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Shared aperture metasurface antenna for electromagnetic vortices
generation with different topological charges∗
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Vortex beams carrying orbital angular momentum (OAM) have aroused great interest of both scientific and engi-
neering communities. Encouragingly, generating OAM with different topological charges in a shared aperture is regarded
as a potential route to expanding the communication capacity, which yet is an academic challenging task. In this work,
a paradigm of designing metasurface-based shared aperture antenna for generating polarization-dependent vortex beams
with distinct topological charges is proposed. Anisotropic unit cells that can tailor different resonance phase profiles in
two orthogonal orientations are used to assemble a metasurface reflector. As a proof-of-concept, a planar reflector antenna
is designed with two Vivaldi sources, which can generate x- and y-polarized vortex beams with topological charges of
l = −1 and l = −2, respectively. Both the simulation results and the measurement results are in good agreement, which
demonstrates the feasibility of our design. Significantly, this work provides a new route to achieving vortex beams car-
rying different topological charges in the same frequency band, which may have potential applications in communication
systems.

Keywords: metasurface, electromagnetic vortex, antenna, orbital angular momentum

PACS: 41.20.–q, 41.20.Jb DOI: 10.1088/1674-1056/abe37c

1. Introduction
Nowadays, the spectral efficiency and communication ca-

pacity have already pressed on Shannon limit.[1] Hence, there
is an urgent need to put forward an effective way to solve
the difficulty brought by the huge communication data. In
the past few years, orbital angular momentum (OAM) with
multiple topological charges has been regarded as a poten-
tial technology that attracts great attention due to its anti-jam
capacity.[2–4]

To date, various methods have been demonstrated to
generate OAM, including spiral phase plates,[5–7] spiral
reflectors,[8] antenna arrays,[9,10] etc. With the development
of artificial materials, metasurface has become an alternative
tool to design OAM generator due to the advantages of negligi-
ble thickness and huge manipulation flexibility.[1,2,5,11–22] Un-
fortunately, the mechanism of generating OAM by the afore-
mentioned strategies introduces a twist phase profile. There-
fore, it is hard to achieve vortex beams with versatile topolog-
ical charges in a shared aperture. To solve this problem, the
method of separating the metasurface aperture into multiple
sectors is explored in both light and microwave regions.[16,17]

Nevertheless, this method suffers the drawback of inefficiency
for each mode. Besides, the generated vortex beams can
hardly be received. On the other hand, the strategy of su-
perimposing multi-modes by integrating phase distributions
has been studied.[5] However, the superimposed metasurface
inevitably introduces additional phase noise, which deterio-

rates the overall performance of each OAM mode.[18] Al-
though these efforts successfully integrated OAM with mul-
tiple modes in a metasurface aperture, it is hard to apply to
antennas and wireless propagation systems. To effectively uti-
lize the aperture to generate OAM with different modes, us-
ing anisotropic metasurface is a good alternative that can inde-
pendently manipulate the resonance phases in two orthogonal
polarizations.[23,24]

In this work, we propose a strategy to design the
shared aperture reflector antenna to achieve the polarization-
dependent vortex beams carrying OAM with different topo-
logical charges. Using the cross-shaped anisotropic unit cells,
the phase distribution can be flexibly manipulated into two or-
thogonal polarization states. Sharply different from traditional
reflect-array configuration that can be used only to generate
OAM with a single mode, the proposed strategy provides an
alternative way to achieve electromagnetic vortices carrying
arbitrary two modes. As a proof-of-concept, vortex beams car-
rying topological charges of l = −1 and l = −2 are designed
for x- and y-polarizations, respectively. Two Vivaldi anten-
nas operate as the linearly polarized spot sources, which are
obliquely placed at two offset focal points of metasurface re-
flector. The simulation results and the measurement results
support that the proposed shared aperture antenna can work at
frequencies of 14 GHz–16 GHz. Owing to the distinct modes
of the produced vortex beams, the proposed antenna can be
used as dual-polarized reflector antenna that carries different
topological charges, which can beapplied to communication
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systems.

2. Design principle
The conceptual illustration is depicted in Fig. 1, feed an-

tennas I and II are used to produce x- and y-polarized waves to
enable the reflector antenna to generate the OAM with differ-
ent topological charges.

feed antennas I feed antennas II

metasurface reflector

l/

l/

Fig. 1. Conceptual illustration of proposed shared aperture antenna.

To achieve independent phase responses in x- and y-
polarization directions, we propose a cross-shaped anisotropic
unit cell to assemble the reflector antenna. Topological struc-
ture of the proposed unit cell is presented in Fig. 2(a), a cross-
shaped metallic pattern is etched on a copper-backed F4B
(εr = 2.65, tanδ = 0.001) substrate. The periodical length p is
6.8 mm, and the thickness d is 1.6 mm. The optimized param-
eters are as follows: a= 0.6 mm, b= 0.2 mm, and c= 0.2 mm.

The two arms of cross-shaped unit cell are set to be lx and ly,
respectively. To explain the characteristics of proposed unit
cell in detail, we carry out the simulations by Computer Sim-
ulation Technology (CST) Microwave Studio. The boundary
conditions along x and y axes are set to be “unit cell”, and two
Floquet ports are applied to +z and −z directions.

To control the incidence of x- and y-polarized waves in-
dependently, the key is to reduce the interference between two
arms. Here, to figure out the resonance mechanism of the two
arms, the surface current is monitored. The surface current
distribution of the unit cell under the y-polarized wave at cen-
tral frequency 15 GHz is given in Fig. 2(b). It is observed that
the current intensity is enhanced on the arm along the y axis,
while weaken on the arm along the x axis. This phenomenon
indicates that the arm along the y direction resonates when il-
luminated by the y-polarized incident wave, while the arm in
the x direction is almost non-resonant. Figure 2(c) presents
the co-polarization reflection phase ϕxx and ϕyy under x- and
y-polarized incidences at 15 GHz. A phase shift from −112◦

to −458◦ is acquired for the y-polarized wave when ly varies
from 2.5 mm to 6.5 mm under the y-polarized incidence. The
phase response of the x-polarized wave is nearly stable under
the same circumstance. In addition, the phase range covers
346◦ instead of 360◦. Therefore, we select the unit cells with
phase ranging from 346◦ to 353◦ (fixed at 346◦) and 353◦ to
360◦ (fixed at 0◦) in the metasurface design. Here, it should
be noted that the similar results can be obtained when lx varies
from 2.5 mm to 6.5 mm due to the structural interchangeability
between lx and ly.
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Fig. 2. (a) Topological structure of cross-shaped anisotropic unit cell, (b) surface current distribution under y-polarized wave at 15 GHz, (c) co-
polarization reflection phase under x- and y-polarized incidences (ϕxx and ϕyy), with ly varying from 2.5 mm to 6.5 mm at 15 GHz.
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Fig. 3. Reflection characteristics of proposed unit cell, showing (a) spectrum of amplitude, (b) spectra of phase, (c) amplitudes under oblique incidence,
and (d) phases under oblique incidence.

To intuitively observe the influence of lx and ly on the re-
flection characteristics, figures 3(a) and 3(b) show the spectra
of amplitude and phase of y polarization with lx and ly both
varying from 2.5 mm to 6.5 mm at 15 GHz. Obviously, the re-
flection amplitude is nearly 1, and the phase change can cover
nearly 360◦ which only follows the variation of ly. These re-
sults further manifest the independence between x and y po-
larizations. Similarly, the same results can be acquired under
the incidence of x-polarized wave. Hence, the unit cell has the
capacity of polarization isolation.

To achieve a vortex beam, the key lies in introducing a
transverse cross section of phase coefficient e−ilϕ . Suppose
that the phase difference between two selected points is ∆ϕ ,
and the azimuthal angles of these two points are θ1 and θ2.
Accordingly, the topological charge of l = ∆ϕ/(θ1 − θ2) can
be acquired. To obtain the vortex beam by a reflective meta-
surface, it is important to distort the wave-front of reflection
wave. Therefore, the spiral phase distribution is adopted. In
order to eliminate the phase delay of the spherical wave from
the spot sources and produce vortex beams with different topo-
logical charges, the phase distribution of the metasurface re-
flector must satisfy the equation as follows:

ϕ(x,y) = ϕ0
2π

λ
(
√

x2 + y2 +F2 −F)+ l tan−1(y/x), (1)

where ϕ0 is the reflected phase of the unit cell located at the
origin position, λ is the operating wavelength in free space,
and F is focal length. Besides, l is topological number,
tan−1(y/x) is azimuthal angle, which is related to spiral phase
distribution. Accordingly, the spherical wave-front can be re-

shaped into a plane wave-front with spatial distorted phase
profile. In order to be match with the boundary conditions
of the proposed unit cells, the metasurface aperture is divided
into sixteen sectors to introduce the required spiral phase dis-
tribution.

Owing to the metasurface reflector being fed by spot
sources, the characteristics of unit cell should be stable un-
der oblique incidence. Figures 3(c) and 3(d) depict the simu-
lated amplitude and phase in a frequency range of 13 GHz–
17 GHz under different oblique incident angles. It can be
clearly observed that the amplitude is steady under different
incident angles, while the phase is increased as the incident
angle rises from 0◦ to 50◦. To reduce the influence of oblique
incidence, we compensate for this phase shift when designing
a metasurface reflector.[25] Here, it should be noted that the
phase variation is relatively uniform within a frequency range
of 14 GHz–16 GHz, and the phase compensation works well
in this band. Here, the phase compensation is based on the
phase shift at 15 GHz. The initial phase for compensation is
set to be phase response under the normal incidence. Accord-
ingly, the operating frequency is selected to be in the range of
14 GHz–16 GHz.

3. Configurations and simulations
To verify the performance of proposed shared aperture

antenna, a reflector model consisting of 30×30 unit cells with
a size of 204 mm×204 mm is designed. In order to reduce the
interference of each spot source and avoid blocking the radi-
ated beams, the two spot sources are separately placed at two
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predesigned offset focal points. In this design, the two offset
focal points are arranged above the midpoint of two edges of
the metasurface reflector with a spacing of 150 mm. The po-
sitions of feed antennas are governed by half the power band-
width of the proposed Vivaldi antennas. In our design, half the
power bandwidth is 47◦. Through the careful optimization,
the opening angle between the positions of the feed antennas
and the two edges of the metasurface reflector are both 53◦,
which is slight larger than that in the case for half the power
bandwidth to ensure that most of the radiation energy feeds the
antennas illuminated on the reflector.

According to Eq. (1), the needed phase distribution
ϕ(x, y) of metasurface reflector is superimposed by spatial
parabolic phase gradients and spiral phase gradients. The ini-
tial phase is arranged in the center of parabolic phase distri-
bution (two midpoints of the reflector edges mentioned in the
manuscript). On the other hand, owing to the fact that the am-

plitude of the proposed unit cell is stable and close to 1 under
different incident angles, the influence of amplitude fluctua-
tion can be ignored in the design process of reflector. In the
designing process, the amplitude is regarded as uniform and
equal to 1. Here, topological charges of l = −1 and l = −2
are selected as two examples to design x and y polarizations.
Accordingly, the phase distributions for x and y polarizations
are depicted in Figs. 4(a) and 4(b), respectively. Theoretically,
owing to the compensation for spatial parabolic phase gradi-
ents, the reflective vortex beams will propagate along the nor-
mal direction rather than oblique direction.[22]

The designing process of metasurface reflector is depicted
in Fig. 4(c). According to the calculated phase distributions,
the model of the metasurface reflector along the x and y polar-
izations are respectively assembled by the proposed unit cells
with corresponding length of lx and ly, and then superimposing
into the entire metasurface.

+ =

360O

0O

+ =

x

y

+ =

360O

0O

x polarization

y polarization

(a)

(b)

(c)

model for x polarization model for y polarization suprerimposed model

Fig. 4. Process of achieving phase distribution of metasurface reflector for (a) x polarization with topological charges l = −1, (b) y polarization with
topological charges l =−2, and (c) model of proposed metasurface reflector.

To provide simple linearly polarized feeds with good ra-
diation directionality, two identical Vivaldi antennas are em-
ployed for the metasurface reflector.[26,27] The perspective
view of the Vivaldi antenna is shown in the inset of Fig. 5(a).

Firstly, the performances of the proposed Vivaldi antenna
are simulated by CST microwave studio. Here, the boundary
condition is set to be “open add space”. Figure 5(a) depicts the
simulated S11. It is observed that the S11 of the proposed Vi-
valdi antenna is lower than −10 dB in a frequency range from

12 GHz to 18 GHz, which manifests that the Vivaldi antenna
matches with impedance within this frequency band. In order
to ensure that the angular bandwidth of the radiation beam is fit
for the metasurface reflector, the far-field performance of Vi-
valdi antenna is simulated. Figure 5(b) is the two-dimensional
(2D) far-field pattern in xoz-plane at 15 GHz. The simulation
results indicate that the Vivaldi antenna can radiate the beam
(half the power bandwidth of 47◦ for co-polarized (Co-Pol.)
radiation) at a low cross-polarization (Cross-Pol.) level. Ac-
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cordingly, it can be inferred from Figs. 5(a) and 5(b) that the
proposed Vivaldi antenna is suitable for feed antenna.

By aligning two Vivaldi antennas at the focal points, the
proposed shared aperture antenna is obtained. Here, the far-
field performances are both simulated. The three-dimensional
(3D) far-field results show amplitude null along the propaga-
tion direction, which is as expected due to the spiral phase pro-
file. Figures 6(a)–6(c) illustrate the 3D far-field patterns when
illuminated by feed antenna I (x-polarized waves) at 14 GHz,
15 GHz, and 16 GHz. The realized gains are 17.5 dB, 18.8 dB,
and 19.7 dB with the divergence angles of 13◦, 12◦, and 11◦,
respectively. Figures 6(d)–6(f) are the results under the in-
cidence of feed antenna II (y-polarized waves). The realized
gains are obtained as 18.9 dB, 20.8 dB, and 21.9 dB, with the
divergence angles of 8◦, 8◦, and 7◦, respectively. The center
values (values at the amplitude null) and symmetry character-
istics of the vortex beams can be intuitively observed by the
far-field patterns. For the x-polarized waves, the realized gains
of null amplitude at 14 GHz, 15 GHz, and 16 GHz are 10.4 dB,
11.1 dB, and 10.9 dB, respectively. For the y-polarized waves,
the realized gains of amplitude null at 14 GHz, 15 GHz, and
16 GHz are 0.5 dB, 3.9 dB, and 8.5 dB. It is noticed that the
realized gains of amplitude null are much lower than the max-
imum values of the vortex beam radiations, which manifests
the excellent performances of the generated vortex beams. Be-
sides, the radiations of vortex beams are basically symmetri-

cal. The slight deviations can be attributed to the offset posi-
tions of feed antennas.
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4. Experimental verification

To experimentally validate the feasibility of this design,

we first fabricate a prototype of metasurface reflector by low-

cost printed circuit board (PCB) technology and then assemble
two samples of Vivaldi antenna. The total size of metasur-
face reflector is 204 mm×204 mm. The prototype is shown in
Fig. 7(a) with the inset of unit cells. For the convenience of
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experimental operation, the Vivaldi antennas are fixed at the
predesigned position by rigid foams. The permittivity of the
foams is nearly 1, which is negligible in the measurements.
All the experiments are carried out in the microwave anechoic
chambers to minimize the reflection from surroundings.

First of all, S11 of the proposed shared aperture antenna
is measured. Both the simulated and measured S11 are pre-
sented in Fig. 7(b). It is obvious that the measured S11 is lower
than −10 dB in a frequency range of 14 GHz–16 GHz, which

is consistent with the simulation results, indicating that the

impedances are matched in the frequency range of 14 GHz–

16 GHz. The setup of far-field measurement is depicted in

Fig. 7(c). In the measurements, the proposed shared aperture

antenna works as a transmitted antenna. The prototype is fixed

on a turntable, which can rotate 360◦ in the horizontal plane.

A standard horn antenna is placed 5m away from the prototype

serving as a receiving antenna.
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Fig. 7. (a) Reflector and feed antennas, (b) S11 of the proposed shared aperture antenna, (c) setup for far-field measurement, and (d) setup for near-field
measurement.
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The 2D far-field results at 14 GHz, 15 GHz, and 16 GHz
are illustrated in Fig. 8. Figures 8(a)–8(c) show the results un-
der x-polarized incidence (l =−1) in xoz-plane. Figures 8(d)–
8(f) display the results under y-polarized incidence (l = −2)
in the yoz-plane. Clearly, the measurement results are in
good agreement with simulations. The slight discrepancies be-
tween measurement results and simulation results are mainly
attributed to the quasi-far-field condition (2D2/λ , where D =

204 mm is the diameter of antenna aperture, λ = 20 mm is the
operating wave-length) in the measurement.

Furthermore, to intuitively validate the performance of

OAM generation, the simulation results and measurement re-
sults of near-field distributions are compared in Fig. 9. The
observed plane is parallel to the xoy-plane 200-mm away from
the metasurface reflector. The near-field scanning technique is
used to detect the phase distributions of electric fields. The ex-
perimental setup is shown in Fig. 7(d), in which the scanning
probe is placed 200-mm away from the metasurface reflec-
tor and the scanning plane parallel to the metasurface reflector
with a size of 200 mm×200 mm. Here, the scanning step is
selected to be 1 mm.
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Fig. 9. Near-field results of phase distributions: (a)–(c) simulation results of Ex-component at 14 GHz, 15 GHz, and 16 GHz; (d)–(f) measurement results
of Ex-component at 14 GHz, 15 GHz, and 16 GHz; (g)–(i) simulation results of Ey-component at 14 GHz, 15 GHz, and 16 GHz; (j)–(l) measurement
results of Ey-component at 14 GHz, 15 GHz, and 16 GHz.
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Figures 9(a)–9(c) and 9(d)–9(f) show the comparisons
among the phase distributions of Ex-component under the il-
luminating of feed antenna I (x-polarized waves) at 14 GHz,
15 GHz, and 16 GHz. On the other hand, figures 9(g)–9(i) and
9(j)–9(l) display the comparisons among the phase distribu-
tions of Ey-component under the illuminating of feed antenna
II (y-polarized waves) at the same frequencies. It is observed
that the phase distributions in Figs. 9(a)–9(c) and Figs. 9(d)–
9(f) spirally cover 360◦ in the cutting-plane, while the phase
distributions cover 720◦ in Figs. 7(g)–7(i) and 7(j)–7(l). Ac-
cordingly, the good agreement between simulation results and
measurement results manifests that the OAM with topological
charges l = −1 and l = −2 is achieved in different polariza-
tion states. The differences between measured and simulated
near-field distributions can be attributed to the following rea-
sons: the uncertainty in the welding process for feed antenna
fabrication, the drift of dielectric parameter, and the misalign-
ment between feed antennas and reflectors. These mentioned
errors may be mitigated through optimizing the fabrication and
experimental setup in our futureresearch.

In addition, it is noteworthy that the OAM modes gen-
erated by the proposed strategy are not limited to l = −1 or
l = −2, but OAM has arbitrary topological charges. Accord-
ing to the mechanism of generating vortex beams, topological
charges l can be acquired by rotating the phase distribution
2πl. Here, l = −1 and l = −2 are just designed as two ex-
amples, the OAM with other topological chargers are not de-
signed in this paper for brevity.

5. Conclusions
In this work, we propose an effective strategy to design

the shared aperture antennas of generating OAM with different
topological charges that are dependent on polarization states.
As a proof-of-concept, a metasurface reflector antenna that can
generate OAM with topological charges l = −1 and l = −2
is designed and fabricated. The performances of this design
are verified numerically and experimentally. Both the simula-
tion results and the experimental results are in good agreement
with each other and validate the feasibility of our strategy, in-
dicating good performances of the designed shared aperture
antenna. The proposed strategy provides a novel route to de-

signing the shared aperture antenna of generating the vortex
beams, which may have applications in the communication
systems.
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