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ABSTRACT In this paper, we propose a method to generate a high-order Bessel orbital angular momentum
(OAM) vortex beam by using a single-layer reflective metasurface, which integrates the advantages of small
size, high efficiency, insensitive polarization and stable incident angles. An offset-fed horn configuration is
adopted to overcome the feed-blockage effect, and a subwavelength unit cell with rotational symmetry is
designed to cover the reflection phase variation range of 360◦ in different incident angles. The metasurface
is simulated, fabricated and measured at the center frequency of 10 GHz, and the results validate that a
second-order Bessel OAM vortex beam can be generated effectively. By comparing the field distributions
between the Bessel OAM vortex beam and the conventional OAM vortex beam, we find that the generated
Bessel OAM vortex beam is obviously more convergent and has more stable field distributions. The single-
layer reflective metasurface is simple and flexible to shape the wavefront to be a Bessel OAM vortex wave,
which has the potential to be used in a wide range of applications.

INDEX TERMS Bessel orbital angular momentum (OAM) vortex beam, high efficiency, insensitive
polarization, single-layer reflective metasurface, stable incident angles.

I. INTRODUCTION
Bessel beam has attractedmuch attention since Durnin solved
it from the wave equation in 1987 [1]–[3]. The solution shows
that the amplitude of the Bessel beam keeps unchanged as
it propagates in free space, which has the potential to be
used in wireless energy transmission and high-speed com-
munications [4]–[6]. The high-order Bessel beam is called
‘‘Bessel orbital angular momentum (OAM) vortex beam’’
because it belongs to OAM beam, and its convergent char-
acteristic has obvious advantages compared with divergent
conventional OAM vortex beam. There have been many
useful devices for generating or controlling conventional
OAM vortex beam, like the single or array antenna [7]–[9],
the metasurface [10]–[12], etc, but some of them are not
suitable for Bessel OAM vortex beam [13]. Also, a finite
size source can only generate pseudo-Bessel beam which
possesses the nature as an ideal Bessel beam within a limited
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distance [14]–[19], so the methods and devices to generate
high-performance Bessel beam are extremely challenging.
There are some feasible methods proposed to generate
high-order Bessel vortex beams in microwave bands, such
as transmitarray [20]–[22] and reflective metasurface with
polarizer [23]. However, when the electromagnetic energy
passes through the dielectric, there will be some energy loss,
which is not conducive to the conversion efficiency of energy.
So that it is hard to resolve the contradiction between high
efficiency and low profile [24], let alone small size. The
characteristics about insensitive to polarization or incidence
angles are also rarely realized simultaneously [11], which
restricts a wide range of applications.

In this paper, a second-order Bessel OAM beam is gen-
erated by using a single-layer reflective metasurface with
an offset-fed horn configuration at 10 GHz. As this con-
figuration needs the unit cell to be miniaturized and less
sensitivity to incidence angles, a subwavelength unit cell with
the periodicity of 0.27λ(λ is wavelength in free space) is
designed to meet the requirements. The unit cell leads to
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FIGURE 1. (a) Principle illustration of the high-order Bessel beam generation using a reflective metasurface and
(b) schematic diagram of the designed reflective metasurface and the coordinate configuration.

the metasurface also has its mentioned advantages, while
the whole device further has the characteristics of high effi-
ciency and insensitive polarization. All of these beneficial
characteristics making the metasurface has great flexibility
in both fabrication and application, and the simulated and
measured results validate that the high-performance second-
order Bessel OAM vortex beam has been generated. For
comparison, a conventional OAM vortex beam with the same
order is designed and generated to illustrate the nondiffracting
effect of the Bessel vortex beam. The results show that the
Bessel OAM vortex beam has almost same transverse E-field
intensity distributions in the nondiffracting region, which
is more convenient to OAM vortex beams’ reception and
applications.

II. THEORY AND DESIGN METHODS
Using the method of variables separation to solve the
Helmholtz equation in cylindrical coordinate system under
the Sommerfeld radiation boundary condition, and consid-
ering the time harmonic factor exp(jωt), we can obtain the
complete solutions [25]:

Eout (r, ϕ, z) = H (1)
n (krr)exp(−jkzz+ jnϕ) (1)

Ein(r, ϕ, z) = H (2)
n (krr)exp(−jkzz+ jnϕ) (2)

where r is the radial coordinate, ϕ is the azimuthal angle
coordinate, kr and kz are radial component and longitudi-
nal component of the free space wavenumber k , i.e., k =√
k2r + k2z = 2π

/
λ. H (1)

n and H (2)
n represent the nth-order

first-kind Hankel function and second-kind Hankel function,
respectively. Physical meaning of H (1)

n is a cylindrical trav-
elling wave outward from z-axis in cylindrical coordinate
system, while H (2)

n is a cylindrical travelling wave inward to
z-axis. Therefore, the total wave vector k results in an out-
ward (Eout ) or an inward (Ein) conical wave. In addition, once
the inward conical wave goes through z-axis, which will turn
into an outward conical wave. It makes up of the foundation
of only inward conical wave to generate Bessel beams [25].

If an inward conical wave and an outward conical wave exist
simultaneously in the same spatial region, i.e., inward and
outward conical waves are coherently superposed physically,
the total E-field can be expressed as:

Etotal = Eout (r, ϕ, z)+ Ein(r, ϕ, z)

= 2Jn(krr)exp(−jkzz+ jnϕ) (3)

This equation shows that Bessel beams of different orders can
be formed in the overlapping region in various electromag-
netic bands.

In Fig. 1(a), the operating mechanism of the Bessel beam
generated by a reflective metasurface with a horn oblique
incidence is illustrated. Based on the geometric optics the-
ory, the angle between the inward conical waves or outward
conical waves and z-axis is equal, i.e., tanα = kr

/
kz. The

size of the radiant reflective metasurface determines the max-
imum distance Zmax, which is the farthest overlapping region
distance from the metasurface. It can be calculated by the
following equation:

Zmax =
L

2 tanα
(4)

where L is the dimension of the metasurface. The reflective
metasurface transforms the spherical wave to the inward con-
ical wave and it will become the outward conical wave after
passing through the z-axis. Thus, the ‘‘Bessel beam area’’ is
generated in the region where the inward and outward conical
waves exist simultaneously.

The total compensation phase distribution for a high-order
Bessel OAM vortex beam on the metasurface comprises three
parts. The first part 81 is the phase compensation from
the feeding horn to the metasurface. Commonly, the feed-
ing horn that is obliqued is placed at the position of
(rf sin θf cosϕf , rf sin θf sinϕf , rf cos θf ) in Cartesian coor-
dinate system, and the position of any unit cell on themetasur-
face can be described as (xij, yij, 0) at the coordinate system,
as shown in Fig. 1(b). Then 81 can be calculated by (5), as
shown at the bottom of the next page. The second part 82 is
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FIGURE 2. (a) Compensation phase distribution on the reflective metasurface to generate the second-order Bessel
OAM vortex beam and (b) layout of the designed reflective metasurface with 47 × 47 elements.

the phase compensation that transforms the plane wave wave-
front to the inward conical wave, which can be expressed as:

82 =
2π
λ

√
x2ij + y

2
ij sin(α) (6)

The third part of compensation phase that can generate the
nth-order Bessel OAM vortex beam’s spiral phase is: 83 =

nϕij = n arctan(yij
/
xij). Based on these three parts, the total

compensation phase distribution on the reflective metasur-
face is:

8(xij, yij) = 81 +82 +83 (7)

Based on the proposed approach, a single-layer reflective
metasurface is designed, simulated and measured to generate
a second-order Bessel OAM vortex beam. Considering the
radial standing waves property of Bessel beams and the feed-
blockage effect of reflective metasurfaces, an offset-fed horn
configuration is adopted. The feeding horn parameters are set
as: rf = 400, θf = 20◦, ϕf = 0◦, which means the feeding
horn is located at (136.8mm, 0mm, 357.9mm) in the Carte-
sian coordinate system. The whole reflective metasurface is
set to be composed of 47 × 47 elements with the dimension
of 390mm×390mm (13λ × 13λ) at the operating frequency
of 10GHz. According to Eq. (4), the maximal nondiffracting-
distance Zmax is about 1100mm when the angle α = 10◦,
then the compensation phase distribution of the designed
metasurface in this case is calculated and shown in Fig. 2(a),
which can shape the wave-front to be a second-order Bessel
OAM vortex beam.

As the feeding horn is off-set, the incident angles actu-
ally vary from 0◦ up to 30◦ for different positions on the
metasurface, so the unit cell needs to be less sensitivity to
the incidence angles. As shown in Fig. 3, a subwavelength
unit cell with the periodicity P = 8.0mm (0.27λ) is designed
and printed on the F4B (εr = 2.65) dielectric substrate with

FIGURE 3. Geometry (top view) of the designed metasurface unit cell and
the reflection phase and reflection coefficient versus the length of Ro in
an infinite periodic model with different incident angles.

thickness t = 3.0mm. As the whole structure is symmetrical,
this unit cell is bothminiaturized and polarization-insensitive.
The unit cell comprises two concentric circular rings, and the
inner ring is separated by four identical gaps, while the sep-
arated four parts are also connected by a cross. The width of
both the ring and the cross is w= 0.3mm, and the angles of the
four identical gaps are 20◦. The radiuses of the inner and outer
ring are Ri and Ro, respectively, and the relationship between
them can be expressed as: Ri = 0.7×Ro. By varying Ro from
0.85mm to 3.9mm, the reflection phase variation range of the
unit cell can cover the whole 360◦ continuously, which is not
easy to be achieved by only one structurally invariant unit
cell [26]–[28]. Such large phase variation range is realized by
the two parts of the unit cell: the first part is the combination
of the separated inner ring and the cross, and the second part
is the outer ring. If we observe the current distributions on

81 =
2π
λ

√(
rf sin θf cosϕf − xij

)2
+
(
rf sin θf sinϕf − yij

)2
+
(
rf cos θf

)2 (5)
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FIGURE 4. (a) Compensation phase distribution and (b) layout of the reflective metasurface for generating the
conventional second-order OAM vortex beam.

the surface of the unit cell, it can be found that as the size of
the unit cell becomes larger, the part with stronger intensity
of surface current gradually changes from the second part to
the first part. So that both of these two parts play a role in
the reflection phase, thus achieving the phase variation range
that neither of these two parts can achieve alone. As shown
in Fig. 3, the reflection phase and reflection coefficient curves
with different incidence angles (0◦, 20◦, 30◦, and 45◦) are
presented. It can be seen that the phase-shift changes are less
than 39.5◦ when the incidence angle varies from 0◦ to 45◦,
which shows a good angle stability. Meanwhile, the reflection
coefficient keeps above -0.2 dB when the incidence angle
varies, which shows not only the good angle stability, but also
the characteristics of high efficiency that can contribute to the
high efficiency of the metasurface. As the actual incidence
angles for the metasurface unit cells vary from 0◦ to 30◦,
the variation range of the reflection phase is less than 17◦

according to Fig. 3, which is beneficial for the generation of
high-order Bessel vortex beams.

Based on the designed unit cell, a single-layer reflective
metasurface with 47 × 47 elements is designed to gener-
ate a second-order Bessel OAM vortex beam at 10 GHz.
The total physical dimension of the designed metasurface
is 390mm×390mm×3mm, and the layout of the designed
reflective metasurface is shown in Fig. 2(b). As the meta-
surface is composed of unit cells, whose sizes are calcu-
lated based on their relationship with the reflection phases,
the distribution of them corresponds to the compensation
phase distribution. Then the metasurface is simulated by
the full-wave electromagnetic simulation software (ANSYS
HFSS), and a standard X-band horn antenna is used as the
feeding source. To illustrate the effect of non-diffraction
transmission, a reflective metasurface is designed to generate
a conventional second-order OAM vortex beam based on the
previous methods [29]–[31]. Comparing with the designed
Bessel OAM vortex beam, the conventional OAM vortex
beam generated by a reflective metasurface with the same
dimension does not exist the transverse k vector. So that
the compensation phase distribution and the layout of the

reflective metasurface for the designed conventional OAM
beam are different from those of Bessel OAM vortex beam
shown in Fig. 2, and the corresponding figures are shown
in Figs. 4(a) and 4(b), respectively.

III. RESULTS AND DISCUSSION
A. SIMULATION RESULTS AND DISCUSSION
The performance comparisons between the Bessel OAM
vortex beam and the conventional OAM beam are shown
in Fig. 5. It can be seen that the second-order Bessel OAM
vortex beam is successfully generated. The simulated nor-
malized E-field amplitude distribution of the second-order
Bessel vortex beam in xoz-plane is shown in Fig. 5(a), and the
normalized E-field amplitude and E-field phase distributions
in xoy-plane are shown on observational planes with a size
of 0.8m×0.8m. There are three observational planes locating
at the distances of 20 wavelengths (600mm), 30 wavelengths
(900mm) and 36.7 wavelengths (1100mm) away from the
Bessel metasurface, and the simulated results are shown
in Figs. 5(b) and 5(c), respectively. For comparison, the
conventional OAM vortex beam performances are shown
in Figs. 5(d), 5(e) and 5(f) under the same conditions. It can
be seen that the E-field amplitude distributions in xoz-plane
of the generated Bessel OAM vortex beam are kept almost
unchanged in ‘‘Bessel nondiffracting area’’. By comparing
with the amplitude and phase distributions in xoy-plane of the
two beams, it can be seen that the field distributions of the
Bessel OAM vortex beams are more stable than those of
the conventional OAM vortex beams. These characteristics
make the Bessel OAM vortex beam easier to be received and
applied within the ‘‘Bessel nondiffracting area’’.

As the generation of Bessel OAM vortex beam is achieved,
the advantages of small size, insensitive polarization and
stable incident angles of our device are also verified. The
efficiencies of the Bessel OAM beam can also be simulated
on the mentioned observational planes to be 56.1%, 45.9%,
and 40.3%, respectively, which shows a really high efficiency
for the Bessel OAM vortex beam. It’s worth mentioning
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FIGURE 5. Comparison of the second-order Bessel OAM vortex beam and the second-order conventional OAM vortex beam.
(a) Normalized E-field amplitude of Bessel OAM vortex beam in xoz-plane, (b) normalized E-field amplitude distributions and
(c) E-field phase distributions on the different observational planes at the location of 600mm, 900mm and 1100mm away from
the reflective Bessel metasurface, (d) normalized E-field amplitude of conventional OAM vertex beam in xoz-plane,
(e) normalized E-field amplitude distributions and (f) E-field phase distributions on the different observational planes at the
location of 600mm, 900mm and 1100mm away from the reflective conventional metasurface.

FIGURE 6. (a) Experimental system configuration for the Bessel vortex beam measurement and (b) prototype of the fabricated
reflective metasurface.

that the efficiency is calculated by the comparison with the
whole energy from the feeding horn, and we choose these
observational planes which are far from the metasurface to
avoid the effect of the feeding horn.

B. MEASUREMENT RESULTS AND DISCUSSION
The nondiffracting effect of the Bessel vortex beam is well
verified and the reflective metasurface is fabricated and mea-
sured. It was measured by using near-filed planar-scanning
techniques at 10 GHz to further validate the results of our
design. The prototype of the reflective metasurface and the
near-filedmeasurement environment in the anechoic chamber
are shown in Fig. 6. A standard waveguide probe is used to
detect the corresponding electric field distribution. The size

of the scanning plane is 0.6m×0.6m and the measured lattice
length of the sampling grid is 10mm.

The normalized E-field amplitude and the E-field phase
distributions are measured on different observational planes,
which are 600mm, 900mm, and 1100mm away from the
reflective metasurface, as shown in Figs. 7 (b) and 7(d),
respectively. For comparison, the simulated results are also
shown in Figs. 7(a) and 7(c), respectively. The measured
doughnut-shaped E-field amplitude distribution and spiral
phase distribution that varies from 0 to 2π with two turns
show that the second-order Bessel-like vortex beam has been
generated. It can be seen that the measured results are in good
agreement with the simulated results.

In order to further examine the nondiffracting character-
istic of the Bessel beam, we can discuss the full width at

126508 VOLUME 8, 2020



H. Liu et al.: Generation of High-Order Bessel OAM Vortex Beam

FIGURE 7. Comparison of the measured results and the simulated results
of E-field distributions of the generated second-order Bessel vortex beam
on the different observational planes. (a) Simulated normalized E-field
amplitude distributions, (b) measured normalized E-field amplitude
distributions, (c) simulated E-field phase distributions, and (d) measured
E-field phase distributions.

half maximum (FWHM) value of Bessel beam, which means
twice the distance from the center dark spot to the clos-
est point on the ring at the half of the maximum intensity.
According to the definition and equation of the FWHM [22],
it is easy to find that the theoretical value of the Bessel
beam generated is 62mm. Then the simulated values can
be gotten as 76mm and 72mm based on the data of E-field
on the observational planes at the location of 600mm and
900mm away from the reflective Bessel metasurface. And
the corresponding measured values are 64mm and 78mm,
respectively. We choose these observational planes which are
neither too close nor too far from the metasurface to avoid
the effect of the feeding horn and the effect of the reduced
energy. It can be seen that the simulated and measured values
are in good agreement with the theoretical one. There are
some acceptable errors between the simulated values and
the measured values, this is because the actual measurement
environment and measurement errors are bound to have some
effect on the generated beam. As a result, the measured
E-field amplitude distributions on the observation planes are
deteriorative compared with the simulated one, and the reduc-
tion in sampling points also exacerbates this effect. At the
same time, as the values on different observational planes are
close to each other in the nondiffracting area, it is a good
illustration of the nondiffracting characteristics of the Bessel
beam generated.

IV. CONCLUSION
In this paper, we proposed a single-layer reflective metasur-
face based on the subwavelength unit cell and the off-set

feeding source to generate the second-order Bessel OAMvor-
tex beam. The reflective metasurface can be feasibly applied
to launch high-order non-diffractive Bessel-like beams carry-
ing OAM. The simulated and measured results show that the
generated Bessel vortex beam is non-diffracting in a limited
region. It is worth pointing out that the designed Bessel
beam launcher with high efficiency is simple, polarization-
insensitive, and insensitive to incidence angles, which could
be used to generate multiple Bessel OAM vortex beams in a
wide range of applications.
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