
Received May 24, 2021, accepted June 3, 2021, date of publication June 14, 2021, date of current version June 23, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3088885

A High-Efficiency and Broadband Folded
Reflectarray Based on an Anisotropic
Metasurface for Generating Orbital Angular
Momentum Vortex Beams
ZHEN-YU YU , YUN-HUA ZHANG, (Member, IEEE), AND HUO-TAO GAO
School of Electronic Information, Wuhan University, Wuhan 430072, China

Corresponding authors: Yun-Hua Zhang (zhangyunhua@whu.edu.cn) and Huo-Tao Gao (gaoght863@163.com)

This work was supported by the National Natural Science Foundation of China under Grant 61301061.

ABSTRACT In this paper, a low-profile folded reflectarray (FRA) assembled by an anisotropic metasurface
is proposed to generate high-efficiency and broadband orbital angular momentum (OAM) vortex waves in
the Ka band. In order to suppress the mutual coupling and increase the polarization conversion efficiency,
a dual-polarization phase matching method (DPPMM) for helical wavefront construction is developed
to achieve minimum phase compensation error in the orthogonal direction. A compact subwavelength
anisotropic meta-atom with orthogonal |

∣∣|-shaped structure is designed to achieve flexible wavefront
manipulation and high-resolution phase compensation for x and y-polarization incident waves. After the
optimization design, nearly 100% cross-polarization conversion efficiency for the anisotropic metasurface
can be achieved at the working frequency of 12 GHz. To validate the proposed design method, an OAM
FRA with 24 × 24 meta-atoms is fabricated and measured. The measurement results show that the aperture
efficiency of the proposed FRA carried with the OAM mode l = 1 is significantly improved and reaches
20.2%. Moreover, the OAM bandwidth and 3-dB gain bandwidth reach 22.5% and 25%, respectively.

INDEX TERMS High efficiency, broadband, orbital angular momentum (OAM), folded reflectarray (FRA),
optimization.

I. INTRODUCTION
In 1992, orbital angular momentum (OAM) as one of the
essential physical quantities was first observed in the field
of light [1]. Unlike the spin angular momentum (SAM) con-
necting with polarization states to code or encode electro-
magnetic (EM) waves, OAM has infinite orthogonal fraction
and integer modes to potentially increase the channel capac-
ity in theory [2]. Therefore, the OAM can provide a novel
freedom degree to achieve high speed and large capacity
communication. As an innovative work [3], [4], the OAM
was extended to the radio domain by B. Thidé et al, who
successfully demonstrated the feasibility of increasing the
channel capacity for wireless communication.

However, a high-efficiency and broadband vortex beam
generator with a low profile still remains one of the main
challenges for the OAM system. In order to generate the
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OAM vortex beam, a helical phase factor eilϕ should be
introduced for the EMwave, where l is the topological charge
and ϕ is the azimuthal angle. In the early days, the spiral
phase plate (SPP) and holographic plate are two primary
methods to generate OAM beams by constructing the desired
helical phase shift [5]–[8]. However, the remarkable draw-
backs of massive volume and the unacceptably high dielectric
loss limit their application in the radio domain. The circular
antenna array (CAA) as another method has been adapted
to generate OAM by exciting the discrete currents based
on Nyquist’s theory [9]–[12]. Nevertheless, the complex and
high-cost phase-shifted network is unavoidable for CAA.

In recent decades, the metasurface, as an advanced ver-
sion of metamaterial, has made great development and
progress [13]–[18]. Metasurface shows a robust ability to
flexibly manipulate the phase-amplitude characteristics and
polarization states of EM waves. Thus, the high-performance
OAM generator based on metasurface has been a research
hot spot in recent years [19]–[27]. However, the conventional
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OAM reflectarray based on the metasurface has a high pro-
file, which makes it difficult to integrate with other active
circuits. An FRA carried with OAM can effectively decrease
the full profile by employing the anisotropic metasurface
and polarization gate array. Some excellent works have been
reported in the field of OAM FRA [28], [29]. In [28], a high
polarization separation FRA is proposed to generate vortex
beam with OAM mode l = 1. However, the size of the
proposed meta-atom is larger than half wavelength, which
causes difficulty for the anisotropic metasurface to construct
the helical wavefront phase with high-resolution, resulting in
a low aperture efficiency for this OAM FRA. In [29], an FRA
inherently integrated with a planar source is creatively pro-
posed to generate a Bessel beam carried with OAM mode
l = 1. Nevertheless, the phase manipulation range of the
square-shaped meta-atom cannot entirely cover 360◦ and the
mutual coupling at the orthogonal direction is neglected for
the anisotropic metasurface, which leads to a low-efficiency
and narrow gain bandwidth for the proposed OAM FRA.

In this work, an FRA composed of the anisotropic
metasurface is proposed and investigated for gener-
ating the high-efficiency and broadband OAM beam.
In order to weaken the mutual coupling and increase
the aperture efficiency, a dual-polarization phase matching
method (DPPMM) is developed to optimize the phase distri-
bution of the anisotropic metasurface. A compact anisotropic
meta-atom with a small size of 0.4λ × 0.4λ is employed
to achieve accurate and high-resolution phase compensation.
Nearly 100% polarization conversion efficiency is achieved
at the design frequency of 12 GHz, and the broadband OAM
beam with high mode purity is generated from 11 GHz to
13.7 GHz. Compared with [28], [29], both the simulation
andmeasurement results demonstrate that the proposedOAM
FRA can generate a more highly efficient vortex beam with
a broader bandwidth. This paper is organized as follows. The
basic working principle of the proposed OAM FRA is illus-
trated in section II. The design of the anisotropic meta-atom
is presented in section III. The optimization processes and
the experimental verification of the OAM FRA are reported
in section IV.

II. CONCEPT AND WORKING PRINCIPLE
The FRA, as an evolved version of the reflectarray antenna,
features a low profile, high gain, and easy fabrication [30].
In recent years, great development has been witnessed in
the field of FRA, and many excellent works have been pro-
posed to meet different requirements [31]–[34]. As a beam
convergence device, FRA mainly consists of the primary
reflector and secondary reflector. Due to the advantages
of feasible phase manipulation, high-efficiency polarization
conversion, and low fabrication cost, a planar and ultrathin
metasurface can be employed as the main reflector for the
FRA. By introducing a polarization gate array as the sec-
ondary reflector, the profile of the FRA can be effectively
reduced by half compared with the conventional reflectarray.

FIGURE 1. Configuration of the proposed OAM FRA. (a) 3-D view.
(b) designed anisotropic metasurface. (c) designed polarization gate array.

Therefore, the FRA based on the anisotropic metasurface
can be a good candidate to generate high-performance OAM
vortex beam.

The configuration of the proposed OAM FRA is pre-
sented in Fig. 1. The FRA consists of four main components,
including an anisotropic metasurface for phase tuning and
polarization conversion, a horn antenna as the feed source,
a polarization gate array for the polarization selection, and
a Teflon pillar for support and stability. The anisotropic
metasurface is composed of subwavelength meta-atoms, and
the polarization gate array is realized with printed metallic
strips. The detailed working principle of the OAM FRA can
be described as follows. The quasi-spherical wave, which
polarization is parallel to the long edge of the metallic strip,
is emitted by the feed source. Due to the polarization selection
characteristic, the incidence wave can be reflected toward
the anisotropic metasurface by the polarization gate array.
By regulating the dimension of the subwavelength meta-atom
appropriately, the polarization of the reflected wave will be
twisted 90◦, and the helical phase wavefront will be formed.
After the polarization is rotated, the radiated field can pass
through the polarization gate arraywithout loss, and theOAM
beam can be generated. In addition, the distance between the
anisotropic metasurface and the polarization gate array is half
of the focal length to cover the radiation power from the feed
source.

III. ANISOTROPIC META ATOM DESIGN
For the linear polarization wave incidence, the reflection
coefficient of an anisotropic meta-atom can be described by
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TABLE 1. Optimized geometry parameters for the proposed anisotropic
meta-atom.

the matrix

Rvoh =
[
Rvv Rvh
Rhv Rhh

]
=

[
cosφ sinφ
−sinφ cosφ

] [
Rxx 0
0 Ryy

] [
cosφ −sinφ
sinφ cosφ

]
(1)

where Rvv, Rhh, Rxx and Ryy are the co-polarization
reflection coefficients under vertical-polarization, horizontal-
polarization, x-polarization and y-polarization normal inci-
dences, Rvh, Rhv, Rxy and Ryx are the corresponding
cross-polarization reflection coefficients, and φ is the angle
between the voh coordinate and xoy coordinate. According
to (1), the detailed reflection coefficients at the voh coordinate
can be written as

Rvv = Rxxcos2φ + Ryysin2φ (2a)

Rvh = (Ryy − Rxx)cosφsinφ (2b)

Rhv = (Ryy − Rxx)cosφsinφ (2c)

Rhh = Rxxsin2φ + Ryycos2φ (2d)

According to the above analysis, the ideal cross-
polarization conversion can be achieved, when Rxx , Ryy, and
φ satisfy the following conditions

Rxx = Ryye±jπ , φ = 45◦ (3)

Besides, the anisotropic meta-atom should possess a suffi-
cient phase range completely covering 360◦ and have the abil-
ity to adjust the reflection phase in the orthogonal direction
independently to realize high-efficient polarization conver-
sion and flexible wavefront construction for the metasurface
device.

As shown in Fig. 2(a), a subwavelength anisotropic
meta-atom is employed to meet the requirements. The
meta-atom has a lattice size of p = 10 mm, which equals
0.4λ at the working frequency of 12 GHz. Two orthogonal
|
∣∣|-shaped patches are respectively etched on the thickness
h1 = 0.5 mm and the thickness h2 = 2 mm F4B substrates
with εr = 2.2 and tanδ = 0.0009. The dual-layer construc-
tion can benefit broadening of the working bandwidth and
reduce the mutual coupling in the orthogonal direction for
the anisotropic meta-atom [35], [36]. The dimension rela-
tion of the middle metallic dipole and the adjacent metallic
dipole can be expressed as a = lx × m and b = ly × n,
where m and n are the ratio coefficients for the metallic
dipole. Fig. 2(b) shows that the incident wave with vertical
polarization illuminates the anisotropic meta atom, which can
be decomposed to two orthogonal electric field vectors of

FIGURE 2. Configuration of the proposed anisotropic meta atom.
(a) exploded view. (b) top view.

Ex and Ey. Due to the metallic ground excitation, the incident
wave can be reflected without any loss for the reflection type
anisotropic meta-atom. Hence, the reflection coefficients of
Rxx and Ryy satisfy |Rxx | = |Ryy| = 1 naturally. Then, the per-
fect cross-polarization conversion efficiency can be achieved
when the phase difference in the orthogonal direction satisfies
Arg(Rxx) - Arg(Ryy) = ±π without considering the mutual
coupling between the upper and lower |

∣∣|-shaped patches.
To optimize the electromagnetic performance of the

anisotropic meta-atom, the full-wave electromagnetic sim-
ulation is performed in numerical software HFSS. Accord-
ing to the above analysis, the 360◦ phase adjustment range
at the orthogonal direction is necessary for the anisotropic
meta-atom to achieve precise helical wavefront construction.
For the |

∣∣|-shaped patches, two LC lumped circuits in parallel
are constructed. Therefore, phase compensation and polariza-
tion conversion can be achieved to properly adjust the length
of the upper and lower metal patch. The optimized geometry
parameters for the proposed anisotropic meta-atom are dis-
played in Table 1. After parameter optimization, the reflection
phases of the meta atom as a function of frequency and length
ly (or lx) under TE wave (or TM wave) incidence are shown
in Fig. 3(a)-(b). It can be seen that the reflection phase range
reaches 360◦ with the length of lx (or ly) changing from 1 mm
to 10 mm for TE and TM wave incidence at the working
frequency of 12GHz. Precious helical wavefront construction
is expected to be achieved. Besides, a good linear phase as
the frequency changes from 11 GHz to 14 GHz is displayed,
which is crucially significant to broaden the bandwidth of
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FIGURE 3. Reflection phases and amplitudes of the anisotropic
meta-atom as a function of frequency and length of the metallic dipole.
(a) TE wave incidence. (b) TM wave incidence.

FIGURE 4. Phases difference and the ratio of reflection coefficients under
TE and TM wave incidence for different meta-atoms. (a) phase difference.
(b) reflection coefficient.

the metasurface. In order to further verify the characteris-
tic of broadband polarization conversion for the proposed
meta atom, the phase difference Arg(STE11 ) − Arg(STM11 ) and
the ratio of reflection coefficients |STE11 |/|S

TM
11 | under TE

and TM wave incidence for different meta-atoms are shown
in Fig. 4(a)-(b). It can be seen that the phase difference
Arg(STE11 )− Arg(STM11 ) can remain between 180◦ ± 40◦ from
11.2 GHz to 13.2 GHz with different dimensions of meta-
atoms. Especially at 12 GHz, Arg(STE11 )−Arg(STM11 ) remains
about 180◦. Meanwhile, |STE11 |/|S

TM
11 | is maintained between

0.996 and 1.008 from 10 GHz to 14 GHz for different meta-
atoms. Therefore, high-efficiency and broadband polarization
conversion is expected to be achieved. Since most of the
meta-atoms are illuminated obliquely by the feed source, it is
significant to analyze the sensitivity of the meta-atom under
oblique incidence. The reflection phases and amplitudes ver-
sus the length of the metallic dipole ly (or lx) with different
incident angles are shown in Fig. 5(a)-(b). Owing to the good
electromagnetic characteristics of the anisotropic meta-atom,
the reflection phases change slightly at different incident
angles. Therefore, the helical wavefront is constructed under
the circumstance of normal incidence.

IV. OAM FOLDED REFLECTARRAY ANTENNA DESIGN
A. WAVEFRONT PHASE CONSTRUCTION AND
OPTIMIZATION
Due to the good phase manipulation ability of the anisotropic
meta-atom, a high-performance anisotropic metasurface
can be constructed as the main reflector of the FRA to
achieve helical wavefront construction and high-efficiency
cross-polarization conversion. The helical phase distribution

FIGURE 5. Reflection phases and amplitudes versus the length of the
metallic dipole ly (or lx ) under different incident angles. (a) TE wave
incidence. (b) TM wave incidence.

FIGURE 6. Working principle of the anisotropic metasurface.

of the anisotropic metasurface in the orthogonal direction
with eilϕ can be written as

ϕx(i, j) =
2π
λ
× d(i, j)+ l× arctan(

yj
xi
)

ϕy(i, j) =
2π
λ
× d(i, j)+ l× arctan(

yj
xi
)+ π

(4)

where λ is the wavelength at the working frequency, d(i, j) is
the distance between the phase center of the feed source and
meta-atom, and (x i, yj) is the central coordinate of the meta-
atom. The working principle of the anisotropic metasurface
is shown in Fig. 6.

In this article, an anisotropic metasurface with dimen-
sion D = 250 mm (24 × 24 meta-atoms) carrying OAM
mode l = 1 is designed, corresponding to an effective
area of 9.6λ × 9.6λ at the working frequency of 12 GHz.
According to Eq. (4), the desired phase compensation for
each meta-atom on the aperture surface can be calculated.
Ideally, the reflection phases in the orthogonal direction
can be adjusted independently for the anisotropic meta-
atom. However, there is a strong near-field coupling effect
when the meta-atom is at the resonant frequency. When
the length of the metallic dipole changes in the x-direction,
the reflection phases in the y-direction will be distorted.
Similarly, the reflection phases in x-direction will be influ-
enced when the length of the metallic dipole changes at the
y-direction. According to Eq. (3), phase compensation error
between the desired phase and the achieved phase will reduce
the polarization conversion efficiency for the anisotropic
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FIGURE 7. Reflection phases and amplitudes versus the length of the
metallic dipole lx (or ly ) with difference values ly (or lx ) at working
frequency 12 GHz. (a) TE wave incidence. (b) TM wave incidence.

metasurface device. However, the mutual coupling of the
anisotropic meta-atom is always neglected for OAM wave-
front engineering to decrease the efficiency of the metasur-
face device [19], [20]. To analyze the mutual coupling in the
orthogonal direction, the reflection phases of TMwave (or TE
wave) incidence versus lx (or ly) at 12 GHz for different ly
(or lx) are calculated, which are displayed in Fig. 7. It can
be seen that the maximum phase discrepancy is about 54◦ by
varying ly from 1 to 10 mm for different lx , and the maximum
phase discrepancy is about 64◦ by varying lx from 1 to 10 mm
for different ly. Thus, the reflection phases in the orthogonal
direction cannot be adjusted independently for the designed
anisotropic meta-atom.

To weaken the mutual coupling and achieve high preci-
sion helical wavefront construction, an optimization method
called DPPMM is introduced to optimize the phase distribu-
tion on the aperture surface of the anisotropic metasurface.
The optimization fitness function about the minimum phase
compensation error in the orthogonal direction is defined as

1ϕ (i, j) = |ϕx
(
lx , ly

)
− ϕx (i, j) | + |ϕy

(
ly, lx

)
− ϕy (i, j) |

(5)

where 1ϕ (i, j) is the phase compensation error for each
meta-atom, ϕx

(
lx , ly

)
and ϕy

(
ly, lx

)
are the achieved phase

compensation in the x and y-direction respectively, and
ϕx (i, j) and ϕy (i, j) are the desired phase compensation in
the x and y-direction respectively. To search the minimum
1ϕ (i, j) for each meta-atom in the anisotropic metasurface,
two databases were established based on the reflection phases
in Fig. 7. The entire optimization processes for the helical
wavefront construction are shown in Fig. 8.

The 24 × 24 meta-atoms on the aperture surface of
the anisotropic metasurface are optimized in the x and
y-directions to attain the best dimension of lx and ly at the
working frequency of 12 GHz. The desired phase compen-
sation in the orthogonal direction is shown in Fig. 9(a)-(b).
The entire optimization processes were implemented by an
Intel Core i7-8700 CPU costing 824 seconds. The colormap
of the achieved minimum phase compensation error is shown
in Fig. 10(a). It can be seen that the maximum phase com-
pensation error is about 1.8◦ on the whole aperture sur-
face of the metasurface. To further demonstrate the achieved
high-efficiency polarization conversion, the polarization

FIGURE 8. Optimization processes for the helical wavefront construction.

FIGURE 9. Desired phase compensation. (a) desired phase compensation
at the x-direction. (b) desired phase compensation at the y-direction.

conversion efficiency for each meta-atom is calculated.
According to [37], the polarization conversion efficiency η
can be written as

η =
2|
(
Rxx − Ryy

)
/2|2

[|Rxx |2 + |Rxy|2 + |Ryx |2 + |Ryy|2]
(6)

where the cross-polarization coefficients Rxy = Ryx = 0.
The calculated polarization conversion efficiency for each
meta-atom on the aperture surface is shown in Fig. 10(b).
It can be observed that the polarization conversion efficiency
is higher than 0.99 on the whole aperture surface. The mutual
coupling in the orthogonal direction is well suppressed and
high-efficiency polarization conversion is achieved at the
working frequency of 12 GHz.

B. POLARIZATION GATE ARRAY DESIGN
The polarization gate array is the main component of the
FRA, which can be constructed simply by printing metallic
strips on a dielectric substrate. The geometry of the polar-
ization gate array is displayed in Fig. 11(a). The polarization
gate array has a polarization selective effect for the linear
polarization incident wave. The polarization direction of the
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FIGURE 10. Achieved minimum phase compensation error and
polarization conversion efficiency on the aperture surface. (a) achieved
minimum phase compensation error. (b) polarization conversion
efficiency.

FIGURE 11. (a) Geometry of the polarization gate array. (b) reflection
coefficient of the polarization gate array for TE and TM waves incidence.

incident wave parallel to the long edge of the metallic strip
can be reflected, while the polarization direction of the inci-
dent wave vertical to the long edge of the metallic strip
can transmit the polarization gate array without loss. The
performance of the polarization gate array can be improved
by adjusting the width and the gap of the metallic strip. In this
design, metallic strips with a width of w1 = 2 mm and a gap
of w2 = 2 mm are etched on a thickness h3 = 0.508 mm
Arlon DiClad 880 substrate with εr = 2.2 and tanδ = 0.0009.
The reflection coefficient for orthogonal linear polarization
wave incidence is displayed in Fig. 11(b). It can be observed
that the reflection coefficients of the polarization gate array
are about 0 dB for TE wave incidence, while the reflection
coefficients of the polarization gate array are all lower than
−15 dB from 10 GHz to 14 GHz for TM wave incidence.
Excellent polarization selectivity is excepted to be achieved
for the designed polarization gate array.

C. SIMULATION AND MEASUREMENT RESULTS
A 250mm× 250mm FRA consisting of an anisotropic meta-
surface and a polarization gate array is designed to generate
mode l = 1 vortex beams. Four Teflon pillars are employed to
support the metasurface and polarization gate array. A pyra-
midal horn antenna with WR-75 standard waveguide embed-
ded into the metasurface is employed as the feed source.
Compared to the conventional reflectarray, the profile of the
OAM FRA can be decreased by a half. The focal length of
the OAM FRA can be calculated by

F =
D

4tan (α−10dB/2)
(7)

FIGURE 12. Simulation 3-D radiation patterns at the 11 GHz, 12 GHz,
13 GHz, and 13.7 GHz, respectively. (a) simulation co-pol radiation
patterns. (b) simulation cro-pol radiation patterns. (c) simulation phase
patterns.

FIGURE 13. Fabricated OAM FRA and the measurement environment.
(a) fabricated anisotropic metasurface. (b) fabricated polarization gate
array. (c) near-field test. (d) far-field test.

where D is the dimension of the anisotropic metasurface, and
α−10dB is the angle of the −10 dB beamwidth. The focal
diameter ratio (F /D) is set as 0.61 in this design.

In order to validate this design, full-wave simulation is
implemented by CST MWS Studio for the proposed OAM
FRA. The simulated 3-D radiation patterns at 11 GHz,
12 GHz, 13 GHz, and 13.7 GHz are shown in Fig. 12,
respectively. As shown in Fig. 12(a), the co-polarization
(co-pol) radiation patterns all presented amplitude vacuum
at the center from 11 GHz to 13.7 GHz, which is con-
sistent with the characteristics of vortex beam. Moreover,
the simulation radiation gains are higher than 20.9 dBi
in the operating frequency band. Fig. 12(b) presents the
cross-polarization (cro-pol) radiation patterns. Due to the
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FIGURE 14. Near-field measurement phases and amplitudes at the 11 GHz, 12 GHz, 13 GHz, and 13.7 GHz, respectively. (a)-(d) measurement phases.
(e)-(h) measurement amplitudes.

good polarization selectivity of the polarization gate array,
the cro-pol gains are all lower than 2.6 dBi across the wide-
band. The characteristic of high polarization purity is dis-
played for the proposed OAM FRA. According to the phase
patterns in Fig. 12(c), the anti-clockwise helical phase distri-
bution varying from 0◦ to 360◦ can be observed clearly in the
entire band, which corresponds to the characteristics of mode
l = 1 vortex wave and demonstrate the correctness of our
design.

To further verify the design in the experiment, the pro-
posed OAMFRA is fabricated andmeasured. The anisotropic
metasurface and polarization gate array are manufactured by
PCB technology. The feed source is rotated φ = 45◦ around
the z-axis so that the incident electric field is uniformly
distributed in the orthogonal direction. The measurement is
carried out in an anechoic chamber to avoid outside interfer-
ence for the near-field and far-field tests. The fabricatedOAM
FRA and measurement environment are shown in Fig. 13.
Plane scanning is performed to measure the near-field phases
and amplitudes. In this experiment, the area of the scanning
plane is 360 mm × 360 mm, and a test probe is employed to
measure the electric field with a step of 10 mm controlled by
a steppingmotor. The distance between the antenna under test
and the probe is 700 mm. Due to the high polarization purity
of the proposed OAM FRA, the phases and amplitudes of the
electric field in the x-direction are measured. The measured
near-field phases and amplitudes distribution from 11 GHz to
13.7 GHz are presented in Fig. 14. It can be observed that a
clear helical phase distribution varying from 0◦ to 360◦ can be
observed from 11 GHz to 13.7 GHz, which is consistent with
the simulation phase patterns. Meanwhile, a typical circular
distribution with zero amplitude at the center is exhibited in
the entire measurement frequency range, which corresponds
to the amplitude vacuum characteristics of the simulated 3-D

radiation pattern. With the measurement frequency increas-
ing, the measurement phases deteriorate gradually. The main
reasons for this phenomenon are manufacturing tolerance
and phase compensation error increase at high frequency.
Besides, the mode purity of the reflection vortex wave with
different OAM modes is analyzed at the measurement fre-
quencies by using the Discrete Fourier Transform (DFT)
algorithm. According to [38], the mode purity can be
calculated by

P (α) =
1
2π

∫ 2π

0
ψ (ϕ) dϕe−jlϕ (8)

ψ (ϕ) =

+∞∑
−∞

P (α) e−jlϕ (9)

where ψ (ϕ) is the discrete phase values around the cir-
cumstance of the z-axis. The calculated mode purity for the
measurement phases distribution considering mode l =−3 to
3 at 11 GHz, 12 GHz, 13 GHz, and 13.7 GHz are shown
in Fig. 15. It shows that the mode purity of topological
charge l = 1 reaches 96.7% at 12 GHz for the measurement
phase distribution. The high mode purity with mode l = 1 is
achieved at the working frequency of 12 GHz. Moreover,
the mode purity of topological charge l = 1 reaches 85.4%,
77.5%, and 79.8% at 11 GHz, 13 GHz, and 13.7 GHz, respec-
tively for the proposed OAM FRA. It demonstrates that the
broadband OAM wave with high mode purity is generated.

The far-field performance is measured on a rotating plat-
form for the proposed OAM FRA, which is presented
in Fig. 13(d). The measured and simulated radiation patterns
at 11 GHz, 12 GHz, 13 GHz, and 13.7 GHz are displayed
in Fig. 16(a)-(d). It can be seen that the measured radiation
patterns have good agreement with the simulated ones in the
entire frequency band. The measurement radiation patterns
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TABLE 2. Comparisons between the proposed OAM FRA and the previous work.

FIGURE 15. Calculated mode purity of the OAM FRA for the measurement
phases distribution. (a) 11 GHz. (b) 12 GHz. (c) 13 GHz. (d) 13.7 GHz.

show good conical beams, and the cone-angles are about
θ = ±5◦. This corresponds to the characteristics of the mode
l = 1 vortex wave. The measured sidelobe levels (SLLs) are
all lower than −16 dB from 11 GHz to 13.7 GHz. Compared
with the simulation results, the measured SLLs are slightly
increased. Meanwhile, the high polarization purity in the
broadband is presented, which is in linewith our expectations.
The measurement cro-pol levels are all lower than −20 dB
in the broadside direction. Fig. 17(a)-(b) shows that the radi-
ation gain and aperture efficiency vary with the frequency
of the proposed OAM FRA. It can be observed that the
maximum simulation and measurement gains reach 23.9 dBi
and 23.5 dBi, respectively.Moreover, the simulation andmea-
surement aperture efficiencies reach 21.9% and 20.2%. The
main reasons causing the measured radiation performance
deterioration is manufacture and alignment errors for the
designed OAMFRA.Moreover, the proposed OAMFRA has
25% measurement 3-dB gain bandwidth from 10.8 GHz to
13.8 GHz. High efficiency and broadband characteristics are
presented for the proposed OAM antenna.

To further demonstrate the advantage of our work, a com-
parison between some reported OAM generators and the
proposed OAM FRA is shown in Table 2. It can be seen that

FIGURE 16. Simulation and measurement radiation patterns at
(a) 11 GHz, (b) 12 GHz, (c) 13 GHz and (d) 13.7 GHz.

FIGURE 17. Gain and aperture efficiency vary with the frequency.
(a) simulated and measured gain. (b) simulated and measured aperture
efficiency.

our work has a lower profile and higher aperture efficiency
with the same OAM mode l = 1 than the conventional OAM
reflectarray [19], [20]. Compared with [21], the full profile
of our work is effectively reduced and a broader OAM band-
width is presented. Compared with the transmission OAM
metasurface in [22], our work has a broader OAM bandwidth
and lower cost. Moreover, the proposed OAM antenna has a
higher aperture efficiency and broader bandwidth compared
with the same type of FRA [28], [29]. In summary, high
aperture efficiency and good bandwidth characteristics are
presented for the proposed OAM FRA.
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V. CONCLUSION
We developed a novel low profile FRA based on an
anisotropic metasurface to generate high-efficiency and
broadband vortex beams. Aiming to weaken mutual cou-
pling in the orthogonal direction, a DPPMM is proposed
to obtain the optimal dimension of each subwavelength
meta-atom. After optimization, a perfect polarization con-
version efficiency is achieved at the working frequency.
Both the near-field and far-field experimental results demon-
strate good performance of the proposed OAM generator.
The measurement results show that the aperture efficiency
of the proposed antenna is remarkably improved compared
with existing OAM FRAs. Moreover, the measurement OAM
bandwidth and 3-dB gain bandwidth reach 22.5% and 25%,
respectively. Besides, the proposed design method can be
developed to generate arbitrary integer and fractional OAM
modes. Due to the excellent performance of the proposed
OAM FRA, it is promising in various applications in the
future.
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