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Shielding of Orbital Angular Momentum Waves by a
Cavity With Apertures

Michael Wulff , Student Member, IEEE, Woocheon Park, Student Member, IEEE,
Lei Wang , Senior Member, IEEE, Cheng Yang , Member, IEEE, Heinz-Dietrich Brüns,

and Christian Schuster , Senior Member, IEEE

Abstract—In this article, for the first time, the shielding of orbital
angular momentum (OAM) waves by a cavity with apertures is
evaluated. This is particularly interesting because the distinguish-
ing feature between the OAM modes is their phase distribution
in space, and, hence, shielding effectiveness is a mode-dependent
phenomenon. A perfectly electrically conducting cavity with multi-
ple apertures and two OAM antennas, inside and outside the cavity,
is investigated using a method of moments based tool. The behavior
of OAM waves is analyzed by comparing the transmission between
the OAM arrays for different cases, including their field patterns in
front of and behind the apertures. The effects of the orientation and
position of the transmitting antenna, the rotation, size, and form of
the apertures and different cavities are explored. Additionally, the
effect on the distance and the orientation angle of the outer antenna
are studied. It is shown that the propagation of OAM waves through
apertures is possible and that the resulting signal loss is similar to
the loss of a plane wave or the field of a monopole. It is also shown
that certain OAM waves penetrate the apertures better than others.

Index Terms—Conducting cavity, electromagnetic shielding,
orbital angular momentum (OAM), propagation modeling, slot
aperture, uniform circular arrays.

I. INTRODUCTION

IN RECENT years, communication using orbital angular mo-
mentum (OAM) waves has been proposed as an alternative

to traditional multiple-input multiple-output (MIMO) systems.
For example, OAM was applied to free-space optical systems
[1]–[4] and later to radio waves [5]–[9]. The application of OAM
waves in radio wave communication has since been explored in
many aspects. The differences between OAM multiplexing and
traditional (MIMO) systems have been investigated [10]–[12]
and the optimization of OAM radio communication [13] and
its application [14] were analyzed. In [15] and [16], gain and
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Fig. 1. Simulation setup with a PEC cavity having the following dimensions:
W = 5.8 m, L = 3.5 m, and H = 2.5 m. The cavity has an aperture on the
front side. Two antennas, one inside and one outside antenna, are used. The inner
antenna is placed at points P1, P2, or P3 and its orientation is given by �Ft. The
outer antenna is orientated in the direction of �Fr . In the figure monopole arrays,
each with eight elements are used.

link budgets of OAM waves have been studied in comparison
to traditional waves, and in [17], a generalized form of the
Friis transmission equation for OAM communication has been
proposed. The use of a simplified receiver antenna that addi-
tionally enhances the physical layer security has been proposed
in [18]. The limits and possibilities of OAM communication
are explored in [19] and [20]. The properties of OAM waves
at radio frequencies have been studied previously with regard
to the orientation and distance of two communicating OAM
antennas [21]–[23]. In [24], the reflection and refraction of
OAM waves on a dielectric slab have been investigated. The
effects of an infinite ground plane [25] and a finite conducting
plate [26] have been investigated by this group. Most recently,
the effect of a perfect electric conductor (PEC) corridor on OAM
communication has been analyzed [27].

What is missing is an investigation of the ability of OAM
waves to propagate through an aperture such as a slot. This
knowledge is important if OAM waves are to be integrated into
modern communication systems. In this article, this propagation
through slots out of or into a cavity is studied as shown in
Fig. 1. This cavity can be interpreted as a shield, which can range
from the integrated circuit level [28], [29] to large room sized
shielding chambers [30]. Due to the need of through-wall cable
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connections and ventilation in shielding chambers, apertures are
present in most shields. Those apertures allow electromagnetic
fields to enter or exit the shielded space. The impact of aper-
tures on the shielding behavior has been studied and modeled
extensively [30]–[36]. This has been done for plane waves and
various types of antennas. But to the knowledge of the authors,
the ability of an OAM wave to penetrate through an aperture has
not been reported in detail. Due to the complex phase distribution
of OAM waves in space, the aperture penetration of OAM waves
differs from the aperture penetration of plane waves.

In the following, OAM waves are compared to the fields
of a monopole antenna and a plane wave with regard to their
ability to pass through the aperture when different parameters
are changed. These include the orientation and position of the
antenna inside the cavity, the rotation, size and form of the
aperture, the cavity itself, and the distance and angular posi-
tion of the antenna outside the cavity. Section II explains the
simulation setup and used antenna type in more detail as well as
estimates the accuracy of the used simulation tool. In Section III,
the parametric dependencies are explored. Finally, Section IV
concludes this article.

II. SIMULATION SETUP, DEFINITION OF OAM SHIELDING

EFFECTIVENESS, NUMERICAL METHOD, AND ACCURACY

A. Simulation Setup

The arrangement of the antennas is depicted in Fig. 1. The
frequency band is chosen to range from 30 to 75 MHz. This is
a compromise between the size of the cavity and the size of the
antennas. On the one hand, the frequency band should be low
enough to not contain many resonances of the cavity, to keep the
wave behavior simple and make it easier to study the aperture
penetration of an OAM wave by itself. On the other hand, the
OAM array must fit into the cavity. The size of the OAM array
has to be in the range of the wavelength to transmit properly,
which leads to a lower frequency limit in this investigation. With
the dimensions according to Fig. 1, the resonant frequencies of
the empty PEC cavity in the investigated frequency band are
50.1 , 65.4 , 67.4 , and 73.4 MHz. The resonant frequencies will
be modified by the presence of a large inner object such as an
OAM array.

To keep the OAM antenna small, a monopole array with eight
elements as seen in Fig. 2 is used. The array is designed to
operate around 50 MHz leading to a wire length of 1.4 m. The
monopoles have a diameter of 8 mm and are arranged in a circle
with the radius R1 = 0.6 m. The circular ground plate has a
radius of R2 = 0.9 m. In addition to the described OAM array,
a monopole mounted on a circular ground plate with the radius
0.3m is used. The height of the single monopole is also1.4m. All
antenna ports are terminated with 50 Ω throughout this article.

The aperture studied first is centered on the front of the cavity
and consists of three horizontal rectangular slots each with a
width of 1.45m and a height of 0.1042m. The slots are 0.1562 m
apart from one another. This means the longest slot side has
a length of ≈ λ/10 for f = 30 MHz and a length of ≈ λ/4
for f = 75 MHz, where λ is the operating wavelength at each
frequency.

Fig. 2. OAM monopole array on the right and the field pattern of a transmitted
OAM wave with the mode number 1 on the left. The wires of the OAM array
have a length ofL = 1.4 m, an inner radius ofR1 = 0.6 m, and an outer radius
of R2 = 0.9 m. The monopole wires have a diameter of 8 mm. The direction
of the array is given by �Ft, which is the normal of the ground plate. The field
pattern is shown on a plane parallel to the ground plate of the monopole at a
distance d′.

In this investigation, the external antenna is placed at a dis-
tance d from the inner antenna and can be rotated parallel to the
x–y plane by an angle θ as shown in Fig. 1. It can be tilted by
an angle ψ away from the radial direction. The inner antenna is
placed on observation points P1, P2, or P3 and it is orientated in
the direction of �Ft in each case. P2 is in the center of the cavity
and P1 and P3 are shifted by 1.5 m to the left and the right along
the x-axis.

B. Generation of OAM Waves

OAM waves are usually generated by a uniform circular array
as shown in Fig. 2, where the elements are excited with the same
magnitude and a phase difference of ΔΦ = 2πl/N between
neighboring elements. N is the number of elements in the array
and l is an integer called OAM mode number that determines the
speed and direction of phase change of the generated OAM wave.
Thus, an OAM wave can take the form of different OAM modes
determined by l. The OAM modes that can be generated by this
kind of array are limited by−N/2 < l < N/2with an additional
mode l = 0∗ withΔΦ = πwhenN is even. The OAM modes are
orthogonal in the sense that one mode cannot be reproduced by
a linear combination of the other modes. In free space, the phase
of the generated OAM wave varies linearly around the main axis
of the wave, indicated by the dashed line in Fig. 2. This axis is
located at the center of the array and is perpendicular to the
plane in which the array elements are placed. The direction on
this axis given by �Ft will be referred to as the main propagation
direction in this article.

When evaluating the transmission of one OAM mode, the
elements of the sending array are fed with phase shifts between
the elements as stated above, and in the receiving array, the same
phase shifts are applied with opposite sign to recover the signal.
This encoding and decoding of the OAM modes are already
implemented when using the mixed-mode matrix introduced
in [21], which is a similarity transformation of the S-parameter
matrix. It describes the interaction of the OAM modes instead
of the port waves. The transmission, reflection, and crosstalk of
the OAM modes for the communication of two arrays can be
easily calculated in this way.
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C. Definition of Shielding Effectiveness

To properly quantify the effect of the propagation into or out
of the cavity, a shielding effectiveness (SE) is defined for all three
excitations including plane wave, the field of a monopole, and
the field of an OAM antenna. The SE can be defined for several
quantities, like the E-field or H-field present at a point in space,
the power received by an antenna, or the voltage on an antenna.
For the plane wave, the incident electric field is compared with
and without the cavity being present. Hence, the SE for plane
waves SEp is defined as

SEp = 20 · log10

(
En

E

)
(1)

whereE is the magnitude of the electric field at some point with
the cavity present and En is the magnitude of the electric field
at the same point without the cavity. For the monopole antenna,
the S-parameters are compared with a reference impedance of
50 Ω. Hence, the definition of the SE of the monopole antenna
SEm is

SEm = 20 · log10

(
S12,n

S12

)
(2)

with S12 and S12,n being the magnitude of the S-parameters
measuring the transmission between two monopoles with and
without the cavity, respectively. Finally, the transmission ob-
tained with the mixed-mode matrix is used for the OAM modes.
The SE for OAM modes SEoam is calculated as follows:

SEoam = 20 · log10

(
Trl,n
Trl

)
. (3)

Here, Trl is the magnitude of the transmission of OAM mode
l between two OAM arrays with the cavity present and Trl,n is
the same without the cavity. These definitions will be used in all
comparisons.

D. Numerical Method and Accuracy

All simulations have been performed using a tool [37] based
on the method of moments (MoM). The code employs the
boundary element method and solves the electric field integral
equation in the case of metal structures and a set of coupled
integral equations in the case of dielectric bodies. All surfaces are
modeled using triangles and the current distribution on these sur-
faces is approximated by Rao–Wilton–Glisson functions [38].
The MoM code uses Galerkin matching for improved accuracy.
Furthermore, the problem is separated into an inner and an outer
domain, achieved by modeling the cavity wall with a double
layer current. Both domains are coupled by equivalent currents
in the aperture. This prevents small errors in one domain to have
a large impact on the other domain [39].

To verify the accuracy of the MoM tool for the problem at
hand, the results were compared to a commercial finite element
method (FEM) tool [40]. When keeping the volume of the
problem small, the FEM tool can be used for validation purposes.
Four simulations were set up withd = 5m,ψ = 0 ◦, and θ = 0 ◦:
two simulations with the OAM arrays and two with the single
monopoles, both with and without cavity. The comparison is
being made between 30 and 75 MHz in 5-MHz steps. For all

Fig. 3. Deviations between the simulation results of the FEM and MoM
tools plotted vs. the respective S-parameter magnitude. The deviations are
calculated as ΔS(dB) = |SFEM(dB)− SMoM(dB)|. The dotted red line gives
an estimation of the maximum error.

simulations, the S-parameters obtained were compared and the
difference is plotted in Fig. 3. From the results, an estimated
upper limit for the difference and thus the accuracy of the results
of this article were found. For S-parameters between 0 and
−20 dB, the results have an uncertainty of 1.5 dB, S-parameters
between −20 and −60 dB have an uncertainty of 2.5 dB, and
S-parameters between −60 and −120 dB have an uncertainty
of 4 dB, which is sufficient for the investigations presented in
this article.

III. PARAMETRIC STUDY OF THE PROPAGATION

CHARACTERISTICS OF OAM MODES

The shielding of the OAM waves is simulated in different
situations with the setup shown in Fig. 1. The ability of OAM
waves to penetrate an aperture is in the following compared to
the ability of the field of a single monopole and a plane wave by
means of SE. First, the simplest case where both antennas face
the aperture is investigated. This is followed by the investigation
of the effect of different variations of the aperture and cavity.
Next, the antennas are tilted to investigate an antenna config-
uration with a higher transmission for certain OAM modes.
Thereafter, the position and orientation of the inner antenna are
varied and the behavior with distance and position of the outer
antenna is investigated.

Changing the antenna position and orientation changes the
field at the slots leading to a strong variation in SE. When
additionally the resonances of the cavity are present, the behavior
of SE may show a complex behavior. The best comparison
between the different excitations can therefore be made at lower
frequencies when there are no resonances of the cavity.

A. Inner and Outer Antennas Facing Each Other

First, the simplest case, where the antennas face each other,
is analyzed. The outer antenna is positioned at d = 10 m,
θ = 0 ◦, and ψ = 0 ◦ and the inner antenna is placed at P2 with
�Ft pointing in negative y-direction.
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Fig. 4. SE for the case d = 10 m, θ = 0 ◦, and ψ = 0◦. The inner antenna is
placed on P2 and orientated in negative y-direction. All computations are based
on the definition of SE according to Section II-B.

The SE for this configuration is plotted in Fig. 4. For the
OAM array, the modes 0–2 are plotted and the plane wave is
included with a linear polarization in the x- and z-directions.
As can be seen, the plane waves approximately give a best- and
worst-case estimate for SE since a rectangular slot is well excited
by an E-field perpendicular to its long side and poorly excited
by an E-field parallel to its long side. The dips in the frequency
dependence of SE are caused by resonances of the cavity; this
includes the dip for the OAM modes toward 75 MHz.

Inspection of the other curves reveals that OAM mode 1 is
shielded to a lower degree then the other OAM modes and the
field of the single monopole. In Fig. 5, the fields inside and
outside the cavity for the case that the inner antenna is excited
with the respective OAM modes are shown. These fields are
evaluated on a plane parallel to the front side of the cavity at a
distance of 5 cm before or behind the front side. For all modes,
their characteristic field pattern is visible within the cavity
[(a), (c), and (e)], even if the pattern deviates slightly from the
pattern of an OAM wave in free space. The linear phase variation
of the modes around their center, which, in this case, is equal to
the center of the aperture, leads to 0, 2, and 4 extreme values for
modes 0, 1, and 2, respectively. At the outside [(b), (d), and (f)],
all OAM modes produce a similar field strength directly in the
slots, but only the field of mode 1 radiates significantly outside
the cavity. So only the field of OAM mode 1 has excited the
rectangular slots, leading to the difference in SE.

B. Variation of the Aperture and Cavity

Next, the effects of aperture and cavity variations are inves-
tigated. First, the different apertures of Fig. 6 are used. The
aperture of Fig. 6(a) is the previously used configuration rotated
by 90 ◦, which explores the effect of an aperture orientation.
Fig. 6(b) shows a single relatively large rectangular slot, provid-
ing an example of an aperture with a single slot and examining
the effect of a larger slot. The third aperture [Fig. 6(c)] has
a square cross section that provides information on whether
the shielding behavior of the OAM modes changes when no

Fig. 5. Electric field strength for one phase of the OAM modes (a), (c), and (e)
inside and (b), (d), and (f) outside the cavity. The OAM antenna inside the cavity
is excited at 30 MHz. The fields are evaluated 5 cm in front of and behind the
aperture. The slot outlines are also plotted for reference. The vectors represent
the tangential fields and the circles represent the normal fields.

Fig. 6. Apertures with l1 = 1.45 m, l2 = 3 m, h1 = 0.1562 m, h2 =
0.1042 m, h3 = 0.3 m, and d = 0.625 mm. (a) Original aperture rotated by
90◦. (b) One large slot as aperture. (c) Square aperture. (d) Circular aperture.

dimension is dominant. The last aperture [Fig. 6(d)] is a circular
one that explores the same question with all dimensions being
the same. These aperture types cover most of the apertures used
in practice. For all variations, the outer antenna is placed at
d = 10 m, θ = 0 ◦, and ψ = 0 ◦. The inner antenna is placed on
P2 and orientated in �Ft = −�ey .
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In Fig. 7(a), (b), (e), and (f), the SE of the cavity is shown as a
function of frequency considering different apertures. Here, the
aperture dimensions as defined in Fig. 6 are used. Comparing the
rotated aperture (a) with the SE of the original configuration in
Fig. 4, the curves of the plane waves have swapped their place.
For the OAM modes and the field of the single monopole, the
general behavior has not changed. OAM mode 1 is still shielded
to the lowest degree compared to the other OAM modes. So the
ability of OAM mode 1 to penetrate the slots in this configuration
appears to be independent of the slot orientation, as the field of
the OAM wave rotates with time. For the larger slot (b), the SE
is generally lower for all excitations. OAM mode 1 and the plane
wave withEy are still shielded in the smallest way. The shielding
behavior with regard to the square (e) and the round aperture
(f) is almost identical. Here, all fields except OAM mode 2 are
similarly well shielded outside the resonances. OAM mode 2 is
shielded better than the other fields.

Additionally, Fig. 7 shows the SE as a function of the widths
l1, l2, and d of the aperture [(c), (d), (g), and (h)]. The shapes
of the cavity openings are accordingly scaled. A frequency of
30MHz is chosen to avoid any cavity resonance. For the aperture
formed by three slots, the original horizontal configuration is
used [Fig. 7(c)] as it can be scaled in a larger range compared to
the corresponding vertical type. The SEs for the OAM modes, the
plane wave (Ez), and the field of the single monopole approach
0 dB when the length of the slots approaches λ/2 and the SEs
of OAM mode 1 and the plane wave (Ez) behave almost the
same. It is also noticeable that the SE of OAM mode 2 decreases
faster than the others. For the single aperture [Fig. 7(d)], the SE
behaves similarly to the SE of the case with the aperture with
three slots. The main difference is that the SE approaches 0 dB
as the length of the slots approaches λ/2 only for OAM mode
1 and plane waves (Ez). For the square and the round apertures
[Fig. 7(g)–(h)], the SEs of all excitations behave the same when
scaling the aperture.

To assess the influence of the cavity, the shielding effect is
evaluated for the case that the original cavity is scaled and for the
case that a different cavity shape is used, which, in our example,
is a cube with a side length of 5 m. Fig. 8 shows the SE for the
scaled cavity. Since the number of resonances increases with
cavity size and frequency, it is difficult to compare impact of
the different excitations, but it can be seen that the SE of OAM
mode 1 and plane wave (Ez) are the lowest for most frequencies.
The same applies for the cube cavity in Fig. 9.

C. Variation of Antenna Tilt

The slot penetration of the case where the two antennas
are facing each other is not the configuration with the highest
transmission for each mode. In [21], it was found that for a
dipole array, the OAM mode transmission in this configuration
is quite low. To find the orientations with the highest mode
transmission of the given monopole array, the mode transmission
is evaluated for different antenna tilts. The setup of Fig. 1 is
used without the cavity being present. The original aperture of
Fig. 1 is used in this and all subsequent subsections. The outer
antenna is positioned at d = 10m and θ = 0◦. Both antennas are
tilted with the same angle ψ so that �Fr = (0, cos(ψ), sin(ψ))

and �Ft = (0,−cos(ψ), sin(ψ)). The transmission is shown in
Fig. 10 for OAM modes 0–2 at f = 50 MHz. For mode 1, the
previously investigated configuration with ψ = 0◦ provides the
highest transmission. Mode 0 is transmitted best at ψ = 90◦ and
mode 2 at ψ ≈ 60◦. As a compromise between modes 0 and 2,
the slot penetration with the antennas angled at ψ = 70◦ was
further investigated. The SE for this case is plotted in Fig. 11.
In contrast to the previous case where the two antennas were
facing each other, now, the SE for all shown excitations is in the
same region as for OAM mode 1. When looking at the E-field
near the slot on the receiver side, a similar pattern as shown in
Fig. 5(d) can be observed for all OAM modes, i.e., all modes
have excited the slot that radiates this field pattern. It should be
noted that [21] also found that all antenna configurations besides
ψ = 0◦ lead to significant crosstalk between the OAM modes.

D. Variation of Position and Orientation of the Inner Antenna

The outer antenna is now fixed at d = 10 m, θ = 0 ◦, and
ψ = 0 ◦ to explore the impact of the position and orientation of
the inner antenna on SE. For the position of the inner antenna,
the observation points P1, P2, and P3 are utilized as defined in
Fig. 1 and for the orientations �Ft = �ex, �Ft = −�ey , and �Ft = �ez
are used. The SE for these cases is plotted in Fig. 12 for the
OAM modes together with the SE of the single monopole, both
as defined in Section II. It should be noted that SE for the cases
(P1; �Ft = −�ey) and (P3; �Ft = −�ey) is the same for symmetry
reasons, and, therefore, only the case (P1; �Ft = −�ey) is included.

For OAM mode 0, the SE for lower frequencies ranges from
40 to 70 dB, and the signal attenuation is lowest when �Ft = �ez .
The behavior of the field of the single monopole is similar to
OAM mode 0.

The SE of OAM mode 1 is below 40 dB for frequencies up to
approximately 45 MHz, as mode 1 excites the slot in all cases.
This dependence is the likely cause for the complex behavior of
SE even at low frequencies since the transmission through the
slot is strongly dependent on the E-field present at the slot in
z-direction. This complex behavior of SE for low frequencies
can also be found for mode 0 with �Ft = �ez .

OAM mode 2 has an SE ranging from 35 to 65 dB for low
frequencies. It should first be noted that SE for (P1; �Ft = �ez) and
(P3; �Ft = �ez) differs significantly, even though the SE of these
cases is similar for the other modes. Those curves are swapped,
when looking at mode –2. This, however, is not a direct effect of
the transmission through the slot but a property of this antenna
constellation itself. The propagation through the aperture leads
to strong crosstalk between mode 2 and mode –2 and, thus,
equalizes the transmission of those modes. So SEs show the
difference that is also present in the transmission without the
cavity. Excluding (P1; �Ft = �ez), the cases with �Ft = �ez are
comparability weakly attenuated.

E. Variation of the Distance and Position of the Outer Antenna

To answer the question whether the behavior of the OAM
waves over distance is changed, a simulation was set up with d
varying from 5 to 100 m. In the following, θ = 0 ◦, ψ = 0 ◦,
and the inner antenna is positioned at P2 with �Ft = −�ey .
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Fig. 7. (a), (b), (e), and (f) SE for the apertures of Fig. 6 over frequency and (c), (d), (g), and (h) size of the aperture. For the latter, f = 30 MHz is chosen. In
the upper right corner of every plot, the corresponding aperture is displayed. The geometric parameters l1, l2, and d are defined in Fig. 6. All apertures are scaled
uniformly.
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Fig. 8. SE for the scaled cavity.W is the width of the cavity. f = 50 is chosen.

Fig. 9. SE for the cube cavity, with the side length of 5 m.

Fig. 10. OAM mode transmission at f = 30 MHz for two OAM arrays in free
space when both antennas are tilted by ψ. The arrays are d = 10 m apart.

The resulting SE is plotted in Fig. 13 for f = 50 MHz. The
SE for the plane waves is independent of d and is therefore not
included. The OAM modes show a similar behavior as the field
of the single monopole. The SE is smaller when the outer antenna
is close to the cavity and it converges for higher d. The constant
SE for higher d means the ratio Trl,n/Trl is constant. So the
free-space loss of the OAM waves with and without propagating
through an aperture is the same.

Fig. 11. SE for the case d = 10 m, θ = 0 ◦, and ψ = 70◦. The inner antenna
is placed on P2 and both antennas are tilted by ψ. All computations are based
on the definition of SE according to Section II-B.

Another very important question is how well OAM waves
can penetrate the slot, when there is no line of sight (LOS)
between the outer antenna and the aperture. For that purpose,
the parameter θ was varied, with d = 10 m and ψ = 0 ◦ and the
inner antenna positioned at P2 with �Ft = −�ey . The frequency is
chosen to be 30 MHz to avoid the first resonance of the cavity.
The use of SE can, in this case, be misleading, as the ability
to receive an OAM mode strongly depends on the direction
in which the OAM modes enter the receiving antenna. For
the setup without the cavity, the OAM modes arrive from the
direction of the outer antenna, leading to a strongly varying mode
transmission. For the setup with the cavity, the OAM modes
always enter through the aperture and therefore always arrive
from one direction at the inner antenna. So the SE mainly shows
this difference. Therefore, only the transmission with the cavity
present is considered and plotted in Fig. 14.

In general, a current perpendicular to the slot excites the slot
better than a current parallel to the slot. The plane wave with
Ez produces a field inside the cavity that has a maximum for
θ = 0◦ and θ = 180◦ and a minimum for θ ≈ 100◦. The current
excited at the cavity points in the direction of the E-field on
the side where the wave hits and in the opposite direction on
the opposite side. In between, the current direction transitions
between these two. This leads for θ = 0◦ and θ = 180◦ to a
strong slot excitation and for θ ≈ 100◦ to a weak slot excitation.
For the plane wave withEx, the current at the slots points roughly
in x-direction for all θ, leading to a weak slot excitation and
thus a weak field inside the cavity. OAM mode 1, when coming
from the outside, excites a rotating current on the side where the
wave hits and on the opposite side. The rotating current leads
to an excitation of the slot, explaining the maxima at θ = 0◦

and θ = 180◦. In between, the direction of the current changes,
resulting in the weak slot excitation at θ = 90◦. The magnitude
of the field produced by OAM mode 0 and single monopole
vary only by 10 dB, as the slot is not excited for any θ. OAM
mode 2 does not excite the slot either for any θ, leading to the
weakening field inside the cavity for higher θ. In summary, the
OAM waves do not need an LOS to enter the cavity. It is only
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Fig. 12. SE for the (a) single monopole and the OAM modes (b) 0, (c) 1, and
(d) 2. SE is shown for various combinations of the positions (P1, P2, and P3)
and orientations (�Ft = �ex, �Ft = −�ey , and �Ft = �ez) of the inner antenna.

Fig. 13. SE over the distanced, with θ = 0◦ and the inner antenna is positioned
at P2 with �Ft = −�ey . The frequency is f = 50 MHz.

Fig. 14. Transmission with the cavity present over the angle θ, with d = 10m.
The inner antenna is positioned at P2 with �Ft = −�ey . The plane waves are given
for reference with the magnitude of the E-field. The frequency is f = 30 MHz.

important whether the current on the cavity or field at the slot
excites the slot.

IV. CONCLUSION

In this article, the shielding of OAM waves by a cavity with
apertures has been investigated, using numerical simulations
based on MoM. It is found that OAM modes can penetrate
the apertures investigated here and that they can be received
inside the cavity. The OAM modes ±1 excite a rectangular slot
well and thus are shielded to the lowest degree. The parametric
studies support this result for various configurations. Rotating
or enlarging the slots or changing the cavity does not change the
main behavior. For a square and round aperture, OAM modes±2
are shielded better than the OAM modes 0 and±1. The behavior
of the OAM waves over distance is not changed by the slot if
they are observed far enough away from the slot.

When OAM waves are integrated into modern communication
systems, the question arises whether and how the design of the
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shields must be adapted. Since a shield usually has apertures,
the question translates to how the design of the apertures should
be adjusted. To assist in these questions, guidelines were formed
from the results of this article. The ability of an OAM wave to
penetrate an aperture depends on the OAM mode, the aperture
size and form, and the position and orientation of the OAM
antennas, whereby the OAM mode and the aperture size and
form have the largest influence. To increase the SE of the cavity
for OAM waves:

1) avoid using OAM mode ±1;
2) minimize the largest dimension of every aperture; and
3) use low frequencies.
The SEs of the OAM modes are not smaller than for the plane

waves, which means the same rules can be applied when design-
ing a shield for OAM waves. The only additional guideline is to
avoid long slots in combination with OAM mode ±1.

This investigation is a first attempt of the understanding of
OAM wave aperture penetration. There are still many parameters
and variations to explore. However, from the present results,
it can be concluded that with a rectangular slot, especially the
OAM modes ±1 are shielded poorly. Further, the rotating nature
of the OAM wave leads to a strongly varying field at the slot,
increasing the change of exciting the slot and the disturbance of
the other side of the shield. Additional investigations will explore
if there are apertures more suitable for OAM communications or
apertures that only allow certain modes to pass. The latter could
be used as a mode filter.
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