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ABSTRACT

In this paper, an ultra-low profile anisotropic holographic metasurface is proposed to generate a linearly polarized high-order Bessel vortex
beam carrying orbital angular momentum with predesigned topological charge. Based on the leaky-wave theory and optical holographic
principle, the anisotropic impedance pattern can be properly mapped by shaping the quasi-periodic metasurface with different meta-atom
sizes. Compared with the prevalent spatial wave-modulated metasurface, this surface wave-modulated holographic metasurface effectively
transforms a reference wave excited by a feeding source in a single point at the center of the antenna to a leaky high-order Bessel vortex
beam without any extra air feeding, which enables a unique characteristic of error-free alignment between the air feeding and designed
metasurface. The good agreement between the numerical simulation and the measured result demonstrates that the proposed approach can

be employed to launch a linearly polarized high-order Bessel vortex beam with an arbitrary topological mode of interest.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031139

Generally, the Bessel beam can be specially made by solving the
Helmbholtz homogenous wave equation in the cylindrical coordinate
system." Due to the non-diffracting property and self-healing charac-
teristics inherently exhibited by an ideal Bessel beam, it has attracted
considerable attention. Considering the beam-forming principle, an
ideal Bessel beam can only be generated by a special apparatus with
an infinite aperture and unlimited energy. Moreover, the practical
launcher could produce a quasi-Bessel beam possessing the non-
diffracting feature within a specific propagation distance.” Regarding
the self-healing characteristics,” ~ the Bessel beam can preserve its
inherent peculiarities of polarization, amplitude, and phase at a dis-
tance of several wavelengths away from the encountered obstacle.

On the other hand, the orbital angular momentum (OAM) was
first discovered by Allen in 1992.° Since then, the OAM has attracted a
lot of attention due to its potential in expanding channel capacity and
enhancing the spectrum efficiency. In 2007, Thidé introduced the

concept of OAM carried by an electromagnetic (EM) vortex wave,’
which is closely analogous to the high-order Laguerre-Gaussian (LG)
beam. Since then, substantial approaches have been developed to gen-
erate high-order quasi-LG vortex waves through using circular array
antennas,” spiral phase plates,'’ spiral parabolic antennas,”'" high-
order mode exciting antennas,'” reflected metasurfaces,’”'° and trans-
mitted metasurfaces.'””'® Due to the gradually increasing null area of
the quasi-LG vortex wave along the propagation direction, there is a
great challenge in the reception of OAM signals, especially over long
transmission distance. Interestingly, having both the non-diffracting
property originated from the zero-order Bessel and spiral phase attrib-
uted from the quasi-LG vortex wave, the high-order Bessel beam car-
rying OAM named as the pseudo-Bessel vortex wave can alleviate the
divergence suffered from the conventional quasi-LG vortex wave.
Recently, several Bessel vortex wave launchers have been reported.
Inspired by the principle of Bessel beamforming in the THz band, a
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perfect high-order Bessel beam can be considered as a superposition of
plane waves with wave vectors lying on the helical axicon surface,'”
which can be driven by a planar air-fed metasurface at radio
frequency.”” *” Because of the indispensable external feeding source,
the above-mentioned metasurface based on space wave modulation
usually needs bulky volume, which in turn deteriorates the antenna
performance. Afterwards, the radial line slot array (RLSA) antenna
was proposed to validate the capability of collimating the conventional
diffracting vortex waves.”*”’ However, it has a weak capability to
control the radiation direction, limiting its application for OAM
multiplexing.'*"'® In addition, it is worth noting that the isotropic
impedance surface also has been investigated to radiate the zero-order
Bessel beam,”” while the polarization and wavefront of the leaky wave
cannot be modulated by employing the scalar holographic metasurface.

To reduce the launcher profile while achieving powerful control of
the beam radiation direction, polarization state, and space phase, a
method of manipulating the coupling between electrical currents and
radiative EM fields in any spatial direction is highly desirable.
Accordingly, this work invents an anisotropic holographic metasurface
based on a majority of meta-atoms with topological tensor impedances
to generate a high-order Bessel vortex wave carrying OAM. The design
process was verified through experiments. Furthermore, characterized by
the ultra-low profile, easy integration, and flexible control of the polariza-
tion, wavefront, and radiation direction, the anisotropic holographic
metasurface is one of the best candidates to enhance the performance of
the launcher for the quasi-Bessel wave with arbitrary OAM mode.

The electric field of the n-order Bessel beam obtained by solving
the homogenous Helmholtz equation in the cylindrical coordinate sys-
tem) can be given by

E(r, ¢,2) = EoJu(kLr)exp (—jno)exp (—jk.z), (1)

where r* = x* + y* represents the radius of the field distributed on
the cross section perpendicular to the propagation axis, ¢ denotes the
azimuthal angle, and k,; and k, are the wave numbers along the trans-
verse section and z axis direction. In addition, the intensity pattern of
the field distribution satisfying the nth-order Bessel function of first
kind can be generally referred to as the Bessel beam. When #n =0, the
beam can be described by the zero-order Bessel without OAM mode
due to the absence of the helical phase term. While n # 0, the beam
carrying OAM can be named as the high-order Bessel wave accompa-
nied by the spiral phase wavefront of exp (—jn¢). Based on the func-
tion integration, the n-order Bessel function can also be written by

1 27
Ju(k. 1) :EJ exp [ —jk.(xcos @ + ysin@)|de. (2)
0

Considering both Eqs. (1) and (2), the principle of generating the
high-order Bessel vortex beam (equivalent to the superposition of the pla-
nar wave propagating around the helical axicon with a cone angle of J) is
schematically shown in Fig. 1. Without loss of generality, the far field
radiation expression of the linearly polarized Bessel vortex is given by

Emd = (1, 0, O)CXP (_]E . ?mn _jnq)kmn _]‘EH?""" sin 5)’ (3)

where k is the wave vector in free space, 7, represents the position
vector of the mn™ element, |7,,| is the distance from the mn™ ele-
ment to the central position of the feeding source, & denotes the spiral
axicon angle, and ¢y, means the azimuthal angle on the plane
orthogonal to the wave vector k.
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FIG. 1. Schematic mechanism for the metasurface used to generate a high-order
Bessel vortex wave carrying OAM mode.

Considering the no-diffracting beam synthesized and character-
ized in the near-field, the depth of the ideal no-divergence zone should
be smaller than the radius of the near-field region, which can be used
to limit the minimum spiral axicon angle i,. Furthermore, k - 7,
expresses the tangential phase at the metasurface plane related to the
radiation direction, n¢y,,, is considered as the vortex phase with the
order number of 7, and |k||7 | sin & denotes the phase of the plane
waves with wave vectors lying on the spiral cone.

The monopole antenna serving as the feeding point source
located at the center of the metasurface can be used to excite the sur-
face wave propagating near the impedance surface, and the surface
current can be approximated as the cylindrical wave,

(%mns Ymn» 0)

|7

Jourf = €xp (_j”em |7 mnl), 4)

where (X, Ymn,0) represents the position coordinate of the mn'”
element on the array and 7, stands for the effective index seen by the
surface currents.

According to the holography theory,”" the modulated tensor-
surface impedance needs to be calculated by the following expression:

(x o\ M

M M
X +j7lm(E,Jf —EMJ,) jEIm(E,Jf —Ef]x)

)

jA—Z/IIm (Ey]f - Effly) jX +J’%Im (Ey]yH - Eij)
(5)

where the average modulation impedance X and modulation depth M
are synthetically determined by the maximum value Z,,, and the
minimum value Z,;,, of the effective scalar impedance of the tensor-
surface impedance elements used to construct the anisotropic
holographic metasurface. Connecting the object wave, Eq. (3), with the
reference wave, Eq. (4), to the modulated matrix, Eq. (5), the three
deduced components Z,,, Z,,, and Z,,, of the tensor-surface impedance
with the pointed direction (0, ¢;) arranged on different positions of
the anisotropic metasurface can be given by
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In this design process, the anisotropic holographic metasurface
can be considered as a periodic two-dimensional leaky-wave aperture
antenna. As schematically shown in Fig. 1, the common sub-
wavelength quasi-periodic meta-atom on a grounded dielectric
substrate (F4B, & = 2.2 4+ j0.02) with a period of 3mm has been
developed. Compared with the isotropic unit, the upper-layer metal of
this tensor-impedance element is cut with a rectangular slot with a
width g, = 0.2 mm passing through their central point. This results in
a varied effective scalar impedance along the propagation direction 0,
of the surface wave, when the slotted angle 0; between the rectangular
gap and horizontal axis varies. According to the electromagnetic
theory and principle of the guided wave, there exists a hybrid mode of
TE and TM surface waves along the modulated tensor-impedance tex-
ture. Therefore, an effective scalar-impedance k,/ko equivalent to the
tensor-impedance normalized by the free space wave impedance has
been explored in depth, which can be given by Ref. 31. Furthermore,
in order to obtain the mapping relation between the geometric param-
eters and the effective scalar-impedance, the CST eigen-mode solution
has been employed to calculate the numerical results for the tensor-
impedance meta-atom with a variable gap g between adjacent cells and
different slot angles 0;. In our previous works,” the gap g determined
by the maximum effective scalar-impedance Zpy,x (that is equivalent
to the tensor-impedance normalized by the free space wave imped-
ance) has been explored in depth at the frequency of 20 GHz.

Next, in order to further elaborate the advantages of the high-
order Bessel vortex wave over the conventional vortex beam, two
anisotropic holographic artificial impedance metasurfaces composed
of 101 x 101 elements with an electric size of 20.24 x 20.24 have
been designed to generate a non-diffraction first-order Bessel
vortex wave and a conventional first-order diffractive vortex beam at
the frequency of 20 GHz, respectively. Moreover, the beam radiation

Z .(jQ) =+1 7 _.(jQ

(a 301 (b) - el (!2 )
0. I 0.
2 E
-£0. Z0.
N
s >
-0. -0.

01 00 01 ™ 01 00 01

x-axis(m) x-axis(m)

FIG. 2. Tensor impedance component distribution: (a) Z, and (b) Zy,.

——— Yy SIN(11| K| 7 | — | K|Xmn sin O cOs @ — |k[y,,, sin Ok sin @
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(6)

direction is set to (6 =0, ¢, =0) perpendicular to the planar
aperture surface, and the quasi-Bessel vortex beam in our design has a
spiral axicon angle J = 2.8°. The tensor-impedance components
distributed on different positions over the metasurface can be calcu-
lated, as shown in Fig. 2. Therefore, the gap g needs to be calculated
and the slot angle 0; can be obtained by the normalized scalar-
impedance formulation,” as shown in Fig. 3.

According to the geometric parameters of the tensor-impedance
meta-atoms, full wave simulation has been conducted to calculate the
radiation and propagation properties of the EM vortex wave launched
by the designed metasurface. Figure 4(a) shows the simulated ampli-
tude distribution of the component of the conventional vortex beam
with OAM mode = +1 propagating along the z-axis at the yoz plane.
It should be noted that the beam divergence range has covered a circu-
lar aperture area with a radius of 250 mm at the position of 2 m along
the z-axis while compared to the radius of 120 mm at the position of 2
m along the z-axis in Fig. 4(b). Meanwhile, the two separated main
beam intensity lines of the hollow-shaped wave have been diffracted to
the edge of an observational section plane that is 2 m long along the
z-axis and 0.5 m wide along the y-axis. However, in terms of the
diffraction-free field originating from the pseudo-Bessel vortex beam,
as exhibited in Fig. 4(b), the radius of the circular coverage at the posi-
tion of 3 m is 120 mm, which is 30 mm larger than that of the annular
area at 0.5 m away from the metasurface along the z-axis. After com-
paring Fig. 4(a) with Fig. 4(b), it can be clearly seen that the divergence
feature of the conventional OAM mode is greatly suppressed by the
quasi-Bessel vortex beam, resulting in a significantly improved
collimation.

Furthermore, to demonstrate the non-diffusion feature from the
propagation of the high-order Bessel vortex beam, the amplitude
and phase distributions at different positions have been computed.

own)
IR
_— N

>

. y-axis(m)

=
i

-0.1 0.1

x-axis(m)

x-axis(m)

FIG. 3. Geometric parameter distribution for tensor impedance unit: (a) gs and (b) 0;.
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z-axis(m)
n=+1

z-axis(m)

The coverage radius of the cross section for the conventional vortex
beam propagating at the observational plane located 1.0 m(66.64),
1.5m (1001), 2.0 m (133.31) away from the antenna aperture is
approximated to 150 mm (104), 200 mm (13.31), 250 mm (16.64),
respectively, as shown from Figs. 5(a)-5(c). The hollow energy distri-
bution of the simulated E-field along the propagation axis can be
clearly seen in Fig. 6. The coverage area grows rapidly with the increas-
ing propagation distance, demonstrating the diffraction characteristics
of the conventional vortex beam.

When it comes to the high-order Bessel vortex beam, as shown
in Figs. 6(a)-6(c), at different distances of z = 1.0 mm (66.64),

(@)

0.2

-49

-0.2-0.1 0.0 0.1 0.2
x-axis(m)

-0.2-0.1 0.0

Phase.(deg) (e)

x-axis(m)

scitation.org/journal/apl

FIG. 4. E-field propagation features of the
simulated vortex wave with OAM mode of

2.5 | = +1 at the yoz plane along the z-axis
direction: amplitude distribution for the (a)
Mag'(doB) divergent vortex wave and (b) high-order

Bessel wave.

1.5m (1004), and 2.0m (133.3 1), the outer radius of the annular
non-diffraction E-field distributions is close to 100 mm (6.61),
110 mm (7.34), and 150 mm (104), respectively. Compared with the
radius increment of 3.3/ for the ring-like magnitude distribution of a
conventional vortex beam carrying the I = +1 OAM mode, the radius
increment in the high-order Bessel vortex beam with the same topo-
logical charge has a smaller change of 0.15/ vs the ongoing propaga-
tion distance of 33.3/ at the frequency of 20 GHz, at which the
diffracting angle has been remarkably reduced. In addition, the
chirality of wavefront has no change. In other words, the OAM mode
of | =41 remains unchanged during the propagation process, as

Mag.dB) (c)

TI'IO 0.2
i

Mag (dB)

-0.2-0.1 0.0 0.1 0.2
x-axis(m)

0.1 0.2
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FIG. 5. (a)—(c) Simulated amplitude distributions and (d)(f) phase patterns on different observational planes located at the cases of 1 m, 1.5 m, and 2 m away from the

antenna for the conventional vortex wave at 20 GHz.

Appl. Phys. Lett. 117, 243503 (2020); doi: 10.1063/5.0031139
Published under license by AIP Publishing

117, 243503-4


https://scitation.org/journal/apl

Applied Physics Letters

ARTICLE scitation.org/journal/apl

@, Mag (dB) (b), m_g (dB) (c) Mag.(dB)
0.2} - IO 0.2} I 0
ik
EO0.1} . - LR go.l-l l 0.1
0.0 Z 0.0} 200
T kY g
=0af . 201} 0.1
= > R
-0.2 [N v -0.2f -0.2 1
0201000102 47 02-01 00 0T 02 B 0201 00 0102 =30
x-axis(m x-axis(m x-axis(m
( )Phas_|e.(deg) (e) Phase.(deg) (f) Phase.(deg)

I180 0.2
Eo01 E0.1
Z0. % 0.0
$} 1

>20.1
-0.2

0.2-0.1 0.0 0.1 0.2
x-axis(m)

-180

-0.2-0.1 0.0 0.1 0.2
x-axis(m)

-'\Ilso

Ilso 0.2
0.1

0.0

7
>

-0.1
-0.2 I
-0.2-0.1 0.0 0.1 0.2
x-axis(m)

-180 -180

FIG. 6. (a)—(c) Simulated amplitude distributions and (d)—(f) phase patterns on different observational planes located at the cases of 1 m, 1.5 m, and 2 m away from the

antenna for the Bessel vortex wave at 20 GHz.

shown from Figs. 6(d)-6(f). Overall, the typical radiation and propaga-
tion performance of the vortex beam carrying OAM has not been
affected after the cone angle is loaded.

To experimentally evaluate the proposed methodology, a proto-
type of the anisotropic holographic metasurface for generating a
quasi-Bessel vortex beam with OAM mode of [ = +1 has been
designed and manufactured with the printed circuit board (PCB) tech-
nology, as shown in Fig. 7. From the S11 shown in Fig. 8(a), the excel-
lent impedance match can be seen from 18 GHz to 22 GHz with an
impedance bandwidth of 20%, over which the S11 falls below —15 dB.
Note that the reflection coefficient S11 is the ratio of the amplitude of
the reflected wave to that of the input wave at a radio frequency (RF)
port. The planar near-field scanning approach has been applied to
measure the Bessel vortex wave launched by the assembled metasur-
face antenna in an anechoic chamber, as shown in Fig. 8(b). The
normal direction of the prototype under test is arranged to align with
that of the open-end rectangle waveguide functioning as the probe

FIG. 7. Configuration of our proposed prototype: (a) top side and (b) back side.

operating at 20 GHz. The scanning plane is set to be 60 mm (4/) away
from the probe aperture to receive a 420 mm x 420 mm linear polar-
ized field Ej, with a step of 7mm to fulfill the near-field measurement
condition. Based on the near-field measurement data, the far-field
radiation pattern can be calculated by the 2D Fast Fourier Transform
(FFT) method as depicted in Fig. 9. An obvious zero-depth can be
observed in the propagation axis direction with a smaller sidelobe
below —10 dB. The slight ripple between the simulated and measured
mainlobe is mainly attributed to the manufacturing tolerance and
imperfect soldering. Furthermore, the near-field amplitude and phase
data at three 500 mm x 500 mm sampling transverse planes located at
the distance of 1.0 m (66.61), 1.5m (1004), and 2.0 m (133.31) with
respect to the prototype surface are shown in Fig. 10. In particular, the
size of the intensity singularity slightly increases with the propagation

Probe

18 19 20 21 22
Frequency(GHz)

FIG. 8. (a) Measured reflection coefficient of the developed metasurface. (b)
Experimental environment for our designed Bessel antenna with the near-field
planar scanning method.
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FIG. 10. (a)-(c) Measured amplitude distributions and (d)—(f) phase patterns and on different observation planes located at the cases of 1 m, 1.5 m, and 2 m away from the

antenna for Bessel vortex wave at 20 GHz.

distance, which is roughly consistent with the simulation results that
are shown in Fig. 7. Meanwhile, the vortex phase pattern behavior can
be clearly seen from the measurement results, and the variation of
360° in phase along one circle also conforms to the first-order OAM
feature.

In conclusion, this paper discusses the possibility of generating a
linearly polarized pseudo-Bessel vortex wave within a large propaga-
tion depth of a several hundreds of wavelengths based on an aniso-
tropic holographic impedance metasurface. Compared with other
generation methods, the proposed methodology has significant

advantages in terms of ultra-low profile, low cost, easy fabrication, and
integration. At the same time, it allows for the flexible control of polar-
ization and beam radiation. In addition, the good agreement between
the simulated results and the experimental measurements validates
our design process, laying a solid foundation for the potential applica-
tions of the Bessel vortex beam to imaging, object detection, and
identification.
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