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Abstract

This work presents the design and optimization of a Frequency Selective Absorber (FSA)
operating at 77 GHz, aimed at automotive radar and autonomous vehicle systems applica-
tions. The methodology combines computational modeling techniques, such as the Finite
Element Method (FEM) and the Finite Integration Technique (FIT), with artificial neural
networks (ANNSs), specifically a multilayer perceptron (MLP), to optimize the geometric
and material parameters of the absorber. The FSA structure comprises a Rogers Duroid
RT5880 substrate and a copper metallic ground plane. The modeling employs an equivalent
circuit with resonant elements (inductors, capacitors, and resistors) to describe the filter’s
behavior. We trained the ANN with simulation data, achieving high accuracy in predicting
the optimal parameters, such as periodicity, substrate thickness, and aperture dimensions.
Results demonstrate high absorber efficiency, with an absorption rate of 99.99% at the
central resonance frequency of 77 GHz. The comparison between the ANN predictions and
numerical methods (HFSS and CST Studio Suite) shows excellent agreement, validating
the robustness of the proposed approach. The study concludes by highlighting the practical
impact of the optimized design on enhancing the performance of automotive systems,
emphasizing the potential of integrating ANNs into high-frequency electromagnetic device

design.

Keywords: Absorbers; Artificial Neural Networks (ANNs); Electromagnetic; Equivalent

Circuits.



Resumo

Este trabalho apresenta o projeto e a otimizagao de um Absorvedor Seletivo de Frequéncia
(ASF) operando a 77 GHz, direcionado a aplicagoes em sistemas de radar automotivo e
veiculos autonomos. A metodologia combina técnicas de modelagem computacional, como
o Método dos Elementos Finitos (FEM) e a Técnica de Integracao Finita (FIT), com
redes neurais artificiais (RNAs), especificamente um perceptron multicamada (MLP), para
otimizar os pardmetros geométricos e de material do absorvedor. A estrutura do Absorvedor
¢ composta por um substrato Rogers Duroid RT5880 e um plano de terra metalico de
cobre. A modelagem utiliza um circuito equivalente com elementos ressonantes (indutores,
capacitores e resistores) para descrever o comportamento do filtro. A RNA foi treinada
com dados de simulagao, alcangando alta precisao na previsao dos parametros ideais, como
periodicidade, espessura do substrato e dimensoes das aberturas. Os resultados demonstram
alta eficiéncia do absorvedor, com uma taxa de absorcao de 99,99% na frequéncia central de
ressonancia de 77,5 GHz. A comparacao entre as previsoes da RNA e os métodos numéricos
(HFSS e CST Studio Suite) mostrou excelente concordancia, validando a robustez da
abordagem proposta. O estudo conclui destacando o impacto pratico do projeto otimizado
na melhoria do desempenho de sistemas automotivos, enfatizando o potencial da integracao

de RNAs no projeto de dispositivos eletromagnéticos de alta frequéncia.

Palavras-chave: Absorvedores; Redes Neurais Artificiais (RNAs); Eletromagnetismo;

Circuitos Equivalentes.



Resumen

Este trabajo presenta el disefio y la optimizacién de un Absorbedor Selectivo en Frecuencia
(ASF) que opera a 77 GHz, dirigido a aplicaciones de radar automotriz y sistemas de
vehiculos auténomos. La metodologia combina técnicas de modelado computacional, como
el Método de Elementos Finitos (FEM) y la Técnica de Integracién Finita (FIT), con
redes neuronales artificiales (RNAs), especificamente un perceptrén multicapa (MLP),
para optimizar los parametros geométricos y materiales del absorbente. La estructura del
ASF esta compuesta por un sustrato Rogers Duroid RT5880 y un plano de tierra metalico
de cobre. El modelado utiliza un circuito equivalente con elementos resonantes (inductores,
capacitores y resistores) para describir el comportamiento del filtro. Entrenamos la RNA
con datos de simulacion, logrando una alta precision en la prediccion de los pardmetros
optimos, como la periodicidad, el grosor del sustrato y las dimensiones de las aperturas.
Los resultados demuestran una alta eficiencia del absorbente, con una tasa de absorcién
del 99.99% a la frecuencia de resonancia central de 77.5 GHz. La comparacién entre las
predicciones de la RNA y los métodos numéricos (HFSS y CST Studio Suite) muestra una
excelente concordancia, validando la robustez del enfoque propuesto. El estudio concluye
destacando el impacto practico del disenio optimizado en la mejora del rendimiento de
los sistemas automotrices, enfatizando el potencial de integrar las RNAs en el disefio de

dispositivos electromagnéticos de alta frecuencia.

Palabras clave: Absorbedores; Redes Neuronales Artificiales (RNAs); Electromagnético;

Circuitos Equivalentes.
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1 Introduction

The growing demand for advanced automotive systems, driven by emerging tech-
nologies such as autonomous vehicles, has accelerated the development of increasingly
efficient automotive radars [1,2]. These systems enhance road safety by reducing the
frequency and severity of accidents. Radars play a critical role in precise object detec-
tion, contributing to safety and reliability in both urban and highway environments. In
particular, Advanced Driver Assistance Systems (ADAS) utilize radars for functionalities
such as imminent collision detection, lane change assistant, blind spot monitoring, and

autonomous parking [3,4].

For these applications, the 77 GHz frequency has proven ideal due to its high reso-
lution and capability to operate under adverse weather conditions [2,5]. Additionally, the
International Telecommunication Union (ITU), in its ITU-R M.2057-1 report, recommends
that vehicular radars operate within the 76-81 GHz range [6], establishing the 77 GHz as

the standard for long-range detection in automotive systems [7].

The efficiency of these radars can be compromised by electromagnetic interference
and unwanted reflections, which affect detection accuracy, however, to mitigate these
effects, electromagnetic absorbers play a key role in eliminating reflected signals and
optimizing radar performance. Within this context, selective absorber filters (SAFs) stand
out due to their ability to selectively absorb specific frequencies, offering superior efficiency

and design flexibility for high-frequency applications [8-13].

To address the challenge of unwanted signal interference, this study explores the
use of absorbers to eliminate such signals. Metasurfaces, known for their remarkable
electromagnetic wave absorption properties, offer a promising solution. These materials
are characterized by their thin profiles and design flexibility across a wide frequency range,
from microwave to optical [9,10]. This innovation represents a significant improvement

over existing commercial absorbers for 77 GHz applications [14,15].

Advances in computational methods have significantly impacted industrial and
engineering research [16]. Computational techniques are increasingly employed for simu-
lating and acquiring parameters of complex systems. However, the growing demand for
precision and the increasing complexity of devices result in time-consuming simulation
processes, where evaluating a single criterion can take hours, days, or even weeks [17]- [18].
Thus, developing methods to reduce simulation time and improve optimization is crucial

for saving time and financial resources [19].

In this study, we present the development of a selective absorber filter (SAF)

operating at 77 GHz, employing a hybrid approach that combines numerical techniques
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and artificial intelligence. The absorber design was modeled using Ansys HFSS (based
on the Finite Element Method, FEM) and CST Studio Suite (employing the Finite
Integration Technique, FIT). Both methods are widely used for analyzing and optimizing
high-frequency electromagnetic devices, ensuring accurate parameter simulations for the

absorber.

In addition to numerical simulations, this study employs artificial neural networks
(ANNSs) as an optimization tool. The ANNs, specifically the multilayer perceptron (MLP)
model, were trained with simulation-generated data, enabling precise predictions of geo-
metric and material parameters that maximize absorption efficiency. Complementarily, an
equivalent circuit model, comprising inductors, capacitors, and resistors, was developed
to validate the obtained results and provide a robust theoretical analysis of the SAF’s

resonant behavior.

The results demonstrate an absorption efficiency exceeding 99.99% at the 77.5
GHz resonance frequency, validating the effectiveness of the proposed methodology. This
work not only advances the design of electromagnetic absorbers but also paves the way
for innovative solutions in automotive radar and wireless communication systems, where

precision and reliability are critical factors.
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2 Frequency Selective Surfaces - FSS

Frequency Selective Surfaces (FSS) are passive or not, two-dimensional structures
composed of metallic elements arranged on a dielectric substrate, forming an infinite array
and applied in spatial filters [17,20,21]. In active (Active Frequency Selective Surface -
AFSS) or reconfigurable (Reconfigurable Frequency Selective Surface - RFSS) arrays, the
coupled voltage generators must have the same amplitude and linear phase variations
along the array [22]. In Figure 1, the two-dimensional shape of a periodic band-reject

structure is shown [17]. In Figure 2, an example of an AFSS suggested by [23] is shown.

Figure 1. Two-dimensional geometry of a periodic band-reject structure. (a) Arrangement,
(b) Periodicity.

‘E - Unit cell
@@ z

@@ @ s

‘ ‘ reject

‘ ‘ ‘ ‘ Band rel

& &

o @ O &

X \
(5‘?'\&\ ‘ Conductive element

Source: Adapted from [17].

Figure 2. Simulation of an AFSS structure in the HFSS model.

"

Source: Adapted from [23].
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The earliest scientific studies on frequency selective surfaces trace their roots to
the analysis of diffraction gratings in optics, a physical principle initially investigated by
David Rittenhouse and Francis Hopkinson in 1786 [24]. Diffraction gratings were used to

decompose non-monochromatic light beams into their spectral components [20].

Literature reports indicate that David Rittenhouse, an experienced physicist,
investigated optical diffraction gratings based on an observation made by Francis Hopkinson,
who noticed a phenomenon when viewing a lamp through a silk handkerchief [25]. In the
experiment, Rittenhouse observed that some bands of the light spectrum were suppressed
when white light was filtered [25]. This phenomenon demonstrated that it is possible to
decompose a monochromatic light beam into specific bands of the spectrum, depending on

the analyzed frequencies and the physical characteristics of the apertures [26], [20], [24].

Advances in the field of FSS were accelerated by the creation of printed circuit
boards by Paul Eisler (1936), which provided easier-to-build, low-volume, and low-cost

equipment, ranging from basic radios to satellites [25].

Due to their great potential in military applications, studies on FSS intensified
in the 1960s. Subsequently, they expanded to applications in devices and services for

communication systems in the terahertz, millimeter, and submillimeter wave bands [25].

Depending on the geometry of the metallizations in its unit cell, an FSS can
function as a bandpass filter, with slot-type elements, or a band-reject filter, with patch-

type elements [27]. Figure 3 shows, respectively, a slot-type FSS and a patch-type FSS [28].

Figure 3. Types of FSS and their frequency responses. a) Slot type b) Patch type.

|

© Transmission (dB)
o Transmission (dB)

v

o
v

Frequency (Hz) Frequency (Hz)

Source: Adapted from [28].

The application of this device is determined during the design phase according to
the specific requirements to be met. This will determine its filtering behavior in specific
frequency bands, comparable to electronic frequency filters used in RF. For instance, a
planar slot-type FSS can be developed to allow the passage of low frequencies and reflect
high frequencies according to a specific pattern [27]. The metallizations of the unit cell
resonate, reflecting the wavelength corresponding to the frequency. This functions as a

bandpass filter as shown in Figure 3(a). A patch-type FSS functions as a band-reject
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filter, but when the elements resonate, the structure reflects the incident wave within the
wavelength range corresponding to the desired frequency band, resulting in total wave

reflection, as shown in Figure 3(b).

2.1 Common Geometrical Shapes for FSS

Frequency Selective Surfaces (FSS) can be classified in various ways, based on the
geometry of their elements. The shape of the unit cell is one of the main factors affecting
the frequency response of F'SS [26]. This characteristic makes geometry one of the most
adjustable aspects in the design of F'SS. According to [29], [26], and [30], the geometric

elements can be categorized into four main groups:

In this section, the elements used are grouped into four distinct categories, as
proposed by [26]. Group 1 consists of N-pole elements connected at the center. Group
2 comprises loop-type elements, while Group 3 includes solid internal elements. Finally,
Group 4 is composed of combinations of two or three elements from the previous groups.

Figures 4 to 7 present examples of each of these groups.

Figure 4. Group 1 - Center-fed N-pole Elements. (a) Thin Dipole, (b) Crossed Dipole, (c)
Tripole, (d) Jerusalem Cross.

+ A H

(a) Dipole (b) Crossed Dipole (c) Tripole (d) Jerusalem Cross

Source: Adapted from [26].

Figure 5. Group 2 - Loop Elements. (a) Square Loop, (b) Double Square Loop, (c) Square
Loop with Grid, (d) Concentric Circular Rings.

L1 O] E= ©

a) Square spire (b) Double square spire (c) Square spire with grid d) Circular rings

Source: Adapted from [26].
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Figure 6. Group 3 - Solid Internal Elements (a) Square Patches, (b) Rectangular Patches,

c) Hexagonal Patches, (d) Circular Patches.
(a) Square patch b) Rectangular patch c) Hexagonal patch d) Circular patch

Source: Adapted from [26].

Figure 7. Group 4 - Combinations of Elements from Groups 1, 2, and 3.

e L
N\ W

(a) Combination | (b) Combination Il (c) Combination Il (d) Combination IV

Source: Adapted from [26].

2.2 Classification of FSS Based on Metallization Layer Thickness

Frequency Selective Surfaces (FSS) can be categorized based on the thickness of
their metallization layer, resulting in two main types: thin sheets and thick sheets. The
choice between these categories significantly influences the performance and applicability

of FSS in various contexts [31].

2.2.1 Thin sheet

Thin sheet Frequency Selective Surfaces (FSS) are characterized by a metallization
layer with a thickness less than 0, 001)\g, where Ay represents the wavelength corresponding
to the F'SS resonance frequency in free space. These structures are often fabricated using
printed circuit board technology, offering advantages such as reduced weight, smaller size,
and lower costs. The miniaturization enabled by this configuration makes thin sheet F'SS an
attractive option for applications requiring compact and cost-effective solutions [29], [30].

Figure 8 presents an example of a thin sheet FSS, as demonstrated by [31].
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Figure 8. Representation of a thin bulkhead FSS.
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Source: Adapted from [31].

2.2.2  Thick sheet

Thick sheet Frequency Selective Surfaces (FSS) are characterized by a thicker
metallization layer or even two metallization layers separated by a dielectric material.
This structure is illustrated in Figure 9, as demonstrated by [31]. Thick sheet FSS offer
advantages such as a steeper transition from the passband to the stopband and a flatter
passband. However, they also present disadvantages, such as increased weight, fabrication
complexity, and higher costs [32], [33], [34].
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Figure 9. Representation of a double-layer thick-sheet F'SS with a dielectric spacer.

Dielectric layer

Metallization layer

o —
Metallization layer

R

Source: Adapted from [31].

2.2.3 Reconfiguration of arrays

Frequency Selective Surfaces (F'SS) can also be classified based on their reconfig-
urability [31]. They are divided into two main categories: passive FSS and reconfigurable
FSS (RFSS), as illustrated in Figure 10, as demonstrated by [35]. Passive FSS have a fixed

frequency response, which simplifies the design and fabrication process [36].

Figure 10. FSSReconfigurable FSS with dual-polarized annular geometry

=

A = 2
. S’ N

Source: Adapted from [35].

l

On the other hand, reconfigurable FSS incorporate active devices such as diodes,
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varactors, and MEMS switches, which can be biased to modify their electromagnetic
properties [28-30,32-34,37]. Another approach to reconfiguration involves mechanical
adjustments to the FSS array arrangement [35, 36, 38,39].

2.2.4 Some FSS Applications

Due to their frequency filtering characteristics in specific bands, these two-dimensional
(or three-dimensional) planar periodic structures used at high frequencies have inspired
researchers in the field of applied electromagnetism (EM). These structures can also be

used as wideband or multiband structures [28].

Their applications include antenna reflectors, radomes, electromagnetic shields,
angular filters, and microwave absorbers, as well as military applications and wireless
network security [21], [29], [38].

In Figure 11, the FSS is used as a sub-reflector in an antenna capable of operating
in two distinct bands. This structure is placed between two feed elements that radiate
at different frequencies and the main reflector. The surface is designed to reflect the
frequency band associated with the resonance Fgy, with a bandwidth By, corresponding
to Feeder 1. Simultaneously, the surface is almost totally transparent to the operating
band of 'Feeder 2’, with frequencies Fro and Byys. This configuration allows for frequency
reuse, enabling two feed elements, each operating at a distinct frequency, to share the

same reflector antenna simultaneously [39].

Figure 11. FSS-based reflector antenna representation.

Main reflector Feeder2 p .. BW,

Feeder 1

Source: Adapted from [39].

The door panel of a household microwave oven, as illustrated in Figure 12, is a

notable example of FSS application [40]. The oven operates by generating electromagnetic
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waves in the range of approximately 2.45 GHz, which can be harmful to human health [39].
In this context, the FSS is designed to significantly attenuate these waves, acting as a

filter that allows the passage of the visible light frequency range [26,29,30,41].

Figure 12. Frequency selective surface for microwave oven doors.

Source: Adapted from [40].

Radomes are structures designed to protect and support the antenna and its feed
elements [37]. The FSS is used within the antenna’s operating band, acting as a bandpass
filter [42]. Structurally, the FSS can be embedded between two dielectric layers that
compose the radome. This configuration helps to minimize radiation outside the antenna’s
operating band, reducing unwanted interference [43-45]. Figure 13 illustrates a practical

application of FSS in radomes, as presented by [46].

Figure 13. Application of FSS in radomes.
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Smart walls also utilize FSS, relying on the principle of interference propagation as
demonstrated in Figure 14 found in the work of [47]. These structures reduce the risk of
unauthorized access to information by preventing unwanted transmissions or receptions.
Additionally, they can function as wallpaper, protecting the data flow of local wireless
networks [39]. The FSS acts as a filter with specific rejection bands for the frequency range
used in the propagation of wireless network signals, such as Wi-Fi and WLAN [48], [47].
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Figure 14. Performance of smart walls in indoor environments.
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2.3  Absorbers

Absorbers operate by converting the energy of the incident electromagnetic wave into
heat, dissipating part of the field intensity that reaches the material. In their fundamental
form, these structures are designed to absorb wave signals in a specific band or multiple
frequency bands, depending on their design. In this way, they play a crucial role in
minimizing the reflection and transmission of unwanted waves, improving the efficiency

and performance of communication systems and electronic devices [25].

Conceptually, absorbers are devices designed to act as spatial filters that neither
transmit nor reflect electromagnetic signals in a specific frequency range [25]. The effi-
ciency of an absorber depends on its characteristics of minimum thickness and maximum
bandwidth, as well as the ability to reduce the reflection of signals in the desired frequency

range [49].

Figure 15. Illustration of a cross-slot absorber: (a) layer structure and (b) unit cell dimen-
sions.
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Source: Adapted from [25].
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The type of absorber to be used in a project is primarily determined by the intensity
of the signal to be absorbed or attenuated, the desired frequency band, and the structural
aspects of the application. The main factors limiting the design of the structure and,
consequently, affecting the results and applications, include the dielectric material, the
thickness and weight of the structures, which influence the absorption bandwidth and the

level of reflectivity in the operating band [49-51].

The level of reflectivity of the structure determines the efficiency of the absorber
and is governed by the difference between the impedance of free space and the impedance
of the absorbing structure, with the insertion of electromagnetic waves being performed
normally or obliquely on its surface. This level of reflectivity is a direct consequence of the
respective geometries and materials used in the design of the structure, including electrical

permittivity and magnetic permeability characteristics [50,52].

2.3.1 Absorber FSS

Frequency Selective Absorbers (FSAs) are advanced structures that represent a
modification of conventional absorbers. In these absorbers, the complete metal sheet or
ground plane is replaced by a frequency selective surface (FSS), and the resistive layer is

also organized in periodic arrays [25].

FSS structures generally exhibit high reflectivity characteristics in the desired
band. When associated with absorber configurations, these structures can significantly
reduce reflection values in some frequency bands, approaching zero and thus characterizing
wave signal absorption [25]. Figure 16 illustrates the performance of a conventional FSS
structure and the same structure with absorber characteristics [53]. It can be observed
that, with the combination of the configurations, electromagnetic (EM) waves are absorbed
instead of reflected, and absorption occurs in different frequency bands, maintaining the

transmission band [53].
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Figure 16. (a) F'SS configuration e (b) Absorbing FSS.
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3 Modeling and Numerical Simulation

The simulations were conducted on a machine equipped with a 12th-generation
Intel(R) Core(TM) i5-12400 processor operating at an average frequency of 2.50 GHz and
16.00 GB of RAM. The operating system used was 64-bit Windows 11. After completing
the simulations and compiling the database, the results were provided to the Artificial
Neural Network (ANN) for training, aiming to capture the absorber’s behavior concerning

parameter variations.

To model the electromagnetic behavior of the Selective Absorber Filter (SAF) at 77
GHz, the Ansys HFSS and CST Studio Suite software were employed, utilizing the Finite
Element Method (FEM) and the Finite Integration Technique (FIT), respectively. These
methods are widely recognized for their accuracy in simulating high-frequency devices,

particularly in absorber configurations.

The CST Studio Suite employs the Finite Integration Technique (FIT), a numerical
method for solving differential equations that represent electric and magnetic fields in

materials and structures within the fields of electrical engineering and computer science [54].

This technique involves discretizing the problem domain into a finite mesh and
numerically solving the differential equations. It facilitates the analysis of complex and
anisotropic materials. The precision and efficiency of the FIT depend on the quality of the
mesh and numerical integration techniques, which may require significant computational

resources, particularly for three-dimensional or high-frequency problems [55].

Ansys HFSS calculates the electric field (E) using the Finite Element Method
(FEM). The solution domain is divided into physically conformal tetrahedral finite elements,
and the electric field £ within each element is approximated using local basis functions [56].

These approximation functions are derived from the differential form of Maxwell’s equations.

Maxwell’s equations are transformed into matrix equations when fields are repre-
sented in this manner. The resulting matrix equation is sparse, as each element is directly
related only to its neighbors, and is solved using an efficient sparse matrix solver. Since
the electric field is being computed, the solution domain must include the region where
the electric fields exist [56].

3.1 Structure Modeling

The structure of the selective absorber filter (SAF) was developed using the Rogers
Duroid RT5880 substrate, known for its low loss and high stability properties at elevated

frequencies [57]. This substrate has a relative dielectric constant of 2.2, a thickness of 1.27



30

mm, and a loss tangent of 0.0009, which are crucial properties for ensuring the optimized
performance of the absorber. The metallic layers are made of copper, with a thickness of
0.035 mm on both the ground plane and the top conductive layer.

The geometric configuration of the SAF incorporates a central diamond-shaped slot,
carefully designed to maximize absorption at 77 GHz. This innovative geometry promotes
effective resonance, enabling robust and selective absorption of incident electromagnetic

waves. Figure 17 shows the unit cell of the SAF structure, highlighting the diamond-shaped
slot.

Figure 17. Unit cell of the absorber.

Source: Elaborated by the author.

Figure 18 displays the periodic arrangement of the unit cells, illustrating the
complete planar absorber layout. This figure is essential for understanding the detailed

structure and geometric arrangement of the filter.

Figure 18. Periodic arrangement of unit cells.

Source: Elaborated by the author.

The length and width of the diamond-shaped slot are represented by [ and w,
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respectively, while the absorber’s periodicity is denoted as D, = D, as illustrated in Figure
19(a). The thicknesses of the substrate, copper layer, and ground plane are represented by

esps, met, and ground, as illustrated in Figure 19(b).

Figure 19. Unit cell dimensions. (a) Geometry of the diamond-shaped slot, with length
[, width w, and absorber’s periodicity D, = D,. (b) Front view showing
the thicknesses of the substrate (esps), copper layer (met), and ground plane
(ground).
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Source: Elaborated by the author.

In Equation 3.1, f,. represents the absorber’s resonant frequency, a fundamental
parameter for the unit cell’s frequency response. This equation relates the structure’s
geometric dimensions to its resonant frequency, serving as an initial tool in the design
process. Based on it, adjustments were made to refine the cell dimensions, ensuring the
resonant frequency aligns with the target operational frequency. This step is essential to

optimize the filter’s performance, guaranteeing its effectiveness in the 77 GHz.

TAE L DA

The variables in Equation 3.1 are defined as follows: ¢ is the speed of light in a

fr

(3.1)

vacuum, A is the wavelength of the electromagnetic wave in question, ¢, is the relative
dielectric constant of the absorber’s material, and w and [ are the absorber structure’s

specific dimensions (width and length, respectively).

The numerical simulations were configured with ideal boundary conditions to
replicate plane wave excitation over a frequency range of 75 to 80 GHz. Periodic boundary

conditions were applied to the excitation of electromagnetic waves, ensuring continuity
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and uniformity of the incident field. This setup allowed simulation of the SAF’s response
to multiple incidence directions, focusing on an analysis of perpendicular polarization

relative to the absorber’s surface.

Each simulation conducted in HFSS and CST Studio Suite considered a parametric
variation of the SAF dimensions, including the width and height of the central slot and
the structure’s periodicity. The results of each variation were used to observe the device’s
resonant behavior and identify the geometric configuration providing the highest absorption
rate at 77 GHz.

The reflection and transmission coefficients were analyzed using Equations 3.2
and 3.3, which describe the relationship between the Si; and S5; parameters with the
reflectance (R) and absorptance (A) of the structure. This approach enabled the calculation
of the fraction of energy reflected and absorbed, providing a quantitative analysis of the

SAF’s performance.

R = |S11|2 (3'2)

A=1-R-T=1—|S*— |Su| (3.3)

Based on this data, an Artificial Neural Network (ANN) was subsequently trained
to predict and optimize the material’s geometric parameters, accelerating the fine-tuning

process of the design.

This numerical modeling and simulation approach provides a robust foundation for
experimental validation and the development of highly efficient absorbers in the 77 GHz,

with direct application to automotive radar systems.

The simulation was conducted parametrically, with one variable altered per sim-
ulation while the others remained constant. This method generated a comprehensive
dataset of absorptance and reflectance values, which were saved for future analysis. CST
Microwave Studio was used to perform 366 simulations, all within the 75-80 GHz range.
Each simulation examined a specific variable, such as the diamond-shaped slot angle,
periodicity, width (w), height (1), and metal thickness. For example, while adjusting the

slot angle in 1-degree increments, all other parameters were held constant.

The simulations used the following baseline dimensions: a 10° slot angle, periodicity
(Dz) of 2.88 mm, metamaterial substrate thickness of 1.27 mm, diamond slot width (w) of
1.85 mm, diamond slot height (/) of 1.84 mm, and copper thickness of 0.35 mm. After each
simulation, the absorptance and reflectance results were processed using MATLAB code to
generate graphs populating the dataset. This dataset was then used to train a multilayer

perceptron (MLP) neural network aimed at optimizing the absorber’s performance.
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To theoretically validate the results obtained in the simulations, an equivalent
circuit model was developed using the resonant circuit technique [26, 58] in conjunction
with the HFSS Circuit Design tool. This model, consisting of two inductors, two capacitors,
and two resistors, was designed to replicate the resonant behavior of the FSA. Initially,
the inductances and capacitances were calculated based on theoretical equations related
to the dimensions of the absorber and the permittivity of the substrate, while the resistors
modeled the losses due to absorption. These equations were employed as a starting point,
considering the need for an initial approach due to the context of millimeter waves.
Subsequently, the values of the circuit components were adjusted iteratively to achieve a
better match between the resonant frequency obtained from the theoretical model and the

numerical simulations.

The equivalent circuit was designed based on the resonant response of the FSA,
taking into account the properties of the substrate and the conductive layers. The equivalent
structure consists of two inductors (L1 and L2), two capacitors (C1 and C2), and two
resistors (R1 and R2), as illustrated in Figure 20.

Figure 20. FSA Equivalent Circuit Diagram.
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The selection and values of these components are based on the dimensions of the
FSA aperture and the dielectric properties of the Rogers Duroid RT5880 substrate. The
inductors and capacitors represent the energy storage capability and phase response of the

structure, while the resistors model the losses due to electromagnetic absorption.

To calculate the inductance (L) and capacitance (C') of the equivalent structure, the
geometry of the frequency selective surface (FSA) and the interaction of the electromagnetic
field along the aperture edge were considered. The inductance for the aperture structure

was estimated using Equation 3.4, considering the permeability of free space (ug), the
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relative permeability of the material (u,), the effective width (We,), and the effective
length of the aperture (Leg).

,UO',UT’Leq 2’Leq
L~—— - In{ —— 3.4
2.7 n(Weq (3:4)

The capacitance was calculated based on the effective area of the aperture (Aeg)

and the permittivity of the substrate (e and ¢,), as shown in Equation (3.5).

€0 - € - Aeff

C =~ 3.5
: (35)
For resonance and operating frequency, the following equation applies:
1
Jo (3.6)

~ 27V L - C

The equivalent circuit model showed excellent agreement with the simulation results
obtained from HFSS and CST Studio Suite. Figure 21 presents the comparison between
the frequency response of the equivalent circuit and the simulation results, showing close

correspondence in both the resonant frequency and the absorption characteristics.

Figure 21. Comparison between the Frequency Response of the Equivalent Circuit and
the HFSS and CST Simulations.
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This model provides a solid theoretical foundation for the analysis of the resonant
behavior of the FSA and validates the proposed methodology for optimizing electromagnetic

absorbers.

3.2 Artificial Neural Network

The neural network was trained with simulation data obtained from numerical
models performed with the CST Studio Suite software. These data include variations in
geometric parameters, such as the width and height of the opening, the periodicity of
the structure, and the substrate thickness, resulting in a dataset with 366 simulations, all
within the range of 75 GHz to 80 GHz. The network’s input consisted of the diamond
opening angle, reflectance, absorbance, and resonance frequency, while the output consisted

of geometric variables.

As illustrated in Figure 22, a Multi-Layer Perceptron (MLP) neural network was
used, consisting of a hidden layer with 7 neurons. The network has 4 neurons in the
input layer, corresponding to the input variables: frequency, absorbance, reflectance, and
incidence angle. In the output layer, the network also has 4 neurons, which generate the
main FSA dimensions: Dz, [, w, and esps. The MLP structure was designed to correlate
the input parameters with the FSA dimensions, providing high accuracy in predicting

geometric values.

The activation function used was the log-sigmoid, commonly employed in regression
problems such as this study. The training was carried out using the Levenberg-Marquardt

algorithm, which is efficient in terms of fast convergence and accuracy.
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Figure 22. Diagram of the neural network.
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To ensure the model’s effectiveness, the dataset was divided into two parts: 70%
for training and 30% for testing. Due to the small sample size, no separate validation set
was reserved. During training, the neural network weights were adjusted using the training
set, while the test set was used to evaluate the model’s performance and its ability to

generalize.

Validation was performed directly on the test set to minimize the risk of overfitting.
After each training epoch, the error on the test set was calculated, allowing continuous
adjustments and validation of the model’s accuracy. Figure 23 shows the performance of

the neural network throughout the process, with direct monitoring of the test set.

The network structure was optimized through various configurations, in order to
balance complexity and performance [59,60]. It is important to note that the lack of a
separate validation set may limit the assessment of the model’s performance. Therefore,
best practices such as cross-validation or establishing a separate validation set could be

implemented in future analyses to improve the robustness of the results.



Figure 23. Performance of the neural network in different design configurations.
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Figure 24 illustrates the neural network’s performance across various evaluation

stages. In Figure 24(a), the correlation graph during the training phase highlights the
ANN’s ability to fit the observed data accurately. Figure 24(b) focuses on the validation

phase, showcasing the model’s capacity to generalize to unseen data. Figure 24(c) evaluates

the testing phase, depicting the ANN’s performance on entirely independent datasets.

Finally, Figure 24(d) provides the overall correlation graph, consolidating all phases and

offering a comprehensive view of the network’s accuracy across the entire dataset.
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Figure 24. Performance of the neural network across different stages. (a) Correlation graph
during the training phase. (b) Correlation graph during the validation phase.
(c) Correlation graph during the testing phase. (d) Overall correlation graph
combining all phases.
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The evolution of the stopping criteria during the neural network training is presented
in Figure 25. Figure 25(a) illustrates the gradient’s behavior, which stabilizes at low values,
indicating convergence. Figure 25(b) shows the adjustment of the update parameter u to
smaller values, reflecting the algorithm’s adaptation to minimize the error. Lastly, Figure
25(c) depicts the increase in validation failures, which ultimately reach the limit of 6,
triggering the training halt to prevent overfitting and enhance the model’s generalization

capabilities.
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Figure 25. Monitoring of stopping criteria during neural network training. (a) Evolution of
the gradient, showing stabilization. (b) Update parameter p, which decreases
during training. (c¢) Validation failures, progressively increasing to the defined
limit.
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After training, the ANN was able to predict the ideal parameters with high accuracy,
especially the substrate dimensions, which achieved R-squared coefficients of up to 0.99469,
indicating excellent performance in predicting these parameters. Table 1 presents the
optimized parameter values that were applied in the simulations performed with HFSS
(Finite Element Method) and CST Studio Suite (Finite Integration Technique). The table
1 below shows the optimized parameters by the ANN:

The results obtained show an excellent match between the values predicted by the
ANN and those simulated by CST, as illustrated in Figure 26. Figure 26(a) presents the
parameter Dz, demonstrating high prediction accuracy with minimal deviations from the

simulated results. Figure 26(b) shows the parameter W, where the predictions closely align
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Table 1. Optimized Parameter Values

Parameter Value Description

Periodicity (Dx) 2.6765 Distance between the centers of the openings
Substrate thickness (esps) 1.2618 Thickness of ROGERS RT5880 substrate
Height of the diamond (1)  1.3060 Absorber opening height
Width of the diamond (w) 1.8301 Absorber opening width

with the simulations. Similarly, Figure 26(c) illustrates the parameter L, also reflecting high
accuracy. For the Esps parameter, shown in Figure 26(d), the discrepancies are slightly
larger yet remain within acceptable limits, showcasing the robustness of the ANN even
under varying conditions. These results emphasize the ANN’s effectiveness in modeling

the absorber filter’s geometric behavior.

Figure 26. Comparison between simulated and ANN-predicted results for geometric pa-
rameters. (a) Dx: Absorber periodicity. (b) W: Slot width. (c) L: Slot length.
(d) Esps: Substrate thickness.
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These results confirm the potential of the ANN as a tool for optimization in
millimeter-wave frequency designs, significantly reducing development time by minimizing
reliance on extensive simulations. The performance achieved reinforces the feasibility of
integrating artificial intelligence techniques into advanced design processes, especially for

applications at 77 GHz frequencies.
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4 Results

4.1 Effect of Slot Angle Variation

Figure 27 shows the simulated absorption and reflectance results as a function of
frequency when the slot opening angle is varied between 10°, 40°, and 70°. To isolate the
effect of the slot angle, all other parameters, including D,, esps, met, w, and [, were kept
constant during these simulations, which were performed using CST Studio Suite. It was
observed that an increase in the slot angle led to a decrease in absorption and also shifted
the resonant frequency. This effect occurs due to the modification in the distribution
of electromagnetic fields, which alters the impedance coupling, directly impacting the

absorber’s absorption efficiency [61].

Figure 27. Simulated results of absorption and reflectance as a function of frequency with
variation of slot angles, using CST Studio Suite.
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4.2 Effect of Periodicity

Figure 28 illustrates the impact of the unit cell periodicity variation on the resonant
frequency. The simulations were performed for values of D, = 2.66 mm, 2.71 mm, and 2.76
mm, with the slot angle fixed at 10° and the substrate thickness of 1.27 mm. The variation
in periodicity resulted in a shift in the resonant frequency, highlighting the importance of

this parameter in the absorber’s performance.

Figure 28. Simulated results in CST with periodicity variation.
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4.3 Effect of Diamond Length and Width

Figure 29 shows the impact of the diamond’s length and width on absorption
efficiency. The diamond angle was kept at 10°, and the width w was fixed at 1.85 mm,
while the length [ varied between 1.80 mm, 1.60 mm, and 1.40 mm. The analysis of the

results showed that the variation in the diamond length directly affected the absorption
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capacity of the device.
Figure 29. Results obtained with the variation of diamond length, using CST Studio Suite.
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4.4 Results Obtained with the Artificial Neural Network (ANN)
Associated with the Equivalent Circuit

The parameters optimized by the ANN ensured an accurate and efficient response,
resulting in an absorber with a resonant frequency of 77.5 GHz and an absorption rate of
99.99%, as shown in Figure 30. The comparison between the ANN results and the HFSS

and CST simulations confirms the accuracy of the optimization.
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Figure 30. Results obtained using the ANN, comparing the HFSS and CST results. Identical
values confirm the validation of both numerical methods.
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4.5 Formation of Polarization-Independent and Dual-Band Struc-

ture

After the individual analysis of the unit cells, a combination using four unit cells
was performed, where each cell was rotated by 90 degrees, resulting in a structure with
polarization-independent behavior. Furthermore, this configuration exhibited dual-band
behavior, maintaining efficiency in both the 77 GHz and 75 GHz ranges with a high-quality
factor (Q). Figure 31 illustrates this arrangement, showing the newly designed structure,
while Figure 32 provides consistent performance across two frequency bands, which is

crucial for various applications.
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Figure 31. Arrangement with four unit cells, exhibiting polarization-independent behavior.
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Figure 32. Result obtained from the Dual Band structure, using the HFSS software.
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4.6 Comparison Between HFSS, CST, and ANN Results

Figure 33 presents the comparative results between simulations performed in HFSS
and CST Studio Suite and the ANN predictions. The central resonant frequency obtained
was 77.5 GHz, with an absorption rate of 99.99%, validating the effectiveness of the ANN
in optimizing the absorber. The comparison highlights that the ANN was able to replicate

traditional results accurately, showcasing the robustness of the proposed approach.

Figure 33. Results obtained using the ANN, comparing HFSS and CST data, with valida-
tion provided by the developed Equivalent Circuit Model (ECM-WTI).
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5 Conclusion

This study presents a significant advancement in the optimization of electromagnetic
absorbers in the 77 GHz band. The use of Artificial Neural Networks (ANN) as an
optimization tool was crucial in achieving a highly efficient absorber with a central
resonant frequency of 77.5 GHz and an absorption rate of 99.99%. The ANN allowed
for efficient optimization of the absorber’s dimensions, considering parameters such as
periodicity and diamond dimensions. The combination of the ANN with simulation tools,
such as HFSS and CST Studio Suite, demonstrated the accuracy of the approach, providing

an optimized design ready for practical applications.

Additionally, the ANN training process highlighted the importance of robust
strategies to prevent overfitting. The training halt after 53 epochs was a strategic decision,
guided by the monitoring of validation failures. This automatic stopping criterion ensured
that the model maintained its generalization capability to unseen data, preventing the
network from excessively memorizing the training data and ensuring the robustness of the

optimized absorber’s parameter predictions.

The addition of an arrangement of four unit cells resulted in a polarization-
independent structure capable of operating in two frequency bands (75 GHz and 77
GHz) with a high-quality factor, thereby expanding the absorber’s applicability.

To further advance this work, future research should focus on the experimental
validation of the optimized absorber’s prototype at 77 GHz, alongside investigating its
sensitivity to temperature and humidity variations crucial for automotive applications.
Additionally, exploring other Artificial Neural Network architectures (e.g., CNNs, RNNs)
and multi-objective optimization algorithms could enhance the design process. Finally,
developing a more complex and comprehensive equivalent circuit model would refine the

theoretical analysis and validate the absorber’s performance.
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