis for
the second, 20th, and 35th focal spots, respectively, with the
corresponding FWHMs explicitly marked.

Therefore, the metalens has a numerical aperture of NA =
sin(|θ50|) = 0.753. The ring-shaped metalens has an outer
radius R = 125.66λ and an inner radius r = 50λ, which
means that the open central region occupies a big area
ratio of σ = r2/R2 ≈ 15.8%. Such a planar and hollow-
center configuration of the metalens is not only advanta-
geous for its integration with other planar components to
develop comprehensive and multifunctional devices, but
also reserves an efficient channel for a free water flow that
is needed in various underwater applications [55,56].

When a plane wave of pinc = 1[Pa]eikxx̂ is incident on
the metalens, the resultant focusing effect is shown in
Fig. 3. We plot the logarithm of the normalized pressure
intensity log10Inorm in the x-y plane in Fig. 3(a), where
the pressure intensity Imeta is normalized by the intensity
of the incident wave I0, i.e., Inorm = Imeta/I0. The needle-
focusing effect is clearly observed. Our design target is
to realize a long needle pattern starting from F1 = 84.83λ

until F50 = F1 + (50 − 1)�F = 109.33λ, with a propaga-
tion length approximately 25λ. We plot the logarithm of
the pressure-intensity profile along the x axis by a blue
line in Fig. 3(b), where the needle-focusing region is high-
lighted by a gray background (starting from y ≈ 85λ to
110λ), agreeing very well with the initial design target.
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In Fig. 3(b) we also show the FWHM in the trans-
verse plane for all focal spots by red stars, where a high-
resolution focusing character can be identified. It is well
known that the resolution of conventional optical or acous-
tic devices is limited by the Rayleigh-Abbe diffraction
limit of 0.5λ/NA, implying that the FWHM of conven-
tional focusing devices is usually larger than 0.5λ/NA. If,
however, the FWHM is less than this limit, it is called
a subdiffraction focusing. We mark the Rayleigh-Abbe
diffraction limit as an orange dash-dot line in Fig. 3(b),
and it can be seen that the FWHM always stays below
the Rayleigh-Abbe limit in the needle-focusing region and
exhibits a subdiffractive character.

The above subdiffraction focusing effect is due to the
fact that a band-limited function in the focus plane could
oscillate faster than the highest transverse Fourier compo-
nents (k||,max) it contains, a phenomenon called superoscil-
lation in the literature [4–6]. In fact, there were recently
growing interests in the study of far-field superresolution
devices that break the Rayleigh-Abbe diffraction limit. In
this work, the subdiffraction focusing of waterborne acous-
tic wave is attained in the far-field region with a very
large focal length, i.e., 85λ < F < 110λ. For such a long
distance, all higher-order (|n| ≥ 2) transmission channels
have quickly decayed to zero because they are evanes-
cent modes and cannot propagate to the far-field region.
Thus, the subdiffraction focusing effect comes only from
the propagating modes, i.e., the |n| ≤ 1 transmission chan-
nels. According to the design principle of the metalens, it
is the far-field coherent interference of the n = −1 trans-
mission channel that results in the subdiffraction focusing
phenomenon, and the underneath physical mechanism can
be ascribed to the superoscillation effect [4–6].

In Fig. 3(b) we have plotted a dotted green line to mark
the superoscillation criterion (0.38λ/NA), below which is
the superoscillation regime [4–6]. Accordingly, in Fig. 3(c)
we plot the pressure-intensity profiles along the trans-
verse y direction through three focal spots at F2 = F1 +
�F = 85.33λ, F20 = F1 + 19�F = 94.33λ, and F35 =
F1 + 34�F = 101.33λ, respectively. These focal spots
are induced by waves scattered by the second, 20th,
and 35th meta-atoms, respectively. As shown clearly in
Fig. 3(c), as their intensity peaks become higher and
narrower, the corresponding FWHMs become smaller,
with FWHM2nd > FWHM20th > FWHM35th. In fact, for the
35th focal spot, the corresponding FWHM35th = 0.49λ <

0.5λ/NA, residing in the superoscillation regime.
In the following, we aim to further improve the needle-

focusing performance through constructing three diameter-
extended metalenses by adding more meta-atoms to the
peripheral region of the previous metalens studied in
Fig. 3. In this way, we can achieve the needle-focusing
patterns with longer propagation lengths. In particular,
in Fig. 4 we show the focusing effects with three larger
metalenses consisting of 80, 90, and 180 meta-atoms,

(a)

(b)

FIG. 4. The needle-focusing patterns with three larger metal-
enses consisting of 80, 90, and 180 meta-atoms, respectively.
(a) Shows the logarithm of normalized pressure intensity within
the x-y plane, where the propagation lengths of 40λ, 45λ, and
90λ can be observed, respectively. (b) Shows the logarithm
of pressure-intensity profile along the x axis for three metal-
enses, where the colored parts of the intensity curves show the
high-intensity focusing regions predicted by the initial design
targets.

respectively, with the geometrical parameters of the added
meta-atoms listed in the last four rows of Table I. The
propagation lengths of them are 40λ, 45λ, and 90λ, respec-
tively. Figure 4(a) shows the logarithm of the normalized
pressure intensity in the x-y plane, where the high-intensity
focusing patterns are observed for all three lenses. Mean-
while, the initial design targets of high-intensity profiles
along the x axis are plotted as red, green, and blue curves,
respectively, in Fig. 4(b), and all of them agreeing very
well with the actual results. As the increase of the number
of meta-atoms, both the propagation length and maximum
intensity of the focal spots increase. Noticeably, the largest
metalens consisting of 180 meta-atoms exhibits a propa-
gation length of 90λ with the needle pattern starting from
F1 = 84.83λ, and the maximum intensity reaches a very
high value of 7.6 × 104, implying a huge energy concen-
tration effect. In principle, a longer and stronger needle-
focusing pattern can be achieved when more meta-atoms
are appended to the existing metalens.

Interestingly, while neither wideband nor multifre-
quency performances were considered during the opti-
mization, we find that the metagrating-based metalens can
work effectively at different frequencies around the design
frequency f0. Taking the largest metalens composed of 180
meta-atoms as an example, the logarithm of normalized
pressure-intensity profiles along the x axis are plotted in
Fig. 5(a) at frequencies 0.95f0, f0, and 1.05f0, respectively.
Although the metalens exhibits the best focusing perfor-
mance at f0, it still keeps a satisfying focusing functionality
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(a)

(b)

FIG. 5. The focusing performance at different frequencies. (a)
Shows the logarithm of normalized pressure intensity within the
x-y plane at frequencies 0.95f 0, f0, and 1.05f 0, respectively. (b)
Shows the logarithm of pressure-intensity profiles along the x
axis at 0.95f 0, f0, and 1.05f 0, where the gray background marks
the overlapped needle focusing region valid for a continuum of
frequency, i.e., 0.95f0 < f < 1.05f0.

at both lower and higher frequencies. In particular, the
foci of different frequencies partially overlap with each
other, creating a shared focusing zone located in the far-
field region with a long distance (87λ) from the metalens.
This overlapped focusing zone has a significant length
of 61λ, as marked by the gray background in Fig. 5(b),
where a continuous range of frequency (i.e., 0.95f0 < f <

1.05f0) can be focused simultaneously. In this way, we real-
ize an achromatic focusing of acoustic waves. We expect
that such a far-field, achromatic, high-intensity, and super-
oscillatory needle-focusing effect may find applications in
ultrasonic imaging and underwater communications.

IV. DISCUSSION

In the design process of optimizing the geometry of
each meta-atom and assembling them into a metalens, we
cautiously and deliberately keep neighboring meta-atoms
having almost the same configurations. Figure 6 shows the
configurations of the first–fifth meta-atoms in the metal-
ens, and we can observe that there is only minor difference
in the geometrical parameters between neighboring meta-
atoms. With such a slowly and adiabatically varying of
geometry, the coupling between neighboring meta-atoms
are taken into consideration to a good approximation by the
PBCs, as specified in Fig. 2. Thus, it is not necessary here
to optimize or adjust each meta-atom’s parameters again
when assembling them into a metalens.

Fifth meta-atom d5

d4

d3

d2

d1

Fourth  meta-atom

Third  meta-atom

Second meta-atom

First meta-atom

FIG. 6. The configurations of the first–fifth meta-atoms in the
metalens.

In some situations, however, we can choose to optimize
once again all parameters of the metalens to realize an
extreme focusing performance. For example, we can try
to suppress or even eliminate the side needles in Fig. 3
by manipulating the phase of the acoustic field along the
needle pattern (details of the phase control method can be
found in Appendix A). But such further studies are out of
the scope of the current work, because in this paper we aim
to propose the design paradigm of a metalens to realize an
achromatic needle-focusing function with superresolution.

Furthermore, we note that it is also possible to realize
a needle-focusing function with a phase-modulating meta-
surface. It is well known that a metasurface-based metalens
is usually designed according to the required gradient
phase profile, φ(y) = (2π/λ)

(√
y2 + F2 − F

)
at position

y on the metasurface, to achieve the focusing effect, with
F being the focal length. Then the continuous phase pro-
file φ(y) is discretized with a number of unit cells, each
providing a phase shift φ(yi) sampled on this continuous
phase profile. In this way, the diffracted waves by all unit
cells of the metasurface can arrive at the focal point with
the same phase, leading to a constructive interference and
the focusing functionality.

In a similar way, another phase profile φ(y) can be
discretized and implemented on the metasurface so that

φ(y1) = 2π

λ

(√
y2

1 + F2
1 − F1

)
,

φ(y2) = 2π

λ

(√
y2

2 + F2
2 − F2

)
,

φ(y3) = 2π

λ

(√
y2

3 + F2
3 − F3

)
,

and so on, with yi denoting different positions of the unit
cells on the metasurface. When a small distance �F =
Fi+1 − Fi between neighboring focal spots are imple-
mented, all focal spots of the metasurface can form a
quasicontinuous needle pattern on the lens’ axis.

Since the metasurface is based on the GSL instead
of the grating diffraction theory, the diffraction efficiency
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of a metasurface may be substantially lower than that
of metagrating at large steering angles, due to the mis-
matched wave impedance. Therefore, the overall focusing
efficiency of a metasurface-based lens is not expected as
high as that of a metagrating-based lens.

V. CONCLUSIONS

To conclude, we propose a metagrating-based metalens
to realize a far-field subdiffraction needle-focusing effect
for waterborne sound. The metalens is open in the central
region, and has a grating of meta-atoms in the peripheral
region. Each meta-atom contains two elliptical iron cylin-
ders in the radial cross section, which are independently
and intelligently designed to reroute the normally imping-
ing plane wave along specified direction towards the focal
spot. Different meta-atoms focus the wave energy into dif-
ferent focal spots, which are intendedly design to form a
continuous needle pattern in the far-field region with high
efficiency. Interestingly, the conventional Rayleigh-Abbe
diffraction limit is broken due to the coherent interfer-
ence of the diffraction channels. Furthermore, since no
sharp resonance is utilized, the needle-focusing function-
ality can be attained over a continuous range of frequency,
realizing an achromatic focusing effect. The planar and
simple configuration of the metalens, as well as its achro-
matic and superoscillatory focusing functionality, may find
applications such as medical diagnosing and treating, and
underwater communication and navigation.
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APPENDIX A: PHASE CONTROL OF THE
ACOUSTIC FIELD ALONG THE NEEDLE

PATTERN

In this Appendix, we will show that, in principle, we
can control the phase of the acoustic field along the nee-
dle pattern. For a plane wave impinging on the metalens,
all meta-atoms have the same initial phase because they
lie in the same planar wave front. But their phase could
be different after passing through the meta-atoms, bending
toward and finally arriving at the focal spots. In this diffrac-
tion process, the total phase change φf of each wave beam
diffracted by the meta-atom is composed of two parts. The
first part is the transmission phase φt, accompanying the
transmission of the wave beam through the meta-atom.
The second part is the propagation phase φp , accumulated
along the propagation path from each meta-atom to the
corresponding focal spot.

Obviously, the second part φp is determined by the geo-
metrical parameters shown in Fig. 1. Once the diffraction

angle θL and periodicity dL of each meta-atom are deter-
mined, the propagation phase φp is fixed and cannot be
changed. But the transmission phase φt can be tuned. As
long as we can control φt in such a way that the total phase
change (φf = φt + φp) is kept the same for all meta-atoms,
we can realize the target that all wave beams arriving at the
needle pattern with the same phase.
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