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Abstract: In this article, an aperture antenna excited by a waveguide with a circular cross-section and
covered with a dielectric plate was analyzed via simulation calculation and verified via measurements.
The influence of the geometrical and electromagnetic parameters of the dielectric plate on the
reflection coefficient S;; of the antenna opening was systematically analyzed. The geometrical
parameters taken in this analysis are the thickness d and the width/length h; /h; of the dielectric
plate. The electromagnetic parameters used in this analysis are the real and the imaginary part
of permittivity (e, tan 6) and the electrical conductivity of the dielectric plate (o). The simulation
calculation and analysis included other structural and electromagnetic parameters of the dielectric
plate (density of the radome material, relative permeability, and magnetic loss tangent (p, i, and tan
5y, respectively)), but the results show that in the range of real values of these parameters for the
materials used for the dielectric plate, they had no significant influence on the reflection coefficient.
The results show that impedance-matched antennas with very low values of the reflection coefficients
511 at the resonant frequency can be realized by changing the geometrical and electromagnetic
parameters of the dielectric plate material. The results are presented for a circular aperture antenna
on a planar grounded plane with a dielectric plate on the opening, and the achieved lowest values
of the S parameter were —45.17 dB (simulated) and —43.93 dB (measured) at the frequencies of
1.7820 GHz and 1.7550 GHz, respectively. The estimated values of the dielectric plate parameters in
this case are thickness d = 11.08 mm (0.67 A); width X length of grounded plane and dielectric plate
h; x hy =423 x 450 mm? (2.51 x 2.67 A); relative permittivity 2.5, tan 6 = 0.09, yy =1, tan 6, = 0.00,
p = 1200 kg:m~3; and electrical conductivity o = 0 S/m. The simulation calculation results were
verified by measuring the reflection coefficient S1; on the created laboratory model of the aperture
antenna with the dielectric plate and showed a very good match.

Keywords: reflection coefficient; aperture antenna; dielectric plate; permittivity; loss factor; permeability;
magnetic loss factor; electric conductivity; circular waveguide

1. Introduction

Antennas provided with radomes and their influence on the radiated electromagnetic
field were investigated as early as the 1980s [1].

The antenna radome was originally intended as a form of physical protection of the
antenna, connectors, cables, and all components of the antenna system against environmen-
tal influences. All these parts of such system can have a bad effect on the antenna reflection
coefficients and, thus, affect the operation of the antenna at the desired wavelength. Several
studies have been conducted that are focused on the antenna radome and its influence on
the operation and parameters of antennas [2-7].

The authors in [2] provide the design of a dielectric radome created to protect the
antenna from environmental conditions via a series of conductors in the structure that
enables a lower reflection coefficient of incident electromagnetic waves at the operating
wavelength of the antenna.
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A modified Paris” model of a flat multi-layer radome structure (with anisotropic
material) is presented in [3], and it is combined with a measuring method for accurate
determination of the dielectric constant and dielectric loss.

The study presented in [4] reviews the design of antenna radomes (electrically thin,
half-wave, A-sandwich, C-sandwich) and their influence on antenna parameters (RF reflec-
tion and insertion loss), and the authors conclude that a proper selection of the radome and
its characteristics can help to improve the performance of the entire antenna system.

The quality and the impact of the dielectric-radome weather radar antenna are an-
alyzed in [5] from the radiation pattern point of view to verify the antenna and radome
specifications of the new Hohenpeissenberg radar. Measurements obtained from three
different source locations in the far field of the antenna show that all major parameters of
the antenna (i.e., 3-dB beamwidth, beam squint, and sidelobe levels) are satisfied with and
without the radome.

In article [6], the author highlights a very important role of radar in air and sea
communications, remote data reading, weather forecasting, and defense. The radome
placed on the antenna serves several purposes. It protects the antenna and its constituent
parts from external disturbances (such as snow, rain, wind, etc.), but research has shown that
the exact choice of the material covering the antenna can significantly affect its properties
and performance. The article explains the design and construction of the radome without
compromising radar performance.

Another study [7] also recommends radome types such as polycarbonate, Teflon, and
polystyrene to maintain good antenna performance and a satisfactory reflection coefficient,
i.e., materials with the lowest possible dielectric constant and tangent loss. This describes
the medium through which electromagnetic waves propagate, their dielectric constants,
their effects on impedance matching, the ideal distance of the radome from the antenna, and
the results of the antenna radiation pattern when the antenna radome is properly selected.

Article [8] deals with a similar topic in that the author describes in detail the properties
and types of shield, the interaction with the antenna, the requirements for shielding, and
the advantages of antenna shielding.

As can be seen from the above literature overview, covering antennas with a specific
dielectric plays a very important role in the physical protection of antennas and radars and
can even be used to improve antenna characteristics in the context of impedance matching,
i.e., reflection coefficients [9].

The authors in [10] analyze the input admittance of a circular aperture antenna fed
by a waveguide of a circular cross-section mounted on a spherical grounded surface. The
analytical approach is based on the moment method in the spectral domain in the Fortran
programming language. The aperture antenna is covered with a dielectric plate, and the
changing of two parameters such as the thickness and permittivity of the radome has
shown that it is possible to obtain rather good broadband admittance matching.

Similar research was carried out by the authors in [11], but it involved an aperture
antenna fed by a waveguide with a circular cross-section mounted on a grounded plane.
Moreover, the opening of the antenna is covered with a dielectric plate, and the research
results showed that by changing only two parameters of the dielectric, it is possible to
influence the reduction in the reflection coefficient of the antenna in question. Software
for numerical calculation of the reflection coefficient S1; of an aperture antenna fed by a
circular waveguide covered with a dielectric plate was Ansys HFSS (three-dimensional
electromagnetic (EM) simulation software for the design and simulation of HF electronic
element-antennas and antenna arrays). The theoretical and mathematical basis of the afore-
mentioned software for solving problems in electromagnetism is the finite element method.

This article is a continuation of the research aimed at improving impedance matching
of the aperture antenna and a detailed analysis of the structural and electromagnetic
parameters of the dielectric plate placed on the antenna, [10-12]. References [10-12] analyze
the influence of only two parameters (thickness and permittivity) of the dielectric on
the admittance or reflection coefficient, whereas this article analyzes the influence of
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all parameters of the dielectric plate (thickness of the material d in mm, density of the
dielectric p in kg-m~3, relative permittivity e,, conductivity of the dielectric o in S/m, losses
in the dielectric tan 6 and tan 8., and relative permeability of the material p.), and finally,
simulation is validated with measured values. The aim of the article is to achieve the lowest
possible reflection coefficient of the circular aperture antenna in order to accomplish the
best impedance matching of the antenna itself.

Further study [13] considers polyurethane foams as dielectric materials in the construc-
tion of radomes. The study includes the following EM parameters of radomes: the relative
dielectric constant and tangent loss at the frequencies ranging between 1 and 10 GHz.

The authors in [14] deal with the influence of water on the electrical conductivity and
dielectric parameters of a microwave absorber, clarifying the difference between losses due
to electrical conductivity and dielectric losses in the dielectric material (polarization).

The first section provides an overview of existing research on the performance of
the dielectric radome, its parameters, and its influence on the overall performance of the
antennas on which it is mounted. In the second section, a theoretical description of the
incident wave on a dielectric single-layer material is given with analytical equations of
the material parameters of the dielectric plate. Furthermore, all structural-geometric and
electromagnetic (EM) parameters of the dielectric single-layer plate are presented, which
are processed in the article by both simulation and measurement. Section 3 presents in
detail the simulation results that describe the influence of the specified parameters of the
dielectric plate on the aperture reflection coefficients of the antenna where the dielectric
plate is located. Section 4 contains the measurement results of the reflection coefficients that
are compared with the simulation results. The last section provides a detailed explanation
of the results obtained for the influence of the dielectric plate parameters on the reflection
coefficients of the antenna aperture with the dielectric plate.

In this article, the reflection coefficient S;1 of the TEj; mode aperture antenna fed by a
circular waveguide covered with dielectric is simulated and measured.

2. Analysis of the Parameters of the Dielectric Plate on the Antenna Aperture
2.1. The Thickness and Width x Length of the Antenna Aperture Dielectric Plate

Although a waveguide of a circular cross-section does not form a plane wave (TEM)
but transverse electric (TE) wave or transverse magnetic (TM) wave reflection, the trans-
mission and absorption of the EM wave when encountering the dielectric layer is identical.
Namely, reflection at the first boundary and all transmitted multiple reflected waves created
from the transmitted wave into the dielectric planar layer; these multiple reflected waves
return to the waveguide and, at the same time, constructively or destructively interfere
with the existing reflected wave at the first boundary result in a reflection coefficient.

2.1.1. Propagation and Reflection of a Plane Wave at the Boundary of Two Mediums

A simplified analysis of this problem uses a plane wave. In the case of a plane wave,
the wave that arrives at the boundary of the two mediums consists of the electric and
magnetic field strength E and H. These two fields are perpendicular to each other and, at
the same time, perpendicular to the propagation plane of the total EM wave. The wave
that arrives at the boundary is called an incident wave (E; and H;), whereas the wave that
passes the boundary under certain conditions is called the transmitted wave (E; and Hy).
At the same time, part of the wave is reflected at the boundary and is called a reflected
wave (E; and H;). A simplified situation is shown in Figure 1.

In such a case, the reflection coefficient S;; is calculated according to the following

relation:
Syy = Et _Za—Za _Za—-2o )
Ei Zo+Za Zo+Z

where:
E,—the electric field strength of the reflected wave in V/m;
Ej—the electric field strength of the incident wave in V/m;
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Z.1 = Z—characteristic impedance of the first and the third medium—the impedance
of air in the waveguide is equal to the impedance of free space Z in (;

Zo—characteristic impedance of the second medium-dielectric plate, also in (Figure 1).

The characteristic impedance of the medium through which the EM wave is propa-
gated can be determined as follows:

Zi= /5, i=12, @)

where:
ni—the i-th medium permeability;
gi—the i-th medium permittivity.

fr Medium1 X1 Medium 2

Hi

&1, L1, O &2, [, O2

Transmitted *Et
wave

Figure 1. Incident and reflected waves in medium 1 and the transmitted wave in medium 2.

If it is assumed that mediums 1 and 2 (dielectrics) have the same relative permeability
value, then the reflection coefficient at the first boundary can be calculated according to
the equation:

T =S |_M. 1-e 3)
17117\/54-\/5' ey

For the purpose of this research, there are two boundaries, the first is air—dielectric
plate, and the second is dielectric plate—air (Figure 2a). The one-boundary approach is
applicable to the case of multiple boundaries and to each of the boundaries individually. For
example, for the case of two boundaries: (a) for the first boundary ¢; = ¢¢ (the permittivity
of the air in the waveguide), and ¢; is the dielectric constant of the dielectric plate; (b) for
the second boundary, conversely, ¢; is the permittivity of the dielectric plate, and ¢, = €.
In the geometry of the two boundaries (the space inside the waveguide—dielectric plate
and the dielectric plate-free space), the electric field strength E (incident, transmitted, and
reflected) in each of the mentioned mediums is presented in detail in Figure 2a.

and for e; = ¢, |T1| = [S11| =
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Figure 2. Propagation of an EM wave through a dielectric plate of thickness d (one dielectric layer):
(a) existing electric field strengths (incident, transmitted, and reflected); (b) the absolute value of the
reflection and transmission coefficient Sy;.

Figure 2a shows that part of the incident wave E; passes the boundary between two
mediums (E¢), whereas part of the wave is reflected (E;).

In the problem of the EM wave arriving at two boundaries, the reflected wave in the
first medium will consist of the reflected wave at the first boundary and all the waves
that are transmitted into the first medium after multiple reflections between the two
boundaries (within the dielectric plate). The total reflection coefficient Sq; for two mediums
is (Figure 2b) as follows:

E.  TI;(1-—e2ked)

e S v 4)

S :
" 1 — T2eiZlod

The wave number of the second medium can be written as:

ky = /erky, ©)

where:

I';—the first medium reflection coefficient;

S11—the total reflection coefficient;

d—dielectric plate thickness;

k;—the wave number of the first medium.

In the labels referring to electric and magnetic field strengths in Figure 2a, the nu-
merical value of the index indicates the medium in which the fields propagate, whereas
the numerical value of the exponent of these fields indicates the order of the boundary
at which reflection or transmission occurs. Letters i, , and ¢t in the index indicate the
incident, reflected, and transmitted wave, respectively. A minus sign represents a reflected
wave propagating from boundary 2 to boundary 1, whereas a plus sign represents the
opposite direction.

The total reflected wave is obtained by superposition of all waves coming from the
direction of the first boundary into the first medium. These are the first reflected wave at
the first boundary and all transmitted waves from the second medium (dielectric plate) to
the first medium (air) (Figure 2a). The total transmitted wave is obtained by superposition
of all waves passing the second boundary from medium 2 to medium 3 (Figure 2a).
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2.1.2. Propagation and Reflection of an EM Wave Generated in a Circular Cross-Section
Waveguide at the Boundary of Two Mediums

Due to the simplicity of the construction, the microwave antenna with a circular
opening is very widely used (Figure 3).

.

4

Ground plane

Figure 3. Dominant TE;; mode distribution aperture on the grounded plane.

A circular aperture antenna is most often excited by a circular cross-section waveg-
uide. Waveguide modes are generated in a circular waveguide excited by a quarter-wave
monopole antenna (probe). The mode with the lowest cut frequency is the dominant mode.
In the case of a circular waveguide, it is mode TE1;. Figure 4 shows the E and H field lines
of the dominant mode of a circular cross-section waveguide The straight line of the arrow
indicates the strength of the electric field E. The dashed arrow indicates the strength of the
magnetic field H (the H-field is perpendicular to the E-field). The signs x and dot indicate
the direction of the H-field—inwards and outwards respectively.

Dominant modeTE1:

= ———=|-|1

P e ety fo el el

E field
Hfield. .... [ {(----- )

Figure 4. Lines E and H of the dominant mode (TE;;) of waveguides with a circular cross-section.
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The tangential component of the TE1; mode electric field inside the waveguide can be
expressed by the equation:
Ew =apEp; +a¢E, 6)

where 4, and 4. are unit direction vectors, and electric field components E, and E,. are:

E ot .

E, = p—(l)']l (X1;p> sin @7-e TPw? (7)
L (X101 .

E, = EO']1< - )-cosw'e—lﬁwz, ®)

and for z = 0, we have the tangential component of the TE;; mode electric field at the
waveguide aperture (antenna aperture) [15]:

E xj1er\ .
Ep = p?’]l( 1; )'Sm @/ )
Xt p!
E, = EoJ} (ﬁ) -Cos @/, (10)

where Ej is the amplitude of the electric field; J; and J] are the Bessel function of the first
order and its derivative, respectively; x{; = 1.841 is the zero point of the derivative of the
Bessel function of the first order; p/ < a is a waveguide radius variable; ¢/ is the variable of

2
the azimuthal angle of the waveguide; B,, = {/ w?pe — (%) is the propagation constant

in a circular waveguide; and the label /7 = a%, is a partial derivative by the radius variable.

The opening of the antenna is usually protected by a dielectric shield (radome), which
has the primary role of protecting the antenna from atmospheric influences and damage.
Nevertheless, this radome can significantly improve the radiation properties of the antenna
by choosing a dielectric that allows for less reflection and better adjustment of the antenna
impedance. Mounting radomes on the antenna opening leads to the problem of EM wave
propagation through a layered medium.

This article has examined a total of three mediums through which an electromagnetic
wave is propagated. The first medium refers to the space inside the waveguide of the
circular aperture antenna. The second medium is the dielectric plate, and the third medium
has the properties of free space. This scenario is illustrated in Figure 5. The first and the
third medium have the same dielectric properties.

Due to the geometry of the problem, in the case of excitation of the antenna aperture
with a waveguide, the incident wave arrives at the first boundary at an angle of ®; = 0°. It
can be easily concluded that the other two angles are ®; = 0°and ®; = 0°.

In addition to the electromagnetic parameters of the dielectric plate, the analysis will
include two aspects related to the dimensions of the dielectric plate itself. These are the
thickness of the dielectric plate and the width/length in relation to the grounded plane.
The thickness has a significant influence on the values of the S parameter, whereas the
width/length of the dielectric plate is about the connection between the majority of the
grounded plane and possible diffraction problems.

In the remainder of the article, simulation analysis using the HFSS application routine
will solve the problems of reflection and transmission, and the emphasis will be placed on
determining the minimum of the reflection coefficient S;; with different parameters of the
protective shield (radome).
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into
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Grounded
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Figure 5. Electromagnetic wave propagates through three mediums: space in the wave-guide, a
dielectric plate on the aperture antenna, and free space.

2.2. Permittivity and Electrical Conductivity of the Dielectric Plate

The importance of a material’s dielectric properties in industrial applications has
recently increased. These properties provide valuable information for improving product
design, processing, quality, and control.

The permittivity ¢ is generally a complex number that describes the interaction of a
material with an electric field [13,16]. Low values of the relative permittivity are values
that characterize insulators [11,12].

The permittivity can be expressed as follows: ¢ = ¢/ —je” = lele™®, where ¢ = ¢
¢r is the real part of the permittivity ¢ that represents the stored electric field, and ¢”= ¢g
g;” is the imaginary part of the permittivity that stands for the loss factor-a measure of
the amount of energy dissipated. 0 is the dielectric loss angle. The parameter tan 5 is loss
tangent or the dissipation factor DE.



Appl. Sci. 2023,13, 2544

9 of 25

If the material is not a perfect dielectric, the losses in the material can be expressed as
losses in the dielectric (&'CII) and losses due to electrical conductivity (e ) of the material:

er :£Zl+slcl zsrtan6+wi£0, (11)
where s'r/ is the relative imaginary part of the complex permittivity, F,:; is the relative
dielectric component of the imaginary part of the complex permittivity, e. is the relative
conductive component of the imaginary part of the complex permittivity, o is electrical
conductivity, w = 2nf is angular frequency of an electromagnetic wave, and ¢ is the
vacuum permittivity.

Electrical conductivity is found in the second term of the sum (Equation (1)), which
depends on the frequency, and its influence is expressed at lower frequencies. At low
frequencies, this conductivity can be caused by various factors, but most often, it is due to
conduction by free ions that exist in the presence of moisture in the material.

This relationship for the relative dielectric constant is incorporated in the mathematical
model of the HFSS simulation routine.

As the most important factor describing the properties of the dielectric plate, the reflec-
tion coefficient S1; depends on the complex electrical permittivity, the complex magnetic
permeability, and layer thickness. Because the moisture of the material has an effect on
the imaginary part of the complex permittivity, in addition to the previously mentioned
parameters, Sy is also affected by moisture (electrical conductivity) and temperature [15]:

(= )tanh( 2 | /(w ju/)(sl—je”)) -1
Sn = ’ (12)

/((t;_}gu))tanh< 2mfd jE//>> +1

where Sy is the reflection coefficient, ¢/ and ¢’ are the real and the imaginary part of the
complex electric permittivity, w/ and p” are the real and the imaginary part of the complex
magnetic permeability, f is the frequency of an electromagnetic wave, c is the speed of light,
and d is material thickness.

3. Numerical Results

The goal of this article is to investigate the influence of all possible parameters of the
dielectric plate on the change in the total reflection coefficient S;;. The parameters are
divided into structural-geometric (thickness d and dielectric density p) and electromag-
netic parameters (relative dielectric constant ¢,, dielectric losses tg 6 and tg 6,,, dielectric
conductivity o, and relative dielectric permeability ().

The antenna and the dielectric plate are modeled with Ansys HFSS simulation software
for solving electromagnetic problems using the finite element method. The antenna model
is shown in Figure 6.

The dimensions (width hj, length hy) of the grounded plane and dielectric plate are
hj =423 mm (2.51 A) and hy = 450 mm (2.67 A), and the radius and length of the waveguide
are ry, = 61 mm (0.276 A) and Iy = 171 mm (1.02 A), respectively. The space inside the
waveguide is defined by €1 and p; (the waveguide is air-filled). The dielectric plate is
characterized by ¢, 1y, and the thickness d. The space following behind the dielectric plate
is free space, and it is characterized by &g, .

The dominant mode of the waveguide with a circular cross-section is TE;; with
the corresponding cut-off frequency f.rg11. The next mode is TMy; with the cut-off fre-
quency f.rmo1. Therefore, numerical calculations were carried out in the frequency range

ferenn < f < fermon-
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E1ly = Egllg |EM5| E3lz = Egllp

(@)

(b)

Figure 6. (a) Block diagram of the geometry of the problem; (b) HFSS model of an aperture antenna
fed by a circular waveguide placed on a grounded planar surface with dielectric plate.

3.1. The Influence of the Structural-Geometric Parameters of the Dielectric on Sy;

As already mentioned, the structural-geometric parameters of the dielectric include
the thickness d in mm, dielectric plate dimensions h; x hy, and the density p of the dielectric
plate in kg-m~3.
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3.1.1. Influence of Dielectric Plate Thickness d on the Reflection Coefficient

In this subsection, the focus is on the influence of the change in the thickness of the
dielectric layer d on the reflection coefficient S;; at the opening of the waveguide. The
thickness d ranges from d = 0 mm to d = 13 mm, assuming all other parameters: ¢, = 2.5,
wr=1,0=0S/m, tg = 0.09, tg 5. = 0. Some values of these parameters were carefully
selected according to [11,17,18].

The simulation results show that the amplitude of the reflection coefficient S;; de-
creases with increasing dielectric plate thickness d, namely from —12.57 dB (d = 0 mm)
to —43.43 dB (d = 11 mm). After that, for dielectric plate thickness of 13 mm, the value
of the reflection coefficient increases (—27.10 dB). This is consistent with the theoretical
considerations in Section 2 and the minimum absolute value of the parameter S;; (between
1 and 2 GHz) shown in Figure 2b. It can be seen that the resonant frequency increases
(shifts to the right) with increasing dielectric plate thickness at the antenna aperture. After
reaching dielectric plate thickness of about 11 mm (and the minimum value of parameter
511), the resonant frequency decreases with increasing dielectric plate thickness. The reason
for this is that the reflected waves from the first (air-dielectric plate) and the second (di-
electric plate-air) boundary at this thickness (about 11 mm) are in destructive interference,
resulting in the minimum value of the reflection coefficient Sq1. Figure 7 and Table 1 show
the change in the reflection coefficient as a function of the change in the thickness of the
dielectric d. The minimum values of the coefficient S1; for certain values of d are listed in
Table 1 together with the associated frequency f.

0
0 0!5 1 1. 215
-5
-10
-15
-20
=
- -25 —d=13mm
=
30 d=11mm
—d=9mm
-35
—d=7mm
-40 ——d=5mm
.45 —d=3mm
—d=1mm
-50
f, GHz

Figure 7. The simulated reflection coefficient S1; for an aperture antenna with plate width in the
range of d = 1-13 mm.

Table 1. Simulated values of Sy for different dielectric plate thickness d.

d, mm f, GHz 511, dB
0 1.7011 —-12.57

1 1.7213 —12.60

3 1.7550 —13.19

5 1.7753 —15.21

7 1.7820 —19.81

9 1.7820 —25.68

11 (0.67 A) 1.7820 —43.43

13 1.7753 —27.10
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3.1.2. Influence of the Dielectric Plate Dimension h; x hy (Width x Length) on the
Reflection Coefficient and the Radiation Pattern of the Antenna Opening

First, it is necessary to point out that simulation calculations of the reflection coefficient
511 were performed to change the dimensions of the dielectric plate hy x hy by £20%,
which resulted in negligible changes in the reflection coefficient Sy;.

3.1.3. Influence of Dielectric Plate Density p on the Reflection Coefficient

The structural parameters of the dielectric covering the antenna include, as already
mentioned, the density of paper p in kg-m~3. The calculations showed a constant value
of the reflection coefficient S;; = —43.43 dB (f = 1.7820 GHz) for p € [500, 1800] kg-m_3 .
Therefore, for all further simulations of the reflection coefficient according to [19], it is
assumed that p = 1200 kg-m 3.

3.2. The Influence of the Electromagnetic Parameters of the Dielectric on S1;

3.2.1. Influence of the Dielectric Plate Relative Permittivity ¢, on the Reflection Coefficient
In this study, simulations of the reflection coefficient S1; for ¢, € [1.5, 10] were carried

out under the condition that the thickness of the dielectric d is fixed at 11 mm (the best

value from the previous subsection). The other dielectric parameters remain as given in

Section 3.1.1. The simulation results are presented in Figure 8 and Table 2.

0
0 0.5 1 1! 2.5
_5 /—\
-10
-15
-20
&
; _25
s
-30 er=1.5
-35 er=1.9
er=2.1
-40 er=2.5
-45 er=2.9
er=3.1
-50

f, GHz

Figure 8. The simulated reflection coefficient Sy; for an aperture antenna with dielectric plate
permittivity e, € [1.5,3.1].

It can be seen from the simulations that the value of the reflection coefficient Sy is
minimal at the dielectric constant ¢, = 2.5, which, according to the literature cited above,
proves that a material with such dielectric constant value is an excellent choice for the
antenna radome.

The frequency of the minimum value of the curve Sq1(f) and &, = const, which also
corresponds to the resonant frequency of the aperture antenna, increases (it moves to
the right towards higher frequencies) with an increase in the permittivity constant. This
increase in resonance occurs up to the value of the permittivity 2.5, at which the value
of the reflection coefficient S11 reaches the minimum value of —43.43 dB at the frequency
1.7820 GHz. With a further increase in the permittivity, the value of the resonant frequency
decreases, whereas the minimum value of the curve S;1(f), ¢; = const, increases.
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Table 2. Simulated values of Sy for different dielectric plate permittivity e.

&y f, GHz 511, dB
1.5 1.7483 —14.90
1.9 1.7685 —18.55
2.1 1.7753 —21.74
25 1.7820 —43.43
29 1.7820 —23.01
3.1 1.7820 —19.38

5 1.7753 —08.22

7 1.7685 —05.03
10.0 1.7550 —03.24

3.2.2. Influence of Dielectric Plate Electric Conductivity o on the Reflection Coefficient

The electrical conductivity of the materials to be used as a dielectric shield should be as
low as possible. With this analysis, we try to determine the influence of this electromagnetic
parameter on the reflection coefficient of an aperture antenna protected by such a material.
Simulations were performed for the reflection coefficient S1; with a change in conductivity
o € [0, 10]. The calculated values of S;; are given in Table 3 and shown in Figure 9. The
other dielectric parameters remain as given in Section 3.1.1, with d = 11 mm and ¢, = 2.5
(the last best achieved values).

Table 3. Simulated values of Sy for different dielectric plate conductivity o.

o, S/m f, GHz Sq11,dB

0 1.7820 —43.43

1.0 x 10712 1.7820 —43.43
1.0x 1073 1.7820 —43.41
1.0x 101 1.7550 —21.55
1 1.7348 —4.85

10 1.7416 —1.59

The results show the best value of the reflection coefficient S1; = —43.43 dB at a dielec-
tric conductivity of 0 S/m. With increasing conductivity values, S1; decreases drastically
(for example, for 0 =15/m, S1; = —4.85 dB).

Therefore, in all other simulation calculations, electrical conductivity is set to 0 S/m.

By comparing the relative dielectric and conductive component of the imaginary
part of the complex permittivity, the importance of each of them can be determined from
Equation (11). Let us consider the case in which the minimization of the reflection coefficient
is achieved. For the values of electrical conductivity for which the following condition is
satisfied: - << ¢} (in the frequency range from 1 to 2.5 GHz), the reflection coefficient

weEQ
has a minimum value (Table 4).

a

Table 4. Verification of condition: & << ey of simulation results for different dielectric plate

conductivity o, according to Equation (11).

o . o _.
o, S/m (f= fOEUCSHz) (f= g&éHz) a:l =2.5tan$ S11,dB
0 0 0 0.225 —43.43
1.0 x 10712 1.80 x 10~ 11 7.19 x 10712 0.225 —43.43
1.0x 1073 1.8 x 1072 7.19 x 1073 0.225 —4341
1.0 x 1071 1.8 7.19 x 1071 0.225 —21.55
1 1.8 x 101! 7.19 0.225 —4.85

10 1.8 x 1012 7.19 x 1011 0.225 —1.59
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Figure 9. The simulated reflection coefficient S;; for an aperture antenna with dielectric plate
conductivity o € [0, 10].

For those electrical conductivity values for which this condition is not met (from
1.0 x 10! to 10 S/m), the electrical conductivity component prevails, and the material
is no longer considered a good dielectric. Therefore, the reflection coefficient increases
significantly, as expected for a conductive material. Thus, due to moisture in the dielectric
material, which causes a change in electrical conductivity of the material, and depending
on moisture content, electrical conductivity can cause a significant change in the reflection
coefficient Sq7.

3.2.3. Influence of Dielectric Plate Dielectric Losses tan § on the Reflection Coefficient

The imaginary part of the complex permittivity ¢ is a complex quantity that (Section 2.2)
indicates the dissipation in the material. Because the material we analyze is a dielectric that
is not perfect, this part of the permittivity over the dielectric and conductive components
speaks of losses in the dielectric and conductive part of the material that is in the electric
field. In this simulation calculation, the focus is on the dielectric part of the imaginary
component of the permittivity.

According to [19], the loss tangent ranges up to about 0.09 in the frequency range of
0.5-2.5 GHz. With this tan 6 range, simulations for S;; were carried out, and the best value
was achieved for tan 6 = 0.09—Figure 10 (i.e., 51 = —43.43 dB).

All dielectric parameters were set as in Section 3.1.1, and with the best values achieved
in previous simulations.

Note: A large number of tan  simulations were performed (very high resolution), but
only the most relevant values are listed in Table 5.
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Figure 10. The simulated reflection coefficient S1; for an aperture antenna with dielectric plate
tan 6 € [0.01, 0.09].

Table 5. Calculated values of Sq; for different dielectric plate dielectric loss tg 5.

tg ) f, GHz 511, dB
0.010 1.7887 —41.48
0.030 1.7887 —41.48
0.050 1.7887 —34.41
0.060 1.7820 -35.19
0.070 1.7820 —39.01
0.090 1.7820 —43.43
0.098 1.7820 —41.48

3.2.4. Influence of Dielectric Plate Relative Permeability p, and Magnetic Loss Tangent
tan 6,, on the Reflection Coefficient

Because only dielectrics are used as protective shields for antennas, the analysis
includes materials with a value of relative permeability of approximately 1. Because the
antenna is protected by dielectric materials (diamagnetic), all simulation calculations were
performed for a material that has the complex permeability p=p' —ju” = pyl —j 0 (relative
permeability is equal to 1, and plate magnetic loss tangent tan 6,, = 0).

Simulation calculations were performed for changes in the real and the imaginary
part of permeability (u, ranging from 0.9 to 1.1, and tan $,, ranging from 0 to 2), and
they showed that a deviation from the defined values u; = 1 and tan §,, = 0 significantly
degrades the value of the reflection coefficient Sy1.

3.3. Simulation Calculation of the Radiation Pattern of a Circular Aperture Antenna with a
Dielectric Plate

The effects of changes in the structural and electromagnetic parameters of the plate on
the reflection coefficient of the aperture antenna with dielectric plate have been analyzed
in previous subsections. It is necessary to determine whether changing the parameters
of the dielectric plate while improving the reflection coefficient of the antenna distorts
the radiation pattern of the antenna. Therefore, the simulation calculation results of the
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influence of the change in the dielectric plate parameters on the radiation pattern of the
aperture antenna are analyzed in this subsection.

If we compare the radiation patterns of the aperture antenna with and without the
dielectric plate (d = 0 and d = 11 mm for the same dimension of the dielectric mate-
rial and the plane in Figure 11) with the previously defined best values of the dielectric
plate parameters (i.e., the thickness d = 11 mm, ¢; =25, uy =1, 0 =0 S/m, tg 6 = 0.09,
tg 6, =0, h; x hy =423 x 450 mm?, p = 1200 kg-m’3), it can be concluded that there are
some changes in the radiation diagram. The largest deviations of —2.5 dB at £25° (side
lobes) and +5.0 dB at 158° (back lobe) can be seen in the H plane and +9.0 dB at 165° (back
lobes) in the E plane, whereas deviations are negligible in the rest of the range of angles in
both planes (E and H planes).

Furthermore, a variation in the width and length of the dielectric plate, which ranges
from +20% of the full size of the grounded plane (dimensions of the grounded plane are
h; x hy =423 x 450 mm?), does not result in significant changes in the radiation pattern
compared to the dielectric plate with dimension h; x hy =423 x 450 mm? (Figure 11). The
largest deviations of +4.5 dB at +=158° (back lobes) can be seen in the H plane, and +6.0 dB
at 117 and 168° (back lobe) in the E plane, whereas deviations are negligible in the rest of
the range of angles in both planes (E and H planes).

Therefore, it can be concluded that the scattering at the edges of the grounded plane
of such a circular aperture antenna (with an opening radius of 61 mm (0.36 A)) with a
grounded plane of dimensions 423 x 450 mm? (2.51 x 2.67 A) has an effect on the side
and back lobes, but there is no main lobe and, therefore, it does not significantly affect the
operation of this antenna. Lowering the side lobe in the H plane further slightly improves

the radiation pattern.

/ \

——d=0mm, f =1.6944 GHz

/ d = 11 mm|(-20% of the plane size), f = \/\

1.782 GHz

d = 11 mm|(the same dimensions), f =
1.782 GHz

d =11 mm (+20% of the plane size), f=
1.782 GHz
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Figure 11. Cont.
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Figure 11. Radiation pattern of an aperture antenna with a dielectric plate: (a) E plane; (b) H plane.

4. Measurement Results

For long-term research to be meaningful, simulation, i.e., the simulated values of
the reflection coefficient S11, must be validated via laboratory measurements. What can
be measured with certainty is Sq; for a given thickness d of the dielectric plate on the
antenna. Laboratory measurements of S;; at the waveguide—free space boundary and the
waveguide-dielectric boundary were performed for d = 0 mm, d = 4.78 mm, d = 7.08 mm,
d =9.26 mm, and d = 11.08 mm. Simulation calculation precedes the measurements for
these dielectric plate thickness values by using paper as a dielectric. Comparison results of
the simulated and measured values of S1; are shown in Figure 12a—e. Table 6 shows the
comparative values of the reflection coefficients (simulated and measured) for different
values of dielectric thickness.

It can be seen that there are some differences between the simulated and the measured
curves. The measured curves show a small shift towards lower frequencies. This can
be explained by the fact that when the sheets of paper are stacked on top of each other
to achieve the specified thickness of the dielectric plate, there is obviously an unwanted
amount of air between the two sheets. This can be explained by the fact that simulation
models do not take into account a number of factors that are present in the laboratory
models on which the measurements were carried out. The measured results are affected by
the calibration of the measuring device, the conditions under which the measurement is
performed (a laboratory with an EM echo), the performance (errors) of the measurement
model, and the lack of knowledge of the exact structural-geometric and electromagnetic
parameters of the measured model.
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Figure 12. Simulated and measured reflection coefficient S; for an aperture antenna: (a) without
dielectric plate (d = 0 mm) and with dielectric plate thickness: (b) d = 4.78 mm, (c) d = 7.08 mm,
(d) d =9.26 mm, and (e) d = 11.08 mm.

Table 6. Comparative values of the reflection coefficient S1; for an antenna with and without dielectric
plate at the antenna aperture.

d, mm fsim, GHz S11sim, dB fmeas, GHz S11meas, dB
0 1.6944 —12.57 1.7147 —13.15
4.78 1.7753 —15.23 1.7550 —16.81
7.08 1.7820 —19.99 1.7550 —24.41
9.26 1.7820 —27.73 1.7600 —25.49
11.08 1.7820 —45.17 1.7550 —43.93

To conclude this section, the measurement of 511 at the boundary between a waveguide-
dielectric and a dielectric-free space was carried out by using an N9914A FieldFox Handheld
RF spectrum analyzer, the operating range of which extends up to 6.5 GHz. The laboratory
in which the reflection coefficient measurement was performed is not a chamber without
an electromagnetic echo (Figure 13).
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(© | (d)

Figure 13. (a) Measurement of the Sy coefficient of the aperture antenna fed by a circular waveguide
(covered with dielectric material) with an N9914A FieldFox Handheld RF Analyzer (6.5 GHz);
(b) side view; (c) aperture antenna without radome; (d) space inside the waveguide.

5. Discussion

The radome placed on the antenna serves several purposes. It protects the antenna and
constituent parts from external disturbances (e.g., snow, rain, wind, etc.), but research has



Appl. Sci. 2023,13, 2544 22 of 25

shown that the exact choice of the material covering the antenna can significantly affect its
properties and performance. The investigated materials that can constitute certain radomes
are polycarbonate, Teflon, and polystyrene—dielectrics, because they are able to maintain
good antenna performance and a satisfactory reflection coefficient, i.e., materials with the
lowest possible dielectric constant and tangent loss.

This article analyzes the influence of all parameters (whether geometric or electro-
magnetic) on the change in the reflection coefficient at the aperture of the antenna covered
with a dielectric. It can be concluded that by placing a dielectric plate on the antenna,
the reduction in the reflection coefficient S;; can be significantly affected, and with the
proper selection of all dielectric parameters, this coefficient value can be brought to the
minimum value. Figure 14 clearly shows the situations in which no dielectric plate is placed
on the antenna and in which a dielectric plate with the best parameter values achieved
(d=11mm, e, =2.5, ur =1, p = 1200 kg-m_3, 0=0S/m, tan 6 = 0.09, tan 5, = 0) is placed
on the antenna.

0 0.5 1 1. 2 2.5

_5 /
-10

-15

-20

S, dB

-30
-35

-40
——d =0 mm, f= 1.6944 GHz (511 = -12.57 dB)

-45 d=11mm, f=1.7820GHz (S11 =-43.43 dB)

-50
f, GHz

Figure 14. Simulated reflection coefficient S;; for an aperture antenna with a dielectric plate of
thickness d = 11 mm and without dielectric plate (d = 0 mm).

However, a systematic analysis of the known dielectric parameters (geometric and
electromagnetic) and their influence on the reflection coefficient and, thus, on impedance
matching, as well as the choice of the frequency range of the antenna itself, was carried
out as a part of this study. The present article is intended as a detailed extension of
previous studies on the influence of just two parameters (thickness and permittivity) on
impedance matching or the reflection coefficient [10,12]. This article analyzes the influence
of all parameters of the dielectric plate. The geometrical parameters taken in this analysis
are the thickness d and width/length h; /hy of the dielectric plate. The electromagnetic
parameters used in this analysis are the real and the imaginary part of permittivity (e,
tan §) and electrical conductivity of the dielectric plate (o). Simulation calculation and
analysis included other structural and electromagnetic parameters of the dielectric plate
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(density of the dielectric material, relative permeability, and magnetic loss tangent (p, i,
and tan 0,)), but the results showed that in the range of real values of dielectric parameters
for the materials used for the dielectric plate, those three parameters had no significant
influence on the reflection coefficient. Finally, simulation is validated with measured values.
The aim of the study was to achieve the lowest possible reflection coefficient of the circular
aperture antenna in order to accomplish the best impedance matching of the antenna itself.

The first part of the study involved simulation of the reflection coefficient of the
antenna aperture fed by a circular waveguide using Ansys HFSS simulation software. The
parameter analyzed, which significantly affects the performance of the antenna, is the
thickness of the dielectric plate on the aperture. The thickness d ranges from 1 to 13 mm,
and studies have shown that the best value of S11 = —43.43 dB is obtained for d = 11 mm.

A very significant contribution to the properties of the antenna is made by the change
in the permittivity of the dielectric plate because it is basically the measure of the energy
stored in the dielectric. In the simulations, the permittivity ¢, ranges from 1 to 10, and
the best result of Sq; is obtained for ¢, = 2.5. This ¢, value corresponds to the relative
permittivity of the paper used as a dielectric material in the measurements, but such
permittivity has some other materials suitable to be used for the antenna radome.

The total permittivity also consists of an imaginary component, the size of which
provides information on how dissipative the dielectric material is in relation to the applied
electric field. This component, in proportion to the aforementioned real part of the dielectric
constant, forms loss tangent tan 6. The loss tangent tan 4 ranges from 0.01 to 0.098, and the
simulations showed the minimal value for tan 6 = 0.09.

Electrical conductivity of the dielectric plate o takes values from 0 to 10 S/m in the
simulations, and, as expected, it showed the minimal value for  =0S/m.

At the very end of the study of antenna behavior with and without a dielectric plate on
the aperture, laboratory measurements of the reflection coefficient were obtained by using
an N9914A FieldFox Handheld RF spectrum analyzer. The chamber in which laboratory
measurements were obtained is a chamber with an electromagnetic echo. Because the
laboratory is not isolated from electromagnetic interference and the dielectric plate can
never be arranged as in the simulations (in practice, homogeneity of the dielectric plate
is not perfect: there is an undesirable amount of air between the layers of paper), there is
some variation in the values obtained for the reflection coefficients S1;. This statement is
also evident in Figure 12a—e, in which the graphs of the measured values show a frequency
shift to the left, i.e., to lower frequency values. Another circumstance favors the difference
between the simulated and the measured values; in practice, it is very difficult to adjust
dielectric parameters to the value used by the simulation. The only parameter value that
can be measured very accurately is the dielectric thickness d.

The focus of this article is not on the effects of edge scattering of the grounded plane
of the aperture antenna. However, because the effects of edge scattering are visible on the
side and back lobes, it is evident from this article that the effect of the finite edge must be
included in the calculation in order to obtain more accurate results of the radiation patterns.

The measurement was possible for a larger number of dielectric thicknesses, and it
was found that for the given aperture antenna, a dielectric plate thickness of 11.08 mm
gives the minimum value of the reflection coefficient S1; of —43.93 dB at the frequency
of 1.7550 GHz. The minimum reflection coefficient obtained by additional simulation for
d =11.08 mm is —45.17 dB at the frequency of 1.7820 GHz. Apart from d, which is variable,
other parameters are set within the limits given in [17,20].

Despite the differences mentioned between the measured and simulated values, it can
be stated that the curves of the reflection coefficients match very well. Furthermore, the
assumption was confirmed that by adjusting the value of the geometric and electromagnetic
parameters of the dielectric plate placed on the antenna, the reflection coefficient can be
significantly improved (minimized), which ultimately results in good impedance matching
of the antenna opening.
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In the context of this investigation (simulations and measurements), it was assumed
that a dielectric is a linear, homogeneous, and isotropic material.

Future work will include investigations of the performance of an aperture antenna
with multi-layer dielectric plates, dielectric plates composed of nonlinear materials and
materials of different shapes, and dielectric plates of different positioning on the antenna
aperture. Possible different excitation modes will also be analyzed in future work.
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