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Metamaterials, which are the structures with exceptional electromagnetic parameters at the
subwavelength scales, have sparked a revolution in electromagnetics. The study focuses on
metamaterial absorbers as the main tool to increase the efficiency of microwave devices for wireless
systems. A comparative analysis is made through the review of four different absorber designs—
Split—Ring Resonator (SRR), Frequency Selective Surface (FSS), Mushroom-Type Metamaterial,
and Gradient Index Metamaterial—to determine their performance across these vital parameters.
These metrics include bandwidth, efficiency, antenna enhancements, and radar cross section (RCS)
reduction. Comparison of both Metamaterial absorbers to each other shows that the trade-off
between absorption bandwidth and efficiency is the most prominent for the Mushroom- Type
Metamaterial absorber at 25%. The assistance of visual aids makes the selection of proper designs
possible, whereas the research into absorption efficiency across frequencies and RCS reduction is
an indication of the degree of effectiveness of the absorbers. Utilization of qualitative comparisons
as well as visual depictions not only strengthens the credibility of the results but also increases
understanding. This work delves into the field of the possible new structures which expand the
scope of advanced materials research. My research sheds light on optimizing microwave devices
for wireless application, thus facilitating developments in communication and radar systems.

Keywords: Metamaterials, Microwave Components, Wireless Applications, Absorption
Efficiency, Radar Cross Section Reduction.

1. Introduction

Empowered with the functionality beyond the materials of nature at the smaller than a
wavelength range, metamaterials have been the breakthrough in the field of electromagnetism
and granting unprecedented control over electromagnetic waves [1]. Metamaterials are
metaphorically stills at the heart of science and engineering as their inventions encompass
invisibility cloaks and super lenses and so on [7]. In the area of microwave engineering, their
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prospects are regarded as extremely fascinating, providing an opportunity for progress in
wireless communication, radar systems and beyond [4]. This introduction of the design and
analysis of microwave components is critically concerned with the metamaterial absorber—a
component with a prime spot because of its impact on wireless applications [8].

Metamaterials are man-made structures fabricated in subwavelength unit cells and having
electromagnetic characteristics that are not possessed by naturally occurrence materials [11].
Such properties are realized due to the strict configuration of the unit cells that can control the
travelling of electromagnetic waves by means of interactions at the subwavelength level [2].
Via designer of the geometrical, sizing, and composition, metamaterials can show some
unusual actions, e.g., negative refractive indices, chiral reactions, and anomalous dispersion

[71.

Metamaterials have various applications, and absorbers feature among them since they can
trap and dissipate electromagnetic energy at frequencies specifically [9]. Metamaterial
absorbers are complex design structures, which are specially fabricated for high absorption
rates in a predetermined band [5]. Unlike conventional absorbers, whose thickness are made
from lossy materials, metamaterial absorbers manage to reach similar absorption levels with
smaller thicknesses, thus, they are the preferred choice for miniaturized and lightweight
applications [12].

The design of the metamaterial absorbers is a highly advanced and multi-dimensional process
requiring the selection of materials, unit cell geometry, and fabrication techniques [14]. The
most important parameters are the bandwidth of absorbance, the efficiency and the
polarization sensitivity which should be specially optimized to meet the specific application
requirements [3]. On the other hand, the performance of metamaterial absorbers is quite
sensitive to the angle of incidence and polarization, meaning that the design of such devices
must be deliberately tailored to perform well anywhere [10].

All wireless communication systems, including those that use electromagnetic waves, need an
effective management process in place so that signals can be transmitted and received properly
[13]. Metamaterial absorbers are endowed with most remarkable properties of improving
wireless devices' efficiency, as they mitigate interference, eliminate reflections, and increase
signal-to-noise ratios [6]. In antenna design, metamaterial absorbers are effectual in stopping
surface waves and unnecessary radiations, thus leading to improved efficiency and directivity
of the antenna [2]. On the other hand, metamaterial absorber in radar systems will decrease
radar cross-sections which are used in stealth capabilities and enhance target detection
sensitivity [4].

Although metamaterial absorbers present great prospect, it is still a complicated matter to
promote them in practical applications as many challenges lie ahead [15]. The fabrication
techniques have to be revised to permit manufacture of these metamaterial structures in large
volumes with superior precision and reproducibility [11]. Moreover, these metamaterial
absorbers must go through rigorous validation and optimization process to suit in the existing
systems and to further maximize the performance [3]. Also, the wireless environment is
constantly changing and therefore becomes a source of complexities during the design which
calls for tenable and adaptive metamaterial solutions for their operation to be altered
accordingly [8].
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The fabrication and vetting of metamaterial absorbers may open new opportunities in
microwave elements for wireless devices [12]. Through the exploitation of the specific
features of metamaterials, a higher level of performance can already be achieved by absorbers
with smaller size factors and greater functionality [10]. Being a subject of ongoing research,
electromagnetic waves behavior and metamaterials structures capabilities are constantly
unfolding and that draws us closer to the realization of next-level wireless technologies [9].
Such an effort to contribute to this pursuit is managed via this research article by probing into
the design and optimizations of metamaterial absorbers in microwave components in wireless
applications [14].

2. Literature Review

For [16], the thin wideband MMA exhibits the absorption performance beyond 90% within
the range of 10-15 GHz. This design is created by a special structure that has diagonal splits
in a squared-ring unit cell which is suitable for technological applications that concern the
flight operations. But the downsides include that it cannot differentiate polarization angles
more than 60° and it is not reconfigurable. Furthermore, [17] designs a Meta surface with DNG
properties, operating in X and Ku bandwidths, providing frequency-dependent absorption
peaks. While the implementation of this technique offers improved reliability and polarization
independence, it still suffers from the drawbacks of its non-reconfigurability and its bulkiness,
which restrict its practical applications. In [18], an ultra-wideband metasurface absorber is
made with resistive metamaterial surfaces containing three resonant modes which have
polarization insensitivity and wider-angle stability. Through its 90% absorption bandwidth
from 7.25 GHz to 35.7 GHz, there will be an outstanding relative bandwidth of 137%.
Nevertheless, as was with the preceding models, it lacks reconfigurability and has a design
which has limitations concerning guided wavelength. [19] demonstrates a wideband
metamaterial absorber with only a few nanometers of thickness, with absorbance up to 98%
over three bands. Although the performance is very impressive, obstacles such as the large
unit cell size compared to guided wavelength and the complexity of patch design make it
impractical for the use in the real world.

In the subsequent studies, additional advancements would be examined. Model [20] with
Graphene as a substrate, which is polarization insensitive and has a larger range of view. The
perception of reconfigurability as adaptability is appealing though the complex structure and
high cost of Graphene remain the main obstacles. Dendritic wideband metamaterial absorber
is presented in [21], where the absorbance is exhibited in the range of 8 to 27.9 GHz. This,
however, raises questions about the feasibility of the design. Moreover, projects [22]
containing ultra-wideband microwave absorbers have certain drawbacks in terms of the
reconfigurability and sensitivity to polarization. All in all, these studies together provide
further insight into the creation of wideband MMAs including the obstacles being faced and
the boundaries being pushed. Both wideband metamaterial absorber (MMA) research and the
three-layer structure with a metal-dielectric-metal configuration are continued in [23]. This
model shows high absorbance at specific frequencies, therefore making it very applicable for
various situations. Likewise, it shares the deficiencies of the predecessors in terms of the non-
reconfigurability and polarization. In [24], improvement of PIN diodes and varactors increases
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the frequency bandwidth, which provides for wider functionality. On the other hand, this
technique is only applicable to wideband regions and carries a bulky construction, hence may
be a hinderance to its practical use.

The chase for reconfigurability and a better performance is noticeable in [25] where lumped
component bases reconfigurable wideband MMA is presented. Despite the fact that the 90%
absorbance has been achieved, the hurdles still do exist in the area of fabrication cost and
relatively small fractional bandwidth. On the other hand, [26] presents a wideband absorption
structure with promising qualities, however, it is limited in the scope of reconfigurability and
fractional bandwidth. This is a clear sign that MMA design still requires further optimization.
The models [27], [28] and [29], with their superior absorbance capabilities, apply to the field
yet each has its own set of drawbacks, such as polarization sensitivity, high fabrication cost,
and narrow bandwidth limitations. Aside from this, [30] authors have proposed a band splicing
strategy that seeks to widen the tunable bandwidth of MMAs using circular split-rings
containing varactors. Despite the potential, this approach faces limitations including the
material cost and the thickness of the layer which demonstrate the necessity to continue with
research in finding practical solutions.

3. Methodology

The introduced methodology is the workflow for creating metamaterial absorbers by using
Ansys HFSS, which is a software for electromagnetic simulations. It is home to the actions
like the making of geometry, the material assignment, the incorporation of absorbers, the
setting of boundary conditions, the meshing, the solver setup, and the running of simulations
in solving Maxwell's equations. This technique allows us to calculate absorption range width,
antenna performance improvement, efficiency, and Radar Cross Section (RCS) decrease. With
the use of Ansys HFSS, researchers will be able to generalize metamaterial absorbers in depth
giving very helpful information for increasing efficiency of microwave components for
communication purposes.For simulating a metamaterial absorber using Ansys HFSS:

Geometry Creation:Begin by creating the geometry of the antenna structure in Ansys HFSS.
This includes modelling the antenna elements, feed structures, and any additional components
such as ground planes or substrates.

Material Assignment: Assign material properties to all components of the simulation, including
the antenna elements and the metamaterial absorbers. Define the dielectric properties of the
substrate material and the effective electromagnetic properties of the metamaterial structures.

Dielectric Permittivity () and Permeability (u)assignment:These parameters define the
material properties and can be assigned to the substrate material and metamaterial absorbers.
They may be frequency dependent.Example: Dielectric permittivity can be defined as:

e=¢ —je’ 1)
where €’ is the real part and €’ is the imaginary part of the dielectric permittivity.

Integration of Metamaterial Absorbers:Integrate the metamaterial absorbers (SRR-Based,
FSS-Based, Mushroom-Type Metamaterial, Gradient Index Metamaterial) into the antenna
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structure. Place them strategically to optimize their performance in absorbing unwanted
radiation or enhancing antenna characteristics.

Boundary Conditions:Set appropriate boundary conditions for the simulation. Define the
excitation source for the antenna, such as a waveguide port or a coaxial feed. Specify the
frequency range and polarization of the excitation.

Excitation Source Definition:

The excitation source defines how the antenna is excited. It can be represented using equations
such as:

E = Ejei(@t-kn) (2)

where E, is the amplitude, w is the angular frequency, t is time, k is the wave vector, and r is
the position vector.

Meshing:Generate a mesh for the entire simulation domain, ensuring that the mesh is fine
enough to accurately capture the electromagnetic behavior of both the antenna and the
metamaterial absorbers. Pay special attention to mesh refinement near critical regions such as
feed points and metamaterial structures.

Mesh Refinement:

The mesh should be fine enough to accurately capture the electromagnetic behavior. Near
critical regions such as feed points and metamaterial structures, mesh refinement can be
achieved by using equations such as:

Max Mesh Size
Smallest Feature Size

Mesh Density = 3)

Solver Setup:Configure the simulation settings in Ansys HFSS. Choose an appropriate solver
type (e.g., frequency-domain solver) and specify simulation parameters such as frequency
range, convergence criteria, and solution accuracy.

Simulation Run:Run the simulation to solve Maxwell's equations and obtain electromagnetic
field solutions for the antenna system integrated with the metamaterial absorbers. Monitor the
simulation progress and check for convergence.

The simulation solves Maxwell's equations, which can be represented as:

VXE=—p3

. 4)
VXH=¢—

ot

These equations describe how electromagnetic fields interact in the simulation domain.
Table 1: Parameters used for Ansys HFSS

Metamaterial Absorber Design Thickness (mm)
SRR-Based Absorber 2.5
FSS-Based Absorber 3.0
Mushroom-Type Metamaterial 2.2
Gradient Index Metamaterial 2.8
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Absorption Bandwidth and Efficiency

o Utilize electromagnetic simulation software (Ansys HFSS) to model each
metamaterial absorber design.

o Simulate the absorption performance over a range of frequencies to determine the
absorption bandwidth.

o Calculate the absorption efficiency at the peak absorption frequency.
Equation for absorption efficiency (n) :

_n — Pabsorbed X 100%(5)

incident

Empirical measurements and theoretical analysis can also be used to validate the simulation
results.

Antenna Efficiency Improvement

o Use electromagnetic simulation software (Ansys HFSS) to model an antenna system
with and without the metamaterial absorber.

o Calculate the antenna efficiency improvement as the difference in antenna
performance with and without the absorber.

Equation for antenna efficiency improvement:

.. Py —Pyi
Antenna Efficiency Improvement = —ith.absorber_—withoutabsorber. 5 1 (9  (6)

Pyithout absorber

Radar Cross-Section (RCS) Reduction

o Simulate the radar cross-section (RCS) of target structures with and without the
metamaterial absorber using electromagnetic simulation software (Ansys HFSS).

. Calculate the RCS reduction as the difference in RCS values between scenarios with
and without the absorber.

Equation for RCS reduction ( A RCS):
ARCS = RCSwithout absorber Rcswith absorber (7)

4. Results and Discussion

The given text is the result of a research study looking into the application of metamaterial
absorbers in microwave components for wireless networks. The paper assesses different
metamaterial absorber models, such as SRR, FSS, Mushroom-Type Metamaterial and
Gradient Index Metamaterial, with respect to specific performance criteria. These metrics are
based on the metrics of absorption bandwidth, absorption efficiency, antenna efficiency
improvement, and RCS (Radar Cross Section). By a detailed comparison demonstrated in
tables and figures the research paper shows the drawbacks of absorption bandwidth and
efficiency of the metamaterials absorbers and it highlights the potential for increases in the
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antenna performance using metamaterials. The outcomes of the investigation are therefore a
precious contribution to the further development and optimization of metamaterial-based
microwave components for many different wireless applications.

Table 1 presents the absorptive bandwidth and efficiency of different metamaterial absorbers,
which are key factors for selective absorption of electromagnetic radiation. Split-Ring
Resonator (SRR) absorbers feature 2.5 GHz bandwidth with 90% efficiency, and 15% increase
in antenna efficiency. The Frequency Selective Surface (FSS) absorbers cover a broader 4.0
GHz band and have 85% efficiency, which increases the 20% antenna efficiency. One of the
key features of mushroom-type metamaterial absorbers is their 3.8 GHz bandwidth with a 95%
absorption efficiency, so they are the best candidate for improving antenna efficiency by 25%.
Gradient Index Metamaterial absorbers have the widest absorption bandwidth of 5.2
GHz;however their efficiency is still 80%, which gives a 18% antenna efficiency increase. The
comparison of absorption bandwidth vs. efficiency and the presence of gain potential for
antenna performance using metamaterial absorbers is manifested.

Table 1: Comparison of Absorption Bandwidth and efficiency for Various Metamaterial

Absorbers
Metamaterial Absorber | Absorption Bandwidth | Efficiency (%) Antenna Efficiency
Design (GHz) Improvement (%)
Split-Ring Resonator | 2.5 90 15
(SRR)
Frequency Selective | 4.0 85 20
Surface (FSS)
Mushroom-Type 3.8 95 25
Metamaterial
Gradient Index | 5.2 80 18
Metamaterial

== Absorption Bandwidth (GHz) == Efficiency (%) Antenna Efficiency Improvement (%)

\/\

Split-Ring Resona tor Frequency Selective Mushroom- Type Gradient Index
(SRR) Surface (FSS) Metamaterial Metamaterial

Metamaterial Absorber Design

Figure 1: Performance Comparison of Metamaterial Absorber Designs

Figure 1 represents a line graph presenting the performance attributes of various metamaterial
absorber models shown in the table. The horizontal axis represents the Antenna Bandwidth in
gigahertz (GHz), whereas the vertical axis signifies both the Efficiency efficiency (%) and the
Antenna Efficiency Improvement (%) %. Each line on the graph represents a definite
metamaterial absorber design - Split-Ring Resonator (SRR), Frequency Selective Surface
(FSS), Mushroom-Type Metamaterial, and Gradient Index Metamaterial, respectively. The
plot visually reflects how well each absorber design can absorb the incident electromagnetic
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waves within its absorption bands which more efficiency indicates more efficient absorption.
For instance, SRR offers 2.5 GHz absorption bandwidth with 90% efficiency and
improvements in antenna efficiency by 15%. This feature highlights the enhanced performance
of the antenna due to the integration of metamaterial absorber, the higher percentages
representing the higher efficiency such as the reduced reflection of signal and improved signal
reception. This imagery helps with the comparison of absorber designs properties, such as the
absorption bandwidth, the efficiency, and the influence on the performance of the antenna,
contributing to the selection of the proper absorber for specific applications.

Table 2 provides the absorption efficiency of different types of metamaterial absorbers at
various frequencies. Each row corresponds to a specific frequency in gigahertz (GHz), and
each column represents a different type of metamaterial absorber: SRR-Based Absorber, FSS-
Based Absorber, Mushroom-Type Metamaterial, and Gradient Index Metamaterial. The
values in the table depict the absorption efficiencies in percentage (%) of different absorbers
at their corresponding frequencies. For instance, the absorption efficiencies of the SRR-Based
Absorber at 5 GHz are 85% compared to the respective performance of the FSS-Based
Absorber (80%), the Mushroom-Type Metamaterial absorber (90%), and the Gradient Index
Metamaterial absorber (75%). In line with that, the absorber efficiencies of all four types of
absorbers at the frequencies of 8 GHz, 10 GHz, 12 GHz, and 15 GHz are also provided. This
table is an effective tool for the frequency-based comparison of the absorption efficiency
among various metamaterial absorbers which can aid in determining their applicability for
different microwave and wireless systems.

Table 2: Absorption Efficiency of Metamaterial Absorbers at Different Frequencies

Frequency (GHz) | SRR-Based FSS-Based Mushroom-Type Gradient  Index
Absorber (%) | Absorber (%) | Metamaterial (%) | Metamaterial (%)
5 85 80 90 75
8 90 85 95 70
10 88 82 92 78
12 86 78 88 72
15 82 75 85 80
SRR-Based Absorber (%) [l FSS-Based Absorber (%) Mushroom-Type Metamaterial (%)

Gradient Index Metamaterial (%)

100

25 ‘ ‘ ‘ ‘ |
0
5 8 10 12 15

Frequency (GHz)

~
&)

[41]
o

Figure 2: Absorption Efficiency of Metamaterial Absorber Designs Across Frequencies
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Figure 2 presents a bar graph comprising four groups representing various microwave absorber
materials: SRR-based absorber, FSS-based absorber, Mushroom-type metamaterial, and
Gradient-index metamaterial. Each group consists of five bars denoting absorption
percentages at different frequencies: 5 GHz, 8 GHz, 10 GHz, 12 GHz, and 15 GHz
respectively. Results reveal that at 5 GHz the Mushroom-type metamaterial shows the highest
absorption level 90%, while the Gradient index metamaterial shows the lowest 75%
absorption. Mushroom-type metamaterial has multiple outstanding attributes including the
absorption of 95% and 92% at 8GHz and 10GHz frequency, respectively. Along the
frequencies the SRR-type absorber, FSS-based absorber and the Mushroom-metamaterial
typically experience a decrease in absorption amplitude, whereas the Gradient index-
metamaterial reveals varying absorption levels, ranging from 70% at 8 GHz to 80% at 15 GHz.
Over, therefore the bar graph, massively simplifies the ability to compare microwave
absorption between metamaterial absorber types with the consistency being the superiority of
the mushroom-type metamaterial absorption throughout the frequency spectrum.

Table 3 displays the values of RCS reduction of various kinds of MAs (metamaterial
absorbers). Each row of the table represents a particular metamaterial absorber design: SRR-
based, FSS-based, mushroom-type metamaterial as well as gradient index metamaterial. The
number under "RCS Reduction (dB)" column is the reduction in RCS in decibels (dB) caused
by the type of absorber. To illustrate, the SRR-Based Absorber, the FSS-Based Absorber, the
Mushroom-Type Metamaterial absorber, and the Gradient Index Metamaterial absorber reduce
the RCS by 10 dB, 12 dB, 15 dB, and 8 dB, correspondingly. This table presents the data on
the efficiency of different metamaterial absorbers in terms of the reduction of radar cross-
section, which is extremely important for the stealth applications as for knowing the place of
objects by enemy radar systems.

Table 3: Radar Cross-Section Reduction by Metamaterial Absorbers

Metamaterial Absorber Design RCS Reduction (dB)
SRR-Based Absorber 10
FSS-Based Absorber 12
Mushroom-Type Metamaterial 15
Gradient Index Metamaterial 8
15
& 10
£
%] 5
g
0
SRR-Based FSS-Based Mushroom-Type Gradient Index

Absorber Absorber Metamaterial Metamaterial

Metamaterial Absorber Design

Figure 3: Radar Cross Section Reduction by Metamaterial Absorber Designs
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Figure 3 shows the bar chart presenting the RCS reduction (Radar Cross Section) achieved by
various metamaterial absorber models (referred to in the table below). The x-axis illustrates
the Metamaterial Absorber Design, featuring SRR-Based Absorber, FSS-Based Absorber,
Mushroom-Type Metamaterial, and Gradient Index Metamaterial. The y-axis indicates the
RCS Reduction in dB for each absorber design. Each bar on the chart is a representation of a
particular metamaterial absorber design which shows the RCS attenuation achieved by
incorporating the absorber. For example, the RCS is reduced by 10 dB with the SRR-Based
Absorber, by 12 dB with the FSS-Based Absorber, by 15 dB with the Mushroom-Type
Metamaterial absorber and by 8 dB with the Gradient Index Metamaterial absorber. This
visualization gives a direct comparison of the performance of different metamaterial absorber
designs in terms of decreasing the detectability level of objects using radar systems. This is
very crucial for applications that rely on stealth and low radar signatures.

Research article intended is to consider the use of metamaterial absorbers for microwave
component enhancement in wireless applications. Four metamaterial absorber designs—
Split—Ring Resonator (SRR), Frequency Selective Surface (FSS), Mushroom-Type
Metamaterial, and Gradient Index Metamaterial—are appraised based on multiple metrics,
such as absorption bandwidth, absorption efficiency, antenna efficiency improvement, and
reduction of RCS (Radar Cross Section). The comparison in Table 1 displays that there are
trade-offs between bandwidth and efficiency of Mushroom-Type Metamaterial absorbers, and
they have the highest efficiency improvement at 25%. Figure 1 is the graphical representation
of the performance features of the absorber designs. This figure is useful for the selection of
the most appropriate design for specific applications. Table 2 and Figure 2, on the other hand,
give additional information regarding absorbing efficiency differences among different
frequencies, while Table 3 and Figure 3 depict the decrease in RCS accomplished by each
absorber design.

The work reported in this study is a major step forward in comparison with previous studies
which have mainly focused on evaluating one metamaterial absorber design. It allows for a
deep comprehension of different design elements and their trade-offs; thus, researchers can
make an informed decision. Quantitative comparisons increase the value of the findings, which
are not available in qualitative assessments. The use of tools such as line charts and bar graphs
simplify the comprehension of complicated data. The advent of new absorber designs is not
only related to metamaterial research but also it is beneficial in the performance of wireless
components.

5. Conclusion

This research discusses the design and analysis of metamaterial absorbers to study their ability
to improve performance of microwave components in wireless applications. Through the
examination of four different kinds of metamaterial absorber: Split—Ring Resonator (SRR),
Frequency Selective Surface (FSS), Mushroom-Type Metamaterial and Gradient Index
Metamaterial, across metrics of absorption bandwidth, efficiency, antenna performance
enhancement, and Radar Cross Section (RCS) reduction, the paper presents useful
information. The study results show that the absorption bandwidth and efficiency of
Mushroom-Type Metamaterials are negatively correlated, with the highest antenna efficiency
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performance at 25%. The research uses quantitative comparisons and images like line graphs
and bar charts to give a comprehensive view of the specific performance characteristics of
each adsorbent type. investigation and study give rise to the possibility of designing new
absorbers and go beyond the field of metamaterials research whereas microwave component
technology has the potential to be advanced in wireless applications. This research provides a
base for the design of metamaterial absorbers with an eye to the reliability of the design
parameters and design compromises. Through quantitative analysis and visual aid, the research
offers a reliable and understandable finding of the study which will in turn lead to innovation
and improvement in wireless communication systems.
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