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ABSTRACT In this paper, we propose a polarization insensitive metasurface to generate broadband vortex
beams with narrow divergence angle. The metasurface is composed of 30 x 30 I-shaped metal elements
printed on the F4B substrate with metal ground plane. The wideband is realized by optimizing the parameters
of I-shaped unit cell to adjust the resonant frequency. A 360° phase range is achieved by rotating the element
along the central axis. The phase superposition method is used to design the metasurface to generate vortex
beams with narrow divergence angle. The proposed metasurface can generate broadband vortex beams under
circular polarization (CP) and linear polarization (LP) wave excitation. The far-field radiation patterns and
near-field characteristics of the metasurface are simulated to verify the proposed design. The gain of vortex
beams is better than 15 dBi within 12-20 GHz (relative bandwidth of 50%), and the maximum gains are
23.2 dBi, 25.3 dBi for CP and LP cases, respectively. The broadband metasurface is fabricated and measured,
and the measured results agreed well with the simulated ones. The proposed design provides a convenient
and flexible way to realize broadband vortex beams with narrow divergence angle.

INDEX TERMS Metasurface, orbital angular momentum (OAM), vortex beam, polarization insensitive,

narrow divergence angle.

I. INTRODUCTION

In recent decades, vortex beams have become a research
hotspot owing to their spiral phase front carrying orbital
angular momentum (OAM) [1]-[6]. The OAM waves have
demonstrated to improve the spectrum efficiency and com-
munication capacity by its theoretically infinite number of
non-interfering orthogonal channel with different modes
[71, [8]. Therefore, it is very critical to find an efficient
method for realizing vortex beams. In 2007, Thide proposed
the concept of electromagnetic (EM) vortex, and used an
antenna array to generate vortex waves in the radio fre-
quency domain [9]. After that, various ways have been
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proposed to produce vortex beams in the fields of radio fre-
quency communication, such as spiral reflectors [10], antenna
array [11]-[13], and circular traveling-wave antenna [14].
Although these conventional methods can generate vortex
beams successfully, the performance of high gains and the
simplicity of the design need to be further improved. In 2011,
Yu et al. firstly proposed and used metasurface with V-shaped
array to generate vortex beams [15], and Cui et al. proposed
the concept of digital coding metasurface in 2014 [16], [17].
Both methods can be applied to generate vortex beams easily
and efficiently.

Recently, metasurfaces have made remarkable progress
in generating electromagnetic vortex beams [18]-[25].
In [26]-[29], single-layer or multi-layer metasurfaces
are designed by varying the structural parameters of
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meta-atom patch to generate narrowband vortex waves.
Besides, the broadband vortex waves were obtained
by Pancharatnam-Berry (PB) metasurfaces in [30]-[33].
Although these designs can successfully realize perfect vor-
tex beams, they are only suitable for LP or CP waves inci-
dence. Xu and Liu et al. proposed a dual-layer metasurface
using PB cells to generate vortex beams, which can be
adapted for LP and CP waves [34]. Nevertheless, the above
metasurface limits its application in vortex communication
due to its multilayer design and large divergence angle.
Therefore, it is highly demanded to seek a single-layer polar-
ization insensitive metasurface to achieve broadband vortex
beam with narrow divergence angle.

In this paper, a single-layer metasurface for generating
wideband vortex beams is proposed by employing I-shaped
unit cells. A complete 360° reflection phase range can be
realized by rotating the meta-atom. The unit cells are arranged
to build a metasurface according to the superposed phase
distribution. Finally, a prototype is fabricated and measured.
Both simulated and measured results confirm the feasibility
of the design. The proposed vortex beam metasurface has
the following advantages: 1) the design can realize wideband
vortex beam from 12 GHz to 20 GHz (relative bandwidth
of 50%), 2) the metasurface can generate narrow divergence
angle vortex beam with high gain that is better than 15 dBi
in the working band, 3) the design is applicable to both CP
and LP wave excitations, which provides a flexible way to
generate OAM beams.

Il. BROADBAND META-ATOM DESIGN

For a reflective metal-atom under Cartesian coordinate sys-
tem, as shown in Fig. 1, the reflection parameters with a
rotation angle ¢ under CP wave-s incidence can be expressed
as follows:

r = %[(rxx —ryy) —J (rey + 1) 172 (la)
rRR = %[(rxx — ryy) +J (ray + 1) 162 (1b)
ik = 31(rec+ )+ (g )] (10)
i = 3+ ) = (rey = 7] (1d)

In equation (1), rrz,rrr are the co-polarized reflection
coefficients and rrg, rgy are the cross-polarized reflection

(@ ~Y (b)

FIGURE 1. Reflective metal-atom in (a) xyz coordinates and
(b) coordinates with a rotation angle ®.
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coefficients under normal CP wave incidence. Theoretically,
when |ry| & |ny| &~ 1, and re & 1y, ~ 0, no phase
difference exists between the two cross-polarized reflection
waves, which means that the 100% effective reflective PB
phase can be obtained.

To broaden the working bandwidth, the phase response
curves of the designed meta-atom should have similar slopes
at different frequencies within a frequency range, and it can
be written as:

99 (L,L) _d¢(L,L) _ d¢p(L,L)
afmin afl 8fmax

Therein, f,i, and fpqe are the upper and lower limits of
the working bandwidth respectively, and f; is the value of
arbitrary frequency within the broadband. The ¢(L, L) is the
reflection phase under the normal incidence of the LCP wave,
and the expression also satisfies the condition of the RCP
wave incidence. In addition, the meta-atoms with different
rotation angles need to have the same reflection amplitude.

Based on the above theory, a reflective meta-atom is
designed to realize all the mathematical characteristics in
a certain frequency bandwidth. The proposed unit cell is
composed of I-shaped metal patch printed on the dielectric
layer F4B (&, = 2.65, tano = 0.001) with the metal ground,
as shown in Fig. 2(a). In addition, the structural parameters
of each unit cell are as follows, p;, = py = 8 mm, b = 4 mm,
a = 3.2mm, h = 3 mm. The continuous phase distribution
from 0° to 360° can be obtained by varying the angle between
the element and the central axis.

The electromagnetic parameters of meta-atom are inves-
tigated in CST microwave studio, which are shown in Figs.
2(b)-2(f). In Fig. 2(b), the cross-polarized reflection coeftfi-
cients are approximately equal to 1 (|r,,| ~ [ry,| ~ 1) and
co-polarized reflective amplitudes are lower than 0.2 (|| &~
|ryy| < 0.2) under x- or y-polarized waves incidence. Fig. 2(c)
shows the co-polarized and cross-polarized reflection coef-
ficients under normal incidence with left circular polariza-
tion (LCP) wave. The former coefficient is higher than 0.95
(lrzzl > 0.95), and the latter coefficient is suppressed
below 0.2 (|rp.| < 0.2). Without considering the aperture
efficiency, the working efficiency can be calculated as
N =2|(|ry[+|r) /2|2/[|rxx|2+|’”yy|2 + [ [* 4+ |”)’X|2]’
which is higher than 95% from 11 GHz to 21 GHz. Fig. 2(d)
shows the reflection amplitude and phase of I-shaped metal
structures with different rotation angles. We can see that
the phase shift of a reflective wave is twice the rotation
angle. Figs. 2(e) and (f) show the reflection amplitude and
phase under LCP wave incidence with different incident
angle. In Fig. 2(e), the reflection amplitude is better than
0.95 under the incident angle increase from 0° to 40° within
12 GHz-20 GHz. In Fig. 2(f), the reflection phase change in a
little range under incident angle within 0°-30°, and the phase
sharply increases when the incidence angle is up to 40°. The
stability of the incidence angle within 0°-30° fully meets our
design requirement.
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FIGURE 2. Numerically calculated EM response of the proposed element.
(a) Topology of the unit cell. (b) Reflection coefficients under x- and
y-polarized incidence. (c) Reflection coefficients under left circular
polarization (LCP) excitation and the efficiency. (d) Reflection amplitude
and phase for elements with different rotation angles under LCP
incidence. (e) Normalized amplitude in different incident angle. (f) Phase
in different incident angle.

Ill. VORTEX BEAMS METASURFACE DESIGN

In theory, the metasurface with vortex phase distribution can
easily generate vortex beams under plane waves incidence.
The vortex phase distribution can be written as:

@1 (x,y) = tan (;%) 3)

where [ is the OAM mode number of phase singularity, also
called topological charge. The metasurface is designed in this
paper to generate the vortex beam with [ = 1.

The feed antenna radiates EM waves with spherical wave-
front, which cannot meet the incidence condition of metasur-
face with the vortex phase distribution. Hence, it is necessary
to combine the focusing phase distribution to convert spheri-
cal waves into spiral wavefront. The required focusing phase
function can be expressed as:

wz(x,}’)=27n<\/F2+x2+y2—F> “4)

where x, y are spatial coordinates, A is the wave length, and F
is the focus length which can be chosen freely and arbitrarily.
In our design, it is set as F = 275 mm to generate perfect
vortex beams.

Thus, the total phase formula is expressed as follows:

Gror (X, ¥) = @1 (x,y) + 2 (x,y) 5)

The spiral wavefront can be obtained by the metasurface
with total phase distribution. In addition, vortex beams with
narrow divergence angle can be generated theoretically.

218064
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FIGURE 3. Calculating the phase distribution of the reflective
metasurface. (a) vortex phase distribution, (b) focusing phase
distribution, and (c) total phase distribution.

Figs. 3(a), (b), and (c) show the phase distribution of vortex,
focusing and superimposing respectively.

According to the total phase distribution, the I-shaped unit
cells are arranged to design a square aperture metasurface
with the size of 240 mmx240 mm. The metasurface can
generate vortex beams with narrow divergence angle, and will
produce vortex wave of mode [ = 1 under CP or LP waves
incidence. The schematic model of the polarization insensi-
tive metasurface is as shown in Fig. 4. In order to implement
the proposed metasurface to generate vortex beams, a self-
made axial mode helical antenna and rectangular waveguide
antenna is adopted as LP and LCP feed source. The distance
between the phase center of the feed antenna and metasurface
aperture is 275 mm. Moreover, perfect vortex beams can be
generated under LP or CP wave illumination without replac-
ing the metasurface.

=

8

: Reflection wave

: LP or LCP feed antenna

: Incident wave

: Polarization insensitive metasurface

FIGURE 4. Schematic of the polarization insensitive metasurface for
generating vortex waves.

IV. RESULTS AND DISCUSSION

A. SIMULATED RESULTS

To verify the effect of phase superposition method on reduc-
ing the beam divergence angle, the comparison between
metasurface(M1) with only vortex phase distribution and
metasurface(M2) with both vortex phase distribution and
focusing phase distribution is performed under the inci-
dence of LCP and LP waves. The corresponding 3D far-
field patterns for LCP case at 16GHz are illustrated in
Figs. 5(c) and (d), respectively. In Fig. 5(c), M1 generates
vortex beams with scattered profile, which is hard to be
received in practical application. This phenomenon is caused
by the transverse vector of EM waves emitted by the
feed antenna [32]. As for M2, a vortex beam with narrow
divergence is obtained, as shown in Fig. 5(d). Intuitively,
the divergence angle of the vortex beam is also reduced.
The 3D far-field patterns of vortex beam reflected from
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FIGURE 5. Proposed metasurfaces and their 3D far-field radiation
patterns. (a) Metasurface (M1) with vortex phase distribution.

(b) Metasurface (M2) with superposition phase distribution. (c), (d) 3D
far-field radiation patterns of M1 and M2 under LCP waves incidence.
(e), (f) 3D far-field radiation patterns of M1 and M2 under LP waves
incidence.
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FIGURE 6. Numerical calculated far-field radiation patterns and E-field
characteristics under normal excitation of LCP wave. (a) 3D far-field
patterns at different frequencies. (b) Re(Ex) and (c) phase distributions
from 12 GHz to 20 GHz in a step of 2 GHz.

M1 and M2 under LP wave incidence are presented in
Figs. 5(e) and (f), respectively. In Fig. 5(f), a narrow vortex
beam is obtained, and its divergence angle is smaller than that
of the vortex beam in Fig. 5(e). These phenomena indicate
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that the focusing phase distribution effectively offsets the
transverse vector to reduce divergence angle of vortex beams.

The far-field and near-field characteristics under LCP and
LP waves incidence was presented, respectively. Fig. 6 shows
the total 3D far-field radiation patterns and E-field charac-
teristics at 12 GHz, 14 GHz, 16 GHz, 18 GHz, 20 GHz
under LCP waves incidence. It is clear from Fig. 6(a) that
the radiation energy is distributed around the beam and is
extremely low in the normal direction, which is completely
in line with the feature of an ideal vortex beam. The gain
of vortex beams is better than 15 dBi within 10-20 GHz.
Figs. 6 (b) and (c) show the simulation results of Re(Ex) and
its phase distribution on the observed plane parallel to the
metasurface under the excitation of the LCP feed antenna. All
of the phase change once from 0° to 360°, which illustrated
that the vortex beam carries OAM with [ = 1.

In addition, a metasurface carrying the vortex phase
distribution can generate similar LHCP and RHCP pat-
terns under LP plane wave incidence, which are illus-
trated in Figs. 7 (a) and (b). This is quite physical because
any LP wave with an arbitrary angle can be decomposed
into an RHCP and an LHCP wave with equal magnitude.
Figs. 7(c) and (d) clearly show that the magnitudes of RHCP
and LHCP pattern from the proposed metasurface under nor-
mal incidence of LP feed antenna. The LHCP wave shows
a doughnut-shaped intensity, which is consistent with the
characteristics of vortex beam. The magnitude of RHCP com-
ponent is so low that will not affect the OAM beam formation.
In other words, the positive focusing phase is superimposed
on the vortex metasurface, which compensates for the LHCP

Metasurface absE(LHCP) absE(RHCP)

(@ LP plane
wave incidence

(@ LP feed

@LP feed

FIGURE 7. 3D far-field radiation patterns of metasurfaces with different
phase distributions at 16GHz. (a) 3D radiation pattern of LHCP wave, and
(b) RHCP wave generated by a metasurface with the vortex phase
distribution under LP plane waves incidence. (c) 3D far-field pattern of
LHCP wave, and (d) RHCP wave realized by a metasurface of phase
distribution of ¢ = ¢1 + ¢2, and (e) 3D far-field pattern of LHCP wave,
and (f) RHCP wave realized by a metasurface of phase distribution

¢— = ¢1 — ¢2 under LP feed antenna excitation.
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waves to generate ideal vortex beam and reduces the interfer-
ence of the RHCP waves.

On the contrary, the metasurface generates a RHCP vor-
tex beam and a very low radiation energy LHCP wave.
The corresponding 3D radiation patterns are illustrated in
Fig. 7(e) and (f).

As shown in Fig. 8, simulated results about far-field and
near-field characteristics for LP case are listed to demon-
strate the validity of proposed metesurface. Fig. 8(a) lists 3D
radiation patterns of far-field at 12 GHz, 14 GHz, 16 GHz,
18 GHz, 20 GHz, which show the typical characteristics of
the perfect vortex beam. The center of the beam is hollow,
indicating that the radiation energy in the normal direction is
extremely low. The Re(E,) and phase distributions are similar
to the LCP case, as shown in Figs. 8(b) and (c). The phase
is consistent with the phase variation of the vortex beam
with [ = 1. These phenomena demonstrate the proposed
metasurface can generate vortex beams with the OAM under
LP waves incidence.

(@) absE (M) Re(Ex) ©  ¢x
S TN
g \V )
®
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FIGURE 8. Simulated 3D far-field and near-field characteristics under
normal incidence of LP wave. (a) 3D radiation patterns at different
frequencies. (b) Re(Ex) and (c) phase distributions from 12 GHz to 20 GHz
in a step of 2 GHz.
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B. EXPERIMENTAL RESULTS

For experimental verification of the proposed design, a meta-
surface is fabricated using a printed circuit board (PCB)
process. The size of the metasurface is 240 mm x 240 mm
and consists of a 30 x 30 meta-atoms. Fig. 9 shows the
experimental setup to measure the 2D far-field patterns in the
microwave anechoic chamber. The feed antenna and sample
of the proposed metasurface are shown in Figs. 9(b) and (c).
The waveguide antenna is used as the linear polarization feed
of the system. And the feed antenna is 275 mm apart from the
proposed metasurface, which are fixed on the foam platform
that can rotate around its central axis. The standard horn
antenna is placed inside the red box in Fig. 9(d) and used as
areceiving antenna to connect to the vector network analyzer
to record the far-field information. The distance between
the feed antenna and the receiving antenna is longer than
15 m. The center of the feed antenna, the receiving antenna
and the metasurface are aligned to ensure the accuracy of
measurement. Fig.9 (e) shows the schematic diagram of the
experimental setup for better understanding how the resulting
beam is measured.

The comparison between the experimental and simulated
normalized 2D radiation pattern at 12 GHz, 14 GHz, 15 GHz,
16 GHz, 17 GHz, 18 GHz, which are shown in the Fig. 10.
It can be clearly seen that a distinct amplitude null of vortex
beams at & = 0° from 12 GHz to 18 GHz. This phenomenon
is consistent with the 3D far-field radiation patterns. This is
complete to demonstrate that vortex beams are generated by
the proposed metasurface under LP antenna incidence. The
valley bottom is lower than —15 dB within 12-18 GHz, and
the gain at normal direction is about —25.3 dB at 16 GHz.

Moreover, the divergence angles of vortex beams are 16°,
12°, 10°, 11°, 8°, 9° at 12 GHz, 14 GHz, 15 GHz, 16 GHz,
17 GHz, 18 GHz, respectively. The slight difference between

Vector
Network
analyzer

>15m
Polarization
h Insensitive
275mm Metasurface
Waveguide
antenna

Standard
horn antenna

(e)

FIGURE 9. Experimental setup to measure the far fields of the fabricated
metasurface. (a)The transmitting end. (b) The waveguide antenna as the
feed source of the metasurface. (c) A zoom-in view of the sample. (d) The
far view of the receiving end. (e) The schematic diagram of the
experimental setup.
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FIGURE 10. Comparison of simulated and measured 2D radiation
patterns at xoz plane at the frequency range of 12-18 GHz.

simulated and measured curves is likely due to the measure-
ment error and the deviation of the phase center.

V. CONCLUSION

In summary, we proposed a polarization insensitive metasur-
face using single-layer I-shaped elements to generate broad-
band vortex beam with narrow divergence angle. The phase
superposition method is applied in the metasurface design to
reduce the divergence angle of vortex beam. The proposed
metasurface is composed of 30 x 30 reflective unit cells,
which is not only suitable for LP wave excitation, but also for
the CP wave incidence. The gain at normal direction is better
than 15 dBi from 12 GHz to 20 GHz, and the maximum gain
reaches 25.3 dBi and 23.2 dBi for LP and CP, respectively.
A prototype is fabricated and tested, and the measured results
are in good agreement with the simulation ones. The proposed
design provides a flexible way to generate broadband and
high gain vortex beams, which is important for increasing the
wireless communication capacity.
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