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Abstract

®

CrossMark

Vortex beams carrying orbital angular momentum (OAM) are of great importance owing to the
capacity to expand channel capacity of communication systems from microwave to optical
regimes. In this work, a single-layer ultra-broadband meta-atom is designed by using the
method of fractal. The reflected co-polarization amplitude of the arrow-based fractal meta-atom
can exceed 0.9 in a frequency range from 6 to 19.7 GHz and the complete 27 phase control can
be achieved by rotating the structure. Based on the proposed meta-atom, metasurface-based
vortex beam generators are designed. As an illustrative example, a metasurface-based OAM
beam generator with a mode of +1 is designed, fabricated, and measured. Both the experimental
and simulated results match well with each other, proving the practicability of the proposed

high-efficiency ultra-broadband metasurface.

Keywords: fractal, metasurface, ultra-broadband, high-efficiency, OAM beam generator

(Some figures may appear in colour only in the online journal)

1. Introduction

Vortex beams carrying orbital angular momentum (OAM)
have attracted considerable attentions for their promising
applications in modern wireless communication systems
[1-5]. A vortex beam with the phase factor of e? carries
the OAM of [h per photon, where 6 is the azimuthal angle
and [ represents the OAM mode number. The orthogonality
of different OAM modes could provide an additional degree
of freedom for the signal modulation [1, 6], enhancing data
capacity in different frequency regimes [7-11]. Therefore, a
number of traditional methods to generate OAM beams have
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been proposed in the past decades [12], such as spiral phase
plates [13—17], spatial light modulators [18-21], vortex lasers
[22, 23] and uniform circular antenna arrays [24, 25], which
typically suffer from the issues such as bulky configurations,
low efficiencies as well as narrow bandwidths.

Metasurfaces, the two-dimensional counterparts of the
metamaterials, have sparked enormous interest in recent
years [26-35] due to their superior capabilities for wave-
front modulations. Metasurfaces are composed of low-profile
artificially periodic subwavelength structures, demonstrating
strong capabilities to manipulate electromagnetic (EM) wave-
front [36-39]. Very recently, several metasurfaces have been
reported to realize broadband OAM beams, showing broader
bandwidth and higher efficiency than the traditional methods
[40—45]. An effective approach is based on transmission-type

© 2021 IOP Publishing Ltd  Printed in the UK
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metasurface with metallic grating layers [40], which could
realize high transmission efficiency in the entire operation
band. Moreover, a bilayer reflection-type OAM metasurface
is proposed to function in a broad bandwidth from 6.95 to
18 GHz (a fractional bandwidth of 82%, r., > 0.89) [41]. Nev-
ertheless, the multilayer structures of the metasurface increase
the profile thickness and fabrication complexity. Therefore,
single-layer broadband OAM metasurfaces have been reported
to tackle these issues, such as the rectangular-hole metasurface
[42], the reflection-type brick-shpaed metasurface [43], the
ultra-thin z-shaped metasurface [44], and the H-shaped metas-
urface [45]. Moreover, a novel square-loop-shaped metasur-
face has achieved the balance between high efficiency and
broad bandwidth, with the fractional bandwidth of 105.6%
(reo >0.9) [46—48]. Furthermore, the fractal topology provides
a novel and efficient method to meet the growing requirement
of high-efficiency broadband OAM generation [49], which
deserves further research.

In this work, a novel ultra-broadband high-efficiency OAM
generator based on a fractal metasurface is proposed. Numer-
ical analysis of the proposed arrow-based fractal meta-atom
is carried out, and the co-polarization reflection coefficients
under the circularly polarized incidence can exceed 0.9 in
an ultra-broad working range from 6 to 19.7 GHz with a
fractional bandwidth of 107%. The meta-atom is then util-
ized to design metasurface-based OAM generators based on
the Pancharatnam—Berry principle [50, 51]. High-efficiency
ultra-broadband OAM beam generators with different topo-
logical charges are designed and numerically studied, valid-
ating the performance of the designed meta-atom. In addi-
tion, an OAM beam generator with a topological charge of
+1 is fabricated and characterized, featuring high efficiency
and ultra-broad bandwidth. The proposed OAM metasurfaces
with high efficiency and broad frequency band could pave the
way to enhance the data capacity for wireless communication
systems.

2. Design of the ultrabroadband meta-atom

Figures 1(a) and (b) plot the top and side views of the pro-
posed reflective meta-atom, which is composed of single-layer
metallic structures and a dielectric spacer backed by a ground
plane. The top metallic layer of the meta-atom is an arrow-
based fractal structure, which is generated from a rectangle
bar in the design process of the fractal design. With the rota-
tion angle of the metallic fractal structure 6, modified, the
full 27 geometric phase control can be achieved with high
efficiency under the circular polarization (CP) incidence. The
dielectric spacer is made of F4B, with a relative dielectric con-
stant of 2.2 and a loss tangent of 0.002. In the simulations, the
thickness of metallic layer is 0.035 mm, the thickness of F4B
substrate is Ay, = 4 mm, and the period of the meta-atom
is p = 8 mm. The arrow-based fractal consists of rectangle
bars with different geometric parameters. The shaft length of
the arrow-based fractal is /; = 7 mm and the arm lengths are
I, = 3.5 mm and /5 = 0.85 mm. The widths of the rectangle
bars are w; = 0.5 mm, w, = 0.2 mm, and w3 = 0.3 mm.
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Figure 1. The layouts of the proposed meta-atom. (a) Top view.
(b) Perspective view.

These rectangle bars are connected at angles #; = 60° and
6, = 30°.

To analyse the reflected fields for the proposed meta-atom,
the reflected Jones matrix can be employed. Reflection coeffi-
cients in the Jones matrix under CP incidences are defined as
follows [41]:

1 .
-~ 5[(}’”*}@) +j("xy+ryx)}eiﬂe 9]
1 )
ryy = E[(rxx + ryy) +j(ryx - rxy)]ejzg (2
1 )
4= E[(”xx +1yy) +J(ryx — 1y (3
1 .
ry_ :E[( xx+ryy) _](ryx—rxy)] 4)

where r_ _ and r _ denote the amplitudes of the co-polarized
and cross-polarized reflection coefficients of the EM propaga-
tion under the left-handed CP (LHCP,—) incidence, respect-
ively, while ry 4 and r_, represent the amplitudes of the co-
polarized and cross-polarized reflection coefficients under the
right-handed CP (RHCP, +) incidence, respectively. Besides,
I and ry, are the amplitudes of the co-polarized reflec-
tion coefficients under the x- and y-polarization incidences,
respectively. It can be seen from equations (1) and (2) that
an abrupt phase change e/%? (¢/%) could be introduced in
by rotating the meta-atom with an angle of . Meanwhile,
the polarization conversion rate (PCR) of the co-polarization
reflection for the LHCP incidence could be used to show the
polarization conversion efficiency of the proposed meta-atom.
The PCR is defined as

r 2

PCR= ———.
ro_24rp?

&)

The proposed meta-atom is numerically studied and analysed
by using the commercial software CST Microwave Studio.
The boundary conditions in both x- and y-directions are ‘unit
cell’, and a Floquet port is adopted in the z-axis direction. The
frequency domain solver is used in the simulation. Figures 2(a)
and (b) plot the amplitudes of the reflection coefficients and
co-polarized reflection phases with varied rotation angle 6,. As
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Figure 2. The amplitude and phase responses of the reflection
coefficients of the proposed meta-atom with varied rotation angle 6
under the RHCP incidence. (a) The amplitudes of the reflection
coefficients. (b) The phases of the co-polarized reflection
coefficients.

can be seen in figure 2(a), the amplitudes reveal polarization
conversion for right-hand circularly polarized incidence in the
frequency band ranging from 6 to 20 GHz. The amplitudes
of co-polarized reflection coefficients keep higher than 0.9
within the ultrawide frequency range with a fractional band-
width of 107.2%, and the cross-polarized ones are suppressed.
The PCR value of the co-polarization reflection for the LHCP
incidence is also shown in figure 2(a), which is higher than
0.8 in the working frequency band. Figure 2(b) exhibits the
gradient phase variation by rotating the top metallic structure
0; with an interval of 45°. It can be seen from figure 2(b) that
the phase variation is almost twice the rotation angle 6, in an
ultrawide bandwidth from 6 to 20 GHz. Figure 2 indicates
that the ultra-broadband phase manipulation with high effi-
ciency can be achieved by simply rotating the proposed meta-
atom under the CP incidences. In order to study the method
of the fractal structure, figures 3(a)—(c) demonstrate the evol-
ution progress of the original bar structure (stage 1) shown in
figure 3(a). The arrow structure shown in figure 3(b) can be
obtained by adding two parasitic bars at each end of the bar
structure, and the adding operation can be repeated to spawn
higher order iterations. Consequently, the reflection perform-
ances of the optimized three fractal stages are presented in
figure 3(d). For the original structure (stage 1), the amplitude
of the co-polarized reflection coefficient keeps higher than 0.9
in a relatively narrow range of 18.3—19.7 GHz with a fractional
bandwidth of only 7.4%. The first-level arrow-based fractal
structure (stage 2) could achieve an enlarged bandwidth, from
8.4 to 19 GHz with a fractional bandwidth of 77.4%. Finally,
the ultra-wide bandwidth from 6 to 19.7 GHz with a fractional
bandwidth of 107.2% can be obtained by the proposed meta-
atom (stage 3). Compared with other stages, the fractal design
of the stage 3 achieves a good balance between high amplitude
and wide operating bandwidth.

3. Designs of metasurface-based OAM generators
OAM beam generators based on the arrow-based fractal

metasurface are studied in this part. The phase distribution of
the OAM metasurface can be expressed as [52]
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Figure 3. The design process of the fractal structure. (a)—(c) The
schematic views of stage 1-3. The added rectangles in every stage
are painted in different colors. (d) The simulated amplitude of
co-polarized reflection coefficients in stage 1-3.
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Figure 4. (a) The calculated phase distribution and (b) the layouts
of the OAM metasurface (21 x 21) with [ = +1.

@(m,n) =l tan™" (%) (6)

where [ denotes the topological charge of the vortex beam,
m and n represent the position coordinates of the (mth, nth)
meta-atom in the x- and y-directions, respectively. Figure 4(a)
demonstrates the phase distribution of the proposed OAM
metasurface with a topological charge of +1 and an array of
21 x 21 meta-atoms. As can be seen from figure 4(a) that the
phase distribution changes by 360° for a full turn circling the
propagation axis. The metasurface is composed of 21 x 21
meta-atoms covering a total area of 168 x 168 mm?, which is
shown in figure 4(b). Figure 4(b) also shows an enlarged part
of the centre 5 x 5 meta-atoms.

Then, the full-wave simulations by CST Studio Suite are
conducted to investigate the proposed OAM metasurface in
the frequency range from 6 to 20 GHz. Figure 5 plots the
simulated intensity and the phase distributions of the RHCP
field (ER) at 6, 10, 12, 14, 16, 18, and 20 GHz under RHCP
plane wave excitation. The incident plane waves are sampled
at a distance z = 300 mm from the vortex beam generator.
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Figure 5. The simulated results of the OAM metasurface with / = 41 from 6 to 20 GHz with a step of 2 GHz. (a) Intensity, (b) phase
distributions, (c) far-field scattering patterns, and (d) the calculated OAM purities.
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Figure 6. The simulated results of the OAM metasurfaces with / = —1 from 8 to 20 GHz with a step of 4 GHz. (a) Intensity, (b) phase
distributions, and (c) OAM purities in the xoy plane. The simulated results of the OAM metasurfaces with / = 43 from 8 to 20 GHz with a
step of 4 GHz: (d) intensity, (e) phase distributions, and (f) OAM purities in the xoy plane.

All the patterns in figures 5(a) and (c) are normalized val-
ues. Figure 5(a) shows the intensity distributions of the Eg
and the characteristic amplitude nulls resulted from the phase
singularity exist at the central regions, which can be also
observed in the far-field patterns shown in figure 5(c). In
figure 5(b), it is found that the major feature of the spiral
phase distributions is obtained, and its phase characteristics
of topological charge / = +1 can be well recognized. Fur-
thermore, the concept of OAM spectrum could be introduced

for numerically quantitative exploration of the OAM mode
purity. The fast Fourier transform algorithm is adopted in
the calculation of OAM spectrum and the Fourier trans-
form analysis of OAM mode purity A; can be calculated as
[53]

2T
1 .
A= / Y(p)e dy, 7
vy
0
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Figure 7. (a) The photograph of the fabricated ultra-broadband
metasurface (21 x 21) with / = 1 and (b) the experimental
setup.

where ¢ represents the azimuth angle and 1) is the value
of the sampling phase. The calculated OAM purities from
figure 5(b) depicted in figure 5(d) are higher than 0.75, which
shows that the designed OAM mode / = +1 is the domin-
ant part in the RHCP component of the reflected field at each
frequency.

To further investigate the performance of the proposed
method, two ultra-broadband OAM generators with differ-
ent OAM mode numbers (I = —1 and +3) are also designed
and simulated. The simulated intensity distributions, phase
distributions and the calculated OAM purities are illustrated
in figure 6. Amplitude nulls caused by the phase singular-
ity can be clearly observed in figures 6(a) and (d) for the
OAM generators. The rotation direction and spiral phase
changes are determined by the topological charge, as shown
in figures 6(b) and (e), respectively. For the spectral ana-
lysis of the generated vortex beam shown in figure 6(b)
and (e), a high OAM mode purity of the dominant mode
I = —1 (I = 3) shown in figure 6(c) and (f) can be
obtained.

4. Experiments

For experimental verification, the metasurface-based vortex
beam generator with / = 41 is fabricated and measured.
The front view of the fabricated metasurface and the setup
of experimental system are shown in figures 7(a) and (b),
respectively. The transmitting antenna is a horn antenna
(A-info LB-SJ-60180) operating from 6 to 18 GHz, which
is connected to Keysight PNA Microwave Network Ana-
lyzer (N5227A) along with the receiving antenna. The dis-
tance between the transmitting antenna and the metasur-
face is 700 mm, and the receiving antenna could scan along
x- and y-axes with a distance of 350 mm away from the
metasurface.

The near-field experimental results at frequencies from 6 to
18 GHz with a step of 2 GHz are illustrated in figure 8, which
can be compared with the numerical results in figure 5. Due to
the limited working frequency bandwidth of the transmitting
horn, the experimental results exclude results at 20 GHz. It
can be seen from figures 5(a), (b) and 8(a), (b) that the numer-
ically simulated results and experimental ones are in good

6 GHz 8 GHz 10 GHz 12 GHz 14 GHz 16 GHz
e ¥ 1% B * W L 1] sl

0.46 0.43 0.47

OAM Phas;e‘ Intensity
P“rity Sl Cm———

1 sl el I —‘l_‘l_‘r_\
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== IHe) =
Toodta

(i Sl =
Tia0 133 3210123321013 3 82
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Figure 8. The experimental results of the fabricated metasurface
with / = 41 from 6 to 18 GHz with a step of 2 GHz.

(a) Experimental intensity, (b) phase distributions, and (¢) OAM
purities in the xoy plane.

agreement with each other. The donuts-like intensity profile
and the spiral phase distribution can be observed in figures 8(a)
and (b), respectively, validating the OAM performance of the
fabricated metasurface. Moreover, the calculated OAM pur-
ities for [ = 41 are around 0.5 for all the observation fre-
quencies. Although the OAM purities are a little less than
that in the simulations, the designed OAM mode still occupies
the dominant part of the vortex beams as seen in figure 8(c).
The discrepancy between the experiments and simulations
could be caused by the fabrication tolerance and measurement
precision.

5. Comparison with other works

To show advantages of the proposed arrow-based fractal
metasurface, the comparison with other reported broadband
metasurfaces is presented in table 1. Two reported representat-
ive works to design multilayer broadband OAM metasurfaces
are numbered as [40, 41] for comparisons. As seen, the OAM
metasurface in [40] is well optimized to feature a fractional
bandwidth of 66.7%, but still with three layers and a large
profile. The bilayer metasurface in [41] is designed with the
dispersion engineering method for broadband operation with a
fractional bandwidth of 86%. Owing to the fact that multilayer
broadband OAM metasurfaces are bulky and require complex
fabrication processes, several single-layer designs are also
proposed. The fractional bandwidths of the rectangular-hole
metasurfaces in [42] and the brick-shaped design in [43] are
lower than 50%. The ultra-thin single layer metasurface repor-
ted in [44] could operate at both transmission and reflection
modes simultaneously in a broad fractional band of 112% with
a transmission/reflection efficiency of around 0.45. As for the
square loop metasurface in [46], the achieved fractional band-
width is 105% and the efficiency of the meta-atoms is higher
than 0.8. In comparison, most of the reported designs are lim-
ited either by the bandwidth or the efficiency, and the proposed
reflection-type meta-atom in this work features an improved
performance with higher efficiency and broader bandwidth,
as well as the easy implementation of the single-layer
structure.
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Table 1. Comparison for wideband efficient metasurfaces proposed recently.
Operating Meta-atom Fractional Mode of
Design Layers frequency range efficiency bandwidth operation
[40] 3 40-80 GHz >90% 66.7% Transmission
[41] 2 6.95-17.6 GHz >89% 86% Reflection
[42] 1 300-500 THz >50% 50% Transmission
[43] 1 18-28 GHz >90% 43.5% Reflection
[44] 1 9.3-32.5 GHz ~45% 112% Transmission/Reflection
[45] 1 7.3-21 GHz >92% 96.8% Reflection
[46] 1 6.75-21.85 GHz >80% 105% Reflection
This work 1 6-19.7 GHz >90% 107% Reflection
6. Conclusion References

In summary, an arrow-based fractal metasurface has been pro-
posed to realize high-efficiency ultra-broadband OAM gener-
ators. The proposed reflection-type meta-atom could achieve
the co-polarization reflection amplitudes higher than 0.9 under
the CP illumination with a fractional bandwidth of 107.2%
from 6 to 19.7 GHz. Based on the proposed meta-atom, high-
performance OAM generating metasurface arrays with differ-
ent topological charges are designed and numerically stud-
ied. Moreover, to verify the proposed arrow-based fractal
meta-atom, the OAM metasurface with [ = +1 is fabricated
and measured. The experimental results agree well with the
simulated results. The proposed method features low cost,
easy integration to optical or wireless communication sys-
tems, and flexible extension to other frequency regimes. How-
ever, due to the fabrication tolerance, the evolving process
could be limited to the first several stages. In addition, as
other passive devices, the functionality of the metasurface
could not be altered after design and fabrication. Neverthe-
less, the proposed method can be a promising candidate for
high capacity data rate communication systems and other
fields.
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