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ABSTRACT: A compact metasurface absorber based on a novel combination of concentric split-ring resonators (SRRs) and arc dipoles is
presented in this work. The proposed CSAD-based absorber with a copper structure consists of quad dipoles and SRRs with a dielectric
constant of 4.3 and loss tangent of 0.02. The design resonates near the frequency of 17 GHz with a bandwidth of 300 MHz and 99.9%
absorption. The symmetric single-band metasurface allows for polarization-independent, angle-stable absorption up to 60°. The unit cell
size for the proposed design is 10.375 x 10.375 x 1.6 mm?>. It can be used for reducing the radar cross-section for stealth applications,
such as UAVs that require selective frequency absorption. Simulations closely match observations, verifying the metasurface’s high
stability and demonstrating its usefulness for practical electromagnetic validations.

1. INTRODUCTION

etamaterials are periodically arranged materials having
Msubwavelength structures designed to manipulate electro-
magnetic waves, which are artificially engineered structures,
not naturally occurring materials. The generation and manipu-
lation of electromagnetic waves are employed using radio fre-
quency (RF) components, such as low noise amplifiers (LNAs)
[1], antennas, power amplifiers, and metasurfaces. In contrast,
metasurfaces are essentially two-dimensional counterparts of
metamaterials; they offer a simpler and highly efficient ap-
proach for electromagnetic devices [2]. Recent wearable meta-
surface improvements have been made in simpler, lightweight,
and easily made designs to improve performance. Thin, flexi-
ble metasurfaces precisely regulate electromagnetic waves for
antennas, cloaking, and imaging, allowing for dynamic waveg-
uiding, beam steering, and sophisticated beam shaping [3-5].
Metasurfaces can provide polarisation conversion and stealth at
17 GHz. A 22 x 22 array controls an electromagnetic wave for
sensors and antennas in microwave to optical ranges with fre-
quencies of 7.1-8 GHz and 13.3-25.8 GHz [6]. Recent meta-
surface designs efficiently adjust terahertz wave polarization
from 2.04 to 5.33 THz with 89% bandwidth, over 90% po-
larization conversion ratio (PCR), and a 10dB reduction in
radar cross-section (RCS), allowing for enhanced wave con-
trol and modelling in stealth and electromagnetic (EM) appli-
cations [7,8]. A compact metasurface antenna with square
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split-ring and U-shaped elements operates at 3.5 GHz with
dual beams at +45° and reflection below —10dB, improving
5G Pico cell performance with high capacity and low inter-
ference [9]. Dartboard metasurfaces use polarization conver-
sion unit cells to create orbital angular momentum while re-
ducing RCS. With over 10dB RCS reduction (RCSR) from 4
to 17.1 GHz, they improve stealth by reducing radar visibil-
ity without impacting antenna performance, which is critical
for advanced aircraft and defence applications [10, 11]. An
ultra-wideband metasurface absorber is proposed to achieve
over 90% absorptance from 5.5 to 36.56 GHz with angular sta-
bility up to 40°. Fabricated arrays demonstrate performance
in the X-, Ku-, and K-bands, enabling superlensing, polarisa-
tion control, and RCS reduction [12,13]. A compact, ultra-
thin metasurface enhances ultra-high frequency (UHF) radio
frequency identification (RFID) performance by reducing re-
flections and boosting gain. It achieves > 99% absorption at
9.35, 15.21, and 19.76 GHz, dual-band polarisation conversion
(14.6-26.8 GHz, 31-33.5 GHz), and stable PCR > 0.9 up to
50° incidence [14—16]. Metasurfaces reduce RCS by up to
17.2dB across 11-17 GHz, offering lightweight, easily fabri-
cated solutions for stealth and aerospace applications. Future
research targets reconfigurable metasurfaces for adaptive elec-
tromagnetic wave control [17-19]. A unique golden-frequency
selective surface (G-FSS) with closely spaced dual-band-stop
features provides adequate shielding for C- and X-band applica-
tions. Its golden fractal-based design, paired with symmetrical
construction, provides outstanding angular stability, minimal
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FIGURE 1. (a) Analysis of the proposed CSAD unit cell in stages. (b) Reflection coefficient for stages 1, 2, 3, and final design.

RCS, and adaptation to conformal surfaces, making it particu-
larly ideal for military applications [20].

In this work, a metasurface based on a novel combination of
concentric split ring resonators (SRRs) and arc dipoles is pre-
sented. It consists of quad arc dipoles and SRRs with a dielec-
tric constant of 4.3 and loss tangent of 0.02. The symmetric
single-band metasurface size is 10.375 x 10.375 x 1.6 mm?. It
resonates near the frequency 17 GHz and consists of bandwidth
300MHz. The Concentric-SRR Arc-Dipole (CSAD) based
metasurface shows an absorption of 99.9% and demonstrates
polarization-independent and angle with a stable absorption up
to 60°. Due to these characteristics, it is suitable for stealth
applications.

Following the introduction, Section 2 represents a detailed
theoretical and structural description of the CSAD metasurface,
including its geometric configuration and electromagnetic op-
erating mechanism. Section 3 investigates the array analysis of
the unit cell, with dedicated subsections examining 2 x 2 and
4 x 4 finite array configurations to validate periodicity and mu-
tual coupling effects. Section 4 describes the absorption charac-
teristics of CSAD structure. Section 5 discusses a comprehen-
sive parametric analysis by varying key geometrical parameters
to evaluate their influence on performance. Section 6 examines
the angular stability of the metasurface up to 60° oblique angle
of incidence for TE and TM polarizations. Section 7 analyzes
the E-field distribution and surface current distributions to in-
vestigate the absorption mechanism. Section 8 demonstrates
the RCS reduction capability. Section 9 compares the proposed
metasurface with previously reported designs to highlight its
relative advantages. Finally, the paper is concluded with Sec-
tion 10.

2. ANALYSIS OF CSAD UNIT CELL

The design analysis of the proposed CSAD is illustrated in Fig-
ure 1. Introducing from Stage 1, the unit cell is designed with
two split rings [21], which form an LC resonator with induc-
tance from the current loop and capacitance from the narrow
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gaps. Although a high electric field occurs within the gaps,
limited free-space coupling results in poor impedance match-
ing, providing a narrow resonance with S1; below 10dB at
17 GHz. In Stage-2, the central metallic strip increases induc-
tive loading and strengthens near-field electric-magnetic cou-
pling with the split-ring resonator [22], slightly shifting the
resonant frequency upward and improving impedance match-
ing. However, the achieved reflection coefficient remains lim-
ited to around —12dB. In Stage-3, after several design itera-
tions, a unit cell combining concentric split-rings, a conduc-
tive strip, and arc-dipole elements [23] is introduced to en-
hance capacitive—inductive coupling. This coupling configu-
ration improves impedance matching approximately equal to
free space, and the periodic conductive strip array exhibits dis-
tributed LC behaviour, but with poor selectivity and an absence
of a distinct S7; resonance. In Stage-4, by introducing 1 mm
wide slots in the ground plane with a copper layer, the peri-
odic strip array exhibits distributed LC behaviour characteris-
tics, and the performance is significantly improved. The final
design achieved an S7; of —33 dB at 17 GHz, illustrated in Fig-
ure 1.

The design of the CSAD unit cell is shown in Figure 2.
The Concentric-SRR Arc-Dipoles (CSADs) combine a dual-
split-ring resonator (SSR) and four curved dipole-like arc ex-
cite magnetic and electric resonances. It features two crossed
dipoles combined with a symmetric circular Split Ring Res-
onator (SRR). Additionally, semi-circular metallic sheets are
integrated onto a substrate, with a dielectric constant of 4.3,
which has the width of 1.6 mm. A ground plane is included on
the back to the substrate to establish a uniform electric field and
minimize transmission losses. This ground plane is made up of
copper with a thickness of 0.035 mm.

The unit cell structure incorporates dual circular ring res-
onators along with parallel copper plates. The overall dimen-
sions of the unit cell design are shown in Table 1.

This structural configuration is optimized for effective elec-
tromagnetic performance at 17 GHz frequency.
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FIGURE 2. The proposed CSAD design, (a) front view, (b) prospective view, and (c) back view.

TABLE 1. The dimensions of the proposed design.

Factor | Value (mm) | Factor | Value (mm)
L, 10.375 73 5
w1 0.5 T, 1.6
w2 0.6 g 1
1 1.5 gs 1
T2 35 ds 2.5

By simulating, the proposed unit cell comprising CSAD in
Computer Simulation Technology (CST) Studio, various key
parameters were analyzed, including return loss, parametric
analysis of w, TE and TM modes, Absorption, RCS reduction,
and effective permeability. The unit cell is modelled with pe-
riodic boundary conditions and waveguide ports to accurately
represent electromagnetic behavior. A higher return loss (more
negative dB value) indicates lower reflection and improves
impedance matching, while values closer to 0 dB imply poor
matching and greater reflection. The simulated and measured
results are realized in Ku-band (12 GHz-18 GHz) of frequency
according to boundary conditions, shown in Figure 3.

2.1. Robust Retrieval Method

To obtain the effective permittivity and permeability of a meta-
material, the structure is modeled as an equivalent homoge-
neous medium. Under this assumption, the effective parame-
ters can be extracted using reflection Sj; and transmission S,
coefficients. For EM wave incident normally on a homoge-
neous of thickness L, with the coordinate origin located at the
first interface of the slab, S} corresponds to the reflection coef-
ficient. The transmission coefficient 7" is related to .S through
the relation [24]
521 = Teikod

ko denotes the free-space wavenumber to incident wave. The
retrieved S-parameters can be used to determine refractive in-

dex n and impedance Z of the metamaterial, as described
in [25-27].

R01 1— einkod
5, = Bl oem) W
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FIGURE 3. Frequency response for proposed design (S11).

where Ry = 2.

For CSAD metasurface absorbers, the ground plane reduces
wave transmission, making the transmission coefficient negli-
gible. The EM response of metasurface can be determined us-
ing the surface impedance, Zsurface [28]. As mentioned, the
refractive index and impedance matching can be obtained from
the above equations as

U 4s) 83
Zsur face = :I:\/(1 o) ) 3)
n = g { [ ) " 2ma] i fin(e )} o

The permittivity and permeability can be measured using (3)
and (4). The above relation derives EM boundary conditions
that interface between free space (Zy) [28] and an impedance
surface, which shows impedance matching behaviour of the
metasurface. The CSAD metasurface is backed with a ground
plane, and then the effective permeability can be approximated
using

Permittivity ¢ =

©)

w3

Permeabilityp = n-Z (6)
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Relative permeability is a material that defines how a
medium reacts to a magnetic field in relation to space (Z).
It is essential for manipulating electromagnetic waves,
particularly on constructed surfaces such as metasurfaces.
Metasurfaces are meant to alter a surface’s electric and mag-
netic reactions to control wave behaviour such as reflection,
transmission, and polarisation. Negative permeability at
Ku band of frequencies leads to a negative refractive index,
backwards wave propagation as shown in Figure 4.
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FIGURE 4. Relative permeability.

3. ARRAY ANALYSIS OF CSAD

3.1. 2 x 2 CSAD Metasurface

A single unit cell is idealized and assumes infinite periodicity
because of periodic boundary conditions. In practical imple-
mentations, finite arrays (e.g., 10 x 10 or 20 x 20) and even
2 x 2 provide a closer approximation of how genuine metasur-
faces operate.

Now the proposed unit cell is arranged in a 2 * 2 array of
unit cells, which acts as a metasurface. By simulating the pro-
posed 2 x 2 metasurface unit cell design as shown in Figure 5,
the S-parameters were measured across a frequency range cen-
tered around 17 GHz which are represented in Figure 6. These
parameters help determine how the metasurface interacts with
incident electromagnetic waves — specifically, whether it re-
flects or transmits them. The electromagnetic response of the
metasurface varies with frequency, revealing key performance
characteristics such as resonance behaviour and absorption.

In the simulation setup, the design was configured using a
2 X 2 array in the pattern tool. Appropriate boundary conditions
were defined to accurately model the periodic behaviour and
ensure the reliable extraction of the scattering parameters (S11,
So1, etc.)

Set the simulation conditions by applying appropriate bound-
ary settings and utilising a Floquet port to excite the structure.
Perform the simulation in the frequency domain, and define
field monitors specifically at 17 GHz to capture the necessary
field distributions. Monitor the S-parameters, particularly S,
and S21, to analyze the reflective and cross-polarised responses.
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These parameters are essential for evaluating the metasurface’s
behaviour within the Ku-band (12-18 GHz), especially for ap-
plications involving stealth technology.

3.2. 4 x 4 CSAD Metasurface

Finally, construct a 4 * 4 metasurface unit cell design shown in
Figure 6, where the periodicity of unit cell increases, then the
proposed design will perform more accurately.

The unit cell must be arranged periodically to produce a 4 x 4
array, like a far-field radiation pattern, RCS, or coupling anal-
ysis.

The S-parameters must be calculated, and responses for a
4 x 4 array are as shown in Figure 11. To analyze the results,
the unit cell will be kept under a waveguide, i.e., vector analyzer
as shown in Figure 7.

4. ABSORPTION OF CSAD

The absorbance of a metasurface unit cell can be calculated
for the proposed design, in which it can achieve high absorp-
tion over the Ku band for frequency ranges, often exceeding
90% as shown in Figure 8. The high absorbance can be ob-
tained by varying the CSAD’s geometry, structure, and mate-
rial properties. The absorbance is calculated using the formula
A=1-R, —T,, where R, = |Si1|*> and T, = |S,;|? are the
reflectance and transmittance derived from the S-parameter, re-
spectively. The function of the metasurface unit cell is absorp-
tance (A) [25], and it can be calculated using a mathematical
expression

2 2

A=1—[5]" —|[Sa] (7
Since there is no transmission at So1, i.e., So1 = 0, absorbance
expression becomes

A=1—|5)? (®)

5. PARAMETRIC ANALYSIS OF THE PROPOSED AB-
SORBER

A parametric analysis is performed to assess how parameters af-
fect the design performance, length, width, and angle of the de-
sign, also the effect of incidence angle 6 and polarization. The
S-parameter and absorptivity can be observed by modifying the
length and width of the design L, as shown in Figures 9(a) and
(b).

The observed S-parameters and absorption are represented in
Table 1. As parameter L increases, the reflection coefficient
decreases at L, = 10.375 mm, and its reflection is —35.4 dB,
indicating optimum impedance matching with free space. Also,
absorbance is improved from 96% to 99%, and higher increases
in L4 generate mild detuning, resulting in a minor loss in reflec-
tion performance, as illustrated in Table 2.

6. ANGULAR STABILITY

Angular stability measures how well the metasurface absorber
maintains its absorption performance as the incident angle (©)
increases. The suggested geometry is analyzed for polarization
angles ¢ = 0°,20°,40°, and 60°, and the corresponding ab-
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sorption characteristics are observed under oblique incidence.
A highly angularly-stable absorber has high absorption with
very little resonance shift for oblique incidence angles up to
60° for both TE and TM polarizations..

TE and TM modes: This research explores the polarisation
stability of the proposed unitcell configuration via both trans-
verse electric (TE) and transverse magnetic (TM) analysis, as
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shown in Figures 10(a) and 10(b). Moreover, owing to the geo-
metric configuration and symmetry, both TE and TM polarisa-
tions exhibit significant angular stability. For TE polarisation,
incidence angles of 0°, 20°, 40°, and 60° yield S}, values ex-
ceeding —15 dB across the frequency band, as demonstrated in
Figure 10(a). Figure 10(b) indicates that the stopband surpasses
the resonant stopbands by more than —15 dB.
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Additionally, the bandwidth ratio approaches unity for both
bands, signifying enhanced angular stability. Figure 10(b)
presents the simulated and measured S1; magnitude curves for
TM polarisation. When an electromagnetic wave strikes the
absorber at an oblique incidence angle of 60°, the TE and TM
modes reveal unique responses in the electric (F) field with the
surface configuration, as represented in Figure 10.

Polarization sensitivity of CSAD is defined by the depen-
dence of its absorption characteristics on the incident wave
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TABLE 2. Observations in parametric analysis of L, from 10.125 to
10.5 mm.

Variation in Resonating Reflection | Absorbance
size L, (mm) | Frequency (GHz) | value (dB) (%)
10.125 17.426 —14.5 96
10.25 17.273 —20.1 99
10.375 17.12 —-35.4 99
10.5 16.8 —30.6 99

polarization. A polarization-independent CSAD metasurface
exhibits identical absorption under TE and TM excitations,
whereas a polarization-sensitive design shows distinct TE/TM
responses and is analyzed through TE and TM simulations at
incidence angles of 0°, 20°, 40°, and 60°.

7. E-FIELD AND SURFACE CURRENT DISTRIBUTIONS

The surface distribution of the electric (E') and magnetic (H)
fields in a metasurface design operating in the Ku-band at
17 GHz is crucial for understanding the behaviour of electro-
magnetic waves represented in Figure 11. Observations of the
FE and H field distributions indicate strong localized fields at
the operating frequency, confirming that the metasurface func-
tions effectively as an absorptance (A).
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8. RADAR CROSS-SECTION (RCS) REDUCTION

Radar Cross-Section (RCS) reduction in metasurface unit cells
is a critical area of research aimed at enhancing stealth tech-
nology by minimizing the detectability of objects by radar sys-
tems at frequencies 17 GHz to 17.2 GHz. Additionally, the field

192

behaviour suggests a reduced RCS, further validating the de-
sign’s potential for stealth applications. From Figure 12, it
can be observed that the longer slots are responsible for the
lower resonating bands, and the shorter slots are responsible
for the higher resonating bands. Various strategies have been
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TABLE 3. Comparison between proposed CSAD and previous designs.
Phvsical i Dielectric Angle for
sical Size
Ref fyUl " llzl constant (g,)/ Band edges Bandwidth | oblique incidence/ | RCS reduction | Absorption
of Unit ce
Thickness [mm] Angle vs Response
0.6GHz &
[19] 14 x 14 mm? 43/0.8 5.68 GHz & 8.75 GHz ? 60° yes > 90%
0.45GHz
[29] 5.5 x 5.5 mm? 4.3/0.02 28.9GHz to 31.9 GHz 3GHz 20° No > 90%
[30] 10 x 10 mm? 2.17/0.0009 8.86 GHz and 8.848 GHz | 0.74 GHz 0° to 60° No > 90%
[31] 18 x 18 mm? 4.3/0.02 3.88 GHz 0.326 GHz 20° yes > 80%
[32] 14 x 14 mm? 2.1/0.07 8 GHz and 10 GHz 2GHz 60° High = 90%
9 not explicitly o .
[33] 50 x 50 nm 8 GHz and 10 GHz 1 GHz 20 no > 90%
stated
Proposed 10.375 % o
. 10375 mm? 4.3/0.02 16.9GHz and 17.2GHz | 0.3 GHz 60 yes 99.9%
worl 375 mm

developed to achieve effective RCS reduction through innova-
tive metasurface designs and configurations. These approaches
typically involve novel unit cell geometries, which collectively
contribute to scattering suppression and reduced radar signa-
ture.

9. COMPARING PROPOSED CSAD WITH PREVIOUS
DESIGNS

Compared to earlier designs, the proposed metasurface ab-
sorber outperforms them as shown in Table 3. With a tiny unit-
cell dimension of 10.375 x 10.375 mm?, a dielectric constant
of 4.3, and a thickness of 0.02 mm, it achieves a narrow band
absorption from 17.0 GHz to 17.2 GHz. The structure exhibits
strong angular stability up to 60° for both TE and TM polarisa-
tions, with absorption efficiency reaching 99%.

The primary objective is to make the Unmanned Aerial Vehi-
cle (UAV) less conspicuous to radar systems that function at or
near 17 GHz. Absorbing the impinging electromagnetic waves
at 17 GHz frequency effectively attenuates the UAV’s signature
onradar displays. At 17 GHz, it retains significant relevance for
satellite detection and various military applications. These en-
hancements provide excellent impedance matching, robust loss
characteristics, and consistent performance, making the sug-
gested design uses for stealth applications.
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10. CONCLUSION

In this paper, a CSAD-based metasurface is presented that is
applicable to electromagnetic wave shielding in defence appli-
cations. The proposed unit cell features two dipoles integrated
with a symmetric Split Ring Resonator (SRR) on a substrate
with a dielectric constant of 4.3 and a loss tangent of 0.02. The
design resonates at 17 GHz with a bandwidth of 300 MHz, an-
gular stability at 60°, and 99.9% absorption. The unit cell size
for the proposed design is 10.375 x 10.375 x 1.6mm?. The
metasurface significantly reduces RCS, demonstrating its po-
tential for stealth applications. For unmanned aerial vehicles,
the proposed metasurface array can be engineered to selectively
absorb radar signals at 17 GHz. This design can be effectively
applied to reduce radar visibility in platforms such as stealth
aircraft, naval ships, submarines, missiles, and unmanned aerial
vehicles (UAVs). The proposed design’s validity is supported
by findings obtained from both simulated and measured data
collected from the prototype.
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