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The Airy beam, known to present particular unique features, such as diffraction-free, self-healing, and
self-bending, has attracted considerable interest in recent years. Here, an electronically controlled reflec-
tive coding metasurface is exploited to generate and dynamically manipulate the Airy beam over a wide
frequency band in the microwave regime. By judiciously controlling the external dc bias voltage applied
to the programmable metasurface, two distinct control states, “0” and “1”, are engineered as digital codes
for −π /2 and +π /2 phase responses, respectively. The programmable binary-phase-coding metasurface
enables the generation and active reshaping of the Airy beam to be numerically simulated and experimen-
tally validated. Moreover, the metasurface allows the bandwidth limitation of passive counterparts to be
overcome and is able to modulate electromagnetic waves over a broad frequency range, spanning from
9 to 12 GHz, to realize diffraction-free Airy beams.

DOI: 10.1103/PhysRevApplied.14.014081

I. INTRODUCTION

Nondiffracting Airy beams have inspired considerable
research interest due to their specific properties. In addi-
tion to nondiffracting and self-healing properties, the Airy
beam possesses the unique feature of self-acceleration,
even without any external potential, compared with the
Bessel beam. In 1979, within the context of quantum
mechanics, Berry and Balazs [1] theoretically demon-
strated that the solution to the Schrödinger equation
describing a free particle was in the form of a nondiffract-
ing Airy wave packet. Due to their diffraction-free char-
acteristics, Airy beams carry infinite energy, which was
initially difficult, not to say impossible, to demonstrate
experimentally. An exponential decaying factor was there-
fore introduced to truncate the Airy beam for a physical
realization [2] and nondiffracting accelerating Airy beams
were observed and reported in 2007 by Siviloglou et al.
[3]. In particular, it is demonstrated that, despite exponen-
tial truncation, the Airy beam still exhibits a nondiffracting
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feature, while its main lobe freely accelerates during prop-
agation along a parabolic trajectory. Since then, the Airy
beam has been intensively investigated for its unique prop-
erties and potential applications in optical micromanipu-
lation [4–8], laser micromachining [9,10], optical bullet
formation [11–14], and microscopy [15–18]. Although
most investigations on Airy beams are conducted at opti-
cal wavelengths, it may be useful to explore the potential
application of such beams in wireless communications in
the microwave regime. In particular, the Airy beam is
introduced into the radiowave regime for the design of
abruptly autofocusing (AAF) beams from antenna arrays
[19]. Such beams present the capability of focusing their
power right before a target, while maintaining a constant
and low maximum intensity along the propagation path
propagated. It is also demonstrated that Airy beams can
be exploited to carry orbital angular momentum (OAM)
modes by applying an azimuthal spiral phase component to
a circular Airy beam [20]. Moreover, by taking advantage
of the nondiffracting feature of the Airy beam, enhance-
ment of wireless power transmission efficiency is numer-
ically validated [21]. These examples show that the Airy
beam can be of significant interest in microwave appli-
cations, such as noncontact recognition, remote sensing,
microwave detection, and radiofrequency identification.

2331-7019/20/14(1)/014081(12) 014081-1 © 2020 American Physical Society

https://orcid.org/0000-0001-8680-5851
https://orcid.org/0000-0002-1848-4862
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.14.014081&domain=pdf&date_stamp=2020-07-27
http://dx.doi.org/10.1103/PhysRevApplied.14.014081


RUI FENG et al. PHYS. REV. APPLIED 14, 014081 (2020)

Metasurfaces, the two-dimensional version of meta-
materials, have recently experienced rapid development
due to their superior abilities to arbitrarily manipulate
phase, amplitude, and polarization of electromagnetic
(EM) waves. To date, various interesting functionalities
are tailored from metasurfaces, including polarization con-
version and control [22–25], holographic imaging [26–29],
wave-front manipulation [30–46], vortex-beam generation
[47–51], lenses [52–59], microwave antennas [60–66],
mantle cloaking [67,68], and isolators [69]. Due to the
flexibility in modulating EM waves, different Airy-beam
generators are proposed based on the utilization of passive
metasurfaces [70–75]. However, several applications, such
as energy transfer or imaging, may demand control of the
generated beam.

Here, we propose to use a programmable 1-bit coding
metasurface that allows the Airy beam to be dynamically
synthesized and manipulated by phase modulation of the
incoming plane wave. The phase-coding profile for dif-
ferent Airy-beam parameters is realized by changing the
voltage applied to the varactor diodes incorporated in the
meta-atoms constituting the metasurface. The nondiffract-
ing, self-bending, and self-healing properties of the Airy
beam are first analyzed through different parameters char-
acterizing such a waveform. In addition, frequency tuning
of the Airy beam is achieved over a wide frequency band,
spanning from 9 to 12 GHz. Furthermore, an additional lin-
ear phase profile is combined with the phase distribution of
the Airy field envelope to steer the Airy beam to a desired
direction. Both numerical simulations and experimental
measurements are performed to validate the generation and
dynamic manipulation of the Airy beam. Such flexible con-
trol of the propagation trajectory of an Airy beam can be
potentially exploited in applications such as microwave
imaging and wireless communication systems.

II. AIRY-BEAM GENERATION AND
MANIPULATION MECHANISM

To analyze the propagation behavior of Airy beams, we
consider the normalized paraxial equation of diffraction
[2,3]:

i
∂φ

∂ξ
+ 1

2
∂2φ

∂s2 = 0, (1)

where φ is the electric field envelope. The parameter s =
by represents a dimensionless transverse coordinate (with
b being an arbitrary transverse scale); ξ = zb2/k is the nor-
malized propagation distance and k = 2πn/λ0 is the wave
number (with λ0 being the operating wavelength in free
space). The electric field envelope of the Airy beam can be

FIG. 1. Schematic illustration of Airy-beam generation when
the proposed electronically programmable metasurface is illumi-
nated by a y-polarized quasi-plane-wave emitted by a microwave
horn antenna. Wave vector of the generated Airy beam is marked
by red arrows, the direction of which is opposite to the incident
quasi-plane-wave. Appropriate 1-bit coding phase distribution
(blue line) is implemented by designing two distinct “0” and “1”
control states as digital codes for −π /2 and +π /2 phase values,
respectively.
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where Ai(s) represents the Airy function. The decay factor
α in the exponential truncation factor is a small positive
value (α� 1) to ensure a containment of the infinite Airy
tail, and therefore, a physical realization of such a beam.
The initial field envelope of the finite Airy beam is then
written as

φ(ξ = 0, y) = Ai(by) exp(ay), (3)

with a =αb.
Airy beams can be generated by modulating either

amplitude and phase simultaneously or phase only along
a metasurface. In the present work, the engineered meta-
surface allows control of only the phase, as schematically
illustrated in Fig. 1. The phase modulation profile, which
varies between −π /2 and +π /2, is represented by the blue
line and is described as a function of the y coordinate as

ϕ = arg[φ(ξ = 0, y)] − π

2
. (4)

III. DESIGN OF THE PROGRAMMABLE 1-BIT
PHASE-CODING METASURFACE

An electronically programmable metasurface is exp-
loited to generate and dynamically manipulate Airy beams.
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(a) (b)

(d)(c)

FIG. 2. (a) Schematic design of the elementary meta-atom
consisting of two metallic strips printed on a grounded dielectric
substrate. Geometrical dimensions are w = 0.5 mm, g = 1.9 mm,
p = 6 mm, and h = 1.52 mm. Varactor diode is embedded in the
gap between two metallic strips. (b) Equivalent RLC circuit of
the meta-atom. (c),(d) Reflection magnitude and phase versus
frequency of the meta-atom for different capacitance values of
the varactor diode.

The elementary meta-atom, having a period of p = 6 mm,
as shown in Fig. 2(a), is composed of two parallel metal-
lic strips printed on the top surface of a low-loss grounded
dielectric substrate (εr = 4.5 and tan δ= 0.0035) of thick-
ness h = 1.52 mm. The two strips of width w = 0.5 mm are
separated by a gap of g = 1.9 mm. The top layer, which
is composed of the two microstrip lines, acts as a capaci-
tive layer when the electric field is oriented perpendicular
to the two lines. An inductive part is also created due to
magnetic flux between the ground plane of the substrate
(bottom layer) and the wire array (top layer).

While p-i-n diodes can offer only two different states
(on and off), they are widely used in digital meta-atoms
to achieve binary phase states [27,42]. Varactor diodes
can provide a more flexible solution for realizing real-time
reconfigurability, since the capacitance value can be mod-
ified continuously with a change in applied bias voltage.
Therefore, to dynamically tune the response of the unit
cell, a MACOM MGV 125-08 varactor diode is embed-
ded in the gap between these two adjacent strips. The
strips are further utilized as biasing lines for the varactor
diodes, facilitating electronic control of the metasurface.

The bottom face of the dielectric substrate is composed
of a continuous metallic ground plane. To examine the
behavior of the structure, the reflection properties of the
meta-atom under periodic boundary conditions are calcu-
lated numerically with the finite-element method (FEM)
Maxwell’s equations solver of the high-frequency struc-
ture simulator (HFSS) commercial code by ANSYS.

In the numerical simulations, a uniform electromag-
netic plane wave with the electric field oriented along the
y axis is normally incident on the metasurface. Different
capacitance values, varying from 0.055 to 0.6 pF, are
applied according to the capacitance range of the varac-
tor diode that will be implemented in the proof-of-concept
prototype. The equivalent RLC circuit of the designed unit
cell is shown in Fig. 2(b). The varactor diode’s capaci-
tance together with the inductive response of the structure
results in an LC resonance of the meta-atom. To electron-
ically tune the resonance frequency of the meta-atom, the
separation, g, between the adjacent metallic strips is opti-
mized such that the intrinsic capacitance of the unit cell
can be ignored with respect to that of the varactor diode.
Therefore, the only capacitance that influences the reso-
nance frequency of the RLC circuit is the one from the
varactor diode.

The simulated reflection magnitude and phase responses
of the meta-atom are displayed in Figs. 2(c) and 2(d),
respectively. As it can be clearly observed, the resonance
frequency shifts from 8.4 to 11.6 GHz when the capaci-
tance value is varied within the dynamic capacitance range
of the varactor diode, and a phase variation close to 2π ,
together with a high reflection, can be obtained over a
broad frequency range. As such, the two phase values of
−π /2 and +π /2 required to generate the Airy beam can
be achieved from the 1-bit phase-coding metasurface by
changing the capacitance through the applied bias voltage.
Although the proposed metasurface is designed for phase
modulation only, the amplitude unintentionally changes
slightly when the capacitance is modified, but with almost
no effect on the generation of the Airy beam.

To highlight the properties of our proposed reconfig-
urable metasurface, a comparison with other metasurfaces
using different techniques is made in Table I. The 28.6%
frequency bandwidth clearly demonstrates the wideband
property of our metasurface. In Ref. [42], a time-domain
coding metasurface with a narrower frequency bandwidth

TABLE I. Comparison with recent studies on reconfigurable metasurface designs.

Ref.
Frequency

bandwidth (GHz)
Experimental

efficiency Type
Electronic
component

Modulation
along

metasurface

Zhang et al. [42] 9.2–10.2(10.3%) Not given Reflection p-i-n diodes Phase
Taravati and Eleftheriades [45] 5.28–5.33(0.9%) Not given Transmission Varactor diodes Phase
Taravati et al. [69] 5.8–6(3.4%) Not given Transmission Transistor-based amplifiers None
This work 9–12(28.6%) 32.4% Reflection Varactor diodes Phase
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of 10.3% that uses p-i-n diodes to control scattered far-
field patterns is proposed. The structure allows arbitrary
multibit programmable phases to be dynamically realized
by manipulating the time-coding sequences of a physical
2-bit coding metasurface. Electronic components are also
implemented in nonreciprocal metasurfaces [45,69]. The
metasurface presented in Ref. [45] is composed of coupled
time-modulated meta-atoms and can realize a nonrecipro-
cal phase gradient on the two sides of the metasurface,
such that the incoming (received) and outgoing (transmit-
ted) waves are radiated at different radiation angles. In
Ref. [69], the transistor-based amplifiers are implemented
to achieve a spatial isolator with transmission gain in one
direction and transmission loss in the other direction. How-
ever, these two nonreciprocal metasurfaces are subjected to
the problem of a narrow frequency range.

IV. NUMERICAL AND EXPERIMENTAL
VERIFICATIONS

A. Airy-beam generation

To validate the aforementioned Airy-beam generation,
full-wave numerical simulations and experimental mea-
surements are performed on the designed metasurface.
The metasurface is illuminated by an incident plane wave
in simulations (quasi-plane-wave from a microwave horn
antenna in experiments) and is able to phase modulate the
incident wave to reflect an Airy beam in the y-0-z plane.
A prototype of the metasurface composed of 30 × 30 unit
cells is fabricated by the printed circuit board technique
and surface-mount component soldering. A photograph of
the realized sample is shown in Fig. 3(a). An electronic
control board connected to the metasurface is used to con-
trol the voltage applied to each column of 30 meta-atoms,
and therefore, to adjust the capacitance in each column.

To experimentally measure the reflected electric field in
the y-0-z plane, a measurement system in a microwave
anechoic chamber is set up, as illustrated in Fig. 3(b). In
this system, a 2–18 GHz wideband horn antenna placed at
1.5 m from the metasurface is used as a primary source to
generate quasi-plane-waves. A fiber-optic active antenna
used as a probe is mounted on two orthogonal linear
computer-controlled translation stages to scan the electric
field. The probe is stepped in small increments of 2 mm
and is used to measure both the amplitude and phase of the
electric field at each step, allowing a full two-dimensional
electric field mapping to be performed over a maximum
scanning area of 400 × 400 mm2 in the y-0-z plane. Both
the horn antenna and the probe are connected to the two
ports of an Agilent 8722ES network analyzer.

First, we start by generating different Airy beams at
10 GHz. The wave packet of the Airy beam is appropri-
ately designed with an initial field envelope of the finite
Airy beam calculated from Eq. (3). φ oscillates around

(b)

(a)

FIG. 3. (a) Photograph of the fabricated prototype and elec-
tronic control board. Inset shows the varactor diodes soldered on
the metasurface. (b) Schematic illustration of the experimental
measurement setup used to scan the electric field distribution.

zero along the y axis with the exponential decaying ampli-
tude. Parameter a influences only the amplitude of the Airy
beam due to its presence in the exponential term exp(ay).
No matter how parameter a changes, the zero position of
φ is kept fixed. Here, the Airy beam is generated using
phase modulation only. When φ is positive, the phase is
set as −π /2 and, for negative values of φ, the phase is
set to +π /2. The phase varies with the change of the zero
position of φ.

To analyze the influence of the transverse coordinate on
the parabolic trajectory of the main beam, four configura-
tions of Airy function parameters (a, b) = (4, 44.1), (4, 50),
(4, 55.7), and (4, 61) are applied to the metasurface through
the corresponding capacitance values (in simulations) and
bias voltages (in experiments), as presented in Fig. 4(a). In
all configurations, a = 4 and the parameter b is varied. By
fixing parameter a, the exponential truncation factor is kept
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(a)

(b)

(c)

FIG. 4. Airy-beam generation using different parameters at 10 GHz. (a) Phase profile for four Airy function sets of parameters a = 4
and b = 44.1 (5 sections), a = 4 and b = 50 (6 sections), a = 4 and b = 55.7 (7 sections), and a = 4 and b = 61 (8 sections). Capacitance
and voltage values applied to achieve the two digital states “0” and “1” (phase values of −π /2 and +π /2, respectively) are shown. (b)
Electric field distribution in the y-0-z plane obtained from numerical simulations. Normalized amplitude (white line) of the Airy beam
is displayed 20 cm away from the metasurface. (c) Experimentally measured electric field distribution in the y-0-z plane.

the same in all configurations. Parameter b presented in Eq.
(3) allows the curvature of the Airy beam to be changed.

Both numerical and experimental electric field distribu-
tions of the generated Airy beam are presented in Figs.
4(b) and 4(c) for the different parameters. The results
show clearly that an Airy beam is indeed generated by
applying different calculated phase profiles. As the value
of parameter b increases, the degree of curvature of the
main beam also increases. The transverse offset of main
lobe of the Airy beam increases for a fixed parameter b
when the propagating distance increases. It is important
to point out that Airy beams are inherently subjected to
the paraxial limitation. As such, when a self-bending Airy
beam moves along a parabolic trajectory and eventually
bends into a large angle, it leaves its domain of existence

and finally diffracts. The maximum angle for the paraxial
approximation is generally taken as 10° [76,77]. The posi-
tion of 10° between the wave vector of the main lobe of the
Airy beam for parameter b = 44.1 and the z axis is located
at around z = 20 cm. The main Airy lobe then starts to
diffract at around z = 26 cm, which is further illustrated in
Fig. 5(b). However, for parameter b = 61, the main Airy
lobe reaches the paraxial approximation limit at around
z = 10 cm. In such a configuration, the main beam main-
tains the diffraction-free property for a short distance and
diffracts at around z = 13 cm.

The normalized amplitude (white line) of the Airy beam
at 20 cm away from the metasurface is plotted in Figs.
4(b) and 4(c), where an exponential decaying feature can
be observed together with a main beam. Due to the larger
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(a) (b)

(c) (d)

(e) (f)

FIG. 5. Validation of the nondiffracting, self-bending, and self-healing properties of the Airy beam generated at 10 GHz for the
configuration a = 4, b = 44.1. (a) Self-bending property of the Airy beam. Deflection of the main beam versus propagation distance
(z direction) calculated from theory, simulation, and measurement. (b) Diffraction-free property of the Airy beam. Variation of FWHM
of the main lobe along the z direction. Nondiffracting region is defined as the zone below the dotted yellow line, the value of which is
1.5 times the average FWHM value (solid yellow line) of the initial main beam where oscillatory patterns are observed. Yellow shaded
zone represents the diffraction region. (c),(d) Deflection and FWHM results of main beam of the Airy beam with an obstacle (copper
square barrier of λ0/2 × λ0/2) located in the propagation path of main lobe. (e),(f) Self-healing property of the Airy beam validated
numerically and experimentally in a complex environment comprising the presence of an obstacle.
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number of [−π /2, +π /2] oscillations when b increases,
less interference of the side lobes with the Airy main lobe
can be observed.

The self-bending characteristic of the Airy beam is
investigated using the deflection offset of the main lobe
with the transverse scale parameter b = 44.1 [Fig. 5(a)].
The deflection offset is calculated by the difference
between the center position of the main beam in the Airy
profile and that of a hypothetical beam propagating along
a straight direction. Under the paraxial approximation, the
deflection offset can be theoretically described as [3]

yd ∼= λ2
0z2/(16π2y0

3), (5)

where y0= 1/b ≈ 22.7 mm. The theoretically calculated
deflection [green solid line in Fig. 5(a)] shows a smooth
parabolic trajectory. The deflection of the Airy main lobe
extracted from numerical simulations and experimental
measurements are represented by the red and blue markers,
respectively. The results indicate a good qualitative agree-
ment between simulations, measurements, and theoretical
predictions.

The full width at half maximum (FWHM) of the Airy
main lobe as a function of the propagation distance is
calculated to evaluate the diffraction-free property of the
generated Airy beam [Fig. 5(b)]. Although a slightly oscil-
latory pattern around FWHM = 3 cm is exhibited at the
initial stage of propagation, the nondiffraction property is
clearly apparent in both simulations and measurements.
The Airy beam generally diffracts beyond 1.5 times the
average FWHM value of the initial main beam [72]. The
average FWHM value is 3 cm, so the diffraction-free
region will be located in the region where the FWHM
is below 4.5 cm. The reason for the limited propagating
distance within which the beam preserves its nondiffrac-
tion nature is that the Airy-beam packet is truncated to
enable its physical realization. Additionally, the deflection
and FWHM of the Airy main lobe are also plotted when
a metallic obstacle is placed in its propagation path [Figs.
5(c) and 5(d), respectively]. In our case, the obstacle is a
copper-based square barrier with geometrical dimensions
of 15 × 15 mm2 (λ0/2 × λ0/2). The obstacle is positioned
at (y, z) = (124.5 mm, 26 mm), which is in the propagation
path of the Airy main lobe.

When compared with the results obtained without the
obstacle in Figs. 5(a) and 5(b), good agreement can be
observed, which means the Airy beam recovers well after
passing thorough the metallic obstacle. Moreover, the self-
healing property of the Airy beam is validated both numer-
ically and experimentally by displaying the electric field
distribution in the y-0-z plane in the presence of the metal-
lic obstacle in the propagation path of the main lobe, as
shown in Figs. 5(e) and 5(f). The results show that the
Airy beam is scattered locally by the square obstacle, but,
even in such a complex environment with an obstacle, the

evolution of the electric field arising from the self-healing
property allows the Airy beam to recover rapidly, while
maintaining its nondiffraction property.

B. Frequency agility

It is worth noting that the Airy-beam generator based on
the electronically programmable metasurface can operate
over a broad frequency band, ranging from 9 to 12 GHz. To
realize the frequency-agility mechanism, the phase profiles
at different frequencies are calculated and shown in Fig.
6(a). Using the appropriate phase profiles, numerical simu-
lations and experimental measurements are performed and
the results are displayed in Figs. 6(b) and 6(c). The numer-
ical and experimental electric field distributions share the
same Airy function parameters, a = 4 and b = 44.1. More-
over, as depicted in Fig. 6(d), the deflection offset in the
y direction of the main lobe decreases slightly with an
increase in frequency and good qualitative agreement can
be observed between theory, numerical simulations, and
experimental measurements. As illustrated in Fig. 6(e),
the diffraction-free regions for different frequencies are
almost the same, which suggests that the Airy beam is well
generated by the metasurface over a wide frequency band.

To quantitatively evaluate the performances of the 1-bit
phase-coding programmable metasurface as an Airy-beam
generator, the total efficiency, ηtotal, is calculated as

ηtotal = PAiry

Pinc
, (6)

where PAiry is the power carried by the reflected Airy beam
(comprising the Airy main lobe and the side lobes) and
Pinc is the power associated with the incident wave. For
Airy function parameters a = 4 and b = 44.1 over the 9
to 12 GHz frequency band, the simulated and measured
efficiency is, on average, 36.4% and 32.4%, respectively.
Additionally, the efficiency of the Airy main lobe, defined
by the ratio of the power carried by the Airy main lobe
divided by the power carried by the Airy beam (main
and side lobes), approaches 45% in both simulations and
measurements.

Due to the resonant nature of the elementary cell and
ohmic losses caused by the inclusion of varactor diodes,
the reflection amplitude varies slightly when the capaci-
tance is changed. To illustrate the influence of the inho-
mogeneous reflection amplitude on the efficiency, different
dielectric losses (tan δ) of the substrate are considered in
simulations. The simulated efficiencies are investigated at
10 GHz and are calculated to be 38.61%, 37.69%, and
30.75% for tan δ= 0.0035, 0.007, and 0.021, respectively.
These results suggest that the inhomogeneous reflection
amplitude along the metasurface can lead to a drop in
efficiency.
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(a)

(b)

(c)

(d)

(e)

FIG. 6. (a) Phase profiles for Airy function parameters a = 4 and b = 44.1 at different frequencies. (b),(c) Electric field distribution
obtained from numerical simulations and experimental measurements. (d) Deflection of the Airy main lobe versus propagation distance
(z direction) extracted from theory, simulation, and measurement. (e) Variation of FWHM of the Airy main lobe along the z direction
for both simulations and measurements. Yellow shaded zone represents the diffraction region.
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(a)

(b)

(c)

FIG. 7. Beam steering of the Airy beam for a = 4 and b = 44.1 at 10 GHz. (a) Phase profiles calculated from Eq. (8) and implemented
on the metasurface. (b),(c) Electric field distribution obtained from numerical simulations and experimental measurements for different
deflection angles (−10°, 10°, −20°, and 20°).

C. Steering of the Airy beam

To illustrate the flexibility provided by our reconfig-
urable metasurface in manipulating the Airy beam, the
direction control of the Airy main lobe is investigated by
combining an additional linear phase profile to the Airy-
beam phase profile. According to the generalized Snell
law, when an incident wave illuminates a reflective meta-
surface, the direction of the reflected wave depends on the
phase gradient applied to the metasurface [30]:

k0sin θr − k0sin θi = dψ
dy

, (7)

where θi and θr represent the angles of incident and
reflected waves, respectively;k0 is the propagation constant
in free space; and dψ/dy is the phase gradient applied to
the metasurface. Here, we fix the incidence angle to 0°.
Thus, the phase profile for an Airy beam with a desired

deflection angle, θdef, is described as

θdef = arg[φ(ξ = 0, y)] − π

2
+ yk0 sin θdef. (8)

The phase profiles for four different deflection angles
(−20°, −10°, 10°, and 20°) are calculated for the config-
uration with Airy function parameters a = 4 and b = 44.1.
As depicted in Fig. 7, the Airy beam, including the main
lobe and all side lobes, is deflected to the predefined
radiation direction angle with respect to the original posi-
tion. The main beam and exponential decaying feature for
both simulation and measurement can be clearly observed.
The experimental results are in good agreement with the
simulated ones. These results suggest the possibility of
flexibly manipulating the Airy beam with respect to the
local application environment, particularly for microwave
communication and detection systems.
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V. CONCLUSION

In summary, dynamic generation and manipulation of an
Airy beam are demonstrated by exploiting a 1-bit phase-
coding programmable metasurface at microwave frequen-
cies. The metasurface first allows different Airy beams
with different sets of Airy function parameters to be gener-
ated and controlled. The nondiffracting, self-bending, and
self-healing properties of the generated Airy beams are val-
idated numerically and experimentally. Furthermore, the
frequency-agility mechanism is demonstrated over a wide
frequency band, spanning from 9 to 12 GHz. Finally, a
step further is made in the manipulation of Airy beams.
Taking advantage of the flexibility provided by the pro-
grammable metasurface, we experimentally show that the
radiation direction of the Airy beam can be controlled by
combining the Airy phase profile with an additional linear
phase profile.

With appropriate fabrication technology and reconfig-
urability mechanism, the design principle can be extended
to millimeter-wave, terahertz, and optical frequencies for
potential applications in micromachining, medical lasers,
optical trapping and manipulation, and imaging.
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