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Abstract—In this paper, the effect of an infinitely sized ground
plane on the orbital angular momentum (OAM) vortex elec-
tromagnetic (EM) radio waves is investigated. Although the
effect of an infinite ground on OAM wave propagation and
communication has already been numerically examined in the
literature using the method of moments (MoM), this study
analyzes this situation analytically and obtains the final form
expressions derived theoretically. The multipath characteristics of
OAM waves in a superconducting ground plane are theoretically
presented considering both horizontal and vertical polarization
conditions. In addition to direct radiation to an observation point
in the far-field from the array antenna, many reflected radiations
from the ground plane are also transmitted. The most fundamen-
tal reflected radiation is analyzed over a uniform circular array
(UCA), adopting electromagnetic image theory. Furthermore, the
transmitted field expressions obtained by considering both the
circular array parallel to the ground plane and the circular array
upright to the ground plane are formulated in a general analytical
form for an OAM wave on a superconducting ground plane.
In addition, numerical simulations are applied to exemplify the
properties of OAM waves in the superconducting ground plane,
unlike the isolated medium.

Index Terms—Antenna arrays, infinite ground plane, orbital
angular momentum (OAM), multipath propagation.

I. INTRODUCTION

BESIDES linear momentum, an electromagnetic (EM)
wave can carry two types of angular momentum related

to rotational dynamics: spin angular momentum and orbital
angular momentum. Unlike spin angular momentum (SAM),
which describes the polarization state of electromagnetic ra-
diation, orbital angular momentum (OAM) is concerned with
spatial phase distribution. OAM, which has a special physical
property in addition to conventional linear momentum and
SAM, can offer new degrees of freedom [1], [2], [3], [4].
Thus, the vortex electromagnetic waves carrying OAM have
been a rapidly growing area of research that has attracted great
interest in many fields over the past few years. Different from
frequency, time, phase, amplitude, and polarization, OAM,
which is a new degree of freedom, has distinctive advantages
such as secure transmission and information transmission
speed and capacity [5], [6], [7], [8], [9], [10], [11].

An OAM vortex EM wave is usually an EM wave with
a ”doughnut”-like intensity shape where the electric field
intensity is zero at the center. Compared to plane waves,

EM waves carrying OAM possess a spiral wave phase front
structure. For this reason, EM waves carrying OAM are
frequently referred to as spiral, vortex, helical, or twisting
waves. Phase fronts with different OAM modes generate
different spiral electromagnetic waves. The modes of OAM
are mutually orthogonal to each other, and this orthogonality
greatly increases the efficiency of spectrum utilization and
degrees of freedom [12], [13], [14], [15], [16].

After the investigation in 1992 that helical phase-fronted
light beams can carry the OAM, the vortex EM waves have
been widely used in optics [12]. B. Thid´e et al. demonstrated
that OAM is not limited to electromagnetic waves at light
frequencies, by introducing the operation of OAM beams to
the radio frequency (RF) field for the first time in 2007 [17].
Thus the potential of using OAM for communication has
found application in the range of radio frequencies lower than
light. Many methods have been improved in the literature to
produce OAM radio waves, including antenna arrays, spiral
reflectors, spiral phase plates, and metasurface [18], [19], [20],
[21], [22]. Furthermore, due to its high controllability and
good beamforming ability, a uniform circular array (UCA)
is extensively utilized in OAM beam production. In order
to produce an OAM beam in a UCA, the same amplitude
and appropriate phase-shifted feed network must be applied
to each element. By using incrementally gradual phase gen-
erators between adjacent antennas at the UCA, beams with
various OAM modes can be generated [23], [24], [25], [26].
In addition, OAM beams are formed using the concentric
circular array (CCA) structure, which consists of more than
one circular array with different radii and the same center [27],
[28]. Unlike UCAs which need external phase shift networks
for neighboring elements, it is possible to obtain OAM with
helical circular subarray (HCSA) forms with helical phase
alignments [29].

Usually, only the direct propagation is analyzed analytically,
considering the propagation of the OAM wave in an isolated
environment. In real life, unlike an isolated environment,
vortex electromagnetic waves not only come from antenna
elements directly to the observation point but also reflected
waves from the ground plane. Thus, the effect of multipath
propagation of vortex EM waves carrying OAM is an im-
portant issue to be investigated, and the effect of an infinite
ground on OAM wave propagation and communication was
studied using the method of moments (MoM) in [30]. In the
literature, an analytical investigation of multipath propagation
of linear arrays has been made [31], [32]. In this study, the
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analytical investigation is made for the case where UCA is
positioned on the ground plane to examine the effect of an
infinite ground on OAM wave propagation. Therefore, inter-
esting simulation results have been obtained by analytically
examining the multipath propagation of vortex EM waves in
the superconducting ground plane based on a theoretical basis.
The multipath properties of OAM waves in a superconducting
ground plane, both parallel and upright positioning of the UCA
to the ground plane are theoretically evaluated. Contrary to
an isolated environment as a result of the constructive and
destructive effect of multiple propagations at the observation
point, it slices the ”donut”-like OAM pattern. Similarly, the
vortex EM wave helical phase fronts are also segmented
symmetrically with respect to the ground plane normal. In
conclusion, this study has contributed to the literature through
theoretical investigation and three-dimensional simulations
considering the multipath effect of the OAM wave and the
ground plane design of the UCA.

II. THE MULTIPATH RADIATION OF OAM WAVE OVER THE
INFINITE GROUND PLANE
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Fig. 1. UCA placed parallel at a given height (h) from an infinitely sized
superconducting ground plane

The simple two-way propagation configuration of vortex
EM waves carrying OAM is demonstrated in Figure 1. A
circular array of N elements is parallel to the ground position
along a circular ring of radius a. The UCA has h height
from the superconducting ground plane placed in the x-y
plane. To achieve the OAM wave, the UCA configuration
is basically phased the array with a 2πl/N phase difference
between the elements; where l represents the OAM mode
number (topological charge). For the image theory analyti-
cal application, hypothetical array elements are constructed
symmetrically according to the ground position (depth h
below the ground plane) with the approach that the ground
plane is infinitely sized superconducting ground. In addition
to the direct path to the observation point, there are many
reflected paths from the ground plane. The multipath property
of the OAM wave, which comprises the direct and the most
fundamental reflected path, is examined. The electric field of

the OAM wave propagating in the direct path under the far-
field approach can be mathematically written as:

Ed =

N−1∑
n=0

Inξn(θdn, ϕdn)
ejw0(t−

rdn
c )

rdn
ejlϕn , (1)

where, In represents nth element excitation amplitude,
ξn(θdn, ϕdn) denotes the nth element far-field pattern at the
direct path, rdn is the nth array element direct path, and
w0 = 2πf0 is the center operating frequency. ϕn = 2πn/N
represents the nth element excitation phase (n = 0, 1, ..., N −
1). In terms of the phase term, the rdn delay term is denoted
by

rdn ∼= r − ⟨âr, rn⟩, (2)

where, ⟨., .⟩ denotes the inner product operator, âr =
sinθcosϕâx+sinθsinϕây+cosθâz represents the unit vector
in the way of the observation point, and rn = acosϕnâx +
asinϕnây + hâz (where h is the height from the array center
to the ground plane and a is the circle radius.) is the position
vector for the nth real element of the array. The rdn delay
term is denoted by:

rdn ∼= r − ⟨âr, (acosϕnâx + asinϕnây + hâz)⟩
∼= r − asinθcos(ϕ− ϕn)− hcosθ. (3)

By substituting Equation (3) into Equation (1), the electric
field propagating in the direct path of the OAM wave becomes:

Ed = ej
w0
c (tc−r)

N−1∑
n=0

Inξn(θdn, ϕdn)

1

rdn
ej

w0
c [asinθcos(ϕ−ϕn)+hcosθ]ejlϕn . (4)

On the other hand, image theory is used to obtain the electric
field expression of the most fundamental OAM wave reflected
by the ground. The hypothetical array elements are constructed
symmetrically according to the ground position (according
to image theory), and this OAM wave propagating directly
from the hypothetical array antenna to the observation point is
equivalent to the most fundamental OAM wave reflected by the
superconducting ground plane. In addition, in the horizontal
and vertical polarization cases, the hypothetical array antenna
polarization is the opposite and the same as the original
polarization of the real array antenna, respectively. Therefore,
the electric field of the most fundamental OAM wave reflected
by the ground is given by:

Er =
hp

∓
vp

N−1∑
n=0

Inξn(θrn, ϕrn)
ejw0(t− rrn

c )

rrn
ejlϕn , (5)

where, vp denotes vertical polarization, and hp and denotes
horizontal polarization. rrn is the direct path to the observation
point of UCA’s nth hypothetical source, and rrn is also the
path of the most fundamental OAM wave reflected from the
ground plane. In terms of the phase term of the reflected OAM
wave, the rrn delay term is denoted by:
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rrn ∼= r − ⟨âr, r
′

n⟩, (6)

where, r
′

n = acosϕnâx + asinϕnây − hâz is the position
vector for the nth hypothetical element of UCA. The rrn delay
term is given by:

rrn ∼= r − ⟨âr, (acosϕnâx + asinϕnây − hâz)⟩
∼= r − asinθcos(ϕ− ϕn) + hcosθ. (7)

The electric field directly emitted from the hypothetical
UCA is defined as follows by putting the rrn delay term in
the Equation (5):

Er =
hp

∓
vp

ej
w0
c (tc−r)

N−1∑
n=0

Inξn(θrn, ϕrn)

1

rrn
ej

w0
c [asinθcos(ϕ−ϕn)−hcosθ]ejlϕn , (8)

The intervals of the hypothetical and real UCA elements
to the observation point can be taken to be approximately
(rdn ≈ rrn ≈ r) equal for the amplitude terms under the
far-field approach (r ≫ a, h). Similarly, the element positions
of the UCA can be taken the same for the real and hypothetical
array elements under the far-field (θdn ≈ θrn ≈ θ and
ϕdn ≈ ϕrn ≈ ϕ). Considering that all the elements in UCA
are identical, the ξn(θdn, ϕdn) and ξn(θrn, ϕrn) expressions
can be approximately equated to ξ(θ, ϕ). The total electric
field of the OAM waves transmitted to the observation point
along both the line-of-sight path and the most fundamental
path reflected from the ground plane can be approximately
expressed as:

Et ≈
ej

w0
c (tc−r)

r

N−1∑
n=0

Inξ(θ, ϕ)e
j
w0
c (asinθcos(ϕ−ϕn))ejlϕn

×
[
ej

w0
c (hcosθ)

hp

∓
vp

e−j
w0
c (hcosθ)

]
. (9)

As a result, the expression of the total electric field for
vertical and horizontal polarization at the observation point is

Et ≈
ejk0(tc−r)

r
ξ(θ, ϕ)︸ ︷︷ ︸

field of an element

N−1∑
n=0

Ine
jk0(asinθcos(ϕ−ϕn))ejlϕn

︸ ︷︷ ︸
circular array factor

×

[
2jsin(k0hcosθ)hp

2cos(k0hcosθ)vp

]
︸ ︷︷ ︸

multipath factor

. (10)

where k0 = w0/c represents the free space wave number.
The total electric field of the UCA located parallel to the su-

perconducting ground plane involves a uniform circular array
factor, element field, and multipath factor containing the most
fundamental reflected path and the direct path. The multipath
factor varies depending on the k0 free space wave number,
the θ elevation angle, and the h height (distance between the

ground plane and array), but also changes depending on the
polarization (hp and vp).
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Fig. 2. UCA placed upright at a given height (h) from an infinitely sized
superconducting ground plane

As seen in Figure 2, the N-element circular array is located
at a h height from the superconducting ground plane and
equidistant along a circular ring upright to the ground position.
Similarly, the configuration of the UCA basically gives the
array with a 2πl/N phase difference between the neighboring
elements to obtain the OAM beam. Also, unlike parallel
positioning, upright positioning also occurs symmetrically
with respect to the ground position, with hypothetical array
elements at different h depths below the ground plane. The
OAM electric field propagating along the line of sight under
the far-field approach when the UCA is located uprightly to
the ground is given as:

Ed =

N−1∑
n=0

Inξn(θdn, ϕdn)
ejw0(t−

rdn
c )

rdn
ejlϕn , (11)

In terms of the phase term, the rdn ∼= r − ⟨âr, rn⟩ delay
term is given by:

rdn ∼= r − ⟨âr, (acosϕnâx + (h− asinϕn)âz)⟩
∼= r − asinθcosϕcosϕn + acosθsinϕn − hcosθ, (12)

where h is the interval from the array center to the ground
plane. The reference plane of the ϕn angle is the x-axis.
By combining the equation (12) with the equation (11), the
electric field expression for the directly propagating OAM
wave for the UCA situation located upright to the ground is
defined by:
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Ed = ej
w0
c (tc−r)

N−1∑
n=0

Inξn(θdn, ϕdn)

1

rdn
ej

w0
c [asinθcosϕcosϕn−acosθsinϕn+hcosθ]ejlϕn , (13)

In the situation of UCA located upright to the ground
plane, the most fundamental OAM electric field reflected by
the ground plane is the same as that of the line-of-sight
electric field propagated from the hypothetical arrays. The
most fundamental electric field reflected by the ground plane
in both the vertical and horizontal polarization states can be
expressed as:

Er =
hp

∓
vp

N−1∑
n=0

Inξn(θrn, ϕrn)
ejw0(t− rrn

c )

rrn
ejlϕn , (14)

In terms of the phase term of the OAM wave reflected from
the UCA located upright to the ground plane, the rrn ∼= r −
⟨âr, r

′

n⟩ delay term can be expressed as:

rrn ∼= r − ⟨âr, (acosϕnâx + (−h− asinϕn)âz)⟩
∼= r − asinθcosϕcosϕn + acosθsinϕn + hcosθ. (15)

The most fundamental electric field reflected by the ground
plane of the UCA located upright to the ground position,
together with the rrn delay term, can be expressed as follows:

Er =
hp

∓
vp

ej
w0
c (tc−r)

N−1∑
n=0

Inξn(θrn, ϕrn)

1

rrn
ej

w0
c [asinθcosϕcosϕn−acosθsinϕn−hcosθ]ejlϕn , (16)

Under the same conditions stated for the parallel placed
UCA (rdn ≈ rrn ≈ r and ξn(θdn, ϕdn) ≈ ξn(θrn, ϕrn) ≈
ξ(θ, ϕ)), the total electric field including the direct and most
fundamental reflected radiations of the UCA located upright
to the ground position can be expressed as:

Et ≈
ej

w0
c (tc−r)

r

N−1∑
n=0

Inξ(θ, ϕ)

ej
w0
c (asinθcosϕcosϕn−acosθsinϕn)ejlϕn

×
[
ej

w0
c (hcosθ)

hp

∓
vp

e−j
w0
c (hcosθ)

]
. (17)

The final electric field at the observing point of the UCA
located upright to the ground for vertical and horizontal
polarization is expressed by:

Et ≈
ejk0(tc−r)

r
ξ(θ, ϕ)︸ ︷︷ ︸

field of an element
N−1∑
n=0

Ine
jk0(asinθcosϕcosϕn−acosθsinϕn)ejlϕn

︸ ︷︷ ︸
circular array factor

×

[
2jsin(k0hcosθ)hp

2cos(k0hcosθ)vp

]
︸ ︷︷ ︸

multipath factor

. (18)

The total electric field of the UCA located upright to
the superconducting ground plane differs from that of the
parallel-located UCA in terms of the circular array factor. The
multipath factor with multipath propagation features, which
consists of two propagation paths, is the same for both array
positions and varies with h height.

Based on the Nyquist sampling theorem, the largest OAM
mode lmax that the UCA can produce depends on the number
of elements in the array. Therefore, the maximum-mode OAM
votex beam number that can be obtained from the N-element
UCA must satisfy the condition N ≥ 2|lmax|+ 1. Therefore,
the parameter affecting the maximum number of modes that
can be obtained from the OAM is the UCA element number
[29].

On the other hand, the number of slices that can be
obtained from OAM in the range θ ∈ [0, π

2 ] is determined
as approximately 2h

λ + 1 and .2h
λ for vertical and horizontal

polarization cases, respectively. Similarly, the parameters that
affect the maximum number of slices that can be obtained
from OAM are the h height of the array elements from the
ground plane and the λ wavelength[31], [32].

The number of UCA elements N and the height h, which
is the distance between the ground plane and the array, are
of critical importance, as they directly affect the number of
users or devices that can be practically multiplexed and served
without interference in certain communication systems.

III. NUMERICAL EXAMPLES

In this section, numerical examples are given to demonstrate
and compare the multipath propagation performances of UCA
located parallel and upright to the ground. The results are
obtained simply by evaluating the most basic two-way analyt-
ical electric fields including the direct and most fundamental
reflected constituent in Section 2. To illustrate the multipath
characteristic of the OAM wave, let us first consider a parallel-
positioned circular array (a = 0.7λ radius and h = 5λ height)
with respect to the infinitely sized superconducting ground
plane. The UCA with f0 = 5 GHz center operating frequency
is evaluated in the horizontal polarization situation. In addition,
the ϕn = 2πn/N, n = 1, 2, 3, ..., N phase is applied to
each array element to obtain an OAM wave with the mode-1
(l = 1). The effect of frequency on multipath characteristics
is present [9]. However, in this study, the height h is given in
terms of wavelength λ to study the effect of height. Therefore,
the same result is obtained at different frequencies.
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As a result of the interference of OAM waves reaching the
observing point with the direct and most fundamental reflected
path, null values occur that divide the OAM beam into slices.
Both the number and position of these nulls that slice the OAM
beam in the elevation plane depend on the multipath character-
istic (the 2cos(k0hcosθ) term for the vertical polarization case
is the multipath factor and the 2jsin(k0hcosθ) term for the
horizontal polarization case is the multipath factor). UCA’s
OAM radiation beam varies with the h height between the
array and the ground position and the k0 free space wave
number. For the case where the absence of a ground plane, the
three-dimensional (r, θ, ϕ) snapshot graph of the OAM beam
with mod-1 obtained from the UCA located parallel to the x-
y plane at a h = 5λ height from the origin is given in the
Figure 3(a). In the OAM radiation pattern of the UCA, where
there is no ground plane, no nulls are occured in the elevation
plane, resulting in a stable OAM wave.

However, slices occur in the OAM radiation beam of the
parallel-positioned UCA with respect to the infinitely sized su-
perconducting ground plane. As seen in the three-dimensional
(3-D) instantaneous graph in Figure 3(b), more than one ring
is formed in the OAM radiation pattern due to the multipath
characteristic. The number of these rings varies according
to the h height variable between the array and the ground
position. The OAM radiation pattern of the parallel-positioned
UCA (at a height of h = 5λ) with respect to the infinitely
sized superconducting ground plane is shown in Figure 3(b).
Furthermore, with the effect of the multipath characteristic,
approximately 2h

λ + 1 and .2h
λ OAM pattern slices occur in

the vertical and horizontal polarization states, respectively, in
the θ ∈ [0, π

2 ] range. It is seen in the Figure 3(b) that the
OAM radiation beam slice number in the θ ∈ [0, π

2 ] range
of the UCA located parallel at a height of h = 5λ for the
horizontal polarization case is 2(5λ))

λ = 10.
In addition, OAM beams produced by UCA with radius

a = 0.7λ located at the height of h = 5λ from the origin
for the isolated medium without ground plane are sampled at
z = 1km from the origin. The sampled OAM intensity pattern
and helical phase wavefronts are illustrated in Figure 4(a)
and Figure 4(b), respectively. In both cases, the obtained
observation window plane with a width of 1 km in the x-y
direction is upright to the beam axis. Figure 4(a) shows that
in an isolated medium without a ground plane, a ”doughnut”
shaped intensity pattern of the l = 1 mode OAM wave is
obtained. On the other hand, Figure 4(b) shows the spiral phase
wavefront for the l = 1 mode OAM beam, where the phase
change from 0 to 2π corresponds to a change in color from
blue to red

By sampling the radiation pattern of the parallel-positioned
UCA (radius a = 0.7λ and at a height of h = 5λ) with
respect to the infinitely sized superconducting ground plane,
the intensity pattern and helical phase wavefronts of the l = 1
mode OAM beams for the ground plane case are obtained
similarly. In Figure 5, more than one ring-shaped distribution
is observed both in the intensity pattern (Figure 5(a)) and in
the phase wavefront (Figure 5(b)), with the observation plane
with a width of 1 km in the x-y direction formed by the sample
window at z = 1 km.

Since the h height value is a variable of the multipath factor
(2cos(k0hcosθ) for the vertical polarization, 2jsin(k0hcosθ)
for the horizontal polarization), it is clear that if the UCA has
various heights, it will have different positions and a number of
OAM pattern slices. Figure 6(a) shows the 3-D OAM beam
pattern of the UCA located parallel to the h = 3λ height
from the infinitely sized superconducting ground plane. As
seen in the Figure 6(a), 6 ( 2(3λ))λ = 6) slices of OAM pattern
are formed in the θ ∈ [0, π

2 ] range of the UCA located at
a h = 3λ height. The intensity pattern of the UCA, which
is h = 3λ above the ground plane in Figure 6(b), and the
phase wavefront of the UCA, which is h = 3λ above the
ground plane in Figure 6(c) are observed with the observation
window with a width of 1 km in the x-y direction formed by
the sample window at z = 1 km. The phase wavefront and
the intensity pattern with the ”donut” shaped distribution of
the OAM wave formed by the UCA at the h = 3λ height
over the ground are divided into two slices. The number of
the OAM main pattern slices consists of 3 slices for h = 5λ
in the previous example, depending on the h height.

Similarly, the 3-D OAM beam pattern of the parallel-
positioned UCA (at a height of h = 7λ) with respect to
the infinitely sized superconducting ground plane is shown in
Figure 7(a). It is clearly seen from Figure 7(a) that 14 OAM
radiation beam slices are formed in the θ ∈ [0, π

2 ] interval for
the situation where the UCA is located at a h = 7λ height
from the ground position. It is seen that the ”ring” shaped
distribution intensity pattern and phase wavefront of the main
OAM wave generated by the UCA at a h = 7λ height over the
ground plane is divided into four slices. It can also be seen
from the various examples above that the number of main
OAM radiation beam slices varies in relation to the h height.

On the other hand, let’s examine the multipath propagation
effects of the OAM wave by considering the same circular
array upright to the ground plane (Figure 2) and at the height
of h = 5λ over the infinitely sized superconducting ground
plane. First, where the ground plane is not considered, the
center of the UCA located upright to the x-y plane is located
at a h = 5λ height from the origin. The three-dimensional
snapshot graph of the OAM beam with mode-1 obtained for
the case where the ground plane is not taken into account
is examined in Figure 8. It can be seen from Figure 8 that
the UCA located upright to the x-y plane generates the stable
OAM beam with mod-1 in the y-direction. Figure 8(a) shows
the half wave shape of the OAM beam, while Figure 8(b)
shows the full OAM beam. As can be seen from both figures, a
uniform OAM beam is obtained in the y-axis direction, which
is the normal of the UCA, in an isolated environment where
there is no ground plane.

The 3-D OAM beam of UCA, which is located upright to
the h = 5λ height from the ground plane, has reflections from
the superconducting ground plane with infinite dimensions
in addition to direct propagation. In the case of multipath
propagation, where there is the most fundamental reflected
radiation as well as direct radiation, the radiated OAM beam
is affected by the multipath factor. Therefore, in the OAM
radiation generated by the UCA located upright to the ground
plane, similarly, nulls are formed in the elevation plane that
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(a) (b)

Fig. 3. 3-D OAM beam pattern snapshot graph of UCA with mod-1, relative to the interval r at constant angle θ = 0 and ϕ = 0 (a) in the case where there
is no ground plane, (b) in the case of the ground plane.

(a) (b)

Fig. 4. (a) intensity pattern and (b) helical phase wavefront at z = 1km of OAM beams produced by UCA with radius a = 0.7λ located at the height of
h = 5λ from the origin for an isolated medium without a ground plane.

(a) (b)

Fig. 5. (a) intensity pattern and (b) helical phase wavefront at z = 1km of OAM beams produced by the parallel-positioned UCA (radius a = 0.7λ and at
a height of h = 5λ) with respect to the infinitely sized superconducting ground plane in the x-y plane.

divides the OAM beam into slices. Figure 9(a) and Figure 9(b)
show the half and full OAM beams of the sliced OAM
wave as a result of nulls resulting from the multipath effect,
respectively. In both Figures, it can be seen that the UCA
located uprightly at a height of h = 5λ for the horizontal
polarization case has 2(5λ))

λ = 10 OAM radiation beam
separate into segments in the θ ∈ [0, π

2 ] range.

Positioned both parallelly and uprightly to a supercon-

ducting ground plane with infinite dimensions, the OAM
radiation beam of the UCA is segmented in the elevation plane
depending on the height from the ground position. The number
and position of nulls that separate into segments of the OAM
radiation beam vary depending on the multipath factor.
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(a) (b) (c)

Fig. 6. (a) 3-D OAM beam pattern snapshot graph of the UCA with radius a = 0.7λ located parallel to the h = 3λ height from the infinitely sized
superconducting ground plane in the x-y plane. (b) intensity pattern and (c) helical phase wavefront at z = 1km of OAM beams produced by UCA located
parallel to the h = 3λ height from the x-y plane.

(a) (b) (c)

Fig. 7. (a) 3-D OAM beam pattern snapshot graph of the UCA with radius a = 0.7λ located parallel to the h = 7λ height from the infinitely sized
superconducting ground plane in the x-y plane. (b) intensity pattern and (c) helical phase wavefront at z = 1km of OAM beams produced by UCA located
parallel to the h = 7λ height from the x-y plane.

(a) (b)

Fig. 8. (a) Half and (b) a full 3-D snapshot graph of the OAM wave formed along the y-axis of the UCA located uprightly and at a h = 5λ height from
the x-y plane in the absence of the ground plane

IV. CONCLUSION

The multipath characteristic for an OAM beam containing
one direct and one reflection path, with a more realistic
approach compared to the isolated medium, is investigated in
this study. In this sense, the total electric field at the obser-
vation point, which includes the direct and most fundamental
reflected radiation, is derived from the parallel and upright-
positioned UCA with respect to the infinitely sized super-

conducting ground plane. Unlike the electric field expression
obtained in an isolated environment, the antenna element’s
field and the UCA array factor as well as the multipath factor
are included. The OAM radiation model is segmented in the
elevation plane due to the nulls generated by the multipath
factor based on the height between the array and the ground
position. As a result, the OAM radiation properties of UCA
in an isolated environment and at a given height above the
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(a) (b)

Fig. 9. (a) Half and (b) a full 3-D snapshot graph of the OAM wave formed along the y-axis of the upright-positioned UCA (at a height of h = 5λ) with
respect to the infinitely sized superconducting ground plane in the x-y plane

ground are analytically demonstrated by deriving theoretical
expressions and comparative simulation results.
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