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Abstract: Technology based on OAM (orbital angular momentum) has great
potential for enhancing the bandwidth efficiency of telecommunication systems.
Although OAM waves are orthogonal, it is possible to multiplex various modes
within a single frequency channel. Significantly, the overall spectrum efficiency, as
well as channel capacity, can be improved. Multiple users can share the same
frequency channel by using orthogonal modes, which eliminates the requirement for
extra resources like time and frequency. This research uses MATLAB code to
derive a uniform circular array (UCA) antenna factor under the cylindrical
coordinate system. This factor is used to illustrate the array antenna's electric field
to generate OAM waves or radio waves that carry the OAM mode. OAM modes can
be reconfigured for the no. of UCA elements (N) needed to generate a ripple-free
radiation pattern based on the UCA antenna factor. Additionally, the significance of
UCA radius and observational distance (the field plane-UCA plane gap) on the
phase distribution and radiation pattern from OAM mode 1 to 5 is graphically
evaluated and optimized. The MATLAB simulations compute the electric field
phase distribution pattern (EFPDP) and normalized radiation pattern (NRP) at 76
GHz. The method predicts the peak, side lobes, and comparable radiation patterns
of the radiation pattern, offering an effective means of optimizing OAM modes and

analysing trade-offs.

Introduction

Orbital and spin angular momentum are the two types
of angular momentum carried by electromagnetic (EM)
waves. The momentum produced by the electrons' spin
equals SAM, while the momentum produced by their
circular motion around the nucleus is equal to OAM. The
idea of an optical vortex, which is created when the
planes of the constant phase of the electric and magnetic
vector fields form a corkscrew or helicoid (helix-shaped
structure flowing in the direction of propagation), was
initially used by scientists Allen et al. to illustrate the
concept of OAM. OAM beams are electromagnetic
waves with a helical phase structure that are represented
by the phase term exp(ilg). The azimuthal angle around
the propagation axis is denoted by ¢, and [ is an integer
known as the topological charge (OAM mode order). It

represents the number of wavefront twists present at each
wavelength. Laguerre-Gaussian (LG) waves are a type of
helically phased beam analogous to other special OAM
waves. Their radial intensity distributions could obtain a
relevant description. A radio beam with OAM is an LG
beam. The cylindrical LG modes can be used to describe
beams carrying orbital angular momentum since they
have an explicit phase factor exp(ilp) (Turnbull et al.,
1996). The goal of fifth-generation (5G), the current
network standard, is to perform 100 times better than 4G
networks. 5G would provide high data throughput, low
latency, and superior service quality (Albreem, 2015). To
satisfy mobile communication demands, an efficient
wireless access technique that can amplify wireless area
throughput without increasing bandwidth is needed.
Radio frequency OAM waves have drawn a lot of
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Table 1. Various studies along with drawbacks and solutions

Reference

Fang and Henderson,
2019a

Title of the paper

Uniform Millimetre-
Wave OAM Dipole Array
with Reflector

Addressed
drawback

Electromagnetic
compatibility issue
due to unwanted
backward radiation

Solutions

By adding a
planar metallic
reflector

Beam divergence

Hasan et al., 2020

phased array approaches for
orbital angular momentum
beam steering

between OAM
transmitter and
receiver

Hasan et al. 2021 re(juction- of vortex waves I__arge beam By using tailored
N with a tailored lens and a divergence lenses
tailored reflector
Evolution of different Misalignment

By steering the
vortex beam

Chen et al., 2018

Orbital angular
momentum generation and
detection by geometric-
phase-based meta-surface

Beam divergence

Employing large
frequencies such as
60 GHz

Quetal., 2020

Optimal power allocation
algorithm for multi-mode
OFDM-OAM
communications systems in

Multipath
Fading

A robust optimal
power allocation
algorithm for multi-
mode OFDM-OAM

multi-path channels

communications

recognition as a solution to the subject. Using Beam-
carrying OAM (OAM waves) instead of traditional plane
waves is one possible way to better use the 5G networks.
OAM waves can offer additional flexibility because the
generated OAM modes are inherently orthogonal. This
indicates that because OAM wave modes are orthogonal,
they can be multiplexed in the same frequency channel
(Cheng et al., 2019). Consequently, transmitting data in
many modes ensures that the available bandwidth is
utilized to its fullest extent. Therefore, it is predicted that
integrating OAM beams into the next generation of
telecommunication systems will potentially improve
services like high spectrum efficiency, improved data
rates, and highly secure communication. OAM beams
have not been extensively studied in the radio domain for
telecommunication systems. Thus, the various aspects of
OAM wave optimization in the radio domain are covered
in this paper.

Literature Review

OAM beams can be generated through an array of
methods, including metasurface, parabolic reflector
antennas (PRA), and spiral phase plates (SPP). The
inability to generate numerous modes in SPP, the need
for a large aperture size in PRA, and the significant
absorption loss on the metasurface are the main

disadvantages of these techniques (Isakov et al., 2020;
Xu et al., 2020; Yu et al., 2016). The method most
commonly employed to generate OAM modes is the

UCA because of its adaptability, compatibility, and
DOI: https://doi.org/10.52756/ijerr.2023.v36.027

simplicity in fabrication. Using the UCA antenna, it is
possible to work at lower, intermediate, and higher
frequencies (Bai et al., 2014), resulting in
uncomplicated designs ~ with  lightweight, compact
structures. Additionally, several modes can be generated
simultaneously by designing multiple layers within the
same structure. With UCA, it is simple to implement
multiple OAM-mode reconfigurability to generate
various OAM-modes while maintaining a complete,
compact, and simple structure. Consequently, UCA has
drawn much interest and has been observed to be an
excellent medium for producing OAM beams. As shown
in Table 1, most studies concentrate on specific OAM-
related problems (such as mode divergence, multipath
fading, etc.). In contrast, very few efforts have been made
to utilize UCA to generate improved OAM modes.

In this research, the UCA antenna, which is made up
of dipole antenna elements, is used to generate radio
beams carrying OAM. The dipole antenna is appropriate
for wideband millimetre-wave transmission due to its
greater bandwidth and radiation efficiency. On the other
hand, planar dipole UCAs can produce both forward and
backward emission (Fang et al., 2017). Based on
MATLAB simulation, UCA radius (a), the number of
UCA elements (N), and observational distance (z) that
are related to the OAM beam's radiation performance are
examined and improved. Lastly, based on the simulation
of electromagnetic wave propagation, improved OAM
modes are suggested to mitigate issues with OAM beams,
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such as mode divergence and misalignment (while
keeping good mode purity).

Methodology

A phase shift of 2rl/N between adjoining elements
and equal power feeding to each element is required to
generate OAM mode [ using N-element UCA (Bai et al.,
2014). Figure 2 and its corresponding attributes represent
a N-element UCA in the cylindrical coordinate system.
Equation (1) represents its accumulated E-field
distribution at field point (y, ¢, z).

neh element o 1 X, 2
position 4 N Rre, "y,
(a, q,,,0) / \
. P h D_
(Pn") | aregean1.
neh elemeont « @Y o 46
OAM addeod | {e
phase - ‘9
\ yi =

UCA plane

Eleld plane

Figure 1. lllustration of UCA array in cylindrical
coordinates.

e—iKRn

E(r ¢,2) = Xn=1 an——-exp [=i(l.on + gon )] (1)

Where,

¢ Distance between the field point and the array element
(source point) = Rn

e The amplitude of each element (in an ideal UCA, all
elements are identical, so the amplitude can be
normalized to unity) = a,

e Order of OAM mode = [

¢ Phase added to each element of UCA antenna is OAM
= Loy + Qo'

¢ phase shift between adjoining elements= ¢,’

e Intrinsic phase of each element (as all elements should
have the same intrinsic phase in an ideal UCA, so for
the purpose of simplicity, it might be adjusted to zero) =
(,0071'

o Phase term for the element's physical position =¢n =
2nn/N

o Wave number = k = 21/A.

o UCA radius (measure of UCA size) = a

e Isotropic radiator =e—ikR/R»= this term indicates that
the individual dipole antenna element in the UCA is
represented by an isotropic (physically identical in all
directions) radiator.

o Distance between the UCA plane and field plane =Z

e The UCA antenna factor's divergence angle = 6 =
sin Y (rAz2 +r2)

o Radius of field plane =r

e Distance between field point ‘B’ to the UCA center
point ‘O’ =D
DOI: https://doi.org/10.52756/ijerr.2023.v36.027

Equation (2) provides the OAM-UCA factor's
summing form.

—iKRp

E(r,p,z) =YN_, ¢ o eXp [=i(l.@p)] e 2)

Here the exp(—ilen’) is the OAM phase factor term,
which contributes to the twisted phase distribution along
the direction of transmission. Based on equations (1) and
(2), which serve as a recommendation, a MATLAB code
has been generated to provide improved OAM modes
through UCA antenna.

Parametric Analysis

When an OAM mode has an integer-required
topological charge, it is referred to as the pure OAM
mode. One property of OAM beams that directly impacts
the dependability of data transfer is mode purity. To
guarantee that the modes are orthogonal to one another, it
is crucial to generate OAM waves with mode purity (Li
et al., 2014). In order to effectively use the OAM system
for telecommunication and to partially overcome the
limits of the OAM wave for real-world applications, the
purity of OAM modes must be taken into account. The
impact of modifying essential factors such as the
observational distance (z), UCA radius (a), and number
of UCA elements (N) must be taken into account and
investigated in order to design a UCA for the intended
OAM mode generation. A flow diagram in Figure 2
provides an overview of the simulation procedure.
Approximation and analysis of UCA elements number
for ripple-free OAM modes

An array of identical linked antennas evenly placed
around a circle is called a uniform circular array (UCA),
and it acts as a single antenna to produce OAM beams.
Here, a single antenna is referred to as a UCA element,
and the number of UCA elements collectively is
indicated by N (Mohammadi et al., 2014). The primary
essential for producing OAM mode [ by the use of N-
element UCA is displayed in (3).

N2 +1 e, 3)

Using MATLAB simulation, NRP and EFPDP have
been generated for various numbers of UCA elements for
modes 1 through 5. Verification of performance has been
made possible by NRP and EFPDP.

(a) Analysis of ‘N’ for OAM Mode 1

On the basis of equation (3), simulations have been
started from N= 4 for OAM mode 1 in order to find the
minimal N required to achieve ripple-free OAM modes.
At a fixed observation distance of 204 and a fixed UCA
radius of 1.2A (where A represents the wavelength in the
vacuum of the UCA operating frequency), simulations
have been conducted for N=4, 6, 7, 8, and 9 for OAM
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Figure 2. The operational outflow of the simulation framework.
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Figure 3. NRP and EFPDP at distinct UCA elements for OAM mode 1.

mode 1. An annular or circular intensity profile, which is
an absolute configuration of NRP, does not form at N=4,
as shown in Figure 3(i)(a). There are ripples in NRP at
N=7 and N=6 (wavy fluctuations in the yellow ring in
Figs. 3(i)(c) and 3(i)(b) showing the presence of ripple).
A near-perfect structure (doughnut-shaped yellow ring)
of NRP is obtained because all ripples are eliminated at
N=8 and N=9. Figures 3(i)(d) and 3(i)(e) provide
illustrations of it. With reference to Figure 3(ii)(a), a

DOI: https://doi.org/10.52756/ijerr.2023.v36.027

single twisted EFPDP is formed at N=4 in the central
region, confirming that all UCAs, provided they satisfy
the basic essential, can generate OAM mode 1. However,
wavy spirals (ripples) in the phase distribution pattern
were discovered in the EFPDP. As N increases, spiral
waviness diminishes. A modest spiral form of EFPDP is
seen at N=8 (Figure 3(ii)(d)). Thus, it can be concluded
that N=8 is the minimum vital no. of array elements
needed to provide ripple-free OAM mode 1.
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Figure 4. NRP and EFPDP at distinct UCA elements for OAM mode 2.

(b) Analysis of ‘N’ For OAM Mode 2

For OAM mode 2, simulations have been begun from
N= 6 based on eq. (3). For OAM mode 2 generation,
simulations have been conducted for UCA elements 6, 8,
10, 11, 12, and 13 at a fixed UCA radius of 1.74 and a
fixed observation distance of 21A.

An annular (or circular) intensity profile of NRP did
not form at N=6 (Figure 4(i)(a)), which was the absolute
configuration. Wavy fluctuations were observed in NRP
at N=8 and N=11 (Figures 4(i)(b) and 4(i)(c)). Due to the

DOI: https://doi.org/10.52756/ijerr.2023.v36.027

(ii) ELECTRIC FIELD PHASE DISTRIBUTION

total removal of ripples, a nearly ideal structure
(doughnut-shaped yellow ring) of NRP was found at
N=12 and N=13 (Figure 4(i)(d) and 4(i)(e)). In the
middle area, double twisted EFPDP was formed at N=6,
as shown in Figure 4(ii)(a). However, wavy EFPDP
spirals were discovered. As N increases, spiral waviness
diminishes. A complete spiral form of EFPDP was seen
at N=12 (Figure 4(ii)(d)). Thus, it can be concluded that
N=12 is the minimum vital no. of array elements needed
to provide OAM mode 2 free from ripples.
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Figure 5. NRP and EFPDP at distinct UCA elements for OAM mode 3.

(c) Analysis of ‘N° For OAM Mode 3

For OAM mode 3, simulations have been initiated
from N= 8 based on equation (3). For OAM mode 3
generation, simulations have been conducted for UCA
elements 8, 10, 13, 14, and 15 elements at a fixed
observational distance of 221 and a fixed radius of 2.21.
An annular (or circular) intensity profile of NRP did not
form at N=8, as indicated in Figure 5(i)(a). Ripples were
discovered in NRP at N=10 and N=13 (Figures 5(i)(b)
and 5(i)(c)). Due to the total removal of ripples, near-
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ideal structures (doughnut-shaped bright yellow NRPS)
were found at N=14 and N=15 (Figures 5(i)(d) and
5(i)(e). In the central area, triple twisted EFPDP was
formed at N=8, as shown in Figure 5(ii)(a). However,
wavy EFPDP spirals were discovered. As N increases,
spiral waviness diminishes. A complete spiral form of
EFPDP was achieved at N=14 (Figure 5(ii)(d)). Thus, it
can be concluded that N=14 is the essential minimum no.
of array elements needed to provide ripple-free OAM
mode 3.
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Figure 6. NRP and EFPDP at distinct UCA elements for OAM mode 4.

(d) Analysis of ‘N’ For OAM 4

For OAM mode 4, simulations have been initiated
from N = 10 based on equation (3). For OAM mode 4,
simulations have been conducted for 10, 12, 15, 16, and
17 elements, with a fixed UCA radius of 2.74 and a fixed
observation distance of 221. The absence of an annular or
circular NRP intensity profile was shown at N=10,
indicated in Figure 6(i)(a). Wavy fluctuations in the
yellow ring were discovered in NRP at N=12 and N=15
(Figures. 6(i)(b) and 6(i)(c)). The near-perfect structure
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of NRP is attained at N=17 and N=16 as a result of all
ripples being completely eliminated (Figure 6(i)(e) and
6(i)(d). Concerning Figure 6(ii)(a)), in the central area,
quadruple twisted EFPDP was formed at N=10.
However, EFPDP spirals were wavy. As N increases,
spiral waviness keeps decreasing. An errorless spiral
form of EFPDP was obtained at N=16 (Figure 6(ii)(d)).
Thus, it can be concluded that N=16 is the essential
minimum no. of array elements needed to provide ripple-
free OAM mode 4.
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Figure 7. NRP and EFPDP at distinct UCA elements for OAM mode 5.

(e) Analysis of ‘N’ for OAM 5

For OAM mode 5, simulations have been begun from
N= 12 based on eq. (3). For OAM mode 5 generation,
simulations have been conducted for N= 12, 14, 17, 18,
and 19 at a fixed observation distance of 224, with a
fixed UCA radius of 3.11.

An annular (or circular) intensity profile of NRP does
not form at N=12 (Figure 7(i)(a)). Ripples were
discovered in NRP at N=14 and N=17 (Figs. 7(i)(b) and
7(i)(c). The total elimination of ripples at N=18 and
N=19 resulted in a nearly ideal structure (doughnut-
shaped vyellow NRP) (Figure 7(i)(d) and 7(i)(e)).
Quintuple twisted EFPDP at N=12 was produced in the
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(ii) ELECTRIC FIELD PHASE DISTRIBUTION

central region, as shown in Figure 7(ii)(a). However,
wavy spirals were discovered in EFPDP. As N increases,
spiral waviness diminishes. A complete spiral form of
EFPDP was obtained at N=18 (Figure 7(ii)(d)). Thus, it
can be concluded that N=18 is the vital minimum no. of
array elements needed to provide ripple-free OAM mode
5.
UCA Radius ‘a’ Approximation and analysis for
Optimized OAM Modes

The transmitting antenna array's size is computed by
its UCA radius. The OAM beam gets more directed as
the transmitting array antenna's radius extends, but
inevitably, some side lobes form and the size of the
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Figure 8. For OAM mode 1, NRP and EFPDP at various UCA radii.

antenna gets bigger. This causes the mode purity to
decrease (Li et al., 2014). Mode purity and divergence
are incompatible. The impact of variation in UCA radius
has been investigated as the next significant factor. Using
MATLAB simulation software, a method has been
developed to determine the value of UCA radius needed
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for a certain OAM mode in order to accomplish good

mode purity with less mode divergence.

(a) Analysis of UCA Radius for OAM Mode 1
“Radiation patterns free of side lobes are encountered

at small antenna radii” (Yao et al., 2017). Thus, for OAM

mode 1, at a given observational distance of 204,

simulations for 0.604, 0.904, 1.204, 1.304, and 1.507




UCA radii have been conducted. Figures 8(i) and 8(ii)
show the NRP and EFPDP for a = 0.604, 0.904, 1.204,
1.304, and 1.504, respectively. At a = 0.604, side lobes
were absent from NRP, shown in Figs. 8(i)(a) and Fig
8(ii)(a) showed the perfect single twisted configuration of
EFPDP. As the UCA radius was raised and exceeded 1.2,
side lobes were seen to emerge in NRP [Figure 8(i)(e)].
The presence of side lobes is shown by the deepest blue
colour ring in NRP at a = 1.34 (Figure 8(i)(d)). In NRP
(Figure 8(i)(e)), the outer area of that ring indicates the
side lobes at b = 1.5A. Pattern spiral distortions indicate
the appearance of side lobes in EFPDP. Minimal
distortions are seen at the outer spiral of the EFPDP at a
= 1.3 (Figure 8(ii)(d)). Visible distortions are seen at the
outer spiral of the EFPDP at a = 1.5 (Figure 8(ii)(e)).

The influence of radius on radiation patterns is
examined using a minimum 8-element UCA since N=8 is
the smallest number of array elements needed to generate
a ripple-free OAM mode 1. It was discovered in the
simulation that side lobes did not emerge until a = 1.24.
Thus, 1.2 is utilized as the initial value. With a step size
of 0.31, observations were made up to a = 2.74. The
outcomes are displayed in Figure 9. The divergence angle
corresponding to the smallest UCA radius (a = 1.24)
occurred at about 26.751 degrees, as indicated by the blue
line in Figure 9, and at this radius, there were no side
lobes.

A deep curve, indicated by the yellow line,
representing a side lobe was discovered at a = 1.5A. It
was found that the divergence angle becomes less as the
radius becomes greater. The divergence angle did not
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considerably decrease after a = 2.14, although the
amount of side lobes increased. Consequently, it can be
concluded that a = 2.1A, at which a divergence anmode
of nearly 16.901 degrees is generated, is considered a
good stopping point (shown by the green line in Figure 9)
for OAM angle 1.

(b) Analysis of UCA Radius for OAM Mode 2

Since all of the radiation patterns were discovered to
be approximately comparable before a =1.14, along with
no side lobes. So, simulations for OAM mode 2 have
been initiated at a =1.14. For OAM mode 2, at fixed
observation distance 214 and a fixed UCA element
number 12, simulations for 1.104, 1.404, 1.704, 1.804,
and 2.004 UCA radii have been conducted. Figures 10(ii)
and 10(i) show the electric field phase distribution
patterns and normalized radiation patterns for a = 1.104,
1.404, 1.704, 1.804, and 2.04, respectively.

At a = 1.104, side lobes were absent from the NRP,
shown in Figs. 10(i)(a) and Figure 10(ii)(a) showed the
perfect double twisted configuration of the EFPDP.
When the UCA radius was extended to larger than 1.7,
side lobes were seen in the NRP (Figure 10(i)(e)). The
presence of side lobes is shown by the deepest blue
colour ring in NRP at a = 1.804 (Figure 10(i)(d)). In
NRP, the outer area of that ring indicates the side lobes at
a = 2.04 shown in Figure 10(i)(e). Distortions in the
spirals pattern indicate the appearance of side lobes in the
phase distribution pattern. Minimal distortions are seen at
the outer spiral of the EFPDP at a = 1.84 (Figure
10(ii)(d)). Visible distortions are seen at the outer spiral
of the EFPDP at a = 2.04 (Figure 10(ii)(e)).
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Figure 9. OAM mode 1 radiation patterns at distinct radii.
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The influence of radius on radiation patterns is
examined using a minimum 12-element UCA since N=
12 is the lowest number of array elements needed to
generate ripple-free OAM mode 2. It was noted in the
simulation that side lobes did not form until a = 1.74. So
1.74 was considered as the beginning point. Using a step
size of 0.34, observations were made up until a = 3.2A1.
The outcomes are displayed in Figure 11. The divergence
angle corresponding to the smallest UCA radius (a =
1.74) occurred at about 25.752 degrees, as seen by the
blue line in Figure 11, and at this radius, there were no
side lobes.

A deep curve, indicated by the yellow line,
representing a side lobe was discovered at a = 2.0A. It
was found that the divergence angle decreases as the
radius becomes greater. The divergence angle did not
considerably decrease after a = 2.64, although the side
lobes increased. Therefore, a = 2.64, at which a
divergence angle of nearly 18.502 -degrees is generated,
is considered a good stopping point (shown by the green
line in Figure 9) for OAM mode 2.

(c) Analysis of UCA Radius for OAM Mode 3

Since all radiation patterns were discovered to be
nearly comparable before a = 1.64, along with no side
lobes. So, simulations for OAM mode 3 have been
initiated at a = 1.64. At fixed observation distance 224
and a fixed UCA element number 14, simulations for
1.604, 1.904, 2.204, 2.304, and 2.501 UCA radii have
been conducted.

At a = 1.64, side lobes were absent from NRP, shown
in Figs. 12(i)(a) and figure.12(ii)(a) showed the perfect
triple-twisted structure of EFPDP. As the UCA radius
was raised to larger than 2.2, side lobes were shown to
emerge in the NRP, as shown in Figure 12(i)(e). The
presence of side lobes is shown by the deepest blue

DOI: https://doi.org/10.52756/ijerr.2023.v36.027

colour ring in NRP at a = 2.34 (Figure 12(i)(d)). In NRP
(Figure 12(i)(e)), the outer area of that ring indicates the
side lobes at a = 2.51. The distortions of the spiral pattern
indicate the appearance of side lobes in EFPDP. Minimal
distortions are seen at the outer spiral of the EFPDP at a
= 231 (Figure 12(ii)(d)). There were significant
distortions at the outside spiral of the EFPDP at a = 2.51
shown in Figure 12(ii)(e).

Radiation patterns are examined for the impact of the
radius using a minimum 14-element UCA. In the
simulation, side lobes were not noticed until a = 2.2A.
Thus, 2.22 is utilized as the initial value. At intervals of
0.31, observations were made up to a = 3.7A. The results
are displayed in Figure 13. The divergence angle
corresponding to the shortest UCA radius (a = 2.21)
occurred at about 24.81 degrees, as seen by the blue line
in Figure 13 and at this radius there were no side lobes. A
deep curve, indicated by the yellow line, representing a
side lobe was discovered at a = 2.51.

It was found that as the radius expanded, the
divergence angle shrank. The divergence angle did not
considerably decrease after a = 3.14, although the
amount of side lobes increased. Therefore, a = 3.14, at
which a divergence angle of nearly 19.441 -degrees is
generated, can be considered as a good stopping point
(shown by the green line in Figure 9) for OAM mode 3.
(d) Analysis of UCA Radius for OAM Mode 4

Since all of the radiation patterns for OAM mode, 4
before a =2.101 were discovered to be nearly comparable
along with no side lobes. So, simulations have been
initiated from a =2.104. At fixed observation distance
222 and fixed UCA element number 16, simulations have
been conducted for 2.104, 2.404, 2.704, 2.804, and 3.001
UCA radii for OAM mode 4.
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A perfect quadruple twisted shape of EFPDP was
obtained and side lobes were not evident in NRP at a
=2.11 shown in Figure 14(ii)(a) and Figure 14(i)(a)
correspondingly. When the UCA radius was extended to
larger than 2.7, side lobes were seen in the NRP (Figure
14(i)(e)). A deepest blue color ring in NRP indicates the
presence of side lobes at a = 2.84 (Figure 14(i)(d)). In
NRP, the outer area of that ring indicates the side lobes at
a = 3.04 shown in Figure 14(i)(e). The spiral pattern's
distortions indicated the side lobes' appearance in
EFPDP. Minimal distortions are seen at the outer spiral of
the EFPDP at a = 2.84 (Figure 14(ii)(d)). Visible
distortions are seen at the outer spiral of the EFPDP at a
= 3.04 (Figure 14(ii)(e)).

Radiation patterns are examined using a minimum 16-
element UCA to determine the impact of UCA radius. In
the simulation, side lobes were not noticed until a = 2.71.
So 2.74 was considered as the beginning point. At
intervals of 0.34, observations were made up to a = 4.21.
The outcomes are displayed in Figure 15. The divergence
angle corresponding to the shortest UCA radius (a =
2.72) occurred at about 24.81 degrees, as seen by the blue
line in Figure 15. A deep curve representing a side lobe
was discovered at a = 3.04; it is depicted in Figure 15 by
the yellow line. It was found that as the radius expanded,
the divergence angle became less.

The divergence angle did not considerably decrease
after a = 3.6, although the side lobes increased.
Therefore, a = 3.61, at which a divergence angle of about
19.851 degrees was obtained, can be considered as a
stopping point (shown by the green line in Figure 15)
OAM mode 4.

(e) Analysis of UCA Radius for OAM Mode 5

Since all of the radiation patterns for OAM mode 5
until a =2.601 were discovered to be nearly comparable
along with no side lobes. So, simulations have been
initiated from a =2.60A. At fixed observation distance of
221 and fixed UCA element number 18, simulations for
2.604, 2.904, 3.204, 3.304, and 3.504 UCA radii have
been conducted.

At a = 2.604, side lobes were absent from NRP,
shown in Figs. 16(i)(a) and fig 16(ii)(b) showed the
perfect quintuple twisted shape of EFPDP. When the
UCA radius was extended to larger than 3.204, side lobes
were seen in the NRP (Figure 16(i)(e)). The presence of
side lobes is shown by the deepest blue colour ring in
NRP at a = 3.304 (Figure 16(i)(d)). In NRP (Figure
16(i)(e)), the outer area of that ring indicates the side
lobes at a = 3.504. Spiral pattern distortions indicate the
appearance of side lobes in EFPDP. Minimal distortions
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are seen at the outer spiral of the EFPDP at a = 3.301
(Figure 16(ii)(d)). Visible distortions were seen at the
outer spiral of the EFPDP at a = 3.51 shown in Figure
16(ii)(e).

Radiation patterns are examined for the impact of the
radius using a minimum 18-element UCA. Side lobes did
not emerge in the simulation until a = 3.24. So 3.24 is
utilized as the initial value. With a step of 0.34,
observations were made up to a =4.71. The outcomes are
displayed in Figure 17.

The divergence angle corresponding to the shortest
UCA radius (a = 3.21) occurred at about 24.81 degrees,
as seen by the blue line in Figure 17. A deep curve,
indicated by the yellow line, representing a side lobe was
discovered at a = 3.51. It was found that as the radius
expanded, the divergence angle shrank. The divergence
angle did not considerably decrease after a = 4.14,
although the amount of side lobes increased. Therefore, a
= 4.14, at which a divergence angle of about 20.101
degrees is obtained, can be considered as a satisfactory
stopping point (shown by the green line in Figure 17)
OAM mode 5.

Approximation and Analysis of
Distance for Optimized OAM Modes

The distance between the observation and UCA
planes is called the observational distance. “A good line
of sight and correct alignment between the transmitting
and observing ends are required for the UCA-OAM
system” (Fang and Henderson, 2019b). The variations in
observational distance and their impact on mode purity
have been investigated as this paper's third parameter.
Using MATLAB simulation software, a method has been
developed to verify the observational distance value
needed for a particular OAM mode with reduced
divergence and better purity.

(2) OAM Mode 1 observational distance Analysis

“The value of z for far-field conditions should be
significantly greater than a" (Fang et al., 2017). It is
feasible to show the outcomes and how the radiation
patterns will alter if the far field condition is not satisfied.
Therefore, simulations started from a small value of
observational distance z = 10A. For OAM mode 1,
simulations have been conducted at a fixed UCA radius
of 1.204 for the observational distances of 104, 354, 454,
504, and 551 for OAM mode 1. Figures 18(ii) and 18(i)
show the phase distribution patterns and radiation
patterns for z = 104, 351, 454, 504, and 554,
respectively. Side lobes were found at z = 104 in NRP, as
illustrated in Figure 18(i)(a). The presence of side lobes
is indicated by the dark blue ring in NRP and the outside
area of ring in NRP. The middle spirals of single twisted

Observational
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EFPDP were clearly deformed shown in Figure 18(ii)(a).
It was found that the radiation patterns' intensity
increased as the value "z" increased. NRP with maximum
intensity was observed at z = 351 indicated in Figure
18(i)(b) by yellow ring. Figure 18(ii)(b) displays the
single twisted EFPDP without any distortion, while
Figures 18(i)(c) and 18(ii)(c) display the NRP and
EFPDP for z = 454, respectively.

Further increase in the value of 'z' was observed to
cause the radiation patterns' intensity to gradually
decrease after z = 351. Changes in NRP and EFPDP were
essentially minimal after z = 501 (Figure 18(i)(d) and
Figure 18(ii)(d) correspondingly).

For OAM mode 1, the observation distance effect on
the radiation pattern is determined using a minimum 8-
element UCA. Through simulation, it has been observed
that the radiation pattern at z = 354 had the maximum
intensity. Therefore z = 3514 was considered as the
beginning point. At 54 steps, observations were made up
to z = 604. The findings are displayed in Figure 19. At z
= 354, the divergence angle of about 16.151 degrees was
recorded (blue line in Figure 19). The angle of
divergence did not drastically drop after z = 501 since the
radiation pattern showed very little variation after this
value. Therefore, z = 504 (shown by the green line in
Figure 19) might be thought of as a good terminating
point for appropriate observational distance for OAM
mode 1, which provided a divergence angle of about
11.601 degrees.

(b) OAM Mode 2 Observational Distance Analysis

At a given UCA radius of 1.74, simulations for the
observational distances of 104, 304, 404, 454, and 501
have been conducted for OAM mode 2. Figures 20(ii)
and 20(i) have been used to describe the phase
distribution patterns and radiation patterns for z = 104,
304, 404, 454, and 504, respectively.

Side lobes of NRP were found at z = 104, which is a
little higher than OAM mode 1, shown in Figure 20(i)(a).
The centre spirals of double-twisted EFPDP were visibly
distorted (Figure 20(ii)(a)). It was found that the radiation
patterns' intensity increased as the value "z" increased.
Maximum intensity radiation pattern was observed at z =
304 (shown by a bright yellow ring in Figure 20(i)(b)).
Figure 20(ii)(b) shows the double twisted EFPDP in its
undistorted state, whereas Figures 20(i)(c) and 20(ii)(c)
display the NRP and EFPDP for z = 404, respectively.
Further increase in the value of 'z' was observed to cause
the radiation patterns' intensity to gradually decrease after
z = 304. Changes in NRP and EFPDP were essentially
minimal after z = 454 (Figs. 20(i)(d) and 20(ii)(d),
respectively).
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For OAM mode 2, the minimum 12-element UCA is
utilized to find out the impact of observation distance on
the radiation pattern. The simulation results show that at
z = 304, the radiation pattern was found with the highest
intensity. Thus, 304 was utilized as the initial value.
Observations were made up to z = 554 with a step of 54
and outcomes are indicated in Figure 21. The divergence
angle value (blue line in Figure 21) obtained at z = 304
was about 18.751 degrees. The divergence angle did not
drastically drop after z = 454 and the radiation pattern
showed very little variation after this value. Therefore, z
= 451 (green line in Figure 21) can be considered as an
appropriate observational distance ending point for OAM
mode 2, which yielded a divergence angle of about
12.821-degree.

(c) OAM Mode 3 Observational Distance Analysis

For OAM mode 3, simulations for the observational
distances of 104, 304, 35A, 404, and 451 have been
conducted at a fixed UCA radius of 2.2 A. That is, Figs.
22(if) and 22(i), respectively, describe the phase
distribution patterns and radiation patterns for z = 104,
304, 354, 404, and 45A.

For OAM mode 3, the observation distance influence
on the radiation pattern is determined using a minimum
14-element UCA. The simulation results show that at z =
304, the radiation pattern with the highest intensity was
obtained. Thus, 304 was utilized as the initial value.
Observations were made up to z = 554 and Figure 23
displays the outcomes. The divergence angle value
(shown by the blue line in Figure 23) achieved at z = 304,
was about 18.651 degrees. The divergence angle did not
drastically drop after z = 451 since the radiation pattern
showed very little variation after this value. Therefore, z
= 452 (green line in Figure 23) can be considered as an
acceptable terminating point of observational distance for
OAM mode 3, which provided a divergence of about
12.701- degrees.

(d) For OAM Mode 4 Observational
Analysis

At a given UCA radius of 2.74, simulations for the
observational distances of 104, 204, 304, 354, and 404
have been conducted for OAM mode 4. Figure 24(ii) and
Figure 24(i) provide the phase distribution patterns and
radiation patterns for z = 104, 204, 304, 354, and 404,
respectively.

Side lobes of NRP were found at z = 104, which is a
little higher than OAM mode 3, shown in Figure 20(i)(a).
The inner and outer spirals of quadruple twisted EFPDP
were visibly distorted (more so than OAM mode 3)
(Figure 24(ii)(a)). Figures 24(i)(b) and 24(ii)(b) display
the NRP and EFPDP for z = 204, respectively. It was
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Figure 26. NRP and EFPDP for OAM mode 5 at distinct distances.
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found that the radiation patterns' intensity increased as
the value "z" increased. NRP’s absolute ring structure
forms with maximum intensity at z = 304 (shown by a
yellow ring in Figure 24(i)(c)).

At z=304, the quadruple twisted EFPDP is seen in
Figure 24(ii)(c)) without any distortion.

It was observed that the radiation patterns' intensity
started to decrease slightly after z = 304 with the
additional rise in 'z'. Variation in NRP and EFPDP were
essentially minimal after z = 354 shown in Figs. 24(i)(d)
and 24(ii)(d) respectively.

0

As can be observed in Figure 26(i)(a), the side lobes
of NRP were discovered at z = 104, which is a little bit
higher than OAM mode 4. In the intermediate and outer
spirals, the quintuple-twisted EFPDP was visibly
distorted (more so than OAM mode 4) (Figure 26(ii)(a)).
Figures 26(i)(b) and 26(ii)(b) display the NRP and
EFPDP for z = 204, respectively. It was found that the
radiation patterns' intensity increased as the value "z"
increased. For OAM mode 5, the observation distance
effect on the radiation pattern is determined using a
minimum 18-element UCA. The simulation results show
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Figure 27. OAM mode 5 radiation patterns at various distances.

For OAM mode 4, the influence of observation
distance on the radiation pattern is determined using a
minimum 16-element UCA. The simulation results show
that at z = 304, the radiation pattern with the highest
intensity was obtained. Thus, 304 was utilized as the
initial value. Observations were made up to z = 55, and
Figure 25 displays the outcomes. The divergence angle
value (blue line in Figure 25) was achieved at z = 304,
about 18.651 degrees. The divergence angle did not
drastically drop after z = 451 since the radiation pattern
showed very little variation after this value. Therefore, z
= 451 (green line in Figure 25) might be considered as an
appropriate ending point of observational distance for
OAM mode 4, which provided a divergence of about
12.601 degrees.

(e) For OAM Mode 5 Observational Distance Analysis

At a fixed UCA radius of 3.21, simulations for the
observational distances of 104, 204, 304, 354, and 404
have been conducted for OAM mode 5. Figure 26(ii) and
Figure 26(i) provide descriptions of the phase distribution
patterns and radiation patterns for z = 104, 204, 304, 354,
and 404, respectively.
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that at z = 304, the radiation pattern with the highest
intensity was reached. Thus, 304 was utilized as the
initial value. Observations were made up to z = 55, and
Figure 27 displays the findings. The divergence angle
value (shown by the blue line in Figure 27) occurred at z
= 304, was about 18.652 degrees, and it did not
considerably decrease after z = 451. Therefore, z = 452
(green line in Figure 27) might be taken as an appropriate
ending point observational distance for OAM mode 5,
which provided a divergence angle of about 12.602
degrees.

Results and Discussion

Simulation results have been analysed in order to
approximate the main parameters, including the number
of UCA elements, the UCA radius, and the variation in
the observational distance for a particular improved
OAM mode, under the subsequent subsections.

A. Approximated values of UCA elements number for
optimized OAM modes

The outcomes of separately simulating the UCA element
number "N" for OAM modes 1 to 5 are combined in
Table 2.




Table 2. UCA Elements Required For Ripple Free
Radiation Pattern.

OAM Observational raggliof UCA elements
mode (I) distance (z) @ no. ()
1 204 1.204 8
2 214 1.704 12
3 224 2.204 14
4 224 2.704 16
5 221 3.204 18

Table 2 shows the total number of UCA elements
required to create patterns of radiation without any
ripples. For OAM mode 1, N =8, N =12 for mode 2, N =
14, N = 16 for mode 4, and N = 18 for mode 5.B.

B. Approximated values of UCA Radius for OAM
Modes

The outcomes of separately simulating the UCA
radius "a" for OAM modes 1 to 5 are combined in Table
3.

Table 3 displays the divergence angle values at the
"no side lobes” (the UCA radius value below which no
side lobes are present), at the “stopping point"(the UCA
radius value at which the divergence angle remains
relatively constant while the level side lobes increase)
and the variation in divergence angle values between the
"no side lobes point" and the "stopping point."”

Table 3. Divergence Angle at ‘No Side Lobe Point’

and ‘Stopping Point’.
At no
side,
lobes
point

At the
stopping
point
value of
Divergen
(- T[o] [

(0)

Radiu
s of
UCA

Divergen

ce angle

variation
(do)

value of
Divergen (a)
ce angle

(0)
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Table 4. Divergence Angle at Maximum Intensity
Point and Ending Point.

1 122 26.751 214 16.901 9.85
2 172 25.752 2.64 18.502 7.25
3 222 24.81 3.11 19.441 5.36
4 272 24.81 3.64 19.851 4.95
5 312 24.81 4.12 20.101 4.70

C. Approximated value of Observational Distance for
Optimized OAM Modes

The results of separately simulating the observational
distance "z" for each of the OAM modes 1 to 5 are
combined in Table 4.

Table 4 summarizes the divergence angle values at the
"maximum intensity point" (the observational distance at
which the maximum intensity of the radiation pattern is
achieved), at the "ending point” (the observational
distance after which the divergence angle does not
significantly change) and the variation in divergence
angle values between the "maximum intensity point" and

the "ending point."
DOI: https://doi.org/10.52756/ijerr.2023.v36.027

Obser Diverge Diver
. nce Obser  gence .
vation . Divergen
angle vation angle
al ce angle
. (e)at al (o) at I
Distan . . . variation
de maxim Distan endin
ce (de)
() @ um ce (2) g
intensit point
y point
1 351 16.151 501 | 11.601 4.55
2 301 18.751 4510 | 12.821 5.93
3 301 18.651 451 | 12.701 5.95
4 301 18.651 451 | 12.601 6.05
5 301 18.652 4510 | 12.602 6.05
Conclusion

In order to generate improved OAM waves, a uniform
circular antenna array is proposed in this research. The
following conclusions are drawn after examining the
effects of variation in UCA parameters (number of UCA
elements (N), UCA radius (a), and observational distance
(2)) on the radiation patterns:

The lowest number of UCA elements needed to
generate a ripple-free radiation pattern for OAM modes 1
to 5 should be more than the basic essential. For a given
OAM mode, the precise number of UCA elements that
would produce a ripple-free radiation pattern could be
determined in advance using simulations.

Through selecting the UCA radius attentively, the
divergence issue (emerges when OAM modes increase in
order) may be substantially alleviated. By predicting the
stopping point value of the UCA radius prior to
simulation, the mode purity and divergence angle could
be coordinated. A stopping point value of UCA radius
might result in both decreased mode divergence (since
the value of the divergence angle at the "stopping point"
is significantly less than the value at the "no side lobes
point" for a particular OAM mode) and good mode purity
(because no further side lobes are present).

Through simulations, less mode divergence with good
mode purity might be accomplished by anticipating the
observational distance's ending point value. For a certain
OAM mode, the divergence angle at the "ending point" is
substantially less than the divergence angle at the
"maximum intensity point.” The reason for the good
mode purity in this case is that, despite the radiation
pattern's intensity not decreasing significantly from the
"maximum intensity point" to the "ending point," there
has been a notable increase in the value of "z.
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Furthermore, it may be stated that the highest value of

z", up to which a correct alignment between the
transmitters and the observing end can be maintained, can
be determined by predicting the "ending point.”
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