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ABSTRACT Orbital angular momentum (OAM) is an intrinsic property of electromagnetic (EM) waves
that has opened new possibilities for enhancing the capacity of wireless communications. Consequently, it
has garnered significant attention in recent years. For wireless communications, antenna arrays are the most
effective and widely studied approaches for OAM-wave generation. Various types of antenna arrays have
been explored in research and development; however, a comprehensive comparison of these arrays remains
lacking. This paper addresses this gap by first reviewing the various types of phased arrays that have been
considered for OAM generation in the literature. Subsequently, it addresses the key performance indicators
(KPIs) of the antenna arrays for OAM-wave generation. These KPIs include directivity, the largest producible
OAM-mode (LPM), OAM-mode multiplexing capability, divergence angle, and mode purity. Based on
the KPIs, a comparative analysis is conducted across several types of antenna arrays, including uniform
square arrays (USA), uniform circular arrays (UCA), three-dimensional (3D) helical circular arrays (HCA),
3D helical circular sub-arrays (HCSA), and concentric UCAs (CUCA), under various settings. The study
highlights the advantages and limitations of each antenna array type and examines how different parameters
influence their performance.

INDEX TERMS Wireless communications, orbital angular momentum (OAM), antenna array, phased array,

key performance indicators, directivity, OAM-mode, divergence angle, purity, 6G communications.

I. INTRODUCTION

In the research and development of wireless communications,
about every ten years, a new generation of wireless technolo-
gies has emerged since 1980. The designs of the first and
second-generation (1G and 2G) wireless systems were mainly
focused on symmetric traffic between uplink (UL) and down-
link (DL) to support voice communications [1]. The third
and, especially, the fourth-generation (3G and 4G) wireless
systems were mainly focused on DL, to provide asymmetric
UL/DL traffic resulting from the internet-based services [1].
From 1G to 4G, wireless systems have been centralized to
support services around human beings. By contrast, since the
fifth-generation (5G) released in 2020, wireless services have
been expected to be supported in all possible dimensions,
from classic mobile phones, tablets, to the various types of
sensors, from voice transmission, internet, to industrial con-
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trol commanding, from deep sea, indoor/outdoor, to space,
from static or low-mobility environments, to median-mobility
vehicular networks, to high-mobility high-speed trains or
even flights, etc. [2]. Supporting such wireless services of
multi-dimensional has been becoming possible, because the
5G techniques are capable of empowering wireless trans-
missions with extremely high data rates, ultra-reliable low
latency, and massive connectivity [1, 2].

However, the techniques relying on the conventional re-
sources in frequency, time and space domains have been
actively researched and developed for many decades. It is
becoming increasingly challenging to attain the capacity ex-
pected for supporting the future generations of wireless ser-
vices [3]. According to ITU [4], global mobile traffic was
about 7.5 exabyte (EB) per month in 2010 but is expected
to increase more than 6,000 times in 2030, at the start of
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the sixth-generation (6G) era [5]. To meet the challenges,
researchers and industries throughout the world have been de-
bating for the crucial technologies, perspectives, and service
demands. Although the standards for 6G are not yet clear, it is
commonly anticipated that 6G will support many new types
of services and significantly enhanced services, demanding,
such as, ultra-high data rates, ultra-reliable and ultra-low
latency, ultra-massive connectivity, ultra-high precision, etc.
[1,5].

Due to the above-mentioned, new resources have been
introduced and researched for 6G wireless communications.
Among them, the orbital angular momentum (OAM) allowed
to embed with radio waves has emerged as one of the promi-
nent candidates, and has undergone extensive investigation
for applications in wireless communications in recent years
[6]. Historically, Allen et al. in 1992 [7] discovered that light
can carry OAM, which is defined by a topological charge
known as mode number, commonly represented by a variable
[ in the literature. Here, / can be an infinite integer, indi-
cating the number of 27 phase alternates around the cross-
section of the beam’s propagation direction over one wave-
length of the propagation distance. However, the research on
OAM has been restricted to optical field for a long time,
until about fifteen years later when OAM was initially ap-
plied and numerically simulated in low radio frequency (RF)
bands [8]. The feasibility of OAM for applications in wireless
communications was experimentally verified in 2012 [9],
which reignited the research interest, leading to numerous
followed studies in wireless communications communities.
The studies have considered various aspects, including OAM-
beam generation [10—12], achievable spectrum efficiency and
capacity [13-16], design and optimization of antenna arrays
[17, 18], and purity analysis and performance [19-22].

The advantages of OAM lie in its property that the OAM-
waves of different modes are orthogonal to each other [23,
24], which provides new degrees-of-freedom for wireless sig-
nalling design. Based on this property, multiple OAM-modes
can be multiplexed and transmitted on a wave of identical
frequency, thus, allowing to increase the throughput with-
out increasing the bandwidth, yielding increased spectral-
efficiency [6]. This technique is referred to as OAM-mode
division multiplexing (OAM-MDM). OAM-MDM can be
added to many existing communication schemes [25, 26], in-
cluding orthogonal frequency division multiplexing (OFDM)
[27-29], frequency hopping [30], code division multiple ac-
cess (CDMA) [31], non-orthogonal multiple access (NOMA)
[32], and various index modulation (IM) schemes [33]. As
a results, the capacity of the corresponding wireless systems
can be improved without relying on extra resources from the
conventional space, time and frequency domains.

Furthermore, OAM may be integrated with some 6G
technologies, including Terahertz (THz), reconfigurable
intelligent surface (RIS), security, holographic multiple-
input multiple-output (MIMO), and internet of everything
(IoE) [34-39]. To be more specific, first, OAM can provide
additional dimensional resources for the design of THz sys-
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tems [35,36]. On the other side, THz signaling may also
enhance the performance of QAM systems. According to
[36], using a higher carrier frequency helps to reduce OAM’s
beam divergence. Second, OAM can be implemented for
signal transmission between a base-station (BS) and its as-
sociated RISs to improve information transmission between
them [40]. Since both BS and RISs are usually fixed appa-
ratuses, the scenario is beneficial to the implementation of
OAM. Third, for security application, the low-order OAM-
modes may be configured for information transmission, while
the high-order OAM-modes can be set to transmit artifi-
cial noise to mitigate the possibility of eavesdropping [37].
Furthermore, in [38], it was demonstrated that the active
holographic MIMO metasurfaces is capable of exploiting the
intrinsic orthogonality of OAM-beams to establish multiple
parallel communication channels, thereby enhancing the spa-
tial multiplexing capability and ultimately spectral-efficiency.
Additionally, via the integration of OAM with a dynamic
power-splitting scheme, a simultaneous wireless information
and power transfer (SWIPT) system may flexibly divide
received energy between information decoding and energy
harvesting. This is crucial for powering the batteryless IoE
devices in future 6G systems. Notably, as demonstrated in
[39], when communicating over short-distance line-of-sight
(LoS) channels, an OAM-assisted SWIPT system is capable
of attaining a superior rate-energy trade-off, when compared
with both the conventional single-input single-output (SISO)
and MIMO systems.

Nevertheless, as the first step to applications, the gener-
ation of OAM-waves has garnered significant research at-
tention. Accordingly, various methods have been explored,
including those generating OAM-waves using spiral phase
plate (SPP), parabolic antenna, phased array, dielectric res-
onator antenna (DRA), and metasurface [6,41]. Among these
methods, the antenna array method stands out as the main
technique, owing to its feasibility for both indoor and outdoor
applications, flexibility of beam steering, compact size, and
reconfigurable capability [6]. Despite many advantages, the
antenna array method still faces significant challenges that
need to be addressed before practical applications. One of
the main problems of OAM-waves is the beam divergence
effect, which numerous researches have been endeavoured to
alleviate [42—-45]. For example, in [11] and [46], uniform cir-
cular arrays (UCAs) were designed for generating the OAM-
beams carrying different modes to attain an equal divergence
angle. In [44], a so-called transmit-array was designed to
convey dual OAM-modes experiencing only small divergence
effect. Another challenge with the antenna array method is the
purity of OAM-beams generated, which reflects the quality
of OAM-beams. Hence, research efforts have been made to
maximize the OAM purity via optimizing the structures of
the antenna arrays, as shown, for example, in [20, 22,47].

However, the definitions of divergence angle and purity
are different in different references, making the performance
comparison across different schemes inconvenient. For exam-
ple, in [20, 48-52], instead of absolute directivity, the relative
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directivity of antenna arrays, with respect to the maximum
of a particular array, is generally considered. This makes
it difficult to compare the performance between different
OAM-generating antenna arrays. Another issue is that UCA
can be used to generate an OAM-wave conveying one spe-
cific mode, or alternatively, it can be configured to gener-
ate an OAM-wave simultaneously carrying multiple modes
achieving mode multiplexing [53, 54]. Moreover, concentric
uniform circular array (CUCA) is even more flexible than
UCA, as each CUCA consists of several rings of sub-UCAs.
Hence, these sub-UCAs can be treated as separate UCAs
for generating OAM-beams of different modes, or treated
as one CUCA to jointly generate an OAM-beam carrying
multiple modes. Therefore, it is desirable to have an explicit
and comprehensive comparison of the UCAs and CUCAs
with different configurations. Additionally, the effect of array
parameters, such as the array structures, number of transmit
array elements, and number of receive array elements (sam-
pling points of phase profile), remains largely unexamined.

To address the above-mentioned issues, under a unified
framework, we provide a comprehensive comparison of the
typical antenna arrays considered for OAM-wave generation,
when antenna arrays are operated under different configura-
tions. Our motivation is to analyze the OAM-generating ar-
rays in terms of their merits and shortcomings, when practical
applications under certain constraints are considered. Briefly,
our contributions can be summarized as follows:

« Propose a unified framework for performance compari-
son between different OAM-generating antenna arrays,
where five KPIs are introduced, encompassing directiv-
ity, beam divergence angle, OAM-mode purity, largest
producible mode (LPM) and multiplexing capability.

« Analyze six types of antenna arrays, mainly investigated
with OAM in the literature, including uniform linear ar-
ray (ULA), uniform square array (USA), UCA, CUCA,
three-dimensional (3D) helical circular array (HCA) and
3D helical circular sub-array (HCSA). Some of the other
arrays less considered in the literatures are also briefly
noted.

e Based on simulation results, USA, UCA, CUCA, 3D
HCA and 3D HCSA are comprehensively compared
against the KPIs, when they are configured to generate
OAM-modes 1 to 4. For USA and UCA, the comparison
is extended to the OAM-modes 5 and 6. Moreover, the
CUCA, which has been most popularly considered in
references, is specifically investigated to show the chal-
lenges of multiplexing implementation and the signifi-
cance of the optimization of array parameters.

From our studies a range of observations with respect to
design and performance of OAM systems are derived, which
are summarized in Section V of concluding summary.

The remainder of this paper is structured as follows. A
brief review is first provided in Section II for OAM-wave
generation using antenna arrays. Next, the KPIs for OAM-
generating arrays are addressed in Section III. Then, in Sec-
tion IV, the feasibility of generating OAM using USA, UCA,
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HCA and HCSA is firstly demonstrated, followed by the
comprehensive performance study and comparison of these
arrays based on simulation results. Then, the impacts of the
number of array elements on KPIs, challenge of generat-
ing OAM-beams of higher modes, and the impact of the
number of samples from phase-profile on purity are investi-
gated. Moreover, CUCA is specifically investigated in terms
of its capability of multi-mode OAM-beam generation and
corresponding performance. Finally, the paper provides the
concluding summary and further research issues in Section
V.

Il. OAM GENERATION BY PHASED ARRAYS: A REVIEW
Antenna arrays can be used to generate OAM-carrying wave-
beams, which are simply referred to as OAM-waves or OAM-
beams. This has been regarded an efficient method in terms
of the complexity of implementation and hardware’s physical
size [6]. In principle, various types of antenna arrays may
be employed to generate OAM-beams, including linear [16,
24,55-58], planar square [20,59-63], circular [19,48,49,
54,64-75], three-dimensional (3D) helical [76], cylindrical
and conical [77] and other 3D [76-80] arrays. Below, six
types of antenna arrays are elaborated associated with their
applications for generation of OAM-waves.

Before addressing the specific antenna arrays for OAM-
beam generation, first, it is noteworthy that OAM has been
studied with MIMO antennas, referred to as the OAM-MIMO
[13,55,81]. The performance of OAM-MIMO systems has
been studied and compared with that of the conventional
MIMO systems in several references. More explicitly, in
[55], the capacity and energy efficiency of the OAM-MIMO
systems without specifying antenna structures were studied in
multipath propagation scenarios. By exploiting the diversity
of OAM-waves carrying different modes rather than relying
solely on their orthogonality, the studies in [24] demonstrated
that OAM-MIMO is capable of offering a superior capacity
in comparison with the traditional MIMO. This superiority
becomes more pronounced as the number of elements of an
antenna array increases, or as the element spacing decreases.
OAM-MIMO can also be configured to implement the OAM
spatial modulation (OAM-SM) in millimetre wave communi-
cations, as done in [82], where the capacity, average bit error
rate (BER) and energy efficiency of the OAM-SM systems
were investigated. The studies conclude that the OAM-SM
can be a promising scheme enabling energy-efficient com-
munications. Specifically, this method allows to achieve an
energy-efficient that can be more than 200% higher than that
of the normal OAM-MIMO. Consequently, OAM-SM may be
beneficial to relatively long-range communications.

In [57], the BER performance of a type of OAM-MIMO,
referred to as the plane spiral OAM, was studied in line-
of-sight (LoS) scenarios. The extension to non-line-of-sight
(NLoS) cases was considered in [58]. Later in [16], an antenna
structure originally employed in [56] was considered, based
on which the capacity of OAM-MIMO systems was numeri-
cally analyzed when taking account of the spatial-energy dis-
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tribution of the OAM-waves. Similarly, the antenna structure
proposed in [56] was employed in [23], to address the impacts
from atmospheric turbulence and the misalignment between
transmit and receive antennas on the performance of OAM-
MIMO systems. Specifically in [23], the BER and capacity
performance of OAM-MIMO systems were studied. Accord-
ingly, an optimization algorithm was proposed to enhance the
performance of OAM-MIMO systems.

In the following, we review several types of antenna arrays
that have been studied for the generation of OAM-waves.
Note that, to implement these arrays, either tunable delay
lines or phase shifters may be employed to control the phase
delays required by different array elements to generate given
OAM modes [83]. However, in our forthcoming discussion,
it is assumed that phase shifters are used, owing to that this
technique does not require feeding networks. Besides, it is
assumed that signals are fed to the centers of the patches
of array elements via coaxial cables, as this type of feeding
is relatively easy to manufacture and matching, which also
generates low spurious radiation [84].

Furthermore, we note that, while full-digital beamforming
techniques have mainly been considered in research, hybrid
beamforming techniques may also be employed to generate
OAM-beams [27,85-88]. Specifically, in [27,85-87], the
hybrid beamforming assisted OAMs have been studied from
a far-field perspective. By contrast, in [88], an OAM scheme
with the beamfocusing relying on hybrid beamforming is
proposed for application in near-fields. Note furthermore that,
in [85], the beam purity is investigated, and in [87], the
directivity is addressed.

A. LINEAR ARRAY

z (mm)

FIGURE 1: Illustration of uniform linear array (ULA).

A linear antenna array arranges its array elements along
a line, typically with an equal spacing between two adja-
cent elements, forming the so-called uniform linear array
(ULA), as shown in Fig. 1 [84]. Due to this linear geometric
structure, linear arrays are only usable for generating OAM-
waves, when individual array elements are independently
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configured to generate OAM-beams, as discussed in [56].
The authors demonstrated that the travelling wave anten-
nas can be employed to generate double-mode OAM-beams,
which can simultaneously propagate coaxially with high iso-
lation. To the best of authors’ knowledge, except [55], all the
other references [16,23,24,57,58,82] on the linear arrays
for OAM generation have followed [56] and assumed the
travelling wave antennas. This is the consequence that, as
above-mentioned, each array element has to be independently
configured for generating an OAM-beam. Furthermore, so
far, there are no published research results considered to
generate OAM-waves using the linear arrays implemented by
microstrip techniques. A possible reason is that linear arrays
are hard to be built to effectively generate the phase-closed
loop signals, which satisfy the periodic circulation property
required by OAM-waves. Owing to the above-mentioned
issues, linear arrays will not be specifically analysed in the
forthcoming discourses of this paper.

B. UNIFORM CIRCULAR ARRAYS (UCA)

Parameter Value
Number of Elements (V) 16

Phase Shift (¢,, n=1,...,N) 2rl(n — 1)/N
Rectangular Radiator Dimensions | 0.02mXx 0.02m
Feeding Width & Length 0.002m
Ground Plane Length & Width 0.4m

TABLE 1: An example of structure parameters for UCAs.

z (mm)

200

Ground plane
X (mm)

Rectangular element

FIGURE 2: Illustration of uniform circular array (UCA),
where the red-colored dot in each squared radiating element
represents a signal feeder.

The UCA with radiating elements arranged on a ring con-
stitutes a structure that is beneficial for OAM-wave genera-
tion in RF and, hence, has drawn a lot of research interest [48,
49,63-67,73, 89, 90]. A schematic of UCA is depicted in Fig.
2, with the array structure parameters, for example, shown in
TABLE 1. To generate an OAM-wave of a given mode using a
UCA, each array element is fed a signal with a specific phase
in the azimuth direction [75, 91]. Assume that the N elements
of a UCA are regularly indexedasn = 1,2, ..., N, then, their
phases can be activated according to [21, 92, 93]
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2r(n — 1)1
sofl”:saw%, (1)

for OAM-mode [ = +1, 42, . ... In (1), ¢y denotes the initial
phase usually set to zero. Note that, although mathematically
| can be any positive or negative integer, the maximum mode,
denoted as =+/.x, Which is meaningful in practice, is lim-
ited. According to [8,49, 72, 94], the practically meaningful
modes are integers falling in the range of —N /2 + 1 <[ <
N/2 — 1. Hence, we typically have [,y = N/2 — 1, as
evidenced by our simulation results in Section IV.

As indicated by (1), to generate an OAM-wave, an equal
phase shift of 27/ /N is gradually added to the N array ele-
ments, from n = 1 to n = N. This arrangement is desirable
because of its simplicity in feeding signals into array elements
and its feasibility for wavefront manipulation [95]. Moreover,
as noted in [14,96], UCA is efficient, low-cost, and has a
simple structure.

For fabrication of UCAs for OAM generation, microstrip
patch array elements are typically utilized [48, 49, 63-67, 73,
89, 90], while this has not been used in [54, 72, 74]. Specifi-
cally, in [54, 72], dipole arrays were employed, while in [74],
the spiral array was introduced. Additionally, in [73] and
[97], one extra element positioned at the centre of UCAs was
employed to transmit a beam of mode 0. Note that, as mode
0 wave is a traditional plane wave, which does not require an
array to generate.

As mentioned above, radio frequency based OAM has
been widely investigated with UCAs. Specifically, in [48, 64,
65,73,98], the OAMs of single mode operating in specific
frequency bands were considered. In [68,99], the single-
mode OAM-waves at dual frequency bands were generated.
The authors detailed both the design and configuration of
radiators to generate the OAM-wave of a particular mode,
where the performance was studied via numerical simulations
and also verified by experimental results. By contrast, in
[49, 54,66, 67,69, 72,74, 100], the OAM-waves consisting of
mixed modes were generated, where each OAM-mode was
generated by a separate UCA with 8 array elements.

Furthermore, there has been a range of researches on the
concept of mode division multiplexing implemented using
the OAMs generated by UCAs. More specifically, in [15,
18,49,101, 102], it was demonstrated that if a superposi-
tion signal whose component signals are appropriately phase
shifted is fed into the elements of a UCA, OAM-MDM can
be achieved. In [15], the properties of OAM-MDM were
exploited to achieve physical layer security for communica-
tions over wiretap channels. It was shown that the divergence
and spiral phase properties of OAM-waves enable the design
of wireless communications systems with new degrees of
freedom for enhancing their secrecy performance. Based on
UCA, in [101], a Butler matrix circuit was presented for gen-
erating the OAM-wave multiplexing several OAM-modes.

There are also various challenges for employing UCAs
to implement OAM-MDM. First, in [18], three important
concerns in OAM-MDM, including beam divergence, mode-
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dependent performance deterioration, and degradation of re-
ceive signal-to-noise ratio (SNR), were addressed. Second,
for a UCA to generate OAM-MDM wave, a specifically
designed feeding network is required, which lacks the steer-
ing flexibility [83]. Besides, the OAM-beams carrying high-
order modes become severely divergent, which may yield
considerable attenuation of the received signal, when the
same sampling plane at the receiver is employed. In this
case, it is not feasible to increase the capacity of UCA-MDM
systems via multiplexing the OAM-modes of high-orders.
Instead, to improve the capacity provided by OAM-MDM,
it is more promising to replace UCA by the concentric UCA
(CUCA) [14, 83], which consists of multiple rings of arrays
with each ring being a UCA for generating one OAM-mode,
as further explained in Section II-D.

C. UNIFORM SQUARE ARRAY (USA)

z (mm)

FIGURE 3: Schematic of uniform square array (USA).

USAs, as shown in Fig. 3, belong to a special class of
rectangular arrays, where antenna elements are uniformly
positioned along a square grid [84]. Several USAs have
been studied with OAM [59-62], showing that USAs can be
employed to generate OAM-waves similarly as UCAs, but
by feeding antenna elements with the unevenly distributed
phases according to the elements’ azimuth angles. Specifi-
cally, assume a USA with the number elements expressed
as N = 4N’. Let the center of the USA be the origin of a
Cartesian coordinate system, and let the coordinates of the
N array elements be (x,,y,), n = 1,2,...,N, labelled in
anti-clock direction. Furthermore, assume that (x1,y;) is the
first element in the first quadrant, while (xy,yy) is the last
element in the fourth quadrant. Then, for generating mode
[, ] =+£1,%2, ..., the phase shifts fed into the array elements
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can be expressed as

Yn o N
o + arctan () Ln=1,...,5,

Xn

wo + <7r+arctan (”’))l, n:%+1,...,N7
Xn
2

o) =

where 0 < arctan (y,/x,) < 7 was defined and ¢ is a
common initial phase. Notice in (2) that the phase differences
between two adjacent elements are not always the same.

In [59], a4 x 4 USA-based OAM scheme was introduced
for operation in indoor multipath environments, with the aim
to enhance the throughput of WiFi. The results demonstrate
that OAM-MIMO outperforms the corresponding traditional
MIMO, regardless of whether the water-filling power allo-
cation or the equal power allocation is applied. The OAM
schemes based on the general rectangular arrays were studied
in [60]. It is shown that the capacity attainable by an OAM-
configuring rectangular array system can be significantly
higher than that by a traditional MIMO system of the same
antenna structure. In [61], USA was used to generate OAM
vortex beams, showing that the peak-to-sidelobe ratio can be
significantly increased. For example, by disabling one-fourth
of the antenna elements of a USA with 64 elements with
the aid of a sparse 2D array genetic algorithm, more than 8
dB of sidelobe reduction can be attained. In [62], with the
aid of the Hankel transform [103, 104] for aperture antennas,
the studies demonstrate that a USA may be configured to
generate either a higher gain or a wider beamwidth, when
compared with a UCA. Moreover, when the same aperture
area is assumed for both UCA and USA, it is shown that the
weighting coefficients for the array elements of a USA can be
adjusted to attain an antenna gain that can be larger than the
gain of a UCA. However, in the above-mentioned references
for USA, the beam pattern and purity performance were not
investigated. Based on our results presented in Section IV, the
high directivity of USA is at the cost of low purity. Further-
more, whenever a USA yields better directivity than a UCA,
the corresponding beam pattern of USA fails to obtain the
hollow doughnut-shaped characteristics required by OAM, as
seen, for example, in Fig. 14a.

Additionally, there are some researches considered the
OAM schemes using a USA of four elements [20, 105, 106].
In this case, the USA is a UCA with an azimuth phase interval
of 90 degrees. Explicitly, a four-patch antenna array was
designed in [20] for generating the OAM-waves of Mode +1,
which claimed to achieve the purity as high as 97%. However,
it is also shown that the transmission distance and sampling
radius at the receiver impose impact on the attainable purity.
In [63], both a 4-element USA and an 8-element UCA were
proposed for OAM generation, and their transmission char-
acteristics and beam purity performance were compared. The
studies verify that increasing the number of array elements
improves the purity performance of OAM-waves, which is
consistent with our simulation results detailed in Section IV
of this paper.

6

D. CONCENTRIC UNIFORM CIRCULAR ARRAY (CUCA)

150 ¢

(b) 16 elements on each ring.

FIGURE 4: Schematic examples of concentric uniform circu-
lar arrays (CUCA).

Most concentric arrays are implemented based on a circular
topology consisting of multiple rings of UCAs, as shown in
Fig. 4. Hence, they are referred to as CUCAs. With this topol-
ogy, the phases of different elements on a ring of sub-array
can be activated according to (1) to generate a specific OAM-
mode. Different rings of sub-arrays can be set to generate the
same mode or different modes. Furthermore, all the elements
on different rings of sub-arrays can be configured to jointly
generate OAM-waves carrying multiple OAM-modes.

There are other array structures also classified as con-
centric arrays. For example, in [107], an array with eight
concentric spiral sub-arrays was introduced, so as to generate
three OAM-modes for operation in a frequency band higher
than 1 GHz. The concentric array with multiple spiral sub-
antennas was also considered in [108].

CUCA has some unique characteristics and advantages for
applications. First of all, the arrangement of multiple rings
of sub-arrays enables to deploy more antenna elements in
a given area, when compared with the UCA of one ring.
Owing to this structure, flexible beam patterns and OAM-
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References No. of elements on rings Alignment of elements
(from inner to outer rings) on different rings
[17,109-111] Same Yes

[83,112-114] Linearly increases No

[11,52,108,115] Non-linearly increases No

TABLE 2: Examples of CUCA structures with antenna ele-
ments on different rings arranged in different ways.

modes can be generated [116-119]. The excitations of in-
dividual elements of a CUCA can be optimized to improve
the beam focusing, or to generate the superposition signals
carrying multiple OAM-beams of both positive and negative
modes [52]. Consequently, the spectral efficiency of commu-
nication can be improved with the aid of, such as, OAM-
MDM [120].

Specifically, in comparison with UCA and assuming the
same number of antenna elements, CUCA may have a higher
complexity for fabrication, while it has a higher flexibility
for design [121]. With UCA, the array elements are equally
arranged on one ring, which results in relatively big aperture
size. By contrast, for a CUCA, the numbers of array elements
on different rings of sub-arrays may be different, and the array
elements of one ring can be flexibly positioned at different lo-
cations. For example, in [17], the CUCA is structured to make
all the rings have the same number of antenna elements, and
the antenna elements are positioned to form multiple linear
sub-arrays spanning a full circle in the azimuth plane. It is
shown that this structure is beneficial to generating pencil-like
beams. Alternatively, the antenna elements on different rings
can be positioned with relative rotations to obtain a dense
CUCA structure [14, 83, 113—115]. This CUCA structure has
the advantages for generating both integer and fractional
OAM-modes, providing implementation flexibility to meet
the radiation characteristics for specific applications [113],
and for simultaneously generating multiple OAM-modes with
good mode isolation [114]. Furthermore, different rings may
be assigned different numbers of antenna elements, allowing
a CUCA structure with nearly uniformly distributed antenna
elements in the azimuth plane [83, 112]. To summarize, TA-
BLE 2 shows three types of CUCA structures, where “‘same”
means that different rings of sub-arrays have the same number
of antenna elements, and “aligned” indicates that the array
elements on different rings are aligned to form multiple linear
sub-arrays.

The CUCA-based OAM has been investigated with differ-
ent consideration. For example, in [14], the authors designed
the CUCA-based OAM to simultaneously transmit multi-
ple parallel low-order OAM-modes to improve the capacity.
Accordingly, considering two cases of, namely, co-mode-
interference-free and co-mode-interference, the authors pro-
posed the corresponding mode-decomposition schemes for
signal detection. Furthermore, optimal power allocation
across different OAM-modes was studied. In the OAM-
carrying waves generated, such as, by UCA or USA, the
radiation density peaks of different modes have different lo-
cations, making wireless transceiver design practically chal-
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lenging. CUCA is capable of providing a solution for this
peak location inconsistency problem [117, 122]. Specifically,
by exploiting the property that the divergence angle of an
OAM-beam of a given mode is a function of the radius of
the transmit UCA generating the OAM-beam, it is possible
for the OAM-beams carrying different modes to focus on
one receive ring for signal sampling. Consequently, at the
receiver, similar power can be acquired for demodulating
different OAM-modes, allowing to mitigate the problem of
the mode-dependent performance [122].

Note that, similar to the UCA considered in [97], for the
CUCA considered in [109], an antenna element can be placed
at the center of the array to transmit a beam of mode 0.

E. THREE-DIMENSIONAL (3D) HELICAL ARRAY

z (mm)

(b) Schematic of HCSA.

FIGURE 5: Examples of 3D antenna arrays for OAM gener-
ation.

So far, all the arrays introduced for OAM-wave gener-
ation have the planar structure, which need to set specific
phase shifts for individual array elements, for example, by
a phase shift network (PSN). Alternatively, by exploiting
the propagation delay, the phase shifts required for different
array elements may be generated from their relative physical
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locations. In this case, the antenna array has a 3D structure. In
[76], two types of 3D helical arrays were proposed, namely
the helical circular array (HCA), as seen in Fig. 5a, and
the helical circular sub-array (HCSA), as shown in Fig. 5b.
Furthermore, in [123], the authors reported the fabrication
and experimental validation of the HCAs proposed in [76].
To be more specific, in [123], an 8-element HCA is fabricated
without employing the phased feeding network for generating
OAM-mode [ = +1, =+ 2, or £3. The experimental results
show that the fabricated HCA is capable of achieving the
reflection coefficients less than 10 dB across different OAM-
modes, and attaining a purity higher than 0.8 for all OAM-
modes considered.

As above-mentioned, the geometric structures of HCA
and HCSA allow to introduce the required phase shifts for
array elements based on the space relationships of the array
elements. This can be explained as follows. First, for a HCA
of N total elements regularly indexed, the heights of the array
elements of HCA is given by [76]

N_
w, n=1,2,....N, 3)

in the direction of propagation, which means that the decre-
mental height between the ith and (i 4+ 1)th elements is [76]

by

N )
where [ is the OAM-mode number and A is the wavelength.
Then, when all elements are fed with an identical signal of

frequency f = ¢/, the resultant relative phase shifts of the
array elements are

hy =

“4)

hdecre =

n=1,2,...,N, (5)

when they arrive at a plane perpendicular to the propagation
axis. Explicitly, the azimuth angles of ¢, yielded by the array
elements are identical to that in (1) for UCA.

Similarly, for a HCSA with its elements regularly indexed,
the height of the (N — n)-th array element can be set to [76]

A —;)[N/n)l 8,

n=1,2,...,N; N/l € Z*, (6)

h, =

where N /I is an integer denoting the number of elements
per sub-array when [ is the number of sub-arrays, (-)r; is the
modular operation, and

N .
5(1’1) _ 7, if ”[N/l] = 0,
0, otherwise.

)

From the above equations and also as shown in [76], with
either HCA or HCSA, an OAM-mode is determined solely
by the locations of the array elements, which are set based on
the OAM-mode to be generated. Hence, in comparison with
UCA, HCA allows to simplify the hardware requirements, as
it does not include an extra PSN for setting the phases of array
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elements. HCSA can further reduce array’s physical size by
using two or more spiralling sub-arrays.

As demonstrated in [76], HCA and HCSA are capable of
achieving a gain of more than 10 dBi. However, a HCA or
HCSA can only generate one OAM-mode determined by its
fixed physical structure. In comparison with HCA, whose
height increases linearly with the OAM-mode number /, the
height of HCSA in fact slightly reduces with the increase
of OAM-mode number /, if the number of spiral sub-arrays
is designed to be equal to the OAM-mode number /, as
illustrated in TABLE 3, where i = hgocre.

Mode | Total height of HCA Total height of HCSA
1 (N—1)xh (N—1)xh
2 (N—1) x2h (N/2—-1) x2h= (N —2)h
3 (N—1)x3h (N/3—1)x3h= (N —3)h
4 (N —1) x 4h (N/4—1)x4dh= (N —4)h

TABLE 3: Aperture height comparison between HCA and
HCSA [76].

While having the above-mentioned merits, the helical ar-
rays for OAM generation have some shortcomings. First, as
the OAM-mode is determined by the physical locations of
the array elements, both HCA and HCSA are not flexible
for generating the beams with different OAM-modes. Second,
one array can only generate waves of one OAM-mode. Fur-
thermore, as different array elements have different distances
to a receiver, the helical arrays are only suitable for far-
field applications, where the distances from different array
elements to receiver can be nearly the same. They are not
suitable for the near-field applications, where the distances
from array elements to receiver have explicit differences.
However, the research results in references [57,81] show
that OAM-MIMO has little advantage over the conventional
MIMO, when communicating in far-field communications
scenarios.

Note that, instead of using HCA or HCSA implementation,
while also free of a PSN, time-modulated arrays [124] can be
implemented to generate OAM-beams. To generate a beam
carrying a specific OAM-mode, different array elements be-
come activated at the instants, which yield the phases as
required for generating the expected OAM-mode.

F. OTHER ARRAYS
There are other types of arrays in addition to the above-
mentioned, which have also been considered for OAM gen-
eration, including cylindrical, conical, and elliptical arrays.
Specifically, cylindrical arrays were studied in [77] and [80].
In [77], conical array was introduced and compared with the
cylindrical array, showing that it can increase diversity and
provide feasibility for OAM-wave generation. The elliptical
array was investigated in [50]. However, we should note that,
except the above-mentioned references, these three types of
arrays have so far rarely been considered elsewhere. Accord-
ingly, they will not be considered further in this paper.

In TABLE 4, different types of arrays and the techniques
for their implementation considered in literature are summa-
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rized.

lll. KEY PERFORMANCE INDICATORS AND
SUBORDINATE ISSUES FOR OAM ANTENNA ARRAYS

The design of antenna arrays for conveying OAM, or sim-
ply OAM arrays, involves many metrics for explaining and
demonstrating its performance. These metrics allow us to
compare the performance between different designs. In lit-
erature, the performance comparison between different OAM
arrays is not unified, but research-objective oriented, more or
less, in an ad-hoc way. Therefore, in this section, we provide
a comprehensive summary for the key performance indica-
tors (KPIs) for OAM arrays, including directivity, maximum
OAM-mode producible, multiplexing capability of OAM-
modes, beam divergence angle and beam purity. Furthermore,
some secondary metrics, namely cost, array size and hardware
requirements are briefly discussed. In Section IV, different
OAM arrays will be compared against the KPIs.

A. DIRECTIVITY
Directivity is one of the most important KPIs in the design
of OAM arrays [127]. Directivity measures the strength of an
array pointing its radiation in certain direction compared with
that of an isotropic radiation with the same amount of transmit
power [84]. Hence, directivity reflects the effectiveness of
an array transferring energy in a specific direction [84, 128,
129]. Directivity can be measured by either absolute value
or normalized value, depending on the applications. Specifi-
cally, when considering the coverage of an array, the absolute
directivity is in its favour. By contrast, if the relationship
between the main-lobe and side-lobes of an array is empha-
sized, the normalized directivity is preferred. In practice, both
directivity measurements are often required in the design of
antenna arrays.

As the directivity of different arrays is compared in the next
section, the absolute directivity is considered in this paper,
which can be evaluated from the formula [84]

 dn |AF (0, p)w!s|”

D(6,¢) P

) ®)

where A is the nominal field amplitude, f (6, ¢) is the nor-
malised field pattern in terms of the elevation angle 6 and
azimuth angles ¢, w is the complex weight vector for the
array, § is steering (array manifold) vector, and Py, is the
total radiation power of the array.

B. LARGEST PRODUCIBLE OAM-MODE

Largest producible OAM-mode (LPM) refers to the largest
meaningful absolute OAM-mode that an array can generate.
In theory, an array may generate an OAM-wave of any mode
characterized by a positive or negative integer. However,
when given an array and the number of array elements, the
OAM-wave with its absolute mode number higher than a
certain value may practically be of no use due to its poor
performance, as discussed in Section IV. Also, in Section
II-B, the largest distortion-less OAM-mode producible by
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UCA has been explained. In practice, generating a perfect
OAM-beam is often difficult. However, the property of an
OAM-wave is still counted as long as it is not severely dis-
torted. Typically, an OAM-wave of certain mode is regarded
to be producible or discernible, if, in the OAM spectrum,
the intensity of the target OAM-mode is at least twice of
the intensity of the highest non-target OAM-mode. As shown
by our results provided in Section IV, in general, UCAs
or helical arrays can produce the OAM-waves of relatively
higher quality than USAs, especially, when the OAM-waves
with relatively high-modes are considered.

The LPM of some types of arrays is summarised in TABLE
5, which will be examined in detail in Section IV-A and
Section IV-B.

C. CAPABILITY OF MODE DIVISION MULTIPLEXING

OAM multiplexing has the potential to increase the spectral-
efficiency via providing new methods for system design, such
as, multiplexing of users or services. OAM-mode division
multiplexing (OAM-MDM) can be regarded as a subcategory
of spatial multiplexing. Hence, as spatial division multiple
access (SDMA), OAM-mode division multiple access (OAM-
MDMA) [3] may be implemented to support multiple users to
transmit information on the same frequency band and at the
same time. In other words, with OAM-MDM, a multiplexing
vortex beam is capable of carrying several component OAM-
beams with each conveying its own information, either to one
receive terminal for a higher data rate or to multiple receive
terminals in the principle of OAM-MDMA [130]. Further-
more, OAM-MDM can be integrated with other multiplex-
ing techniques, including frequency division multiplexing
(FDM), time division multiplexing (TDM) and space division
multiplexing (SDM), for supporting various types of services
with different quality-of-service (QoS) requirements.

Hence, the capacity of an OAM system is dependent on
the number of modes concurrently available [6]. As men-
tioned in Section II-B, UCA can implement OAM-MDM
by feeding the superposition signals carrying several OAM-
modes. However, for OAM-MDM implementation, UCA is
less flexible than CUCA, as a CUCA enables its different
rings of sub-arrays to generate the OAM-waves of different
modes. Similar to UCA, USA can also implement OAM-
MDM, but its number of usable modes is usually smaller
than that of UCA, when considering the same total number
of array elements, as concluded in Section IV-B and Section
IV-C. The 3D helical arrays, including HCA and HCSA, are
the least flexible ones for OAM-MDM implementation, as the
OAM-modes generated by this type of arrays are determined
by their physical structures, which are hard to be reconfigured
for generating the OAM-waves of different modes in practice.

D. BEAM DIVERGENCE ANGLE

A special feature of OAM-waves is its radiation profile
shaped like a doughnut with almost zero radiation power in
the center, when sampled on a plane perpendicular to the
propagation axis [11,131]. An OAM-beam tends to diverge
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[ Array Type | Tmplementation Technique | References |
- Travelling-wave ring resonator with parabolic reflec- [56]
tor
Square Microstrip [105], [20]
Square Helix [106]
Square Omnidirectional (isotropic) [61]
Circular Microstrip (Square, Rectangular or Circle) [48,49,63-67,73,89,90]
Circular Microstrip Yagi [68]
Circular Microstrip slot [71]
Circular Dipole [54,72]
Circular Microstrip spiral [74]
Circular Pyramidal Horn [19]
Concentric Microstrip (Square, Rectangular or Circle) [11,17,51,52,83,110, 125]
Concentric Microstrip slot (Compact Archimedean) [108]
Concentric with centre element Not mentioned [109]
3D Helix [78]
3D circular Vivaldi antenna [79]
3D circular Microstrip [80]
3D helical circular Microstrip [76]
3D-cylindrical and conical Microstrip [77]
Elliptical Microstrip [50]
Discrete spiral & concentric Microstrip [116]
Luneberg Lens Microstrip [97]
Parabolic antenna Microstrip [126]

TABLE 4: Different types of arrays with implementation techniques for OAM-wave generation.

Array Types LPM (linax)
USA 1<l <§-1
UCA T e < &
HCA & HCSA = <l < §

TABLE 5: LPM for USAs, UCAs and HCA/HCSA.

while propagating, and the divergence effect becomes sev-
erer with the increase of the absolute mode number / [131,
132]. This property results in that the power of an OAM-
beam carrying a relatively higher mode progressively diffuses
as the transmission distance increases. Consequently, from
a given sampling area, the available signal power dramati-
cally reduces, resulting in significant degradation of receive
SNR, when compared with the conventional beams of well-
steered [131, 133]. Therefore, it is challenging to employ
OAM-beams, especially those carrying high OAM-modes,
for supporting long-distance communications [133]. When
the communication distance increases, more antenna ele-
ments are required for the receiver to accumulate sufficient
energy for information detection [11]. Furthermore, due to
the intrinsic divergence property of OAM-beams, the size of
receive antenna array, such as a ring of array for receiving
signals sent by UCA, may need to increase as the transmis-
sion distance increases [133], which is surely impractical for
mobile communications. To mitigate this problem, an OAM
transmitter is required to be carefully designed, allowing
OAM-beams to be capable of concentrating within a compact
range. Accordingly, a relatively high SNR can be attained
within certain transmission range required by the specific
application scenarios [131].

To be more specific, as to be detailed in Section III-E,
in OAM systems, spatial sampling is usually performed by
antenna arrays to obtain the received signals for information
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recovery [134]. From the above-mentioned, as the transmis-
sion distance increases, the vortex beam of a given OAM-
mode increases, possibly resulting in an intolerably large size
of the antenna arrays implementing sampling on the entire-
circles [135]. To mitigate this problem, in [136], a partial
arc sampling receiving (PASR) scheme was proposed, which
enables significant reduction of the size of OAM receive
antennas. Specifically, the PASR method only requires to
sample a portion of the full 27 circle, and hence, enabling
significant reduction of array size. The studies in [136] show
that a receive array sampling over an arc of 7/2 only results
in slight performance loss in comparison with that sampling
a whole circle of 27. By contrast, in [137], the OAM-beam
divergence problem was handled with via appropriate excita-
tion of the individual elements of transmit array, to focus the
OAM-beam onto a receive array of small and fixed size.

Explicitly, the divergence angle of an OAM-beam is an
important metric reflecting the characteristics of the antenna
array generating the OAM-beam. To measure the divergence
angle of an OAM-beam, the Poynting vector can be used to
represent the directional energy flux or power flow of the
OAM-beam’s electromagnetic (EM) field [138]. Assume an
OAM-beam propagates in the positive direction of the z-axis,
the Poynting vector is defined as the one perpendicular to
the helical wavefront. In this case, the angle 6, as shown in
Fig. 6a, of the Poynting vector with respect to the positive z-
axis direction is known as the divergence angle from the first
principle [132]. According to this definition, the divergence
angle is given by the angle between the beam’s propagation
direction and the direction yielding the maximum directiv-
ity [11, 139-143].

Note that in literature, there are some slightly different
definitions for divergence angle. For example, in [46, 97], the
divergence angle was measured as the angle between the z-
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axis (positive direction) and the far-side tangent to the OAM-
beam. In [144], the divergence angle was considered as the
open angle of the OAM-beam symmetric to the z-axis, which
is hence twice of the angle given by the first definition. In this
paper, the first definition of divergence angle is utilized, since
it has been widely used in the literature.

zZ

(a) Power profile and divergence angle (I = 2).
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(b) Phase profile and sampling (I = 2).

FIGURE 6: Power profile and phase profile of a UCA with
16 elements.

E. MODE PURITY OF OAM BEAM

In an OAM-beam, the intensity of a desired OAM-mode rela-
tive to the total intensities of all modes in the beam is regarded
as the OAM-mode purity or referred to the OAM spectrum
[145, 146]. Mode purity is one of the important characteristics
of OAM-waves. In practice, OAM-beams are not ideally
pure, meaning that they do not necessarily have perfect he-
lical distributions. Different OAM-modes may not be ideally
orthogonal with each other. This may be the result of different
factors in practice. First, antenna misalignment and multipath
effects lead to imperfect circulant channel matrix between,
e.g., two UCAs. Consequently, the channel matrix cannot
be correctly diagonalized by the discrete Fourier transform
(DFT) processing. As the result, the power of an OAM-mode
leaks into its adjacent modes, yielding inter-mode interfer-
ence (IMI) [19, 20, 86, 147]. Second, IMI may occurs even in
the ideal line-of-sight (LoS) transmission condition. For ex-
ample, in mobile application scenarios, turbulence introduces
phase noise, which may interrupt the orthogonality between
OAM modes, resulting in energy leakage into adjacent modes
via harmonic expansion [148]. This effect becomes severer
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with the increase of propagation distance and/or turbulence
strength.

Some methods have been proposed to mitigate IMI. Specif-
ically, in multipath environment, spatial-domain equalization
may be implemented to suppress IMI [135]. By contrast,
beam-steering-based methods can be designed to effectively
overcome the misalignment between transmit and receive
arrays [121].

OAM-mode purity can be examined from the standpoints
of either the helical harmonic expansion or the rotating op-
erator of quantum mechanics in optical field [130]. In RF
scenarios, the purity of OAM-beams can be estimated with
the aid of the Fourier transform, which facilitates spectrum
analysis and hence, the OAM-mode decomposition [8, 19].
Specifically, as shown in Fig. 6b, using the circular phase
profile of ¥(¢), — 7 < ¢ < 7, we have [149, 150]

_1 [ —jlé
Al *271_ . \II(¢)€ / d(ba
1 il
V(o) = o IZE_OOAZEI ; 9)

where A; are the Fourier coefficients with |A;|? denoting the
power of different OAM-modes. Then, the purity of the /th

OAM-mode can be evaluated as [23]

A ? A2
P(l) === = )
O =S=—14F = E[9(0)7
[=+1,42, ..., (10)

In computation of (9), ¥(¢) is given by its sample values
along a circle as shown in Fig. 6b. In this case, the Fourier
transform in (9) needs to be replaced by the DFT. In detail,
let U(¢o), ¥(¢1),-..,Y(édn—1) be the N samples obtained
in [—m, 7] of the phase profile. Then, the DFT coefficients
are given by

N

Do U(d)e T 1 =0, 41, s, (1D)
i=0

1
A=—
N

when 2/, + 1 < N OAM-modes are considered. Accord-
ingly, (10) is modified to

Pu(l) = Al? _ AP
S a2 ENR(@)P)
I= 41,42, .+l (12)

F. SUBORDINATE ISSUES

In addition to the KPIs considered so far in this section, there
are some subordinate issues, which may need to be aware of in
the design of OAM arrays. Below, three issues are briefly in-
troduced, including the peak-to-sidelobe ratio (PSLR), phase
shift network (PSN), as well as operation frequency and array
size.
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1) Peak-to-Sidelobe Ratio (PSLR)

Sidelobes are unavoidable for any directional antennas, which
are closely related to the diffraction effects of radio waves.
When there are sidelobes, an antenna array radiates energy in
unwanted directions in addition to the desired main-lobe di-
rection [151]. Hence, numerous methods have been proposed
to minimise sidelobe levels [152]. Typically, PSLR, which
is given by the ratio between the power of main-lobe and
that of maximal sidelobe, is used to quantify the severity of
sidelobes [153]. One of the aims in array design is to suppress
sidelobes for a highest possible PSLR, typically, a value of
more than 10 dB [154].

Besides PSLR, the angle at which a sidelobe occurs is also
crucial. If a sidelobe is close to the main-lobe, it may result
in a large energy loss. The situation can be more complicated
and unexpected, as the array’s size and the number of array
elements increase [63].

2) Phase Shift Network (PSN)

A classic planar array requires a PSN or the structure of its
kind to generate and detect OAM-beams [15, 53], as men-
tioned in Section II-E. A transceiver generating multiple
OAM-modes needs an array with multiple RF chains, PSNs,
and power splitters or combiners, which is usually expensive
and energy-greedy [29]. As explained in Section II-E, the 3D
helical arrays can generate OAM-waves using their geometric
structures [76]. However, this type of OAM arrays require
more spaces than planar arrays. In [124], time-modulated
UCAs were proposed for OAM-wave generation, which do
not rely on PSNs. This might be a promising approach but
requiring further research.

3) Array Size and Operation Frequency

It is well-known that the aperture size of an antenna array
is inversely proportional to the operating frequency. A higher
frequency corresponds to a smaller wavelength, and thus are-
duced array size if the same number of array elements is con-
sidered. In some application scenarios, array size is not crit-
ical. For example, at BSs or ground stations, antenna arrays
can be relatively large. In contrast, due to the highly crowded
internal components required to support numerous functions,
the arrays embedded in mobile terminals are highly challeng-
ing to implement in cm-wave and even in mm-wave [155]. In
the design of antenna arrays, size optimization, in particular,
in the case of relatively low operation frequencies, is critical
for reducing the size of antenna arrays [156]. This becomes
predominant when miniature antennas operating with wide-
band or multiple frequency bands are designed [157].

IV. PERFORMANCE COMPARISON OF OAM ARRAYS

In Section II, the typical types of OAM arrays have been
reviewed, including linear array, UCA, USA, HCA, HCSA
and CUCA. In Section III, the KPIs of antenna arrays for
the OAM-based communications are identified and briefly
explained. Based on simulation results, in this section, we
compare the performance of OAM arrays against the KPIs,
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so as to reveal the comparative advantages and disadvantages
of the various OAM arrays as considered.

Note that, from TABLE 4 we can observe that microstrip
patch antennas are preferred for OAM-beam generation, ow-
ing to their compact size, low manufacturing cost, and com-
paratively simple structure [41, 158]. Hence, in this section,
all OAM arrays are assumed to be implemented by the
microstrip technique. Additionally, as mentioned in Section
II-A, linear OAM arrays have only been studied in the context
of travelling wave antennas, but not with the microstrip patch
antennas. For this reason, linear array is not included in the
following performance comparison.

More explicitly, in this section, the directivity, LPM, diver-
gence and OAM-mode purity of UCA, USA, HCA, HCSA
and CUCA are compared. Before the comparison, first, in
Section IV-A, the feasibility of using UCA, USA and HCA
and HCSA for OAM generation is examined, followed by
some assumptions and explanations made for the following
performance comparison. Next, in Section IV-B, the perfor-
mance of four types of arrays, namely UCA, USA, HCA and
HCSA, is compared when the OAM-modes from 2 to 4 are
considered. Then, in Section IV-C, considering both USA
and UCA, we demonstrate the impact of the number of array
elements on the performance of these two arrays. Then, in
Section IV-D, the USA and UCA generating relatively high
modes, including 5 and 6, are studied in terms of the LPM and
mode purity. Finally, in Section IV-E, the purity of CUCA is
studied.

A. PARAMETERS SETTINGS, ASSUMPTIONS AND
FEASIBILITY EXAMINATION

According to [63], an array’s feasibility for OAM generation
can be examined based on its vortex phase profile, null in
OAM-beam center and the doughnut shape intensity. To ex-
amine the feasibility, below we consider the arrays with 16
elements to generate OAM-beams of mode 1.

Array Type Radius/ Observation Distance | GP Length/
(No. of Elements) | Length (m) from Array (m) Width (m)
UCA (8) 0.06533 0.273 0.6
UCA (12) 0.09659 0.597 0.6
UCA (16) 0.12815 1.051 0.6
UCA (24) 0.19153 2.348 1.4
USA (8) 0.1 0.273 0.6
USA (12) 0.15 0.597 0.6
USA (16) 0.2 1.051 0.6
USA (24) 0.3 2.348 1.4

TABLE 6: Simulation parameters for USA and UCA.

As argued in [84], to avoid grating lobes, the spacing of
array elements must be less than A/2. When the spacing of
array elements is larger than \/2, the mutual coupling effect
of elements can be alleviated or ignored [84]. Therefore, in
our study, the element spacing is set to A\/2. To carry out
fair comparison between different arrays, all phase profiles
are observed at a distance (in propagation direction) equating
0.8 times the Rayleigh distance, i.e., 0.8 x (2D?/)\), from
the arrays, where the amount in bracket is the approximated
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Rayleigh distance, when assuming that the arrays largest
dimension D is larger than the wavelength A [84]. Therefore,
in our simulations, we assume that the number of array ele-
ments is at least 8. For all arrays, we assume a ground plane
(GP) [129] having certain area. Note that, GP is a planar (or
similar) horizontal conducting surface, which is functioned
as a component of an antenna array, responsible for reflect-
ing the radio waves emitted by antenna elements [129]. In
Table 6, the parameters, including array radius and length,
GP size and observation distance, for both UCA and USA
are summarized, where ‘(m)’ represents meter. Some other
global parameters used in our simulations for defining array
elements are listed in TABLE 7.

Note that, the parameters for HCA are identical to those for
UCA, except that the GP size is zero and the elements’ height
increment is 0.07 metres. Similarly, the parameters of HCSA
can be set, as listed in TABLE 3.

Throughout the comparison in this section, the following
assumptions and settings are applied. First, to illustrate the
directivity and divergence angles of arrays, we assume that
the centers of arrays are positioned at the origin of the xy-
plane, while waves propagate in the positive z-axis direction,
for example, as shown in Fig. 7c. Second, as for the 3D helical
arrays, no GP is considered, as it is unrealistic for them to use
GP. However, to carry out a fair comparison, the performance
of 3D helical arrays is compared with that of a UCA without
GP. Third, all phase profiles are demonstrated with the same
resolution of 5 millimetres (mm). Finally, in the cases of
OAM-modes 1 to 4, we set the size of the observation plane to
be 0.6 m x 0.6 m. By contrast, in the cases of OAM-modes 5
and 6 in Section I'V-D generated by an array with 24 elements,
the larger observation areas of 1.2m x 1.2mand 1.4 m x 1.4
m are applied, respectively.

Based on the above-mentioned assumptions, the perfor-
mance of different antenna arrays set to generate different
OAM-modes is evaluated as follows.

First, in terms of the simulation framework and numerical
methodology, antenna arrays were implemented using the
Method of Moments (MoM) provided by Matlab’s ‘Antenna
Toolbox’. The method solves Maxwell’s equations via the
surface discretization of antenna structures into triangular
mesh elements, based on which surface currents and electro-
magnetic fields are iteratively calculated, until convergence is
achieved.

Second, the directivity and divergence angle of an antenna
array can be estimated from the following implementation
consisting of six key stages:

o Geometrical definition of the rectangular patches with
dimension-optimized feeding ports.

« Implementation of antenna array via the ‘Antenna Tool-
box’ of Matlab, with each patch having a signal feeder
at the patch’s center.

o Integration of a ground plane reflector and substrate
beneath the radiating elements.

o Phase shift assignments based on the targeted OAM
modes via Eq. (1) for USA, or Eq. (2) for UCA.
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« Adaptive meshing using triangular elements by follow-
ing the EM-field calculation based on MoM.

« Post-processing of radiation patterns and analysis of far-
field characteristics.

Third, for evaluating the OAM purity of an antenna array,
the following procedures can be executed:

« Establishing high-resolution observation grids at a spec-
ified propagation distance.

« EM-field calculation as above-stated, from which phase
angle can be computed.

o The quality of phase profile is then assessed. If vortex is
observed, continue to the procedures below. Otherwise,
the observation size and distance are adjusted to repeat
the above, until a vortex wave is obtained.

« The phase profile is sampled with an equal interval over
a full circle. For each sample, its x and y coordinates are
calculated and, if needed, rounded to the closest discrete
indices.

o Then, DFT is carried out to analyse the phase profile.

« Finally, purity is calculated using Eq. (12).

Let us start comparing the performance of different types
of arrays against KPIs, by first examining the feasibility of
the arrays for generation of OAM-waves. Specifically, UCA,
USA and HCA are examined. The intensity profiles, phase
profiles, and elevation patterns of the OAM-beams generated
by these arrays are shown in Fig. 7, Fig. 8 and Fig. 9, re-
spectively, when 16 array elements are configured to generate
OAM-waves of Mode 1. Explicitly, all the three arrays are
capable of producing satisfactory vortex phases with different
intensity and phase distributions. For all the three types of
arrays, the plots reveal the central hollow, doughnut-shaped
intensity profiles. Therefore, it can be confirmed that these
arrays are feasible for generating OAM-waves.

Note that, as no GP is employed with HCA, the elevation
pattern is symmetric with respect to the azimuth plane passing
the origin.

B. COMPARISON OF 16-ELEMENT UCA, USA AND
HELICAL ARRAYS GENERATING OAM MODES 2, 3 AND 4

In this subsection, we compare the performance the UCA,
USA, HCA and HCSA with 16 array elements, when they
are configured to generate OAM-waves of Modes 2-4, respec-
tively.

First, we note that the phase profiles of Mode 1 OAM-
beams generated by the 16-element USA, UCA and HCA
have already been exhibited in Figs. 7 - 9 in Section IV-A.
Now, the phase profiles of the OAM-beams with Modes 2,
3 and 4 generated by the 16-element USA, UCA and HCA
are depicted in Fig. 10, Fig. 11 and Fig. 12, respectively.
Correspondingly, TABLE 8 quantifies all the phase profiles
for OAM-modes 1-4 produced using (10) based on Fig. 7 to
Fig. 12. Furthermore, Fig. 13 addresses an example of the 16-
element UCA, which demonstrates the spectrum of OAM-
waves estimated from (11) and (12). Observe from Fig. 13
that, when UCA is employed to generate an OAM-wave of
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Parameters | Frequency | Element Length/Width

Substrate Type

Substrate Thickness Feed Location Feed Radius

Value/type 3 GHz

20 mm Air

1 mm Center of each patch 1.5mm

TABLE 7: Parameters for antenna arrays.
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FIGURE 7: UCA with 16 array elements generating OAM-
mode 1.

Mode 1, a peak power of 0.76 pointing to the direction of
Mode 1 is available.

From the results shown in Fig. 7 to Fig. 12 and the results
provided in TABLE 8, it can be seen that for all considered
arrays, there is phase distortion, when Mode 4 OAM-beams
are generated. In the context of the smoothness of phase
profiles, USA is worse than UCA and HCA, especially in the
case of OAM-mode 4. Furthermore, the spirals, the number
of which is equal to the OAM-mode number, of USA and
UCA are equally spread over the whole 27 azimuth angle.
However, the spirals of HCA for OAM-mode 3 or 4 are only
distributed within half of the azimuth plane from 7 to 27. In
contrast, all the considered arrays are capable of generating
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FIGURE 8: USA: 16 array elements, Mode 1.

the OAM-beams of Modes 1, 2 and 3 with relatively good
purity performance. To be more specific, when generating
the OAM-beams of low mode, such as Mode 1, 2 or 3, a
USA is compatible with UCA and HCA, achieving a similar
purity performance. Although it has outstanding directivity in
Mode 4, as its data in Table 8 shows, the OAM-beam’s purity
of USA dramatically degrades, and its vortex phase profile
no longer holds, as seen in Fig. 12b. The benefit of using
HCA appears, when OAM-beams of Mode 4 are generated.
As seenin TABLE 8, HCA is capable of striking a good trade-
off among the three KPIs considered, namely directivity,
divergence and purity. However, we should remember that
HCA occupies a 3D geometric space, hence behaving poorly
in multiplexing applications.

VOLUME 13, 2025
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FIGURE 9: HCA: 16 array elements, Mode 1.

As seen in TABLE 8, the directivity of the OAM-beams
generated by UCA degrades significantly, when relatively
high modes are transmitted, as seen in the 2nd row. Moreover,
the effect of GP on the directivity of UCA is significant,
when comparing the directivity values in the 2nd and 4th rows
in TABLE 8. By contrast, when comparing the divergence
angles, as seen in Rows 2 and 4 in TABLE 8, the effect of
GP is ignorable. Additionally, when comparing UCA and
HCA, it reveals that UCA outperforms HCA in terms of
directivity, divergence and purity, when OAM-modes of 1, 2,
and 3 are considered. By contrast, for OAM-mode 4, UCA is
outperformed by HCA for all the three KPIs.

The elevation patterns of the Mode 4 OAM-beams gener-
ated by the 16-element USA and HCA are shown in Fig. 14.
As seen in Fig. 14a, the beam by USA is not hollow any more
but, instead, has a central beam only slightly weaker than the
main beam of Mode 4. Hence, USA with 16 array elements
is not suitable for generating the OAM-beams with modes
higher than 3. This implies that the ‘good’ directivity of the

VOLUME 13, 2025
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FIGURE 10: Phase profile of Mode 2 OAM-beams generated
by the 16-element UCA, USA and HCA, respectively.

Mode 4 OAM-beam by USA, as shown in TABLE 8, has no
practical meaning. As seen in Fig. 14b, although the central
null does not exist, the HCA may still be useful for generating
the Mode 4 OAM-beams, as the result that the central beam
is more than 10 dB below the main OAM-beam of Mode 4.

The phase profiles for the OAM-beams of Modes 2 and 4
generated by HCSA are depicted in Fig. 15a and Fig. 15b,
respectively. By comparing these profiles with that demon-
strated in Fig. 10a, Fig. 12a and Fig. 15, it can be seen that,
unlike HCA, the phase profiles of the OAM-beams by HCSA
are close to that of the OAM-beams by UCA, all showing
clear spirals.

Correspondingly, the comparison of directivity, divergence
angle, and purity between the OAM-beams by HCA and
HCSA is provided in TABLE 9. Explicitly, for both OAM-
modes 2 and 4, HCA is capable of yielding better directivity
than HCSA. By contrast, both arrays generate the Mode 2 or
4 OAM-beams with nearly the same divergence and purity
performance, although it seems that the purity of OAM-beam
by HCSA decreases slightly faster than that of the OAM-
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FIGURE 11: Phase profile of Mode 3 OAM-beams generated
by 16-element UCA, USA and HCA, respectively.

beam by HCA, when OAM-mode is increased from 2 to
4. Note that, as 16 is not divisible by 3, this makes HCSA
infeasible for generating the Mode 3 OAM-beams. Hence,
OAM-mode 3 is not considered in TABLE 9.

The directivity, divergence angle, and purity of OAM-
waves generated by the different antenna arrays of 16 el-
ements operated at 30 GHz mmWave bands are compared
in Table 10. When comparing Table 8 with Table 10, we
can observe that, in most cases, the performance yielded in
higher frequency reveals only subtle difference from the cor-
responding one achieved at lower frequency, which typically
falls within the margin of simulation and rounding errors.
However, in comparison with Table 8, the purity of USA
operated at 30 GHz degrades for all modes, with mode 4
the severest, indicating that USA is not suitable for high-
frequency applications.

C. COMPARISON OF 8- OR 12-ELEMENT UCA AND USA

In this subsection, we compare the performance of USA and
UCA, when their numbers of array elements are relatively

16
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FIGURE 12: Phase profile of Mode 4 OAM-beams generated
by 16-element UCA, USA and HCA, respectively.

small, namely 8 elements in TABLE 11 and 12 in TABLE
12. As seen in the two tables, there are some values missing,
which is because the arrays with such numbers of elements
are infeasible for or incapable of generating the OAM-beams
of such modes. Also seen in TABLE 11, there are two values
for directivity and two values for divergence angle associated
with the OAM-mode 2 of USA.

The results in TABLE 11 show that, with the previous
parameter settings and the definition in Section III-B, the
UCA with 8 array elements is capable of generating the
OAM-beams of 3 different modes, namely Modes 1, 2, 3.
However, it is infeasible for generating an OAM-beam of
Mode 4, due to the poor purity performance of 0.15, which
causes an abnormal directivity of 8.05. By contrast, the 8-
element USA is only feasible for generating the OAM-beams
of Mode 1 or 2. When comparing the 8-element USA and
UCA, we conclude that UCA outperforms USA in terms of
all the three KPIs.

Similar observations can be obtained from TABLE 12
considering the 12-element UCA and USA. In general, when

VOLUME 13, 2025
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FIGURE 13: Purity spectrum of OAM-waves generated by a
UCA with 16 elements.

Directivity (dBi) Mode1 | Mode2 | Mode3 | Mode 4
USA 13.88 8.93 6.45 10.51
UCA 13.51 12.1 10.19 5.71
HCA 10.01 8.61 6.15 8.13
UCA (No GP) 9.62 7.74 6.19 5.47
Divergence Angle (°) | Mode1l | Mode2 | Mode3 | Mode 4
USA 15 24 20 31
UCA 12 20 28 36
HCA 13 22 29 33
UCA (No GP) 12 21 29 38
Purity Mode1 | Mode2 | Mode3 | Mode 4
USA 0.68 0.54 0.5 0.43
UCA 0.76 0.62 0.5 0.43
HCA 0.71 0.57 0.5 0.44

TABLE 8: Comparison of directivity, divergence angle and
purity of OAM-waves generated by 16-element arrays oper-
ated at 3 GHz.

Modes 1-3 are considered, UCA outperforms USA in terms
of all the three KPIs, except that the divergence angle of the
Mode 3 OAM-beam by UCA is 37°, which is larger than
that of the Mode 3 OAM-beam by USA, which is 26°. Note
that, similar to the result shown in TABLE 8, as shown in
TABLE 12, the directivity of the Mode 4 OAM-beam by USA
gives a relatively big value. This is because of the significant
reduction in purity and the disappearance of the central null,
as seen in Fig. 14a for the 16-element USA, resulting in the
deteriorated vortex properties.

In summary, from the demonstrations and results in Section
IV-A to Section IV-C, we have the following observations:

o For all the arrays considered, increasing the number
of array elements enables to improve directivity and
increase the number of potentially producible modes.

« When the vortexes corresponding to two OAM-modes
are not severely distorted, in general, the divergence
angle of the OAM-beam with a smaller mode number is
smaller than that of the OAM-beam with a bigger mode
number.

o If the phase profiles are severely distorted, resulting in
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FIGURE 14: Elevation patterns of 16-element USA and HCA
generating OAM-beams of Mode 4.

Directivity (dBi) Mode 2 | Mode 4
HCA 8.61 8.13
HCSA 7.95 5.26
Divergence Angle (°) | Mode 2 | Mode 4
HCA 22 36
HCSA 21 36
Purity Mode 2 | Mode 4
HCA 0.57 0.44
HCSA 0.61 0.4

TABLE 9: Comparison of directivity, divergence angle and
purity of OAM-waves generated by HCA and HCSA.

the loss of the vortex property, the divergence angle and
directivity of OAM-beams become abnormal and their
values are invalid.

e The purity performance of OAM-beams by UCA is
always better than or at least similar to that of OAM-
beams by USA. The purity performance of OAM-beams
by USA degrades significantly as the mode number
increases.

« Specifically, when the arrays with 12 and 16 array el-
ements are respectively used to transmit OAM-beams
of Mode 1, the OAM-beams by USA shows slightly
better directivity than that by UCA. Again, the direc-
tivity of OAM-beams by USA degrades significantly,
as the OAM-mode number increases to 2, 3, etc., thus,
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FIGURE 15: Phase profiles of 16-element HCSA.

Directivity (dBi) Mode 1 Mode 2 Mode 3 | Mode 4
USA 7.92 4.83 & 3.31 0.28 /
UCA 9.7 7.66 2.74 8.05
Divergence Angle (°) | Mode 1 Mode 2 Mode 3 | Mode 4
USA 23 40 & 43 / /
UCA 22 39 40 45
Purity Mode 1 Mode 2 Mode 3 | Mode 4
USA 0.73 0.55 / /
UCA 0.74 0.59 0.46 0.15

TABLE 11: Directivity, divergence angle and purity of OAM-
waves generated by 8-element USA and UCA.

Directivity (dBi) Mode1 | Mode2 | Mode3 | Mode 4
USA 12.67 7.63 3.84 7.83
UCA 12.09 10.34 8.16 6.27
Divergence Angle (°) | Mode1l | Mode2 | Mode3 | Mode 4
USA 19 31 26 /
UCA 17 27 37 44
Purity Mode1 | Mode2 | Mode3 | Mode 4
USA 0.74 0.52 0.32 0.12
UCA 0.74 0.61 0.47 0.29

TABLE 12: Directivity, divergence angle and purity of OAM-
waves generated by 12-element USA and UCA.

Directivity (dBi) Mode1l | Mode2 | Mode3 | Mode 4
USA 13.58 9.09 6.17 10.77
UCA 13.78 11.66 9.72 7.8
HCA 9.96 8.51 6.07 8.02
HCSA / 7.9 / 5.3
Divergence Angle (°) | Mode1l | Mode2 | Mode3 | Mode 4
USA 14 24 21 30
UCA 13 21 29 35
HCA 14 22 29 36
HCSA / 21 / 37
Purity Mode1 | Mode2 | Mode3 | Mode 4
USA 0.64 0.51 0.43 0.14
UCA 0.75 0.61 0.5 0.43
HCA 0.71 0.57 0.5 0.43
HCSA / 0.61 / 0.4

TABLE 10: Comparison of directivity, divergence angle, and
purity of OAM-waves generated by 16-element arrays oper-
ated at 30 GHz.

making USA less feasible for operation with relatively
high OAM-modes.

o Overall, in comparison with the other types of arrays
considered, UCA enables space saving, relatively small
divergence angle, moderate to good directivity, and rel-
atively high purity. Hence, it is capable of striking a best
trade-off for practical applications, which may explain
why UCA has mainly been invoked in the published
research works.

So far, different arrays have been compared when OAM-
modes 1-4 are considered. In the next subsection, we explore
the feasibility of some arrays for generating the OAM-beams
with the OAM-mode number higher than 4, namely, Modes 5
and 6.

D. PERFORMANCE AT HIGHER OAM-MODE AND PURITY
ELEVATION IMPROVEMENT

No. of Array UCA USA
Elements Mode 5 | Mode 6 | Mode 5 | Mode 6
10 0.05 / / /
11 0.25 / / /
12 0.38 0.14 0.18 0.03
14 0.37 0.33 / /
16 0.38 0.33 0.32 0.17
24 0.38 0.33 0.32 0.19

TABLE 13: Purity versus the number of array elements of
Modes 5 and 6 OAM-beams generated by UCA and USA.

The results of the different antenna arrays for OAM-modes
1-4, as shown in TABLE 11, demonstrate that it is difficult
for an 8-element array to generate Mode 4 OAM-beams
having the practically meaningful purity, even when UCA
is employed. To further investigate the performance of LPM
and purity of OAM-beams by UCA and USA, we consider
the UCA and USA with various number of array elements
to generate the OAM-beams of Modes 5 and 6. The purity
performance results are shown in TABLE 13. Note that, as
a USA cannot be built with 14 array elements, there are no
purity results in this case for USA. Furthermore, due to the
rounding error in calculation, the purity of Mode 5 OAM-
beams by UCA with 14 array elements is 0.37, slightly lower
than the other value of 0.38 for the cases of 12, 16 and 24
array elements.

From the results of TABLE 13 we can observe that a 10-
element UCA is unable to generate a satisfactory OAM-beam
of Mode 5, while an 11-element UCA is capable of. Hence,
the results follow the relationship of —N/2 + 1 < I <
N/2 —1[8,49,72,94]. As the results in the Table show, the
purity of the OAM-beams by an 11-element UCA is much
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higher than that of the OAM-beams by a 10-element UCA.
When the number of array elements is increased to 12, the pu-
rity performance reaches about 0.38, and any further increas-
ing the number of array elements does not improve purity.
Similar purity performance tendency can also be observed
with the Mode 6 OAM-beams generated by UCAs, except
that UCAs with more than 12 array elements are required to
attain satisfactory purity performance. By contrast, for USAs,
while their generated OAM-beams share similar performance
tendency as that by UCAs, the purity performance of OAM-
beams generated by USAs is always poorer than that of OAM-
beams generated by the corresponding UCAs.

As shown in TABLE 13, when 21 uniform samples from
[—, 7] are considered, the purity saturates at a value, which
does not improve when further increasing the number of array
elements. This is the consequence of the limited number of
samples in [—7, 7] used to evaluate the purity by (11) and
(12). The purity may be improved, when more samples are
used. To illustrate this, we increase the number of samples
in [—m, 7] to 41 to estimate the purity performance, when
OAM-beams of Modes 1, 5 and 6 are generated by UCAs with
different number of array elements. The results are compared
with the previous ones estimated from 21 samples, which are
shown in TABLE 14.

As shown in TABLE 14, increasing the number of sampling
points in [—7, 77| improves the purity. However, it is implied
that the achievable purity is determined by both the number
of samples in [—, 7] and the number of elements of antenna
array. Specifically when Mode 1 is considered, given the
number of array elements being 8 or 12, employing 41 sam-
ples instead of 21 introduces little purity improvement. By
contrast, when the number of array elements is 16, 20 or 24,
the purity improvement is apparent. Furthermore, it appears
that purity becomes saturated against both the number of
array elements and the number of samples in [—m,7|. As
seen in TABLE 14, given N = 21 or 41 for Mode 1, the
purity converges to a fixed value when increasing the number
of array elements. On the other hand, given 8 or 12 array
elements, the purity is also nearly fixed, when the number of
samples is increased from 21 to 41. The purity saturation in
this second case is further explained in Fig. 16, where a UCA
with 16 elements is considered. When ignoring the fluctuation
from simulations, Fig. 16 shows that for a given OAM-mode,
the purity converges to a value, when the number of samples
in [—m, 7] becomes sufficiently high. Additionally, Fig. 16
explicitly shows that the purity of OAM-waves decreases as
the array is configured to generate an OAM-beam of higher
mode. Finally, as shown in TABLE 14, the purity improve-
ment to the high OAM-mode 5 or 6 is more significant than
that to the OAM-mode 1, as the number of samples in [—7, 7]
is increased from 21 to 41.

E. PERFORMANCE OF CONCENTRIC UNIFORM CIRCULAR
ARRAYS

In this subsection, the KPIs of CUCA with two rings are
demonstrated and analyzed. To evaluate the KPIs, the two
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FIGURE 16: Illustration of purity convergence, when increas-
ing the number of uniformly sampled points in [—7, 7] of the
phase profile of the UCA with 16 array elements.

UCAs of CUCA are set as follows. We assume that the CUCA
has the arrangement of array elements as shown in Fig. 4.
Both rings have the same number of elements; the radius of
the outer ring is twice of that of the inner ring and the elements
of the outer ring are aligned in a straight line from the ring
center with the elements on the inner ring. The two UCAs
are set to jointly produce two OAM-modes, namely Modes
1 and 2, or Modes 2 and 3. The total purity is normalised to
1, implying that two perfect OAM-beams will both have the
purity of 0.5.

As an example, considering the 16-elements CUCA gener-
ating the OAM-beams of Modes 1 and 2, the purity spectrum
is shown in Fig. 17. This spectrum explains that although
CUCA is capable of jointly generating OAM-beams of multi-
ple modes, the leakage between different mode OAM-beams
is severer compared to that of the OAM-beams of different
OAM-modes generated by separate UCAs, which has the
spectrum as shown in Fig. 13. Specifically, as shown in TA-
BLE 8, the purities of OAM-beams of Modes 1 and 2 gener-
ated by two separate UCAs are 0.76 and 0.62, respectively. By
contrast, the purities of the OAM-beams of the same Modes
1 and 2 jointly generated by CUCA are 2 x 0.35 = 0.7 and
2 x 0.21 = 0.42, respectively. Note that here a factor of 2 is
applied because the total purity in Fig. 17 is normalized to 1.

When comparing the results in TABLE 8, TABLE 11 and
TABLE 15, it can be seen that the directivity and divergence
performance of a CUCA are, respectively, better than that of
a UCA, if the number of elements per ring of the CUCA is the
same as that of the UCA. However, in the case that the total
number of elements of a CUCA is the same as that of a UCA,
then, when the CUCA jointly generates the OAM-beams of
multiple modes while the UCA only generates an OAM-
beam of one mode, the UCA outperforms the CUCA in terms
of both the directivity and divergence performance. Even
though the number of array elements per ring of a CUCA
is the same as that of a UCA, the purity of the OAM-beams
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No. of Array Mode 1 Mode 5 Mode 6
Elements N=21 | N=41 | N=21 | N=41 | N=21 | N =41
8-element 0.74 0.75 / / / /
12-element 0.74 0.75 0.38 0.41 / /
16-element 0.76 0.78 0.38 0.48 0.33 0.41
20-element 0.77 0.83 / / / /
24-element 0.77 0.83 0.38 0.51 0.33 0.45

TABLE 14: Purity versus the number of array elements of Modes 1, 5 and 6 OAM-beams generated by UCAs, when N = 21

or 41 samples uniformly from [—, 7] are used to compute purity.

Modes | No. of Elements per Ring | Divergence Angle | Directivity Purity
1,2 8 22 10.04 0.35,0.1
1,2 16 11 14.82 0.35,0.21
2,3 16 17 12.45 0.29,0.23

TABLE 15: Performance of OAM-beams generated by the CUCA with two rings of sub-arrays.
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FIGURE 17: Purity spectrum of OAM-beams generated by
CUCA with two rings of sub-arrays, each having 16 array
elements, where two rings of sub-arrays jointly generate two
OAM-beams of Modes 1 (inner ring) and 2 (outer ring).

jointly generated by the CUCA is worse than that separately
generated by the UCAs. Additionally, as demonstrated in
the third row (corresponding to Modes 1 and 2) and fourth
row (corresponding to Modes 2 and 3) in TABLE 15, both
the directivity and convergence performance become worse,
when the same CUCA with 16 array elements is employed
to generate the higher OAM-modes of 2 and 3, instead of the
OAM-modes of 1 and 2.

V. CONCLUDING SUMMARY AND FURTHER RESEARCH
ISSUES

A. CONCLUDING SUMMARY

The motivation of this paper is to provide a comprehensive
comparison of the typical antenna arrays studied for OAM-
wave generation, including USA, UCA, HCA, HCSA and
CUCA, so as to gain knowledge about the design and per-
formance of the OAM-assisted wireless systems. For the ob-
jective, the unified KPIs, including directivity, LPM, OAM-
mode multiplexing capability, divergence angle, and purity,
were first described, based on which the considered antenna

20

arrays were compared from different perspectives. From the
studies, general conclusions derived include the followings.

The number of array elements imposes a big impact on
the qualities of the OAM-beams the arrays generate. When
the number of array elements is sufficient, all considered
arrays are capable of generating high-quality OAM-beams
of relatively low modes, such as Mode 1 or 2. Given the
number of array elements, generating an OAM-beam car-
rying a relatively high mode, such as Mode 5 or 6, with
certain purity requirement becomes challenging. In general,
simultaneously generating the beams by one array to multi-
plex multiple OAM-modes with purity requirements is highly
challenging. Specifically, when employing CUCA, the multi-
mode OAM-beams with each separately generated by one
sub-UCA presents higher purity than the corresponding ones
jointly generated by a CUCA.

Due to the propagation’s divergent behaviours of the OAM-
beams carrying different modes, the receiving of OAM mul-
tiplexing signals is highly demanding. To achieve similar
detection performance of the information carried by different
OAM-modes, transmitter must be designed carefully, so that
the OAM-beams carrying different modes can be focused on
one receive ring-array for the best possible sampling qual-
ity. Otherwise, multiple receive ring-arrays of different sizes
should be utilized, with each matching to one of the transmit-
ted OAM-modes. Moreover, due to the divergence property of
OAM-beams, the performance of OAM-based communica-
tions may be very sensitive to transmission distance. Without
transmitter reconfiguration, a fixed-size receive array is only
optimum at one distance from transmitter, moving away from
or close to transmitter may result in significant performance
degradation.

Each type of arrays presents its unique trade-off with re-
spect to achievable performance and implementation chal-
lenges. For example, while HCA and HCSA can generate
OAM-waves without relying on PSNs, they are infeasible for
reconfiguration and the implementation of MDM. Overall,
when taking into account both performance and implemen-
tation flexibility, UCA, especially its generalized CUCA,
constitutes the best choice, which explains why most existing
studies considered UCA by default, although significant fur-
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ther research on CUCA is needed for a deep understanding of
its implementation, application opportunities and achievable
performance.

B. FURTHER RESEARCH IDEAS
Based on our studies, some further research issues on OAM
can be identified, which are listed as follows.

o Array design: High-efficiency and high-flexibility ar-
rays feasible for reconfiguration are crucial for OAM-
assisted systems to operate and attain good performance.
Research issues on the design of OAM-generating arrays
include but not limited to the followings. First, there
are various types, including phased arrays, reflectarrays,
transmitarrays, etc., to consider for designing OAM-
generating arrays. The choices of array type and de-
sign also need to consider the application scenarios.
Second, OAM-generating arrays having low divergence
angle and good beam-focusing capability are required
to extend communication coverage. Third, OAM can be
beneficial to near-field, far-field, intra-chip and inter-
chip communications. Furthermore, OAM-waves may
propagate in the media other than air, such as semi-
conductor, in intra-chip communications. Accordingly,
researches are required to design the OAM-generating
arrays that are suitable for these application scenarios.
Additionally, the arrays for transmitting OAM-waves in
different frequency bands, such as, sub-6 GHz band,
millimetre wave (mmWave) band and THz band, respec-
tively, are required.

o Transmitter processing: While the physically well-
structured arrays may achieve good beam focusing over
certain transmission range, transmitter processing may
further enhance the focusing capability over larger prop-
agation ranges. Furthermore, with transmitter process-
ing, the conventional preprocessing techniques, such
as sub-channel allocation, water-filling based power-
allocation, etc., richly developed with MIMO may be
employed to improve the performance of OAM-assisted
wireless systems.

« Receiver processing: First, design of the receive arrays
robust to transmission distance is highly important. Sim-
ilarly, it is desirable that receive arrays can adapt to the
divergence of OAM-waves. Once OAM-carrying signals
are obtained, the receiver processing would be conven-
tional, with the objectives, such as, to maximize signal-
to-interference-plus-noise ratio (SINR), minimize vari-
ous types of interference, including inter-mode interfer-
ence, co-channel interference, etc.

« Positioning: OAM-beam focusing and some other trans-
mitter processing implementation need knowledge of
receiver’s position, orientation, or even the positions of
individual elements on receive array [159], to execute
optimization. Hence, the positioning methods and algo-
rithms capable of providing high accuracy positioning
are needed. Furthermore, when integrated sensing and
communication (ISAC) is considered in OAM-assisted
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system, there are numerous challenges to meet, while
simultaneously having a variety of opportunities for sys-
tem design and optimization.

Multi-user OAM-assisted systems: Existing re-
searches on OAM have focused dominantly on point-to-
point communications. Without any doubt, the extension
to multi-user scenarios has a lot of challenges to meet,
requesting great effort for the related research issues.
Effect of mobility: Performance of the OAM-assisted
wireless systems is sensitive to mobility [160-162].
System reconfiguration and optimization depend on the
location information of the involved communication ter-
minals. Hence, the mobilities of communication termi-
nals impose a big impact on the design and performance
of the OAM-assisted wireless systems. Accordingly,
methods for accurate prediction of mobilities and effi-
cient usage of mobility information are critical, which
are also highly challenging for design and practical im-
plementation.

Resource allocation: In an OAM-assisted wireless
system, there are extra resources provided by multi-
ple OAM-modes, in addition to the conventional re-
sources from time, frequency and space domains. While
this has the potential for a higher throughput, it also
makes resource allocation more challenging. Hence,
low-complexity high-efficiency resource-allocation al-
gorithms for various types of OAM-assisted wireless
networks are expected to be developed.

Integration of OAM with other 6G techniques: In ad-
dition to OAM, currently, there are a range of advanced
technologies being studied for 6G applications, in-
cluding mmWave and THz, orthogonal time-frequency-
space (OTFS) and affine frequency division multiplex-
ing (AFDM), reconfigurable intelligent surface (RIS),
ultra-massive and holographic MIMO, etc. Generally,
OAM may be integrated with any of these technologies
to provide extra degrees of freedom. However, great
research effort is needed to reveal the extra contribution
possibly made by the employment of OAM.
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