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ABSTRACT For many communication systems, including wireless networks, mobile, satellite, radar, remote
sensing, and many more applications, antenna arrays are very necessary. Utilizing effective beamforming
techniques, antenna arrays have recently played a major part in driving data rates and system capacity to
extremely high levels. The beamforming capabilities and system performance are both greatly influenced
by the array configuration. Numerous array structures, including linear, two-dimensional, circular, conical,
cylindrical, spherical, and even non-uniform array shapes, can be used in different applications. Modern
communication systems pay a lot of attention to reconfigurable antennas because of the many applications
they may serve and the added functionality they provide. A single structure that has the ability to change
between one or a number of features, such as frequency, pattern, and polarization, is referred to as a
reconfigurable antenna. Utilizing a specific circular phased microstrip antenna array, the orbital angular
moment (OAM) vortex electromagnetic wave is created, allowing for more effective and dependable data
transmission.When propagating, the vortex electromagnetic wave has a spiral phase wavefront structure, and
its many OAM modes are orthogonal to one another. The helical antenna offers the benefits of light weight,
small size, and excellent circular polarization when compared to other OAM radio producing techniques.
This paper reviews various state-of-the-art antennas for 5G applications. Specifically, the single microstrip,
array, traveling wave and metasurface antennas have been discussed and their important aspects were
elaborated. Finally, the applications and future prospects were described.

INDEX TERMS OAM antennas, array, beamforming, electromagnetic waves.

I. INTRODUCTION
The fixed frequency band bandwidth increasingly restricts
the growth of wireless communication technology due to the
rapid advancement of science and technology in contem-
porary society and the steadily rising number of wireless
communication users. Therefore, scholars have conducted a
lot of research and exploration in order to achieve higher fre-
quency utilization. Due to its infinite mode and orthogonality
across modes [1] and its importance for increasing channel
capacity, orbital angular momentum (OAM) has received a
lot of interest from researchers in recent years. The beginning
of mankind’s understanding of OAM comes from the field of
optics. Recently, various new approaches were proposed to
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model the antennas, in which ChatGPT has important role.
The author in [2] theoretically predicted themechanical effect
of spin angular momentum related to circularly polarized
electromagnetic fields. After that, reference [3] were experi-
mentally verified. References [4] and [5] proposed and devel-
oped concepts such as phase dislocation, phase singularity,
and vortex beam, and then conducted further research [6],
[7], [8], [9], [10], gradually enriching the theory, generation,
and related properties of vortex light. Reference [11] found
that the vortex laser beam formed by Laguerre-Gauss (LG)
beams had orbital angular momentum, and clearly deter-
mined the relationship between orbital angular momentum
and vortex topological charge the relationship between. Since
then, several research groups have worked on various optical
vortex generation schemes [12], [13], [14], [15], [16], optical
vortex manipulation of micro-nano particles [17], [18], [19],
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[20], [21], vortex optical micromachining [22], photon orbital
angular momentum quantum entanglement properties [23],
[24], [25], optical vortex propagation properties [26], [27] etc.
At the same time, because the OAM state (vortex topological
charge) in the vortex beam has infinite value possibilities and
mutual orthogonality, it can provide a new type of physical
freedom for the optical communication system, which is con-
sidered to be a very important research direction for the next
generation optical communication network. In recent years,
the OAM multiplexing system has shown good performance
in expanding the channel capacity of the optical communica-
tion system [28], [29], [30]. At the same time, in the field of
wireless communication, there is also an application demand
for channel capacity expansion. Therefore, many scholars
believe that the OAM multiplexing system should also have
the characteristics and great potential of expanding channel
capacity in radio frequency wireless communication systems,
and launched a series of researches on this. In reference [31]
for the first time, the experiment of wireless communication
based on two different modes of OAM was successfully
realized in the radio frequency band. Since then, how to
better apply OAM to the field of wireless communication has
been the research focus of many researchers [32], [33], [34].
The vortex electromagnetic wave antenna not only has broad
application prospects in the field of wireless communication,
but also has great potential application value in radar imaging
and detection. The imaging method uses vortex electromag-
netic waves to achieve super-resolution of target imaging
in the azimuth direction, which can provide a new techni-
cal approach for super-resolution radar imaging. Since then,
in order to improve the imaging resolution and expand the
imaging dimension, domestic scholars have proposed some
improvement measures of the radar imaging algorithm based
on the vortex electromagnetic wave antenna [36], [37], [38].
The rotating Doppler effect of vortex electromagnetic waves
can realize the efficient detection of target rotation speed,
and a series of experiments have also verified the feasibility
of this method [39], [40]. In addition, some scholars have
also begun to combine vortex electromagnetic wave antennas
with medical Imaging combined as a novel means of disease
detection [41].

All applications of vortex electromagnetic waves must be
based on the existence of the required vortex electromagnetic
waves, so how to efficiently generate the required vortex
electromagnetic waves is the research basis in this research
field. In recent years, many researchers have proposed var-
ious methods are used to generate vortex electromagnetic
waves in the radio frequency range. Reference [42] used a
spiral phase plate to generate vortex electromagnetic waves
in the millimeter-wave (mmWave) band for the first time.
Reference [43] proposed to use a circular array antenna
phase modulation method to generate radio frequency of
vortex waves extends the research of vortex electromagnetic
waves to lower the frequency bands. Reference [44] have
summarized the basic theory, propagation and application

of vortex electromagnetic waves. Reference [45] proposed a
dual-polarized and reconfigurable reflectarray for generation
of OAM vortex electromagnetic wave. It generates 25 com-
binatios of OAM modes reconfigurably by changing capaci-
tance values of varactors.

This paper makes a more comprehensive summary of
OAM vortex electromagnetic wave antennas in the radio
frequency field, primarily introducing four distinct antenna
types that produce vortex electromagnetic waves, includ-
ing active single microstrip patch antennas, travelling wave
antennas, array antennas, and passive metasurface antennas,
each of which is intended to produce OAM electromagnetic
waves with a variety of properties. Due to its small size, inex-
pensivemanufacture, and relatively straightforward structure,
a single microstrip patch antenna has attracted the attention
of researchers who are interested in producing vortex elec-
tromagnetic waves. Traveling wave antennas can generate
vortex in multiple OAMmodes in a broadband range, and this
advantage can just meet the requirements of the communica-
tion system to expand the channel capacity. In order to make
the systemmore practical, many researchers have also carried
out a lot of research in the field of traveling wave antennas.
Array antennas are now used on aircraft and radar and is one
of the most widely used antenna types [46], [47], [48]. It is
also the main way to generate OAM in the radio frequency
band. Through feeding, the switching of multiple OAM states
can be realized, but the difficulty of this design lies in its
complicated feeding network. Many researchers have done
some research on this kind of phased array feeding net-
work design and optimization work has been completed. The
metasurface is composed ofmetamaterial resonators arranged
periodically in sub-wavelength size, and it can realize sudden
changes in the amplitude or phase of electromagnetic waves
by changing the shape and size of the resonators, and by
rationally arranging themetamaterial resonators in space. The
surface structure can effectively generate and control vortex
electromagnetic waves. Comparedwith the traditional phased
array antenna, the metasurface antenna has the advantages
of low profile, simple feeding system and easy beamform-
ing [49], but there are a large number of array elements,
complex structural design and bulky volume, etc., still need
further optimization and research.

In short, with the continuous deepening of research on
vortex electromagnetic wave antennas, the antenna structure
in the radio frequency band is simple, the overall profile is
low, easy to integrate, and can generate multiple modes of
OAM at the same frequency. This essay’s material is sepa-
rated into four sections. The introduction is the first section
and it provides a summary of the history, evolution, and cur-
rent trends in vortex electromagnetic wave applications. The
second section compares vortex electromagnetic waves to
OAM and explains its theoretical foundation. The connection
between them is discussed, and the fundamental idea and
properties of orbital angular momentum are provided. The
technique for creating vortex electromagnetic is examined in
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the third part. It summarizes the benefits and drawbacks of
each type of antenna before summarizing and anticipating
future advancements based on these four types of antennas.
Part four briefly summarizes the future application prospects
of vortex electromagnetic wave antenna technology, and the
key points and difficulties in the future of this research field.

II. THEORETICAL BASIS OF VORTEX EM WAVES
Radio technology has flourished due to the convenient trans-
mission of information. With the advent of the current next
generation network era and people’s lives becoming increas-
ingly informationized and intelligent, the ever-increasing
number of communication services has made non-renewable
spectrum resources increasingly scarce. The vortex electro-
magnetic wave has attracted widespread attention because
it carries OAM, a new degree of freedom beyond the time
domain, frequency domain, and code domain. Using this
orthogonal mode can effectively improve the spectrum effi-
ciency and communication capacity. Therefore, vortex elec-
tromagnetic waves have gradually become the focus of
domestic and foreign scholars.

According to classical electromagnetic theory, electromag-
netic waves not only carry energy but also momentum during
transmission [50]. Similar to classical mechanics, electro-
magnetic angular momentum is defined as J = r × P, the
density of linear momentum in the electromagnetic field can
be defined as p = ε0(E × B). Through the above definition
of angular momentum, the equation for deriving angular
momentum density can be expressed as m = ε0r × (E ×

B). To get the total angular momentum J , it is necessary
to integrate the equation of the angular momentum density,
which can be obtained as:

J = ε0

∫
r × (E× B)dr (1)

where, ε0 is the vacuum permittivity, E and B represent the
electric field strength and magnetic field strength, respec-
tively. In classical mechanics and atomic physics, angular
momentum can be decomposed into rotating angular momen-
tum and OAM, namely J = L + S, where L represents the
OAM, and S represents the rotating angular momentum. They
can be expressed as:

L = ε0

∫
Re
(
iE∗(L̂.A)

)
dV

S = ε0

∫
Re
(
E∗

× A)
)
dV

(2)

where A is the vector bit, L̂ can be expressed as: L̂ =

−i (r × ∇). Generally speaking, the rotating angular momen-
tum of the electromagnetic field is related to the circular
polarization state, while the OAM is related to the spatial
structure of the electromagnetic field (such as phase structure,
polarization structure, etc.).

Reference [11] proposed the concept of photon orbital
angular momentum and proved that there is a spatial phase
term in Laguerre-Gaussian beams ejlϕ , corresponding to the

OAM, and the corresponding value is lℏ. The light field distri-
bution of a typical Laguerre-Gaussian beam can be expressed
as:

LGp,l (r, ϕ, z)

=
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Among them, l is the number of OAM modes, or called
topological charges; p is the radial mode value, represent-
ing the phase change along the radial direction. w (z) =

w0

√
1 +

(
z
/
zR
)2,w0 is the beam radius of the Gaussian term,

zR = πw2
0

/
λ represents the Rayleigh distance; L|l|

p is a
Laguerre polynomial. Since the beam carries the phase factor
ejlϕ , its wavefront phase is no longer a continuous plane or
spherical distribution, but has a spiral structure. Similarly, the
Bessel beams also have a similar helical phase structure [50],
the expression is:

BG (r, θ) = J l (αr) eilϕe
−( r

2

w2
) (4)

where, α is the transverse wave number, l is the order of the
Bessel function, and is also the number of OAMmodes of the
BG beam. Both LG beams and BG beams carrying different
OAM mode numbers satisfy mutual orthogonality, so they
have received extensive attention and research in the field of
optical communication.

Inspired by the OAM mode in the optical frequency
band B, reference [43] introduced OAM into the microwave
frequency band and proposed the concept of electromagnetic
vortex, and called the electromagnetic wave with OAM vor-
tex electromagnetic wave. The energy of the conventional
spherical electromagnetic wave radiates from the center to
the outside. On the ring beam with the energy center as the
origin, its phase is a fixed value, and the phase wavefront is
a plane or a sphere. For the vortex electromagnetic wave, its
energy is in the form of a ring. On the ring beam with the
energy center as the origin, its phase is uniformly distributed.
There is a phase gradient related to the topological charge
between any two points on the ring, and its phase front
is spiral. At the same time, the center point of the vortex
electromagnetic wave perpendicular to the propagation axis
has the characteristic of phase indetermination, also known as
phase singularity, so the electric field intensity at the center
of the vortex wave is zero. When the topological charge is 0,
the phase and amplitude distributions present a plane wave
or spherical wave distribution, and there is no spiral phase
structure, and there is no phase singularity, as shown in Fig. 1.

III. ANTENNA DESIGN AND OAM EVALUATION
In this section, four different types of antennas are discussed,
namely, active single microstrip patch antennas, travelling
wave antennas, array antennas, and passive metasurface
antennas. TheOAMgenerating techniques are also described.
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FIGURE 1. Radiation pattern of orbital angular momentum of different
modes.

The special benefits and potential applications are also
examined.

A. SINGLE MICROSTRIP PATCH ANTENNA
Because of its simple structure and easy implementation, the
single microstrip patch antenna greatly reduces the produc-
tion cost, so it has high research significance in generat-
ing orbital angular momentum in the radio frequency band.
The OAM generated by a single microstrip patch antenna
is mainly divided into two ways: the first is single-feed
point input, by changing the antenna structure, the current
can produce at least a 360◦ phase change on the antenna
unit, thereby radiating vortex electromagnetic waves. The
second type is double-feed point input, which can meet the
conditions for generating vortex electromagnetic waves by
changing the phase difference and amplitude of the antenna
input current. Generally speaking, compared with multi-feed
input antennas, single-feed input antennas have a simpler
structure, are more convenient to operate, and have more
obvious advantages in cost savings.

The OAM generated by feeding a single microstrip patch
antenna through single feed point and double feed point can
be divided into regular shape, irregular shape and ring nested
structure according to the antenna structure. At present, for
irregular shapes, the typical representative is the F-shaped
structure using single feed point feed [51], as shown in
Fig. 2(a), which gives the corresponding structural schematic
diagram, physical diagram and simulation phase In the dis-
tribution diagram, multiple irregular F-shaped structures are
combined to form an array and a phase shifter to generate
vortex electromagnetic waves, but this structure has obvious
disadvantages, and an additional phase shifter is needed to
realize the phase change on each unit, so that greatly increases
the production cost. For the single microstrip patch with a
regular shape, theway to realize theOAM is simpler, and does
not need to form an array and use an additional phase shifter,
such as a regular elliptical structure [52] and regular octago-
nal structure [53], as shown in Fig. 2(b) and Fig. 2(c). Input

current to the antenna through a single feed point to generate
different resonant modes, thereby radiating corresponding
with the method of generating vortex electromagnetic waves
with irregular shapes, this form greatly reduces the produc-
tion cost. However, the regular antenna structure shown in
Fig. 2(b) and Fig. 2(c) can radiate two different modes of
OAM by changing the position of the feed on the antenna
structure. In the OAM mode, a simple one-to-two power
division network [54] is proposed, as shown in Fig. 2(d).
The circular microstrip patch antenna is fed with currents
with equal amplitude and phase difference of 90◦ through
the double feed point, and different degenerate modes are
excited at different frequencies, and finally the antenna can
simultaneously generate orbital angles of different modes at
different frequencies. That is, the topological charge that can
be generated at 1.62 GHz is 1, and the topological charge that
can be generated at 2.73 GHz is 2, which solves the problem
that there is only one topological charge for a structure, but
due to different modes, the topological charges exist at the
same frequency at the same time, which leads to the defect
that the purity of the orbital angular momentum mode is not
very high, so this also needs further research.

The above-mentioned typical irregular and regular single
microstrip patch antennas can generate different modes of
topological charges through single feed point and double feed
point, but the ultimate research direction of vortex electro-
magnetic wave generation in the radio frequency band is to be
able to differentmodes of topological charges are generated at
frequency points, which can effectively increase the channel
capacity of communication. Therefore, on the basis of the
above-mentioned structures, scholars have achieved different
topological charges at the same frequency by adopting single-
feed point and double-feed point feed ring nested single
microstrip patch antennas, as shown in Fig. 2(e). A ring
nested structure with double-feed points is proposed in [55],
and the relationship between the size of the ring structure and
the feeding position is controlled, so that different modes of
topological charges can be generated at the same frequency,
but this structure is relatively more complicated, as each ring
structure needs to adopt two feed points. In order to reduce
the complexity of the structure, a ring nested structure with a
single feed point is proposed [56], as shown in Fig. 2(f), each
ring structure is fed separately, and finally the 4.65-5.20 GHz
vortex electromagnetic waves with the topological charge
mode numbers 2 and 3 can be generated simultaneously under
the following conditions, but because this structure is nested
with multiple rings, it can be seen from the measured phase
distribution diagram in Fig. 2(f) that although this antenna
structure has two different modes in a wide range at the same
time, but the distance between the two ring structures is rela-
tively close, and the isolation is not high, so the purity of the
two modes is not very high, which also requires researchers
to continue to do more exploration.

Reference [57] proposed a conical conformal loop patch
antenna structure to generate vortex electromagnetic waves
in different modes. As shown in Fig. 3, the loop antenna
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FIGURE 2. Illustration of single microstrip patch antenna designs and beam pattern.

FIGURE 3. Structure and radiation pattern of the conical antenna.

structure using a single feed point input retains the advantages
of simple structure, by changing the feeding position, differ-
ent modes of orbital angular momentum can be radiated at the
same frequency point, digging out a rectangular groove on the
ring structure can make the antenna radiate circularly polar-
ized waves of different modes, and more importantly, the

dielectric substrate shape of this conical conformal structure
can improve the gain of the antenna. Finally, the reliability of
the design is verified by comparing the experimental results
with the simulation results. This structure is also produced
by using a single microstrip patch antenna. A new technical
approach to high gain, different modes of OAM.
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FIGURE 4. Structure and beam pattern of traveling wave antenna.

In the future, this structure can also be combined with
the nested structure [58], which can generate high gain and
carry multiple topological charges of different modes at the
same frequency on the ring structure. Table 1 shows the
main performance parameters corresponding to the vortex
electromagnetic waves generated by the single microstrip
patch antenna introduced above.

B. TRAVELING WAVE ANTENNA
Reference [59] proposed a circular traveling wave antenna to
generate OAM waves. The 90◦ signal excites the traveling
wave current distribution inside the metal annular cavity, and
the generated electromagnetic wave radiates from the small
annular groove at the top of the cavity, as shown in Fig. 4(a).
Then, they add a circular horn structure is used to concentrate
the energy radiation [60], as shown in Fig. 4(b). At the same
time, in order to solve the problem of multiplexing between
OAM modes in the radio frequency band, two annular metal
cavities were deployed [61], as shown in Fig. 4(c), to realize
the multiplexing of four OAM beams, while two reflectors
are added to improve the gain and directivity of the antenna,
reduce the OAM divergence angle, and make the vortex
electromagnetic wave transmission distance longer.

The traveling wave antenna of this ring resonator can
only generate one set of corresponding modes, and can only
generate vortex waves in a narrow band range, which greatly
limits the orthogonal multiplexing of OAM modes. In order
to use orbital angular momentum to improve the spectrum
utilization and imaging resolution of electromagnetic waves,

how to generate vortex electromagnetic waves multiplexed
with broadband multi-OAM modes has always been one of
the focuses of researchers. The helical traveling wave antenna
can be used to generate vortex electromagnetic waves with
broadband multi-OAM modes due to its frequency-invariant
characteristics and easy nesting characteristics, so it has
attracted more attention.

Reference [62] used a single-arm Archimedes planar heli-
cal antenna to generate vortex electromagnetic waves in
different OAM modes in different frequency bands, and
used the principle of a circular current loop to theoretically
deduce and prove that the Archimedes planar antenna gen-
erates vortex fields. The possibility has been verified by
simulation and experiment respectively. The designed single-
arm Archimedes planar helical antenna can generate vortex
electromagnetic waves with OAM modes 1, 2 and 3 in the
range of 1.30-3.25 GHz, 3.45-6.10 GHz and 6.25-10.50 GHz,
respectively. The specific structure and experimental results
is shown in Fig. 5(a). Reference [63] proposed a miniatur-
ized nested three-dimensional helical antenna, as shown in
Fig. 5(b), using a flexible dielectricmaterial to load the helical
antenna, and realizing double-loop nesting under the premise
of ensuring a certain degree of isolation, which can be used
in 4.80-5.20 GHz generates vortex electromagnetic waves
with OAM mode numbers of 2 and 3, realizing multiplexing
of OAM modes in the same frequency band. The four-arm
equiangular planar helical antenna structure [64] as shown in
Fig. 5(c) can realize the generation of vortex electromagnetic
waves in four OAMmodes within a certain bandwidth range.
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TABLE 1. Comparison of various state-of-the-art single microstrip antennas performance.

FIGURE 5. Structure and beam pattern of helical traveling wave antenna.

Based on the above research, reference [65] proposed a
dual-arm Archimedes spiral antenna based on dual feeds at
the inner and outer arm ends, as shown in Fig. 6, which
can generate vortex electromagnetic waves of different OAM
modes, as well as different OAM modes at the same fre-
quency point, realize the generation of opposite OAMmodes
by changing the internal and external feeding methods.
Finally, the structure generates vortex electromagnetic waves
with OAMmode numbers of±1,±2 and±3 at frequencies of
3.00 GHz, 4.00 GHz and 4.80 GHz. At the same time, on this
basis, the gain (6.70-10.00 dBi) and the divergence angle are
reduced by adding a cavity, and the transmission distance
of the vortex electromagnetic wave is increased, so that it is
suitable for the OAM multiplexing communication system.

Reference [66] also proposed another three-dimensional
spiral vortex electromagnetic wave antenna, the structure of
which is shown in Fig. 7. Through theoretical analysis of the

relationship between the number of modes and the helical
size and wavelength, the vortex electromagnetic waves with
OAM modes of 0, 1 and 2 were finally generated at three
frequency points of 0.76 GHz, 1.55 GHz and 2.45 GHz.
At the same time, in order to solve the problem that the
single-arm spiral radiation field is uneven and the vortex
wave mode is low, on the basis of the single-arm structure,
a double-arm spiral with a symmetrical structure is also used
to improve the radiation field. The electrical network sim-
plifies the feeding structure of the double-armed helix. The
team also reduced the height of the helix by loading a ring
of metal sheets, and externally loaded cylindrical cavities to
reduce back radiation. The dielectric plate on the top of the
ring metal sheet can further increase the gain, so that the
antenna has better directivity. This low-profile, high-gain and
mode-tunable vortex electromagnetic wave antenna has broad
application prospects in wireless communications.
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FIGURE 6. Structure and beam pattern of Archimedes antenna [65].

FIGURE 7. Structure and beam pattern of 3D spiral vortex EM wave antenna [66].

According to the principle of vortex electromagnetic waves
generated by the dual-arm planar helical antenna [67], [68],
[69], in order to solve the problem of OAM multiplexing
communication, reference [67] proposed a three-ring nested
planar equiangular helix, as shown in Fig. 8, the microstrip
feed network structure of the antenna is simple, and by adjust-
ing the radius of the three nested rings. It can simultaneously

generate OAM electromagnetic waves with mode numbers
of 1, 3 and 5. At the same time, the metal reflector set
between the helical structure and the feeding network can
improve the radiation directivity and reduce the influence of
radio frequency coaxial cables. The nested multi-arm helical
antenna has great application potential in realizing multi-
plexing of multiple OAM modes. Table 2 shows the main
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TABLE 2. Comparison of various state-of-the-art traveling wave antennas performance.

FIGURE 8. Structure and beam pattern of equi-angular helix [67].

performance parameters corresponding to the vortex elec-
tromagnetic waves generated by the traveling wave antenna
introduced above.

C. ARRAY ANTENNA
The generation of vortex electromagnetic waves by array
antennas is a relatively mature method at present. Compared

with other antennas, the design principle of array antennas
is simple and the structure is flexible. OAM electromagnetic
waves of different modes can be generated by controlling the
phase. At present, a variety of array antennas with different
element structures have been proposed and used to generate
OAM electromagnetic waves, such as dipole antenna arrays,
microstrip patch antenna arrays, Vivaldi antenna arrays, and
horn antenna arrays.
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FIGURE 9. Electrical dipole and bow-array antenna.

1) DIPOLE ARRAY ANTENNA
Dipole antenna is the earliest, simplest and most widely used
type of antenna. Reference [43] applied the theory of OAM to
the low-frequency (<1.00 GHz) radio field for the first time,
and designed a circular phased array with dipole antenna as
the unit antennas to generate vortex electromagnetic waves.
Reference [70] generate linearly polarized vortex electromag-
netic waves with mode numbers 1 and 2, and systematically
analyzed the directivity of antenna arrays, etc. The structure
diagram and results are shown in Fig. 9(a). Reference [71]
proposed an antenna array composed of a bow-tie dipole
array element and a broadband phase-shifting feed network,
which can generate circularly polarized OAM electromag-
netic waves with a mode number of ±1 at 2.10-2.70 GHz.
The specific structure diagram and experimental architecture
is shown in Fig. 9(b). The array provides four orthogonal
channels for OAM communication, and the bit error rate is
lower than 4.2 × 10−3.

2) MICROSTRIP PATH ARRAY ANTENNA
Compared with the dipole antenna array, the elements of the
microstrip patch antenna array are less affected by the mutual
coupling effect, and it also has the advantages of low profile,
simple structure, and low cost. Reference [72] proposed a
phased array antenna composed of a rectangular microstrip
patch array element and a microstrip phase-shifting feed
network, as shown in Fig. 10(a). At 10 GHz, it is proved
experimentally that vortex electromagnetic waves with

l = ±1 can be generated. Since then, the microstrip patch
antenna array has received extensive attention and research.
Reference [73] designed a circular power divider structure
with phase shifting function. The antenna structure is com-
pact and easy to implement, which is suitable for radio com-
munication and radar applications. Reference [74] used the
patch array antenna for communication experiments for the
first time, and generated OAM electromagnetic waves with
mode numbers 0 and ±1 at 5.75 GHz and carried out OAM
multiplexing experiments. The experiment proved that OAM
can not only improve communication capacity, but can also
enhance the security of communication on the physical level.
Reference [75] used the numerical control method to control
the phase for the first time, and controlled the digital base-
band signal through the FPGA device to realize the dynamic
configuration of OAM in the radio frequency band. In [76],
a circular array antenna with a multi-layer structure was used
to realize the generation of dual OAMmodes with low cross-
coupling. Reference [77] proposed a low-profile microstrip
rectangular array antenna, which excites quasi-cross-shaped
apertures through U-shaped andM-shaped microstrip feeders
to obtain two orthogonal polarizations, thereby realizing the
generation of the specific results of different OAM modes
are shown in Fig. 10(b). In order to generate multiple OAM
modes with one array antenna, reference [78] proposed a
wideband patch array antenna with reconfigurable polariza-
tion andOAMmodes. Using an adjustable feed network com-
posed of switching diodes, it can generate left-handed circular
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FIGURE 10. Structure and beam pattern of circular and rectangular patch antennas.

polarization in +1 mode and right-handed circular polariza-
tion in –1 mode. Reference [79] also used the switching diode
electronic control method to realize the reconfigurable OAM
mode, and generated OAM electromagnetic waves of±1,±2
and 0 at 5.50-6.10 GHz and 5.65-6.10 GHz. The specific
results are shown in Fig. 10(c) shown. The octagonal patch
antenna array [53] in Fig. 10(d) uses the high-order mode of
the unit structure, breaks through the limitation of the number
of array elements required to generate the OAM mode in the
traditional situation, and only needs 4 patch units. The OAM
electromagnetic wave with mode number -2 can be generated
at 2.40 GHz. Reference [80] proposed a method to simplify
the feed network. By introducing the optimal reference phase
to reduce the number of required phases, only six phases are
required to generate the number of modes in the frequency
range of 2.33-2.73 GHz and OAM vortex electromagnetic
waves of ±1, ±2, ±3. In addition, there are some antenna
arrays that can achieve structure miniaturization [81], high
gain [82], different polarization [83], different angles [84],
high-order modes [85] and can be used for short distance
communication [86] for OAM waves. Compared with other
antenna arrays, the microstrip patch array antenna is easy to

obtain OAM waves of different polarization forms, and the
antenna profile is low, but the design of the feed network
is more complicated, and it is difficult to simultaneously
generate OAM electromagnetic waves of different modes,
more detailed and in-depth research is needed for further
optimization.

3) OTHER ARRAY ANTENNAS
In addition to the commonly used dipole and microstrip patch
antenna arrays, researchers have also proposed a variety of
antenna arrays with different array elements to generate OAM
waves, such as Vivaldi antenna arrays, horn antenna arrays,
resonant cavity antenna arrays, and single-arm helical anten-
nas. It has the characteristics of broadband, high gain, and
easy integration [87]. Fig. 11(a) shows a compact broadband
Vivaldi antenna array [88], in which eight Vivaldi antenna
elements are folded sequentially to form a hollow cylinder,
which can generate a vortex with a mode number of 0, ±2
at 2.70-2.90 GHz rotating electromagnetic waves. The horn
antenna has good radiation directivity and high gain, so it is
often used as an array antenna unit. The circular horn antenna
array in Fig. 11(b) [89] can achieve zero mode number in
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FIGURE 11. Structure and beam patterns of various types of array antennas.

three polarization states, ±1, ±2, ±3, ±4 OAM electromag-
netic waves. Reference [90] uses a circular horn antenna array
in the X-band to generate high-order OAM electromagnetic
waves, which can be used for vortex electromagnetic wave
radar imaging. Reference [91] proposed water immersed cir-
cular horn antenna array can generate vortex electromagnetic
waves with mode numbers 0, 1, 2, and 3 in pure water,
which is conducive to improving the resolution of under-
water microwave imaging systems. Reference [92] uses the
Rotman structure to analyze the three array of element horn
antennas is fed to generate multi-mode OAM. The cylindrical
dielectric resonator antenna array shown in Fig. 11(c) [93],
by correctly selecting the dielectric constant and height of
the substrate, the loss of the transmission line and the gen-
eration of surface waves can be avoided. Reference [94]
proposed a new design for multi-mode OAM using surface
plasmons, which can simplify the generation of vortex beams.
In addition, the single-armArchimedes planar helical antenna
array proposed in [95] can add phases to antenna elements
through mechanical rotation and microstrip feed network,
and can operate at 3.40-3.90 GHz, 3.40-4.10 GHz and 3.90-
4.70 GHz, respectively. Vortex electromagnetic waves with
OAM modes 1, 2 and 3 are generated in the frequency
range of GHz, as shown in Fig. 11(d). Compared with
dipole antenna arrays and microstrip patch antenna arrays,
antenna arrays with other structures have unique advantages
and development prospects. In the future, more antenna
arrays with unique structures will be proposed to be suitable

for wireless communication, radar imaging, remote sensing
detection and other different directions. Table 3 lists the OAM
waves and their performances generated by some currently
proposed array antennas.

D. METASURFACE ANTENNA
The use of phased array antennas to generate OAM waves
requires a complex feed network, which still has great
limitations in practical applications. Therefore, in recent
years, the use of electromagnetic metasurface technology to
generate OAM waves has been proposed, and has received
extensive attention from many researchers in the radio fre-
quency band. A metasurface is an ultrathin 2-dimensional
array surface composed of metamaterial resonant units peri-
odically arranged in subwavelength sizes. It can realize
sudden changes in the amplitude or phase of electromag-
netic waves by changing the shape and size of the res-
onant units [96]. Compared with traditional phased array
antennas, metasurface antennas have the advantages of low
profile, simple feeding system, and easy beamforming [97].
The metasurface antennas currently used to generate OAM
waves can be divided into four categories: reflective metasur-
faces, transmissive metasurfaces, holographic metasurfaces,
and digitally encoded metasurfaces. Among them, reflective
metasurfaces and digitally coded metasurfaces are favored by
researchers due to their advantages such as simple structure
and process and diversified regulation.
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TABLE 3. Comparison of various state-of-the-art traveling wave antennas performance.

References [98], [99], and [100] used the reflective
metasurfaces of rectangular patch unit, dipole unit and
‘‘cross-shaped’’ patch unit [100] respectively to achieve a
single OAM wave, angle separation generation of OAM
wave and polarization separation OAM wave, and the cor-
responding simulation and experimental verification are
carried out, as shown in Fig. 12(a) and Fig. 12(b).
Reference [101] realized the generation ofmixed-modeOAM
waves, and performed efficient reception and mode sepa-
ration of the generated OAM waves. Subsequently, refer-
ence [102] continued to study the generation of OAM waves
with different polarizations (linear polarization, left-handed

circular polarization, and right-handed circular polarization),
as shown in Fig. 12(c). In the direction of polarization,
OAM waves with a mode of ±1 and broadband (9-11 GHz)
OAM waves have been generated in two bands (C-band
and X-band) [103], [104]. In the past two years, the use
of reflective metasurface antennas to generate OAM waves
has sparked an upsurge. Reference [105] used a double-
layer reflector structure to realize OAM modes with low
divergence angles, and the generated OAM waves can be
transmitted over long distances (46.9λ0), like Fig. 12(d).
Reference [106] realized the generation of reconfigurable
OAM waves with mode numbers l = –1, 0, 1 through
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FIGURE 12. Illustration of OAM radiation generated by metasurface antennas.

an adjustable phase-shifted feed network. Reference [107]
used the Pancharatnam-Berry phase to generate broadband
OAM waves, and realized the generation of vortex elec-
tromagnetic waves with a bandwidth ranging from 6.95 to
18.00 GHz. In addition, many researchers also pay atten-
tion to the generation of vortex waves in multi-mode and
higher-order modes [108], [109], [110], by adjusting the size
parameters of the structure, a phase coverage of 2π can be
achieved, and then different OAM modes can be realized.
Reference [111] used the miniaturized reflective metasurface
antenna to realize the generation of OAM waves in different
modes, as shown in Fig. 12(e), using the double-ring structure
as the resonant unit (0.38λ0×0.38λ0), greatly reducing the
overall size of the array. In [112], the Pancharatnam-Berry
phase and the resonant phase were used to generate dif-
ferent modes of OAM waves in different bands under the
same planar structure, as shown in size of the font structure
produces OAM waves of modes 1 and 2 at 5.20 GHz and
10.50-12.00 GHz, respectively.

Reference [113] used the concept of high-order phases and
an adjustable phase network structure composed of diodes
to realize the generation of reconfigurable OAM waves,
as shown in Fig. 13. Compared with the above-mentioned
metasurface structure, this metasurface can realize ±1, ±2,

±3 order OAMmodes, which greatly improves the utilization
efficiency of the structure. Moreover, the generated OAM
waves of different modes all work at the same frequency,
which also facilitates the application of the OAM multiplex-
ing technology in the communication system. In addition,
the structure can also realize the scanning (−55◦

−55◦) and
focusing of the electromagnetic beam, which broadens the
application range of the antenna. The reflective metasurface
has a simple structure and diverse functions, and is an impor-
tant research direction for metasurface antennas to generate
OAM waves. At present, the generation of vortex waves
by reflective metasurfaces still has great limitations. In the
future, scholars can focus on reconfigurable modes, angles
for further research in several aspects such as multiplexing
and broadband.

While reflective metasurfaces are widely used, transmis-
sive metasurfaces are gradually coming into people’s field
of vision. Reference [114] used the transmission metasur-
face to generate the OAM wave with mode 2, as shown
in Fig. 14(a), the left-handed circularly polarized plane
wave forms a right-handed wave after passing through the
metasurface. In recent years, transmissive metasurfaces have
also received extensive attention. Reference [115] effectively
reduced the divergence angle of the vortex wave by using
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FIGURE 13. Structure and phase diagram of adjustable antenna.

the amplitude-phase dual control method. In [116], the gen-
eration of OAM waves with a divergence angle of 9◦ and a
mode of l = 1 was realized through the structural unit of
4 layers of metal and 3 layers of dielectric. Reference [117]
generated OAM waves with modes 0 and 1 under different
polarizations, as shown in Fig. 14(b). Reference [118] used a
metasurface lens to achieve the convergence of OAM waves,
reducing the divergence angle from 50◦ to 22◦. In [119]
and [120], by adjusting the unit size of the metasurface, the
generation of polarization conversion and angle-separated
OAM waves is realized respectively. As shown in Fig. 14(c),
the modes l = –2, –1, 0, 1, 2 OAM waves. In [121], a
13-layer cell structure combined with a PIN diode was used
to realize a mode-reconfigurable vortex wave. In [122], the
single-layer ultra-thin (0.05λ0) structure was used to generate
vortex waves inmodes 1 and 2, respectively. In addition, there
are OAM waves generated by miniaturization [123], [124]
and single-layer structure [125], andOAMwaves that achieve
polarization separation by using all-dielectric metasurfaces
in [126], as shown in Fig. 14(d). It is shown that OAM
waves with modes –1 and 2 are generated under TE and TM
incident waves, respectively. Compared with the reflective
metasurface, the OAM wave generated by the transmissive
metasurface is not easily affected by the incident wave, and
the mode purity is higher, but the structure of the transmissive

metasurface is more complex, usually requiring a multi-layer
structure, which increases the difficulty of the process, and
Radiation gain is low, which also requires further research.

In addition to the traditional reflective and transmissive
metasurfaces, references [127], [128], and [129] proposed the
use of a new structure called a holographic metasurface to
generate OAM waves, as shown in Fig. 15. In Fig. 15(a),
the OAM waves with modes –1 and 1 are generated at dif-
ferent angles. In Fig. 15(b), the OAM waves with topolog-
ical charges of 2 and 4 were generated by using different
arrangements of structural units. The holographic metasur-
face combines the holographic algorithm with the metasur-
face to achieve more precise beam control. The generated
OAMwave mode has high purity and small divergence angle,
and can realize the adjustment of the OAM wave angle. The
disadvantage is that the algorithm is more complicated and
the amount of calculation is large, so far there are few studies.

In addition, references [130], [131], [132], [133], and [134]
proposed a new digitally codedmetasurface to generate OAM
waves. They realized a reconfigurable and angle-separated
and mode-separated OAM waves, as shown in Fig. 16.
At the same time, reference [135] realized multi-mode OAM
beam radiation by using digital coding Pancharatnam-Berry
phase, polarization separation digital coding [136] and full
space digital coding [137]. Compared with the traditional

28006 VOLUME 11, 2023



O. A. Saraereh: Design and Performance Evaluation of OAM-Antennas: A Comparative Review

FIGURE 14. Structure and polarization of transmit antenna array.

FIGURE 15. Structure and beam patterns of holographic metasurface.

metasurface, the phase of the digitally codedmetasurface unit
is composed of a limited number of binary values, which

greatly simplifies the computational complexity. At the same
time, the generated vortex wave still maintains a good helical
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TABLE 4. Comparison of various state-of-the-art metasurface antennas performance.
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TABLE 4. (Continued.) Comparison of various state-of-the-art metasurface antennas performance.

FIGURE 16. Structure and beam patterns of digitally encoded metasurfaces.

phase characteristic, and also making it valuable for research.
This new type of metasurface antenna may play an important
role in the generation of OAM waves in the future. Table 4
lists some currently reported metasurface antennas for gener-
ating OAM waves and their properties.

IV. CONCLUSION
The vortex electromagnetic wave carrying OAM has great
potential application value in the field of wireless com-
munication, radar detection and imaging, but the genera-
tion method of vortex electromagnetic wave is not optimal,
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especially the broadband and multi-OAM mode antenna
design still faces great challenges.

This paper mainly reviews and summarizes the progress
of antenna structures that generate vortex electromagnetic
waves in the radio frequency spectrum. The origin, develop-
ment history and application trend of vortex electromagnetic
waves are briefly introduced. The research progress of vortex
electromagnetic wave generation technology by antennas, the
advantages and disadvantages of each type of vortex antennas
are summarized and compared, and then the future develop-
ment is summarized and prospected on the basis of these four
types of antennas.

There are still some issues that require resolution. For
instance, many OAM multiplexing studies continue to
employ pricey and bulky components that are unsuitable for
widespread usage and practical implementation. It is diffi-
cult to produce and detect highorder and multi-mode OAM
beams with a finite-size aperture. The development of system
components like transmitters, multiplexers, demultiplexers,
and receivers is crucial to the future viability of OAM. These
elements must offer size and cost savings and be compatible
with current technology. Moreover, the propagation chan-
nel’s condition has a significant influence on OAM-based
connections, and issues that arise in some challenging and
complicated channel circumstances must be addressed and
resolved. In future research, how to design and manufacture
a vortex antenna with a simpler structure and lower cost,
while also being able to generate broadband, multi-OAM
modes, and high-quality vortex electromagnetic waves, will
be the unremitting efforts of the academic community. More-
over, the multiplexing between different modes of vortex
electromagnetic waves and the demultiplexing of composite
vortex electromagnetic waves will also be the focus of future
research. The analysis and research on the transmission char-
acteristics of vortex electromagnetic waves in different dis-
persion systems will also be the key to the scientific problems
that have to be faced in the application field. The progress and
maturity of vortex electromagnetic wave related technolo-
gies will promote its increasingly important role in wireless
communication systems, vortex radar imaging systems, and
medical imaging systems.
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