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Dual-Band Terahertz Auto-Focusing Airy Beam Based on
Single-Layer Geometric Metasurfaces with Independent
Complex Amplitude Modulation at Each Wavelength

Tailei Wang, Guohua Zhai, Rensheng Xie, Shouzheng Zhu, Jianjun Gao, Sensong An,
Bowen Zheng, Hang Li, Yong Liu,* Hualiang Zhang,* and Jun Ding*

The Airy beam has attracted considerable interests due to its remarkable
non-diffracting, self-bending, and self-healing properties. An auto-focusing
Airy (AFA) beam can be achieved by constructing two counter-propagation
Airy beams, which is a novel method to generate focusing effect. Traditionally,
because of the complexity of the generation mechanism, it is hard to realize
the Airy beam with complex amplitude modulation. The reported ones usually
require bulky optical systems and typically work at one single wavelength.
Here, a general scheme is proposed to launch dual-band Airy and AFA beams
based on the single-layer geometric metasurface, consisting of a newly
designed meta-atom that can realize independent complex amplitude
modulations at two arbitrary terahertz wavelengths. Based on the proposed
meta-atom, the aforementioned attractive properties of the Airy beam are
demonstrated at two terahertz wavelengths. Besides, the dual-band AFA
beams are illustrated to have the practically important adjustability of the
focal length. Furthermore, owing to the self-healing property, the proposed
focusing scheme (i.e., AFA beam) shows a much better capability of
circumventing the PEC obstacles compared to the conventional metalens,
which could have potential applications in various important scenarios such
as biomedical imaging/therapy and nondestructive evaluation with compact
size and multiwavelength functionalities.

The non-dispersion Airy wave packet with curved propagation
trajectory was first predicted theoretically by Berry and Balazs,[1]
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which demonstrated that the Schrodinger
equation could possess an Airy function
form solution. Although the ideal Airy wave
packet is associated with infinite energy,
the finite-energy Airy beams were observed
experimentally,[2,3] which have attracted a
lot of attentions due to their distinct prop-
agation properties (e.g., self-bending with-
out any external potential). In addition, the
focusing characteristic of the optical beam
has always been of great practical impor-
tance. In contrast to the traditional focus-
ing lens, a different scheme of focusing
can be achieved by adopting two counter-
propagating Airy beams to form an auto-
focusing Airy (AFA) beam.[4,5] The AFA
beam could be critical inmany optical appli-
cations, such as optical trapping,[6] and the
generation of light bullet.[7] In general, the
Airy beam and AFA beam could be gener-
ated by various ways including spatial light
modulator[8,9] and liquid crystal.[10] How-
ever, these methods usually require bulky
Fourier transform system and long working
distance, which make them bulky and hard
to be integrated with other optical systems.

Metasurfaces comprising an array of engineered subwave-
length resonators (meta-atoms or unit cells) on an ultra-thin
interface have evoked enormous interest for their abilities to
modulate the phase, amplitude, polarization, and dispersion of
the incident electromagnetic waves,[11–13] which could provide a
compact way to launch Airy beams and AFA beams. By properly
arranging the judiciously designed meta-atoms, which can be
treated as the secondary sources at the interface according to the
Huygens’ principle, the incident wavefront can be manipulated
at will and many traditional functionalities achieved by bulky
components can be realized in ultra-thin devices, such as
beam manipulations,[14–17] cloaking,[18–20] flat metasurface-based
lenses (metalenses),[21–24] and holography[25–28]. Recently, several
ultrathin Airy beam generators based on metasurfaces have
been presented.[29–33] However, most of the reported Airy beams
only operate at a specific and single wavelength due to the
dispersive nature of metasurface. Although several achromatic
metasurface-based devices have been reported[34–36] very recently,
most of them only considered phase modulations. However,
the amplitude modulation could be of great significance for
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Figure 1. The a) 3D and b) top views of the proposed dual-band unit cell (meta-atom); c) the geometric phase shift by rotating angle θ1 with a fixed θ2
at 0.45 THz under a RCP incidence; d) the phase shift by rotating angle θ2 with a fixed θ1 at 0.7 THz under a RCP incidence.

better performance or new functionalities. For example, with
simultaneous phase and amplitude modulations (i.e., com-
plex amplitude modulation), the higher order diffraction can
be realized[37] and the holographic imaging quality could be
improved compared to that with the phase only modulation.[38]

Here, we propose a general method for realizing dual-band
Airy beams and AFA beams based on geometric metasurfaces
with independent complex amplitude modulations at two
arbitrary THz wavelengths. The meta-atom (i.e., unit cell) is
composed of a modified double-C-slot (MDCS) resonator and an
elliptical nanorod resonator located in the middle of a circular
hole, which utilizes both electric and magnetic resonances in a
deep subwavelength scale. The independent phase and ampli-
tude modulations at two THz frequencies can be achieved by
rotating and finely tuning the sizes of the slot/nanorod res-
onators, respectively. A dual-band Airy beam generator based
on the proposed meta-atom is firstly designed to demonstrate
the non-diffracting, self-healing, and self-bending features at
two THz frequencies. Then, several dual-band AFA beams with
different focal positions are realized by varying the bending di-
rections of the Airy beams, which are demonstrated and verified
through both theoretical calculations and full-wave simulations.
It is found that the AFA beam has a larger depth of focus (DOF)
compared to the conventional metalens, which could be of
great interest for many practical applications such as medical
imaging and nondestructive detections. Moreover, the distinctive
self-healing property of the AFA beam is also revealed through
several scenarios presented with different sized obstacles. In
contrast to the conventional metalens, the dual-band AFA beam
shows a much better capability of circumventing the obstacles
at both operating THz frequencies.

To design the meta-atoms, the metallic resonators or
antennas[37,39] and the Babinet-inverted resonators or slot
antennas[40,41] are two general types of resonators that are based
on the electric and magnetic resonances, respectively. Usually,
it is hard to achieve dual-band functionalities by merely putting
together two resonators of the same type in a unit cell because
of the strong coupling. Thus, spatial multiplexing[42] or shared
aperture[43] are two common ways for multiband operations with
the same type of resonators, which would lead to lower efficiency
at least at one frequency or larger dimension. The proposed dual-
bandmeta-atom utilizes both electrical andmagnetic resonances
in a deep subwavelength dimension, which could still make the
dual-band functionalities independent. Figure 1a,b demonstrates
the 3D and top view of the single-layer dual-band meta-atom. It
is composed of an elliptic nanorod resonator and a MDCS res-
onator as illustrated in Figure 1b. The MDCS resonator consists
of two symmetric C-shape slots and a circular hole in the middle.
The metallic layer made of aluminum with a conductivity of
σ = 3.72 × 107 Sm−1 is backed by a silicon substrate with a per-
mittivity of 11.9. The outer radius of the C-slot and the radius of
the circular hole are denoted as rin and rc, respectively. The width
of the slot and the gap width between the two slots are denoted
as w and wcut, respectively. In Figure 1b, the MDCS resonator is
rotated by an angle of θ1 with respect to x-axis. Besides, Figure 1b
also depicts an elliptic nanorod resonator with a rotation angle
of θ 2 with respect to the x-axis. The major and minor axes of
the ellipse are denoted as el and ew, respectively. In this work,
the periodicity of the meta-atom p is fixed as 100 µm and
the two arbitrary working frequencies are set as f1 = 0.45 THz
(λ1 = 666.7 µm) and f2 = 0.7 THz (λ2 = 428.6 µm). When a beam
of circularly polarized (CP) light is incident onto an resonator,
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Figure 2. a) Transmission amplitude at 0.45 THz and amplitude variation at 0.7 THz for different outer radius of the slot resonator rin. b) Phase shift at
0.45 THz and phase variation at 0.7 THz for different outer radius of the slot resonator rin. c) Three-level amplitude modulations at 0.45 THz for different
rotation angle θ1. d) Transmission amplitude at 0.7 THz and amplitude variation at 0.45 THz for different nanorod length el. e) Phase shift at 0.7 THz
and phase variation at 0.45 THz for different nanorod length el. f) Three-level amplitude modulations at 0.7 THz for different rotation angle θ2.

it is partially converted into the opposite helicity of the CP light
with an abrupt phase change ϕ completely determined by the
orientation of the resonator,[44] which is called geometric phase
or Pancharatnam–Berry phase.[45,46] For such a resonator, the re-
lationship between the imparted geometric phase shift ϕ and the
orientation θ is governed by ϕ = 2σθ , where σ = ±1 corresponds
to the helicity state of right-/left-handed circularly polarized
(RCP/LCP) incident wave and θ corresponds to the orientation
of the resonator.[47–49] Here, positive rotation angle refers to
clockwise orientation, and negative refers to counterclockwise.
Typically, such phase is geometric in nature andwavelength inde-
pendent. Moreover, the cross-polarized transmission amplitudes
are almost kept constant for different orientations, which is desir-
able for themetasurface design. Thus, the 2π phasemodulations
for the lower and higher frequencies of the proposed meta-atom
can be achieved by rotating the angles θ1 and θ2, respectively.
To get the transmission phase and amplitude of the metasur-

face, full-wave simulations are carried out by using a commer-
cial software package (CST Microwave Studio), in which the unit
cell boundaries are applied to the x- and y-directions, and two
Floquet ports are applied to the +z and −z directions. Figure 1c
(Figure 1d) plots the geometric phase shift at 0.45 THz (0.7 THz)
of the transmitted LCP wave by rotating θ1 (θ 2) with fixed θ2 (θ1)
under a RCP incidence. It can be seen from Figure 1c that the
whole 2π phase shift can be approximated at 0.45 THz by rotat-
ing θ1 for a fixed θ2 with a 22.5° phase interval. Besides, the am-
plitude is kept almost constant due to the geometric phase (not
shown here). Similar conclusion can be drawn at 0.7 THz from
Figure 1d.
Furthermore, the amplitude modulation at 0.45 THz and

0.7 THz can be realized by changing the dimensions of the slot
resonator and the nanorod. Figure 2a,b plots the cross-polarized
transmission amplitude and phase shift at 0.45 THz together
with amplitude and phase variations at 0.7 THz by changing rin,

Table 1. Geometric parameters for three-level amplitude modulations at
two THz frequencies (unit: µm).

rin rc w wcut el ew

A0 34 30 3 3 12 9

A0.5 40 30 5 3 26 9

A1 45 35 5 3 32 9

respectively. Figure 2a illustrates that the transmission amplitude
can be tailored from a low level (�0.04) to a high level (�0.4) con-
tinuously by varying rin without affecting the amplitude response
at 0.7 THz, thus, a multilevel amplitude modulation can be read-
ily achieved at 0.45 THz. Figure 2b further demonstrates that the
phase response at 0.7 THz would not be affected by changing rin,
either. Besides, although the imparted phase shift at 0.45 THz
changes as varying rin only, any required phase shift can still be
obtained by compensating a preset rotation angle ahead accord-
ing to the geometric phase principle. Figure 2c plots three-level
amplitudemodulations (labeled as A1, A0.5, andA0 in Figure 2a,b)
with different orientation angle of θ1 at 0.45 THz, in which only
small fluctuations for different θ1 can be observed at each level.
Similar conclusions can be drawn at 0. 7 THz from Figure 2d,f.
By considering Figures 1 and 2 together, one can conclude that
complex amplitude modulations can be realized independently
at the two operating THz frequencies. Nevertheless, in the de-
sign procedure, the radius of the circular hole rc is of importance
to finely tune the coupling between the two resonators.[31,50]

The optimized geometrical parameters of the meta-atom that
achieves three-level amplitude modulations are listed in Table 1.
It is worthmentioning that the dual-band cross-polarized conver-
sion efficiencies could reach about 0.4 at both frequencies, which
is comparable to the reported single-layer single-wavelength
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Figure 3. a) Amplitude and phase of Airy function (blue markers represent the three-level amplitude modulation). Simulated LCP electric field distri-
butions of the Airy beam at b) 0.45 THz and c) 0.7 THz under normal RCP incidence. d) FWHM and e) deflection of the main lobe of the Airy beam
with three-level amplitude modulation as functions of the propagation distance in z-axis. Simulated LCP electric field distributions of the Airy beam at
f) 0.45 THz and g) 0.7 THz under a normal RCP incidence with a rectangular PEC obstacle of 100 µm × 100 µm in the path of the Airy main lobe.

metasurface with the theoretical maximum conversion effi-
ciency of 0.5.[51,52] It is worth mentioning that higher conversion
efficiencies can be achieved by cascading more layers.[53,54]

First, we discuss the method of generating dual-band Airy
beam based on geometric metasurface. As pointed out in pre-
vious work,[30] the Airy beam with complex amplitude modula-
tion shows better non-diffracting and more stable the full width
at half maximum (FWHM); therefore, the proposed meta-atom
with dual-band independent complex amplitudemodulations are
employed to launch the dual-band Airy beam. For generating the
1D Airy beam, the phase and amplitude profiles can be expressed
as[55]

φ(x, θ ) = Ai (bx) exp(ax + ikbx sin θ ) (1)

where Ai (bx) = 1
π

∫ ∞
0 cos( t

3

3 + bxt)dt is the Airy function with
x as the transverse coordinate; k denotes the wave number; θ ,
a, and b represent the bending direction, a positive number to
truncate the Airy beam, and the transverse scale, respectively. It
can be seen from Equation (1) that the amplitude distribution is

only related to the position and the phase distribution is related
to both position and frequency. The required phase distribution
is calculated from Equation (1) as

ϕ = arg[φ(x, θ )] =
{

kbx sin θ, Ai (bx) ≥ 0

π + kbx sin θ, Ai (bx) < 0
(2)

For the 1D Airy beam generator, we consider that the bending
direction is perpendicular to the metasurface (i.e., θ = 0°) and
a = 0.05, b = 500 µm−1 as a proof of concept demonstration. In
this design, there are a total of 101 meta-atoms arranged in the
x-axis from −9 to 1 mm. The required phase compensation
is either 0 or π at each position if θ = sin θ = 0, while the
amplitude exhibits the oscillatory and exponential decaying fea-
tures. Figure 3a plots the required phase and amplitude pro-
files for generating the Airy beam. The blue markers repre-
sent the three-level amplitude discretization. In this simula-
tion, the metasurface consists of the proposed dual-band meta-
atoms with the optimized geometric parameters listed in Table 1
along the x-axis, which functions at both 0.45 THz and 0.7 THz.
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Throughout this work, the numerical simulations are carried out
by commercial software CST and periodical and open boundary
conditions are applied in the y- and x-directions, respectively. A
RCP plane wave is normally illuminated on the metasurface at
z = 0 from the substrate side (i.e., the −z-direction) and the
LCP electric fields in the simulation domain are recorded in
the XZ plane. Figure 3b,c plots the LCP electric field intensi-
ties at 0.45 THz and 0.7 THz, respectively, showing clearly the
non-diffracting and self-bending features at these two frequen-
cies. The normalized intensity distributions at z = 5 mm of the
generated Airy beam at both frequencies are plotted on the top
of Figure 3b,c, which are reasonably consistent with the ideal
Airy distribution. The FWHM of the main lobe is a key param-
eter to evaluate the non-diffracting property of the Airy beam.
Figure 3d depicts the FWHM of the Airy beam at both 0.45 and
0.7 THz. In the shadowed area, the FWHM for the propagating
Airy beam remains relatively stable from the beginning to a prop-
agation distance of 11.3 λ1 (35 λ2) at 0.45 THz (0.7 THz). After
that, the FWHM expands quickly and the non-diffracting feature
gradually vanishes. In addition, the self-bending feature of the
Airy beam is another unique property. The deflection offset of the
main lobe can be well described by the following equation[29]

λ20

mπ 2x30
(zcos θ + xd sin θ )2 + zsin θ − xd cos θ ∼= 0 (3)

When θ = 0, Equation (3) can be approximated as

xd ∼= λ20z
2

mπ 2x30
, x0 = 0.5 mm (4)

The deflections of the Airy beam’s main lobes at two operat-
ing frequencies are shown in Figure 3e. The main lobes of the
Airy beam follow smooth trajectories in the non-diffraction zone,
which agree very well with the theoretical calculations described
by Equation (4).
In addition, the distinctive self-healing property of the Airy

beam is investigated by placing a rectangular PEC obstacle with
a size of 100 µm × 100 µm in front of the main lobe centered
at (−300 µm, 1000 µm). The LCP electric field distributions with
the PEC obstacle are illustrated in Figure 3f,g for 0.45 THz and
0.7 THz, respectively. The insets of Figure 3f,g show that the
beam profiles could be locally modified by the introduced obsta-
cle due to diffraction. Nevertheless, the disturbed beam profiles
could be automatically corrected after passing by the obstacle.
The normalized field intensity distributions at both z = 1 mm
and z = 5 mm of the generated Airy beam with the obstacle at
both frequencies are plotted on the top panels of Figure 3f,g. It
can be observed that the field intensities at z = 1 mm becomes
zero, crossing the PEC obstacle and gradually recovers to that of
the Airy function at z = 5 mm.
Focusing lenses are essential elements in optical systems with

extensive applications including imaging systems, displays, and
detectors. Metalens has attracted much more consideration due
to its flatness, compactness, and easy installation. Equation (1)
reveals that the bending direction of the Airy beam can be con-
trolled by θ , thus, we can generate an AFA beam by combining
two counter-propagating Airy beams symmetrically to the origin
along x-axis. When accelerating to the symmetry axis (z-axis),

these two Airy beams get converged and the interference of the
two main lobes results in a localized energy enhancement at dif-
ferent intersection points to form a focusing effect. The phase
profile of an AFA beam is implemented as φAFA(x) = ϕ(x) +
ϕ(−x), where ϕ(x) is the phase distribution described in Equa-
tion (1). For the purpose of demonstration, we set the focal point
at z = 15 mmwith a total of 251 meta-atoms, where θ is adjusted
to be 18.8° (7°) for 0.45 THz (0.7 THz). The phase and amplitude
profiles for 0.45 THz and 0.7 THz are provided in Figure 4a,b,
respectively. The focusing scheme is verified by both theoretical
calculations with MATLAB and full-wave simulations via CST, in
which eight-level phase and three-level amplitude modulations
are employed. In the theoretical calculation, the LCP electric field
distribution is recorded in the XZ plane by modeling each meta-
atom as a dipole-like source at z= 0 with proper phase and ampli-
tude compensations obtained by Equation (2). The theoretically
calculated electric field intensity at 0.45 THz (0.7 THz) is illus-
trated in Figure 4c (Figure 4d), which clearly shows that a maxi-
mum occurs at z = 15 mm from the normalized intensity along
the z-axis on the right (left) side of Figure 4c (Figure 4d). In ad-
dition, the retrieved FWHMs of the normalized intensity on the
focal planes are approximately 0.7mmand 0.43mm for 0.45 THz
and 0.7 THz, respectively. The corresponding simulation results
for 0.45 THz and 0.7 THz are plotted in Figure 4e,f, respectively.
These two sets of results agree very well with each other, validat-
ing the design concept. In the full-wave simulation, the FWHMs
are a little wider than the theoretical calculation and the focal po-
sition is also shifted a little as shown in Figure 4e, which might
be caused by the non-perfect phase/amplitude modulations and
the finite number of meta-atoms.
Moreover, the bending direction of the Airy beam could be ad-

justed to tune the focal length of an AFA beam, which is crucial
in a focusing device. Figure 5 demonstrates another two dual-
band AFA beam generators with different focal lengths by ad-
justing the bending direction (θ ). Figure 5a,b plots the calculated
electric field distributions of the dual-band AFA beam with a fo-
cal length of 12.5 mm through MATLAB and CST, respectively.
In this scenario, the bending angles θ are adjusted as 16.2° and
4.7° for 0.45 THz and 0.7 THz, respectively. It can be observed
from Figure 5a,b that these two sets of results agree very well
with each other and satisfy the design goal. Similar conclusions
can be drawn for the scenario with a focal length of 17.5 mm as
shown in Figure 5c,d, where the bending angles θ are set as 20.8°
and 8.8° for 0.45 THz and 0.7 THz, respectively. In each plot of
Figure 5, the field intensities along the focal plane (dashed line)
and the optical axis (z = 0) are plotted on the top and left/right
side. It can be seen from Figures 4 and 5 that the DOF is pro-
portional to the focal length, which originates from the longer
interference region for the two Airy beams with larger deflection
angles. In addition, the FWHM is also proportional to the bend-
ing direction (θ ).
Furthermore, we plot the focus distance (FD) versus the bend-

ing direction with an interval of 0.5° from 0° to 20° in Figure 6
together with the polynomial fitting equations for both 0.45 THz
and 0.7 THz, which are given in Equations (5) and (6), respec-
tively. In addition, it is noticed that a smaller wavelength requires
a smaller bending direction for a fixed focus distance.

FD0.45THz = 5.13+ 0.118θ + 0.00212θ2 (5)
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Figure 4. The phase and amplitude profiles for the AFA beam at a) 0.45 THz and b) 0.7 THz; the theoretical calculated LCP electric field distribution at
c) 0.45 THz and d) 0.7 THz under a RCP incidence; the numerical simulated LCP electric field distribution at e) 0.45 THz and f) 0.7 THz under a RCP
incidence.

Figure 5. The LCP electric field distribution of the autofocusing Airy beam under a RCP incidence through a) theoretical calculations and b) full-wave
simulations at 0.45 THz and 0.7 THz with f = 12.5 mm. c) Theoretical calculations and d) full-wave simulations at 0.45 THz and 0.7 THz with f =
17.5 mm.
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Figure 6. The simulated and fitted focus distance versus different bending
direction at 0.45 THz and 0.7 THz.

FD0.7THz = 7.41+ 1.44θ − 0.123θ2 + 0.00977θ3 (6)

In order tomake comparisonwith the proposed AFA beam, we
also study a conventional dual-band spherical metalens. In the
conventional metalens, a hyperboloidal phase profile is required
to compensate the phase differences according to the equal opti-
cal path principle, which can be expressed as

ϕ(r, λi ) = − 2π
λi
(
√
r 2 + f 2 − f ), for i = 1, 2 (7)

where ϕ(r, λi ) represents the required phase compensation be-
tween an arbitrary point r 2 = x2 + y2 and the original point O at
the incident wavelength of λi, and f is the focal length. A dual-
band conventional spherical metalens is designed with the pro-
posedmeta-atoms, which is demonstrated in Figure S1, Support-
ing Information. Figure S1a,b, Supporting Information plot the
required and digitized phase profiles for a metalens with a fo-
cal length of f = 15 mm at 0.45 THz and 0.7 THz, respectively,
with a total number of 251 meta-atoms. The calculated and sim-
ulated LCP electric field distributions are plotted in Figure S1c–f,
Supporting Information, which clearly demonstrate that the in-
cident RCP wave is well focused at the preset focal point at both
0.45 THz and 0.7 THz. As can be seen from Figure 4 and Fig-
ure S1, Supporting Information, the AFA beam has a little larger
DOF compared to the conventional metalens, which could be in-
triguing for various practical applications such as medical imag-
ing and nondestructive detections.
Next, we will demonstrate the distinctive self-healing ability of

the AFA beam to circumvent certain PEC scatterers or obstacles,
which could be of great importance in various applications with
obstacles in the propagation path. To investigate how the focusing
effect of an AFA beam would be affected by the presence of ob-
stacles with nontrivial sizes, several cases with different obstacles
are studied for both dual-band conventional metalens and AFA
beam with a focal length of 15 mm at 0.45 THz and 0.7 THz,
four of which are demonstrated in Figure 7. The dual-band con-
ventional metalens and AFA beam generator are both designed

by the proposed meta-atoms and shown in previous paragraphs.
The sizes and center positions of the obstacles for these four cases
are listed in Table 2. Some other cases are depicted in Figure S2,
Supporting Information.
Figure 7a,b plots the electric field intensities obtained by the

conventional spherical metalens and AFA beam at both 0.45 THz
and 0.7 THz for Case 1, respectively. In Case 1, the obstacle with
a size of 1.5 mm × 1.5 mm is centered at (0, 3.25 mm), which is
symmetrical to the z-axis, thus, the contributions from the meta-
atoms on −x-axis and x-axis are still identical for both focusing
devices (although the diffractions occur), resulting in good fo-
cusing effects with a little change on FWHM and DOF. The re-
sults for Case 2 are illustrated in Figure 7c,d for the conventional
metalens and AFA beam, respectively, where the obstacle with a
larger size of 6 mm× 0.5 mm is centered at (−8 mm, 0.75 mm).
As can be seen from Figure 7c, the obstacle is close to the meta-
surface at z = 0 and on the left side, which is not symmetric to
the z-axis, thus, most of the contributions of the meta-atoms be-
neath the obstacle are blocked or suppressed for the conventional
metalens, resulting in tilted focusing areas (leaning toward the
obstacle) and enlarged focusing spots at both working frequen-
cies. The tilting effect could be intuitively explained by the fact
that the interference occurs mainly among the unblocked meta-
atoms and the contributions from the blocked meta-atoms are
trivial. The tilting could greatly deteriorate the imaging quality
in an optical system, while for the AFA beam, due to the self-
healing ability, good focusing effects can be observed in Figure 7d
at both frequencies. Figure 7e,f demonstrates the results for Case
3, where an obstacle with a moderate size of 3 mm × 0.5 mm
is centered at (−4.5 mm, 3.25 mm). For the conventional metal-
ens, Figure 7e clearly shows that the contributions from themeta-
atoms beneath the obstacle are partially reflected and diffracted,
resulting in tilted and sliced focusing areas after combining the
contributions from the rest of meta-atoms at both frequencies.
The disturbance becomes worse at 0.7 THz. However, although
the electromagnetic wave is partially reflected and diffracted, the
dual-band AFA beam can still reconverge to the designed focal
area with good focusing effects at both frequencies due to the
distinctive self-healing property, as shown in Figure 7f. Further-
more, similar conclusions to Case 3 can be drawn for Case 4, in
which another small obstacle is added to Case 3. Due to the ad-
ditional small obstacle, as can be seen from Figure 7g, the focus-
ing effects at both frequencies are further disturbed due to the
strong interference for the conventional metalens, especially at
0.7 THz. On the contrary, good focusing effects at both frequen-
cies can still be observed for the AFA beam, and the results are
very close to those of Case 3. Furthermore, severalmore scenarios
with different obstacles for the proposed AFA beam and the con-
ventional metalens are compared in Figure S2, Supporting Infor-
mation. These studies further reveal the distinctive self-healing
feature of the Airy beam generator.
In summary, a general scheme is proposed for generating the

dual-band Airy beam and AFA beam based on the geometric
metasurface with independent complex amplitude modulations
at two THz frequencies. The metasurface is composed of a
novel dual-band single-layer meta-atom, which consists of a
MDCS resonator and an elliptic nanorod resonator located in the
middle of a circular hole. The independent complex amplitude
modulations at two THz frequencies can be obtained by varying
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Figure 7. The LCP electric field intensity distributions of a dual-band conventionalmetalens and AFA beamwith different obstacles under a RCP incidence:
a,b) obstacle size of 1.5 × 0.5, center (0, 3.25); c,d) size of 6 × 0.5, center (−8, 0.25); e,f) size of 3 × 0.5, center (−4.5, 3.25); g,h) obstacle 1 size of 3
× 0.5, center (−4.5, 3.25), obstacle 2 size of 0.5 × 0.5, center (0.25, 3.25). (unit: mm).

Table 2. The sizes and positions of the obstacles for four investigated
cases.

Obstacle size [mm] Obstacle center position [mm]

Case 1 1.5 × 1.5 (0, 3.25)

Case 2 6 × 0.5 (−8, 0.75)

Case 3 3 × 0.5 (−4.5, 3.25)

Case 4 3 × 0.5 and 0.5 × 0.5 (−4.5, 3.25) and (0.25, 3.25)

the dimensions and orientations of the two types of resonators.
The circular hole could add another degree of freedom to finely
tune the coupling between the two resonators and adjust the
amplitude modulations. The non-diffracting, self-bending, and
self-healing features of the dual-band Airy beam are character-
ized through full-wave simulation at both 0.45 THz and 0.7 THz,
which are in good agreement with the design goals. Moreover,
a new kind of dual-band metalens (i.e., the AFA beam) can be
achieved by combining two counter-propagating Airy beams,
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which is validated through both theoretical calculations and
full-wave simulations. The focal length of the proposed dual-
band metalens can be flexibly manipulated by assigning proper
bending angles at each frequency. Furthermore, compared to
the conventional metalens through a number of scenarios with
different PEC obstacles, the proposed metalens shows a much
better capability of circumventing obstacles in the path due to its
self-healing feature. In contrast to previous approaches for gener-
ating Airy beams and AFA beams, the proposed scheme features
many attractive features such as the compactness of the system
and the multiband characteristic due to the novel meta-atom
design. The proposed dual-band Airy beams and AFA beams
with distinctive properties of self-healing and self-bending
could open new avenues for many emerging applications such
as multiband wave manipulation, imaging and remote power
transmission with obstacles, and THz communications.
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the author.
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