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In this paper, we proposed a reflective metasurface which controls the phase
delay of the electromagnetic (EM) wave through geometric phase manipulation.
By coding the metasurface unit cells in different orientation angles, an orbital
angular momentum (OAM) wave can be obtained through the metasurface
reflection. A broadband reflective OAM wave with mode [ = -1 was
demonstrated which was experimentally observed from 83 GHz to
11.6 GHz. The mode spectrum of OAM wave was analyzed and the spectrum
weight was about 0.82 through numerical calculation and about 0.47 through
experimental measurement for the mode [ = -1. The realization of this
broadband OAM wave has the potential application to improve the OAM
wave based communication capacity.
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Introduction

With the rapid development of wireless communication technology, the fifth or
sixth generation of mobile communication has been highly desired, which leads to the
increasing shortage of wireless spectrum resources. While traditional approaches, such
as time division multiplexing, frequency division multiplexing, spatial division
multiplexing and other technologies are difficult to increase the utilization of
spectrum resources, how to further improve communication system capacity has
attracted the researchers focus in recent years. As the essential element of the
communication system, electromagnetic (EM) wave carries not only radiation
energy but also linear and angular momentum. The angular momentum can be
further subdivided into spin angular momentum (SAM) and orbital angular
momentum (OAM). As early as 1909, Poynting theoretically predicted the existence
of angular momentum for circularly polarized light [1]. In 1936, Beth derived that a
polarized light moment applied on a birefringence plate can change its polarization
state, and experimentally verified [2] that there would be a SAM for circularly polarized
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light. In 1989, Coullet et al. observed a phenomenon similar to
superfluid vortex in laser cavities with large Fresnel numbers,
and raise the optical vortex concept [3]. Until 1992, Allen et al.
found the existence of OAM in Laguerre-Gaussian (LG) beam,
and proposed the definition of OAM, indicating that there is an
independent azimuthal factor exp (-ilp) for the amplitude of
the LG beam, where [ is the topological charge or the azimuthal
mode number, and ¢ is the azimuthal angle [4]. The wavefront
phase of the vortex electromagnetic wave shows a spiral
distribution. Theoretically, the OAM can take any value to
represent the vortex wave mode at any frequency. Different
modes of vortex wave are mutually orthogonal and do not
interfere, which therefore realizes a new physical degree of
freedom to improve the wireless communication capacity.
With the exploration of vortex electromagnetic wave in the
wireless communication system, it has become a research hotspot
to efficiently generate vortex electromagnetic wave research in
the
electromagnetic waves are mainly through spiral phase plate

recent years. Traditionally, generation of vortex
(SPP), antenna or antenna array. SPP was proposed in early
years to generate orbital angular momentum [5,6]. In 1996,
Turnbull et al. successfully demonstrate the OAM wave
through the SPP working in the millimeter-wave frequency
band [7]. In 2012, Mahmouli et al. generated OAM beams at
60 GHz frequencies using SPPs and were successfully applied to
the signal transmission [8]. A single antenna is relatively simple to
design, and the vortex phase can be obtained by radiating out the
helical phase. However, the vortex electromagnetic wave obtained
by this method often has small gain, narrow bandwidth and large
divergence angle, which is not easy to transmit [9-12]. The
antenna array arranges an array of traditional antennas to
directly generate the vortex electromagnetic beam through a
well designed feeding system [13-16]. The system specifies
different radiation phases to each radiation element to achieve
desired OAM mode. In 2015, Mari et al. implemented vortex
electromagnetic waves with OAM of | = 1 using a parabolic
antenna, which works at 17.2 GHz and verified its near-field
performance [9]. In 2020, Cui and Feng utilized spoof surface
plasmon polaritons (SSPP) to realize vortex waves with different
SSPP modes at different frequencies, and experimentally verified
their near and far field characteristics [10,11]. The antennas or
antenna array successfully realize the OAM beam, however, the
size of the antennas is relatively large and with a high cost.
Meanwhile, the research of vortex electromagnetic wave based
on circular antenna array is also carried out. In 2014, Bai et al.
designed a circular phased antenna array that produces five modes
of OAM radio beams at 10 GHz from a metal patch and a feed
network [13]. In 2017, Deng et al. used the same principle to
generate a vortex electromagnetic wave [15] with eight OAM
modes near 1.9 GHz.

In 2011, Yu et al. first designed the metasurface consisting of
the V-shaped structure and proposed the design principle of the
metasurface. Later he successfully realized the vortex beam in the
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optical frequency band, which provided a simple and effective
way to use the metasurface to manipulate electromagnetic waves
[17]. Compared with the SPP, antenna or antenna array
introduced above, the metasurfaces have the advantages of
low thickness, simple design and low cost, which are favored
by researchers. Generally, there are two methods to generate
vortex electromagnetic waves based on metasurfaces, namely
structure parameter transformation method and geometric phase
method. The the
electromagnetic wave wavefront phase by changing the

former one obtains desired  vortex
structure parameters or shape of the metasurface unit, which
is applicable to generate a linear polarizing vortex wave. The
latter method obtains the spiral wavefront phase of the vortex
electromagnetic wave by rotating the central axis of the
metasurface cell structure, which is applicable to generate a
circularly polarized vortex wave.

Based on the structural parameter method, the researchers have
achieved fruitful results [18-21]. In 2016, Yu et al. designed a vortex
metasurface using a three-oscillator antenna to realize the vortex
electromagnetic wave [22] at the 5.8 GHz frequency. Later, Wang
et al. proposed a concept of smooth dispersion metasurface, and
realized the working bandwidth of the vortex wave metasurface
broadening [23] through the bow structure. In 2019, Huang et al.
used the double ring structure to design the vortex metasurface,
which works under both x polarization and y polarization
electromagnetic waves, providing a possibility the vortex wave
polarization multiplexing communication [24] In the same time,
Akram et al designed broadband vortex metasurfaces to improve
the purity of OAM, and experimentally verified the theory of [25].
The research of generating the vortex electromagnetic wave based
on the geometric phase method is also being carried out. The unit
cell of the metasurface is rotated at different angles, and the phase
obtained after the rotation is twice the rotation angle, so the phase
of the vortex wave can be obtained without changing the structural
parameters. In addition, all the rotating unit structures, with the
same  dispersion  characteristics, can generate  vortex
electromagnetic waves with broadband characteristics. In 2017,
Xu et al. used double-layer orthogonal polymetallic strips as the
broadband vortex

electromagnetic wave [26]. The metasurface is polarization-

metasurface unit cell to achieve the

insensitive, but the divergence angle of the vortex waves is
divergent and detrimental to propagation. In 2018 and 2019,
Ran et al. and Wang He et al. introduced the focused phase
into the vortex metasurface design, which successfully realized
the focused vortex beam [27,28] by using the two-arrow
structure and the Z-type unit structure design, respectively. In a
summary, metasurfaces can realize the OAM beam at low cost with
small sized designs, and are able to control the OAM beam much
more flexibly. However, above work usually demonstrated the
OAM beam at only a single frequency. To improve the
utilization of the OAM in the communication field, in this
paper, we designed a reflective metasurface consisting of new
Z-shaped unit cells and realized a broadband OAM beam.
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(A) The top view and (B) the side view of the designed unit cell; (C) the reflective amplitude and (D) the phase delay of the unit cell at different

oriented angles.

TABLE 1 Cross polarized phase delay of different coded unit cell at different frequency.

unit
cell

Rotate angle 6 0° 22.5° 45°
Frequency phase code 000 001 010
8 GHz 0 45.66° 89.05°
10 GHz 0 45.53° 89.74°
12 GHz 0 44.8° 89.94°

Data and methods

The designed metasurface for the OAM beam generation
consists of unit cells with a Z-shaped metallic structure on the top
of a substrate as shown in Figure 1A. A metal layer is covered at
the backside of the substrate which couples with the Z-shape
structure, the side view of which is depicted in Figure 1B. Two
short arms are designed at the two ends of the Z-shape to provide
more flexible control on the amplitude and phase delay of the
reflective beam by optimizing the dimensions of the two arms.
The final designed size of the unit cell is labeled in Figure 1A. The
arm length and height of the Z-shaped structure are 3.25 and
4.00 mm, the length of the short arms on the two ends of the
Z-shaped structure is 4.00 mm, and the width of the shape is
1.5 mm. The lattice constant of unit cell is 12 x 12 mm. The phase
control of the unit cell on the incident EM wave is based on the
geometric phase principle, which induces a phase delay of the EM
wave depending on the geometric orientation angle of the unit
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136.29°
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90° 112.5° 135° 157.5°
100 101 110 111
179.97° 225.44° 269.05° 314.8°
179.98° 225.5° 269.73° 315.22°
180.15° 225.14° 269.91° 316.28°

cell. The metasurface is modelled using Microwave Studio of
Computer Simulation Technology (CST) in periodic boundary
condition. The substrate of the metasurface is made of FR4 with
permittivity of 4.3 and thickness of 1.6 mm. The Z-shaped
structure and the metal layer at the backside of the substrate
are made of copper with conductance of 5.8 x 107 S/m. A left
circularly polarized plane wave is normally incident on the
metasurface and the cross-polarized reflective spectrum of the
EM wave are numerically analyzed from 4 GHz to 18 GHz range.
Figures 1C,D plot the simulated amplitude and the phase delay of
the reflective spectrum at different unit cell orientation angle 6.
As 6 changes from 0° to 157.5° with step size of 22.5%, the cross
polarized reflective amplitude R keeps almost the same at
different 6 in the investigated frequency range, while the
phase delay changes linearly with 6 and the change can be up
to 360° as 0 increases by 180°. Therefore, it is possible to control
the wave front reflective EM beam by simply setting the rotated
angle of the unit cell at a specific spatial position.
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(A) The illustration of unit cell array pattern and (B) the coding arrangement of the metasurface; (C) the fabricated metasurface on the PCB.

FIGURE 3
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(A—C) The amplitude distribution and (D—F) the phase delay distribution and (G-I) the OAM spectrum of the simulated reflect wave at 8 GHz,

10 GHz and 12 GHz, respectively.

To generate a reflective vortex beam, the unit cells are
patterned so that the phase delay at each unit cell spatial
position increases linearly with the position’s azimuth angle,
and finally increases by integer times of 360° when the azimuth
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angle increases by 180°. Here we demonstrated a vortex beam
with mode [ = -1, so the phase delay change increases by 360° in
one circle around of the center of the metasurface. Due to the
discontinuous of the design, we coded the unit cells with 8 rotated
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(A) The illustration of the experimental setup and (B) the horn antenna and field scan probe for the measurement; (C) (F) the amplitude
distribution and (D) (G) the phase delay distribution and (E) (H) the OAM spectrum of the measured reflect wave at 8.3 GHz and 11.6 GHz,

respectively.

orientation into 3-bit code from 000 to 111. The cross circularly-
polarized phase delay of different coded unit cell at different
frequency is list in Table 1 in the Supplementary Material. It can
be seen that the phased delay variation from 8 to 12 GHz is
within 2° for the same rotated orientation, which indicates that
the coding is valid for a broadband frequency range. The whole
metasurface for the vortex beam generation contains 12 x 14 unit
cell array and therefore is about 4.80 x 5.6A for the center
frequency of 10 GHz as shown in Figure 2A. The array is
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divided into 8 triangle regions, in which the unit cells are
patterned in the order of the coding as shown in Figures
2A.B. In each triangle region there are 21 identical unit cells.
The numbers of unit cells on the lines from the center to the edge
of the metasurface in each triangle region are 1, 2, 3, 4, 5 and 6.
Based on this design, the metasurface is fabricated using printed
circuit board (PCB) technology. The Z-shaped unit cells are
patterned on the top of the PCB as shown in Figure 2C and the
metal layer is on the backside of the PCB.
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Results and discussion

The phase distribution of the reflected field is then modeled in the
CST Microwave studio in the open boundary condition. A left-
circularly polarized plane wave is incident on the metasurface,
electrical field distribution of the reflective right-circularly
polarized OAM beam on a transverse plane 200 mm above the
reflective metasurface is calculated at the frequency of 8 GHz,
10 GHz and 12 GHz. The reflected wave shows a null energy at
the center and a donut energy distribution around the center as
shown in Figures 3A-C for the above three frequencies, respectively.
The corresponding phase distributions were calculated Figures 3D-F,
which are in helical shape distribution and demonstrate the OAM
beam with mode [ = —1 at these frequencies. The OAM spectrum of
the reflective beam is then calculated by applying Fourier transforms
to the electrical field distributions through the Equation (1)

1 2m
“xl,
where A, is the weight of the /th mode of the OAM beam. E (¢) is the
amplitude electrical field distribution. As shown in Figures 3G-1, the
spectrum weight of the / = —1 mode of the OAM beam is 0.80 for the
wave at frequency of 8 GHz, and reaches 049 at frequency of
10 GHz and then increases to 0.82 at 12 GHz. From above

simulation results, a broadband reflected OAM wave is obtained.
The electrical field of the reflective wave was measured in an

A E(p) - exp(-jlp)de, M

anechoic chamber with a vector network analyzer (VNA, Keysight
N5225A) and a field scan system as illustrated in Figure 4A. An horn
antenna was connected to the VNA and feeds the metasurface, and
the electrical field on the transverse plane in front of the metasurface
was scanned using an electrical probe as shown in Figure 4B. The
metasurface holder is placed 2 m from the horn antenna and the
electrical probe is 300 mm from the metasurface holder. The scanned
transverse plane range is 400 mm x 400 mm with 26 x 26 pixels. The
horn antenna feeds a linearly polarized wave, and the electrical field
Einc(x and the electrical field Ej,(y) are first measured without the
metasurface and with the horn antenna polarization oriented along
the x-direction and along the y-direction, respectively. Then the
metasurface is placed on the holder and the electrical field E; ()
and E (y) were scanned by again orienting the antenna polarization
along the x-direction and along the y-direction, respectively. The
reflective electrical field are then obtained through the relation E, (5 =
E) () = Einc(v and E;(y) = E1(y) = Einc(y). Then for an incidence
with left circular polarization Einc(r) = Einc(x) + iEinc(y)> the total
reflection is Er (total) = Er(x) + iEr(y). The right circularly polarized
electrical field of the total reflection is then E;(r) = E»(x) — iEa(y),
where Ej(y) and E,(y) is the x-component and y-component of
E; (total)- The cross circularly polarized reflection R. is then calculated
as E;(r)/Einc(1), the magnitude and phase of which are plotted in
Figures 4C,D for the wave at frequency of 8.3 GHz and in Figures
4F,G for the wave at frequency of 11.6 GHz. It is observed that the
magnitude is in a doughnut-like distribution and the phase front is in
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helical pattern at both frequencies, demonstrating the OAM with [ =
-1. The mode spectrum of the OAM was also derived, which are
0.47 and 0.33 as shown in Figures 4E,H for the mode [ = -1 at the
frequency of 8.3 and 11.6 GHz, respectively. The measured spectrum
weight for mode [ = -1 is lower than that in the simulation results,
which could be because that the incidence is not a full plane wave, and
there is also scattering noise from the environment such as the
metasurface holder, horn antennas and probes. Nevertheless, the
reflective beam exhibited a robust I = -1 mode OAM wave
property, and has a more broad working frequency range
compared to previous works and has high potential to improve
the OAM wave utilization in the communication field.

Conclusion

In conclusion, we designed a metasurface which controls the
phase delay of the EM wave through geometric phase manipulation.
By coding the unit cells with different orientation angles, the
metasurface robustly generates a broadband reflective OAM
wave. The OAM wave at mode [ = -1 was experimentally
observed from 8.3 to 11.6 GHz with mode spectrum weight of
0.47 and 0.33, respectively. The broadband OAM wave realized by
the reflective metasurface has high potential to improve the OAM
wave utilization in the communication field.
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