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Abstract: Metamaterials are artificially structured composite media with a unique electromagnetic
(EM) response that is absent from naturally occurring materials, which appears counterintuitive and
aggravates traditional difficulties in perceiving the behavior of EM waves. The aim of this study
was to better understand the interaction of EM waves with metamaterials by virtual visualizing the
accompanying physical phenomena. Over the years, virtual visualization of EM wave interactions
with metamaterials has proven to be a powerful tool for explaining many phenomena that occur
in metamaterials. In this study, we performed virtual visualization of the interaction of an EM
plane wave with a split-ring resonator (SRR) metamaterial structure, employing CST Studio software
for modeling and comprehensive simulations of high-frequency EM fields of 3D objects. The SRR
structure was designed to have its magnetic resonance at the frequency f = 23.69 GHz, which is of
interest for antennas supporting wireless microwave point-to-point communication systems (e.g.,
in satellite systems). Our numerical calculations of the coefficients of absorption, reflection, and
transmission of the EM plane wave incident on the SRR structure showed that the SRR structure
totally reflected the plane EM wave at the magnetic resonance frequency. Therefore, we focused our
research on checking whether the results of numerical calculations could be confirmed by visualizing
the total reflection phenomenon on the SRR structure. The performed vector-field visualization
resulted in 2D vector maps of the electric and magnetic fields around the SRR structure during
the wave period, which demonstrated the existence of characteristic features of the total reflection
phenomenon when the EM plane interacted with the studied SRR, i.e., no EM field behind the SRR
structure and the standing electric and magnetic waves before the SRR structure, thus, confirming
the numerical calculations visually. For deeper understanding the interaction of the EM plane wave
with the SRR structure of reflection characteristics at the magnetic resonance frequency f = 23.69 GH,
we also visualized the SRR structure response at the frequency f = 21 GHz, i.e., at the so-called
detuned frequency. As expected, at the detuned frequency, the SRR structure lost its metamaterial
properties and the obtained 2D vector maps of the electric and magnetic fields around the SRR
structure during the wave period showed the transmitted EM wave behind the SRR structure and no
EM (fully) standing waves before the SRR structure. The visualizations presented in this study are
both unique educational presentations to help understand the interaction of EM plane waves with
the SRR structure of reflection characteristics at the magnetic resonance and detuned frequencies.

Keywords: SRR structure; frequency selective surfaces; subreflector; split-ring resonator; metamaterials;
electromagnetic field; metamaterial unit cell; computer visualization; electromagnetic coupling;
CST Studio

1. Introduction

Metamaterials have been an attractive research topic for many years due to their
unusual electromagnetic (EM) properties and possibilities for wide applications. In 2003,
metamaterials were recognized by the Science journal as one of the top ten scientific
breakthroughs of the decade [1].
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Metamaterials are a group of structures with EM properties not found in nature.
Unusual properties of metamaterials include a negative refractive index, inverse Doppler
effect, opposite directions of the group and phase velocity vectors of the wave, and an
increase in EM wavelength with increasing frequency.

The building blocks of a metamaterial are structural units, also known as unit cells [2,3].
From unit cells, larger metamaterial structures are created in two-dimensional form, called
metasurfaces, and three-dimensional form with a defined spatial geometry.

The EM properties of metamaterial structures depend mainly on their shape, geometry,
size, and material parameters, as well as the ratio of the specific size of a single structural
unit to the EM wavelength. The metamaterial effect occurs when the dimensions of the
structural unit are significantly smaller than the EM wavelength with which the structure
interacts [4].

Numerous studies are found in the literature describing resonant metamaterial struc-
tures and their properties of absorption [5-13], reflection [14-18] and transmission [19-22].
Due to their unusual characteristics, metamaterials have found applications such as EM en-
ergy absorbers (so-called harvesters) [23-26], super lenses [27-29], filtering devices [30,31],
sensors [32,33], optical modulators [34,35], slow light devices [36], cloaking devices [37,38],
detectors [39,40], and antenna elements [41,42], among others.

In this study, we numerically investigated the reflection properties of a selected SRR
structure for its suitability as a subreflector in an antenna used for a wireless point-to-point
microwave communications system [43-45]. Such systems operate in narrow frequency
bands ranging from 18 to 30 GHz (K-band and Ka-band). One such band is the licensed
23 GHz band covering the range of 22-23.6 GHz [46]. Wireless microwave point-to-point
communication systems are also used in cell phone systems providing transmission be-
tween a base station and the base station controller. Antennas used in wireless point-to-point
systems feature strong directional radiation characteristics and high energy gain [45].

The SRR metamaterial structure we selected is in the form of a metasurface composed
of single SRR (split-ring resonator) cells [47-51]. We designed the SRR material structure
with geometrical parameters such that its magnetic resonance (magnetic permeability
u < 0) demonstrated, among other things, that total reflection of the EM radiation incident
on the SRR structure occurred at a frequency of about 23 GHz, i.e., the frequency band
of antennas supporting wireless microwave point-to-point communication systems (e.g.,
satellite systems). Due to its total reflectance of the EM radiation, this SRR metamaterial
structure could find application as a subreflector of EM radiation in these types of antennas.
The purpose of the subreflector is to focus the radiation reflected from the antenna dish.
Then, this radiation is reflected from the subreflector to the converter, providing excellent
reception quality [44].

Here, we present the results of numerical studies on the behavior of the selected
split-ring resonator (SRR) structure with a magnetic resonance frequency about 23 GHz. In
particular, the study was focused on the total reflection of an EM plane wave by the SRR
structure. Numerical simulations were performed using the CST Studio software package.
The numerical calculations of the coefficients of absorption, reflection, and transmission of
the EM plane wave incident on the SRR structure showed that the SRR structure strongly
reflected the EM plane wave at the magnetic resonance frequency. To better understand
the interaction of the EM plane wave with the studied SRR structure, we used virtual
visualizing of EM wave interactions with metamaterials, which, over the years, has been a
powerful tool for explaining many phenomena occurring in metamaterials, for examples
see [52-55]. We performed a vector-field visualization that resulted in 2D vector maps of
the electric and magnetic fields around a SRR structure during the wave period, which
demonstrated the existence of characteristic features of the total reflection phenomenon
when the EM plane wave interacted with the studied SRR, i.e., no EM field behind the
SRR structure and the standing electric and magnetic waves before the SRR structure,
thus, confirming the numerical calculations visually. We also visualized the SRR structure
response at the frequency f = 21 GHz, i.e., at the so-called detuned frequency. The obtained
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2D vector maps of the electric and magnetic fields around the SRR structure during the
wave period showed that, at the detuned frequency, the SRR structure lost its metamaterial
properties. The visualizations presented in this study are both new and help to understand
the interaction of EM plane waves with the SRR structure of the reflection characteristics at
the magnetic resonance and detuned frequencies. The presented results for the simulation
of an EM plane wave interacting with an SRR metamaterial structure include the frequency
characteristics of absorption, reflection, and transmission of the EM wave; the effective
composite electrical permittivity; and magnetic permeability describing the EM properties
of the studied structure.

2. Metamaterial Unit Cell

A typical single SRR metamaterial cell for building metasurfaces is a metal ring with a
gap, i.e., a so-called magnetic resonator from an electromagnetic point of view [38]. Placing
such a metal ring in an oscillating EM field induces an oscillating current in the ring and a
corresponding changing polarity at the surfaces of the gap. The oscillations depend on the
inductance of the ring and the capacitance of the gap. In this situation, the metal ring with
a gap can be considered to be an LC circuit, characterized by a resonant frequency. The
resonance depends on the alignment of the magnetic and electric field vectors, and hence
the direction of propagation of the incident EM wave relative to the SRR structure. The
magnetic resonance in the SRR is excited by the magnetic field of the incident EM wave if
the external magnetic field H is perpendicular to the SRR plane; this imposes that the EM
wave is propagated in a direction parallel to the SRR [56].

The plane wave propagates in the +x direction, implying boundary conditions in the
CST Studio software package. A perfect magnetic conductor boundary condition (Figure 1b,
Et = 0) is defined along the walls of the z-axis (correspondingly, the magnetic field strength
vector H is directed in the +z direction) and perfect electric conductor boundary condition
(Figure 1b, Ht = 0) along the wall of the y-axis (correspondingly, the electric field strength
vector E is directed in the +y direction).

Figure 1. The geometry of the SRR resonator (a) and the computation area (marked in orange lines)
with the boundary conditions (b). The electric field strength vector E of the incident electromagnetic
wave is directed in the +y direction. The magnetic strength vector H is directed in the +z direction.

In our study, the single SRR metamaterial cell was a square metal ring (Figure 1) made
from a material with infinite conductivity (called a perfect electric conductor (PEC)). The
cross-section of the ring was a square with sides of 0.2 mm. The arm length of the ring was
1.8 mm. A 0.2 mm gap was made in the middle of one arm. The summed length of the
SRR resonator arms was half a wavelength (A/2 ~ 6.33 mm) of the frequency at which the
magnetic resonance occurs (in our case at f = 23.6 GHz).
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The SRR unit cell was placed symmetrically in a computational cell with the dimen-
sions: x (0 mm, +14.46 mm); y (0 mm, +3.8 mm); z (—3.2 mm, 0 mm) (see Figure 1b). The
computation area (14.46 x 3.8 x 3.2 mm) is marked with black lines in Figure 1. The front
of the computation area is set to z = 0.

3. Simulation Procedure

The numerical simulation for the vector visualization of the interaction of EM wave
with the SRR structure was performed using CST Studio software equipped for modeling
and comprehensive simulations of high-frequency EM fields of 3D objects [57]. This
environment uses the finite element method (FEM) and method of moments (MoM) in the
frequency domain to solve EM field problems.

The simulation process had two objectives:

1.  Determining from the results of a scattering matrix S, the coefficients for absorption,
transmission, and reflection, as well as the effective composite electric permittivity
and magnetic permeability of the studied metasurface,

2. Determining the electric and magnetic field distributions in 3D space bounded by the
computation area defined in CST studio.

The simulation procedure for visualizing the interaction of the EM field with the SRR
structure involved modeling a single SRR structure in a computational cell, and then multiplying
it along the y-axis and z-axis to obtain information about the studied metasurface.

We proceeded to simulate the response of the examined SRR structure to an EM
plane wave in the frequency range 15 to 30 GHz. The plane wave (see Section 4) was
placed in the input plane of the computational cell at x = 0 mm, propagating in the
+x direction. The length of the computational cell in the x-direction covered half a wave-
length (A/2 = 6.33 mm) both before and after the SRR structure (see Figure 1b).

The simulation involved performing numerical calculations using a Frequency Solver.
The application of the Frequency Solver enabled simulations using excitation with a sinu-
soidal signal of a given frequency. Consequently, it was possible to obtain distributions of
electric and magnetic fields for selected frequencies.

In order to determine the characteristics of the effective composite electric permittivity
and magnetic permeability, a module in CST Studio using the Nicolson-Ross—Weir algo-
rithm was used [58-60]. This algorithm enables the determination of the composite electric
permittivity and magnetic permeability based on the obtained coefficients of a scattering
matrix and the dimensions of the analyzed structure [60].

As a result of the numerical simulations, we obtained the distributions of electric field
E and magnetic field H in the 3D space bounded by the computational area defined in CST
Studio (marked by black lines on Figure 1).

In this paper, we present the calculated characteristics of the effective composite
electric permittivity and magnetic permeability for the metasurface made of SRR unit cells;
the absorption A, reflection R, and transmission T coefficients of the metasurface; and the
changes, during one wave period, of electric and magnetic field distributions in the xy
plane for z = —1.6 mm (blue dashes, Figure 1b) and in the xz plane for y = 1.9 mm (red
dashes, Figure 1b), respectively. The main novelty of this study is in the 2D images of the
distribution of the electric and magnetic fields during a single wave period. These images
visualize the interaction of the EM wave with the SRR metasurface in two cases: at the
magnetic resonance frequency and at a detuned frequency.

4. Parameters of the Incident Electromagnetic Plane Wave

The strengths of the electric and magnetic fields in the incident EM plane wave fol-
lowed a Gaussian distribution with maximum amplitudes of 1-106 V/m and 2.68-103 A/m,
respectively. The remaining parameters of the plane wave pulse (Figure 2) were as fol-
lows: maximum pulse power density, 2.68 GW/m?; full width at half maximum (FWHM),
T = 0.0268 ns; pulse rise time, T, = 0.0192 ns; pulse fall time, T = 0.0192 ns.
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Amplitude [normalized to the maximum]

0.0592 ns
Time [ns]

Figure 2. The normalized amplitude of the electric field strength (or the magnetic field strength) of
the incident Gaussian EM plane wave as a function of time.

5. Results

Figures 3 and 4 present the characteristics of the effective composite electric permit-
tivity and magnetic permeability coefficients in the frequency range of 15-30 GHz, as
determined in the CST module using the Nicolson—-Ross—Weir algorithm. The effective
parameters of the metasurface are extracted from the S-parameters. It is observed that
composite magnetic permeability changes dramatically at the resonance frequency. The
imaginary part of composite magnetic permeability represents a strong reflection to the
incident EM wave. The figures show that the negative value of the real part of the composite
magnetic permeability " occurs at 23.69 GHz; this is a characteristic of split-ring resonators
at the magnetic resonance frequency [61,62].
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Figure 3. Frequency characteristics of the composite electric permittivity of the tested SRR structure
(¢’ and ¢”, the real and imaginary parts of the effective electric permittivity, respectively).
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Figure 4. Frequency characteristics of the composite magnetic permeability of the tested SRR structure
(1 and p”, the real and imaginary parts of the effective electric permeability, respectively).

Figure 5 shows the frequency characteristics of the coefficients for reflection R, trans-
mission T, and absorption A of the studied metasurface in the frequency range of 15-30 GHz.
As can be seen, the absorption coefficient A of the studied metasurface in the whole fre-
quency range was zero, because the SRR structures were made of the perfect (lossless)
conductor, in which conductivity was zero.
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Figure 5. Coefficients of reflection (R), transmission (T), and absorption (A) of the electromagnetic
radiation of the metasurface as a function of frequency.

Figure 5 also shows one relatively wide reflection band of the tested metasurface
within the 15 to 30 GHz range. The reflection phenomenon results from the near-field
coupling-induced magnetic response [63]. The transmission coefficient T of the EM wave
has a minimal value (practically zero) for this frequency; therefore, 23.69 GHz is the resonant
frequency of the studied metasurface.

At the resonance frequency of 23.69 GHz and during one wave period, the spatial
distributions of electric and magnetic fields in the computational area surrounding the
examined SRR structure were determined in the time domain. Then, we were able to
trace the interaction of the incident plane wave with the examined SRR structure for the
single wave period. Figures 6 and 7 present the vector distributions of the electric field in
the xy plane and the magnetic field in the xz plane. They confirm that, for the frequency
f = 23.69 GHz corresponding to the magnetic resonance, there is a total reflection of the
incident wave from the SRR structure. As illustrated in Figures 6 and 7, the EM field behind
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the SRR structure is practically zero during the single wave period. In contrast, at the
front of the SRR resonator, an EM standing wave with clearly visible node points for the
electric and magnetic waves is formed by the interference of the wave incident on the SRR
structure with that reflected from it. Figures 6 and 7 show that the distance between the
nodes of the electric and magnetic waves equals approximately 3.18 mm, i.e., a quarter
of the wavelength of the incident plane wave. Therefore, it confirms that the calculated
EM field in front of the SRR structure is a standing wave. The above clearly indicates
that the examined SRR structure totally reflects the EM plane wave incident on it, just like
an infinite plane from a perfect conductor. Thus, the temporal and spatial distribution
of the EM fields, as presented in Figures 6 and 7, visualize the interaction between the
incident EM wave and the SRR structure during one wave period. This interaction is a total
reflection of the incident wave off the SRR structure. Therefore, the SRR structure behaves
similar to an almost perfect reflector at the resonant frequency of 23.69 GHz.
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Figure 6. Distribution of the electric field E in the cross-sections xy for z = —1.6 mm at f = 23.69 GHz

corresponding to the magnetic resonance. The plane electromagnetic wave propagates in the +x axis:
(a) Phase 0°; (b) phase 90°; (c) phase 180°; (d) phase 270°. Black points, the nodes of the standing wave.



Energies 2022, 15,111

8of 13

a) H-field f=23.69 GHz phase 0°

A/
2680
2400

e ® ¢ 8 8 0 40 0 @

— 2000

1600
1200

RN

m
b) H-field f=23.69 GH h 90° o
) ie ; z phase
FEATTATEIIRN AT AT 56y (EEABRZZRAZE A 2000
T N R R R R R R R I I I I Y YT T T Y Yy & i e
TN N N R R R R R I T I T Y YT " T I I Y . 1600~
LALLM Al diddiddilldrqa eI IR Pradeamwss v s TR EE R
AL AMARAARM AL b s ey P PAa s s bt YRR 1200
AALRA AR LAMAR AR b guyypmmmmm e kR R b b L a a b ania i an
N A AR A R AR R R 800
AAAAA AR diddiddribibeprorprrrIINARPrPIdddaes an a5 g x
LAGABALBALIALAALLAR PP S mmpyrrs 4 i . l 400
R N e R R L N
I N N S R R R R R R L T T I T T T I i 0
A A A A A 4 b b 4 b 4 4 a4 g o RIS )b
1 I [ ]
A/m
c) H-field f=23.69 GHz phase 180° e
- 2400
R R B B BN B S B R Y s 2000
EEEEEEEEEE Ve '
..... s e s b s . ' 1800
e e & 5l e 0w BE W SR : . 1200
SR i 5@ (B8 5% B & Al 2 : ¥ 4 fire 800
L I I I B B ) . LI I I B L Y-x
..... l 400
.............. LI I I I I B B z O
] I

d) H-field f=23.69 GHz phase 270°

Alm
2680

2400

LB ABBALABAAAALARLLL
rTyrryRrRYIYROYROYY
TYYTPYRYYRYYRYYY
T7P7Y7F7PY7T9YFPYRYYY
TTYTIPR7PRTRYYRY
T7Y7727P77 YYD
rryYryvrTYIYITFYIYRYIYY
rsyrsvrReTIFIYEOYY
TYYTPPRORRYYRYYY
FT7YTPYPROYRIYROYY
TYYTIPRIRIIRIYY

L E L E L E R E L

S P B s ag s na

phbbbbvr Ty

2000
1600
1200

ER AT AR d - dadra s o
LhdLAdddav CE R R N
Lhbb LA B ddodwroerpesss g
O N B O I e T T
AR I T R L I S E ST EEEER
AMMAALRLL s g TR e on
R N O
ddaddbAvvysaaspprersan
dAddbbrrrwmacaasse o
dALLIEEr Y YYD T «a ..
A2 AAAARARRN VYo
N --—-—-— -
]

6.33 8.13

14.45 x [mm]

Figure 7. Distribution of the magnetic field H in the cross-sections xz for y = 1.9 mm at f = 23.69 GHz

corresponding to the magnetic resonance. The plane electromagnetic wave propagates in the +x axis:
(a) Phase 0°; (b) phase 90°; (c) phase 180°; (d) phase 270°. Black points, the nodes of the standing wave.

We repeated the same time-domain procedures, as described above, to visualize the
interaction of the incident plane wave with the examined SRR structure at a frequency
different from the resonant frequency. The detuned frequency was 21 GHz. According
to the numerical calculations of the coefficients R and T, presented in Figure 5, R = 19%
and T = 81%. That is, upon detuning from the resonant frequency to 21 GHz, the wave
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incident on the SRR structure results in partial reflection (19%) and transmission (81%). The

results of the time-domain simulations, as shown in Figures 8 and 9, visualize this effect.
As clearly seen from Figures 8 and 9, at the detuned frequency 21 GHz, the electric and

magnetic waves propagate through the SRR structure in the x-direction, and there are no

(fully) standing electric and magnetic waves in front of the SRR structure.
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Figures 5-8 show the electric field concentrated in the gap of the SRR for both the

resonant and detuned frequencies [64]; this is from the accumulation of charges due to the
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circular electric current. In contrast, the magnetic field is concentrated around the ring.
The difference between the resonance and detuned cases is the magnitude of the charge
accumulated in the gap, i.e., the charge is greater in the resonance case.

6. Conclusions

The numerical simulation, using CST Studio, of the interaction between EM radiation
and a split-ring resonator showed that the examined SRR structure demonstrated reflective-
transmission properties in the range of 15-30 GHz with the magnetic resonance at the
frequency of f = 23.69 GHz. At the resonance, the SRR shows the ability to fully reflect the
EM wave. This leads us to conclude that structures similar to that examined in this study
can be used as strong reflectors in antenna systems for wireless telecommunications.

In this study, the phenomenon of total reflection of the EM wave by the examined SRR
structure was successfully visualized by 2D vector maps of the electric and magnetic fields
around the SRR structure during the wave period. Confirming the numerical calculations
performed, at the resonance, the vector-field visualization showed no EM field behind
the SRR structure and the standing electric and magnetic waves before the SRR structure.
In this study, the vector-field visualization of the SRR structure response at the detuned
frequency was also performed to better understand the interaction of the EM wave with
the SRR structure. The visualizations presented in this study are both unique educational
presentations to help understand the interaction of EM plane waves with the SRR structure
of the reflection characteristics at the magnetic resonance and detuned frequencies.
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