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ABSTRACT

In this study, a multi-band, high-absorption, polarization- and angle-
insensitive metasurface absorber (MSA) was designed for potential use in
defense industry applications. In this context, a metasurface absorber capable
of achieving high absorption at four distinct resonance frequencies was
proposed. Electromagnetic (EM) simulations of the proposed metasurface
absorber (MSA) were performed using CST Microwave Studio (CST).
According to the simulation results, the absorber achieved absorption rates
of 99.8%, 99.9%, 96.9%, and 99.02% at 3.5 GHz, 7.1 GHz, 9.4 GHz, and
13.7 GHz, respectively. These resonance frequencies correspond to the S, C,
X, and Ku bands, demonstrating that the design effectively operates across
four different microwave bands and exhibits strong multi-band absorption
characteristics. Due to the symmetric geometry of the metamaterial structure,
the absorber exhibited nearly identical performance under both TE and TM
polarization modes, confirming the polarization-insensitive behavior of the
proposed design. Furthermore, angular stability analysis revealed that the
absorber maintained absorption levels above 80% for incident angles up to
60°, indicating strong robustness and angle insensitivity. To provide a deeper
understanding of the absorption mechanism, detailed analyses were
conducted on the structure’s characteristic impedance, surface current
distributions, and electric and magnetic field intensities at each resonance
frequency. Additionally, to validate the simulation accuracy, an equivalent
circuit model (ECM) of the proposed metasurface absorber was developed
using the Advanced Design System (ADS), and the results were compared
with those obtained from CST simulations.

Research Article

1. Introduction

Metamaterial absorbers (MMA) have recently
become a significant research topic in various fields
such as electromagnetic (EM) and microwave
applications. The first important study in this area was
conducted by Landy et al., who designed the first
metamaterial absorber achieving high absorption
(Landy et al., 2008). The concept of metamaterials
was initially proposed theoretically by Veselago in

the 1960s. Veselago suggested that materials
exhibiting  simultaneously  negative  electric
permittivity (€) and negative magnetic permeability
(w) could possess a negative refractive index. These
theoretical predictions were later experimentally
validated by Pendry et al. In 1998, they demonstrated
structures with negative electric permittivity (Pendry
et al.,, 1998), followed by structures exhibiting
negative magnetic permeability in 1999 (Pendry et
al., 1999). By combining these two properties,
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metamaterials were realized, enabling their
fabrication and use in EM applications.

Metamaterials, owing to their unique EM properties
that do not exist in nature, enable effective control
over the propagation, direction, frequency, and
polarization characteristics of EM waves (Y. Wang et
al., 2019). With these distinct features, metamaterials
have gained significant prominence in various
application fields such as the defense industry (Singh
& Gupta, 2022), telecommunications (Meenakshi et
al.,2022), biomedical engineering (Chen et al., 2025),
and image processing (Padilla & Averitt, 2022).
Moreover, they are widely utilized in the design of
functional structures such as wave-absorbing
materials (Kurt et al., 2025), polarization converters
(Ozturk et al., 2023), performance-enhancing
elements in antenna systems (Li et al., 2024), radar
cross-section reduction structures (Alahmed Albasry
et al., 2025), and sensor systems (Rashedul Islam et
al., 2022).

MMA designs are generally constructed using a lossy
dielectric material placed between two metallic
layers. This dielectric layer plays a crucial role in the
absorption of EM waves. For this purpose, dielectric
materials such as FR-4 (Kurt et al., 2025), Rogers
(Khalil et al., 2025), quartz (Prince & Anowar, 2025),
F4-B (Kamal et al., 2023), and Arlon (Teber, 2024)
are commonly used in the intermediate layer. When
selecting the material to be used in this layer for
MMA designs, several factors must be considered,
including dielectric loss, dielectric constant,
mechanical strength, cost, and ease of fabrication.
FR-4 stands out due to its low cost, easy availability,
and high mechanical robustness. Its compatibility
with PCB (Printed Circuit Board) fabrication
techniques simplifies the manufacturing process and
provides a cost advantage. Additionally, its balanced
structure in terms of rigidity and flexibility minimizes
deformation risks and enhances structural reliability.
For these reasons, FR-4 was chosen as the substrate
material in this study. Rogers, on the other hand, is
another dielectric material known for its low
dielectric loss and stable performance at high
frequencies; however, it is more expensive compared
to FR-4. Quartz is preferred in precise and high-
frequency applications due to its very low losses, but
its brittle nature makes it difficult to process.
Specialized materials such as F4-B and Arlon offer
advantages in terms of low loss and stable
performance, yet their high cost limits their
widespread use.

While MMA’s are generally realized using a metal—
dielectric—metal trilayer configuration, alternative

structural designs include single-layer absorbers
(Zheng et al., 2024) as well as multilayer
arrangements (Hasar et al., 2025). Metasurface
absorber (MSA) structures can be designed with
narrowband (Y. Xie et al., 2023), multiband (Luo et
al., 2021), or broadband (T. Xie et al., 2022)
characteristics  depending on the targeted
applications. To enhance broadband absorption
performance, some designs integrate passive circuit
elements such as resistance (R), inductance (L), and
capacitance (C) into the metamaterial structure
(Ardeshana et al., 2025). In other approaches, thin-
film coating techniques are applied to enhance
impedance matching, thereby achieving effective
absorption over a wider frequency range (W. Wang et
al., 2021).

In this study, a MSA operating at microwave
frequencies was designed by utilizing the EM wave
absorption capability of metamaterials. The
developed MSA aims to absorb incident EM waves at
specific resonance frequencies without transmission
through the structure and with minimal reflection.
Thus, by trapping the waves within the structure, a
high-performance absorber suitable for various
microwave applications is presented. The conductive
(copper) layer placed on the backside of the
metasurface (MS) is intended to completely block
EM transmission and achieve zero transmission (S21)
The resonator structure on the front side and the
dielectric material in the intermediate layer play a
crucial role in controlling the reflection coefficient
(S11) Accordingly, the dielectric properties and
resonator geometry were carefully optimized to
ensure effective absorption.

The primary aim of this study is to design and
evaluate an MSA operating at microwave frequencies
that exhibits high absorption, features a structurally
thin profile, and offers ease of fabrication.

Within this context, a comprehensive literature
review was conducted, and the proposed MSA was
systematically compared MSA was systematically
compared against existing works based on multiple
criteria, including the number of absorption bands,
maximum  absorption  efficiency,  material
composition, structural thickness, and performance
under varying incident angles. The comparative
analysis demonstrates that the designed MSA
outperforms analogous structures reported in the
literature in terms of these parameters, thereby
providing an enhanced absorption capability suitable
for advanced microwave applications.
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2. Material and Methods

Figure 1(a—b) shows the unit cell structure of the
proposed quad-band MSA and the positions of its
geometric  parameters, modeled wusing CST
Microwave Studio. The design uses copper for both
the top and bottom layers, with an electrical
conductivity of 5.8x107 S/m. The middle layer is
made of an FR-4 dielectric substrate, which has a
relative permittivity &,=4.3, relative permeability of
W= 1, and a loss tangent of tand = 0.025. The copper
layers are each 0.035 mm thick, and the FR-4
substrate has a thickness of 1 mm.

Figure 1: Schematic view of the MSA unit cell

The geometric parameters of the proposed MSA
structure are as follows: L = 8.8 mm, d1 = 8.6 mm, d2
=82 mm, rl = 3.14 mm, ml =2.91 mm, r2 = 2.53
mm, m2 =2.3 mm, r3=1.76 mm, m3 = 1.53 mm, r4
=0.99 mm, m4 =0.77 mm, t = 0.035 mm, h=1 mm,
x =3 mm, and y = 0.1 mm.

Scattering parameters (S-parameters) are commonly
used to analyze the EM responses (reflection and
transmission  characteristics) at  microwave
frequencies. Using S-parameters, the absorption
function A(®) of the MSA can be obtained as shown
in Equation (1-2) (Hakim et al., 2021).

A(@) =1 =[S (W)]? =[Sz (W)|? €]
Aw) = 1 — R(w) — T(w) 2)

In this context, A(w) represents the frequency-
dependent absorption ratio of the MS structure;
|S11(w)|? corresponds to the reflected component,
and |S,;(w)|? represents the transmitted EM wave
component. Since the bottom layer of the proposed
metal—dielectric-metal structure is fully coated with
a conductive material (copper), the transmission of
EM waves through the structure becomes effectively
zero. Therefore, the S,;(w) parameter can be
considered negligible, and the transmission through
the structure is approximately zero. Under this

condition, the absorption ratio can be associated
solely with the reflection component, making the
expression A(w) = 1 — R(w) valid.

To confirm the metamaterial properties of the
proposed MS unit cell, precise determination of the
structure’s electric permittivity and magnetic
permeability parameters is essential. The Nicolson—
Ross—Weir (NRW) technique was selected for
extracting these EM parameters owing to its
straightforward  implementation and  proven
analytical reliability. The Nicolson—Ross—Weir
(NRW) method enables precise extraction of the
material’s relative electric permittivity (g, ), magnetic
permeability (W), refractive index (n,), and
normalized impedance (Z,) based on the simulated
reflection (S;;) and transmission (S,;) scattering
parameters of the structure. The relevant parameter
retrieval calculations were performed according to
the mathematical expressions detailed in Equations
(3-6) (Billa et al., 2024).

2 1—(514+511)

= jwd 1+ (S314511) ®)
2 1—(521-S11)
- 4
Hr jwd 1+ (S31-S11) @
_ ¢ (S21-1)% = (811)?
ny = - 5 > (%)
jrfd | (Sz1+1)2 = (511)

Hr (14 511)% = (521)?
= [T = 6
& ﬁ J A—S7 &7

3. Results and Discussion

This study assessed the EM behavior of the proposed
MSA through simulations performed in CST
Microwave Studio (CST). During the simulation
process, unit cell boundary conditions were applied
assuming that the structure is periodically repeated
infinitely, and Floquet modes were defined to
perform the analyses in the frequency domain. The
MSA was illuminated by a plane EM wave, where the
electric field (E) points along the y-axis, the magnetic
field (H) along the x-axis, and the wave vector (k)
along the z-axis, covering frequencies from 1 to 18
GHz. These settings approximate practical operating
conditions (normal incidence, periodic array),
improving the relevance of the simulation results. The
simulation results are shown in Figure 2. According
to the data, the absorber reaches absorption rates of
99.8%, 99.9%, 96.9%, and 99.02% at 3.5 GHz, 7.1
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GHz, 9.4 GHz, and 13.7 GHz, respectively,
corresponding to the S, C, X, and Ku frequency
bands.
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Figure 2: Absorption performance of the unit cell simulated
by CST
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In MSAs developed for microwave applications,
maintaining high absorption performance despite EM
waves incident from different incident angles is
crucial. Figure 3(a-b) presents the absorption
performance of the proposed MSA under TE and TM
modes at various polarization angles (J= 0°, 30°, 60°
and 90°). In both modes, the absorption profile does
not change with respect to the polarization angle. This
indicates that the structure operates independently of
polarization. In addition to these results, Table 1
provides detailed resonance absorption values for the
TE mode under different polarization angles, while
Table 2 presents the resonance absorption values for
the TM mode. These tables confirm, through

numerical data, the polarization independence
observed in the graphical results.
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Figure 3: Effect of polarization angle variations on the absorption spectrum: (a) TE mode, (b) TM mode.

Table1: Resonance absorption values for TE-mode under different polarization angles.

TE Mode Resonance Frequency (GHz)
Absorption Rate
@3=0 3,5 GHz %99.8 7,1 GHz %99,9 9,4 GHz %96,9 13,7 GHz %99
@ =30 3,5 GHz %99,4 7,1 GHz %98,8 9,4 GHZ %95,2 13,7 GHz %98,5
@ = 60" 3,5 GHz %98,8 7,2 GHz %98,2 9,5 GHZ %90,2 13,6 GHz %96,5
@ =90 3,5 GHz %97,4 7,2 GHz %95,7 9,5 GHZ %9%4,8 13,6 GHz %964

Table2: Resonance absorption values for TM-mode under different polarization angles.

TM Mode Resonance Frequency (GHz)
Absorption Rate
3=0 3,5GHz %99,8 7,1 GHz %99.,9 9,4 GHz %96,9 13,7 GHz %99,02
@ =30 3,5GHz %99,4 7,1 GHz %98,8 9,4 GHZ %95,2 13,71 GHz %98
@ =60 3,5GHz %98,8 7,2 GHz %98,2 9,5 GHZ %90,24 13,68 GHz %9%6,5
@ =90 3,5GHz %97,4 7,2 GHz %95,68 9,5 GHZ %9%4,8 13,6 GHz %96,4
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3, while the detailed results for the TM mode
presented in Figure 4(b) are given in Table 4. The
findings indicate that the absorber maintains an
absorption level above 80% up to an incident angle of
60°, demonstrating high stability against variations in
the angle of incidence.

Figure 4(a—b) presents the absorption performance of
the proposed MSA under TE and TM modes for
incident angles ranging from 0° to 75° with
increments of 15°. The detailed absorption values
corresponding to the oblique incidence angles in the
TE mode shown in Figure 4(a) are provided in Table
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Figure 4: Absorption performance of the MSA under different incident angles: (a) TE mode, (b) TM mode

Table3: Resonance absorption values for the TE mode under different oblique incidence angles.

TE Mode Resonance Frequency (GHz)
Absorption Rate
0=0 3,5 GHz %99,8 7,1 GHz %99,9 9,4 GHz %96,9 13,7 GHz %99
9 =15 3,5 GHz %99.,4 7,1 GHz %99 9,4 GHz %95,2 13,7 GHz %98,5
8 =30 3,6 GHz %96,8 7,2 GHz %98,2 9,5 GHz %90,2 13,6 GHz %96,5
0 =45’ 3,7 GHz %934 7,2 GHz %94,7 9,5 GHz %87,8 13,6 GHz %92
8 =60 3,8 GHz %82 7,2 GHz %86,1 9,5 GHz %80,2 13,6 GHz %80,7
9 =75 3,8 GHz %56 7,2 GHz %59,3 9,5 GHz %49.,4 13,6 GHz %54.,9

Table4: Resonance absorption values for the TM mode under different oblique incidence angles.

Resonance Frequency (GHz)
Absorption Rate

TM Mode
=0
=15
8 =30
0 =45
8 =60
=75

3,5 GHz %99,8
3,5 GHz %99,7
3,6 GHz %96,8
3,7 GHz %98 4
3,8 GHz %97,3
3,8 GHz %84.2

7,1 GHz %99,9
7,1 GHz %99,2
7,2 GHz %98,2
7,2 GHz %97,7
7,2 GHz %96,5
7,2 GHz %84,2

9,4 GHz %96,9
9,4 GHz %948
9,5 GHz %91,2
9,5 GHz %95,6
9,5 GHz %80,2
9,5 GHz %90

13,7 GHz %99

13,7 GHz %98,66

13,6 GHz %97,5
13,6 GHz %97,4
13,6 GHz %95
13,8 GHz %77,4
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(c) 9.4 GHz (d) 13.7 GHz

Figure 5: E distribution presentations for the proposed unit

cell MSA.

To gain deeper insight into the working principle of
the proposed MSA, the E, H, and surface current
distributions were analyzed at 3.5 GHz, 7.1 GHz, 9.4
GHz, and 13.7 GHz. Figure 5 shows the E patterns at
these frequencies. The red areas in the images
highlight where the E is strongest, indicating
resonance regions where the structure absorbs and
dissipates EM energy.

PAEARR ARt tiiiaR £ 10

(b) 7.1 GHz 2

c) 9.4 GHz R
Figure 6: H distribution presentations for the proposed unit
cell MSA.

When compared with Figure 5, it is observed that the
E and H intensities are concentrated in different
regions of the unit cell at the same resonance
frequencies. This distribution confirms that the
electric and magnetic fields exhibit sinusoidal
variation and are oriented in mutually perpendicular
directions, consistent with the nature of
electromagnetic wave propagation. Figure 7 presents
the surface current distributions of the designed
MSA. When these distributions are compared with
the H distributions in Figure 6, it is observed that the
current densities are formed in regions where the H is
strong and occur at the same frequency points. This
demonstrates the relationship between surface
currents and H and supports Maxwell’s equations.

c) 9.4 GH:

(d) 13.7 GHz

Figure 7: Surface current distribution presentations for the

proposed unit cell MSA.
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Figure 8: Frequency-dependent variations of the proposed MSA’s (a) normalized impedance, (b) effective electric permittivity

(e), and (c) effective magnetic permeability (p) graphs

To analyze the metamaterial behavior, the
expressions given in Equations (3—6) were integrated

into the MATLAB program, and graphs of the
normalized impedance as well as the effective electric
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and magnetic permittivity were obtained and
evaluated. Figure 8(a) shows the frequency-
dependent variation of the normalized input
impedance of the proposed MSA. The real part of the
input impedance approaching one and the imaginary
part approaching zero indicates that the structure
achieves impedance matching with free space,
resulting in high absorption at specific frequencies.
Figures 8(b—c) present the electric permittivity and
magnetic permeability values, respectively. The
presence of negative values in either € or p within
certain frequency ranges indicates that the structure
exhibits ENG (epsilon-negative) or MNG (mu-
negative) characteristics. This confirms the
metamaterial behavior that forms the foundation of
the absorption mechanism.

To verify the simulation results of the proposed
metasurface absorber, an equivalent circuit model
(ECM) of the unit cell was implemented in ADS. The
circuit parameters were optimized to match the
targeted resonance frequencies. The ECM is shown in
Figure 9, and the detailed component values are listed
in Table 5. Figure 10 presents a comparison between
the reflection coefficient (Si1) responses obtained
from ADS and CST Microwave Studio. The good
agreement observed at the resonance frequencies
confirms the validity of the equivalent circuit model
and supports the accuracy of the proposed design.

i 1

C2 C12

R1 Ré6
Incident Port — C1 C11
A L e

L1 L6

-

Figure 9: ECM of the proposed MSA
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Figure 10:Reflection coefficient of the proposed MSA from
ADS and CST results

Table5: Component values used in the ECM of the proposed MSA.

Resistance (Q) Inductance (nH) Series Capacitance (fF) Parallel Capacitance (fF)
R1=12.6641 L1=8.82691 C1=46.0986 C2=13.0426
R2=14.289 L2=33.6335 C3=50.363 C4=11.1959
R3=11.8661 L3=9.6951 C5=23.7446 C6=6.54686
R4=10.6982 L4=6.28955 C7=1120140 C8=5.77645
R5=12.6751 L5=12.2318 C9=8.11268 C10=3.14665
R6=9.36673 L6=7.2046 C11=2.2441 C12=3.9155

According to the comparison presented in Table 6, the
proposed MSA demonstrates superior performance
compared to the other study (Errajraji et al., 2025) by
achieving over 95% success in absorption rate at all
resonance frequencies. It has a higher number of
bands compared to the other study (Afsar et al.,
2024). Its ability to operate at four different
frequencies simultaneously indicates that it is more
functional in terms of operating frequency than the
other studies in the literature (Afsar et al., 2024;
Binda et al., 2023; Ila & Yaldiz, 2024; Jahan et al.,
2023). The use of FR-4 material in the proposed MSA
offers a more cost-effective and production-friendly
structure compared to the other study (Jahan et al.,
2023). Additionally, it exhibits satisfactory oblique

incidence performance up to 60°. Considering all
these features, the proposed MSA stands out from
similar designs in the literature with its high
absorption rate, multi-band operation capability, ease
of fabrication, and low-cost structure.
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Table6: Comparison of the proposed MSA with similar structures in the literature.

Reference Resonance Operating Number Material Thickness Incident
Frequency (GHz)- Frequency of Angle
Absorption Rate Bands
(Binda et al., 5.026 (%95.67), C, X and Ku 4 FR-4 0.8 mm TE=30
2023) 8.582 (%99.16), £=0.01344, TM=60
11.73 (%95.97)and
15.036 (%97.02)
(Jahan et al., 4.87 (%99.9), 7.49 C,X and Ku 4 Rogers 1,575 mm -
2023) (%99.9), 11.78 RT5870 £=0.0254,
(%99.9) and 13.09
(%99.8)
(Ila & 2.01 (%99.79), 3.51 S, Cand X 4 FR-4 1.6 mm 60
Yaldiz, (%98.84), 7.26 £=0.01074,
2024) (%99.86) and 9.41
(%98.98)
(Afsaretal.,,  3.02(%99.86),5.71 S, Cand X 3 FR-4 1.6 mm 75
2024) (%97.58) and 8.36 £=0.0164,
(%97.46)
(Errajraji et 3.84 (%98.49), 7.41 S,C,X and Ku 4 FR-4 0.8 mm 60
al., 2025) (%95.94), 10.56 £=0.01024,
(%94.00) and 15.66
(%99.88)
This work 3.5 (%99.8), 7.1 S,C,X and Ku 4 FR-4 1 mm 60
(%99.9), 9.4 (%96.9) £=0.0114,

and 13.7 (%99.02)

4. Conclusion

In this study, a four-band MSA operating in the S, C,
X, and Ku frequency bands was designed. The
absorber showed high absorption rates of 99.8%,
99.9%, 96.9%, and 99.02% at 3.5 GHz, 7.1 GHz, 9.4

GHz, and 13.7 GHz, respectively. Similar
performance was observed for both TE and T™M
polarizations, indicating that the design is
polarization insensitive. Additionally, tests at

different angles of incidence revealed that the
absorption remained above 80% up to 60°. To further
verify the simulation results, an ECM of the unit cell
was created and simulated using ADS software. The
ADS model results showed strong agreement with the
CST simulations, confirming the accuracy of the
study. This consistency supports the reliability of the
design and its potential for practical applications.
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