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Abstract: This study proposed a new royal crown-shaped polarisation insen-
sitive double negative triple band microwave range electromagnetic metama-
terial absorber (MA). The primary purpose of this study is to utilise the exotic
characteristics of this perfect metamaterial absorber (PMA) for microwave
wireless communications. The fundamental unit cell of the proposed MA
consists of two pentagonal-shaped resonators and two inverse C-shaped
metallic components surrounded by a split ring resonator (SRR). The bottom
thin copper deposit and upper metallic resonator surface are disjoined by an
FR-4 dielectric substrate with 1.6 mm thickness. The CST MW studio, a high-
frequency electromagnetic simulator has been deployed for numerical simula-
tion of the unit cell in the frequency range of 4 to 14 GHz. In the TE mode, the
offered MA structure demonstrated three different absorption peaks at 6.85
GHz (C-band), 8.87 GHz (X-band), and 12.03 GHz (Ku-band), with 96.82%,
99.24%, and 99.43% absorptivity, respectively. The electric field, magnetic
field, and surface current distribution were analysed using Maxwell’s-Curl
equations, whereas the angle sensitivity was investigated to comprehend the
absorption mechanism of the proposed absorber. The numerical results were
verified using the Ansys HFSS (high-frequency structure simulator) and
ADS (advanced design system) for equivalent circuit models. Moreover, the
proposed MA is polarisation and incident angle independent. Hence, the
application of this MA can be extended to a great extent, including airborne
radar applications, defence, and stealth-coating technology.
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1 Introduction

An artificially engineered structure with some exotic physical characteristics unavailable in nature
is called metamaterial (MM) [1]. A metallic split ring resonator (SRR) and a thin continuous wires
are regularly arranged together to create the world’s first negative refractive index (NRI) material
with negative permittivity (−ε) and negative permeability (−μ) [2]. Landy et al. designed a thin
microwave MM absorber. Electromagnetic metamaterial absorbers (MAs) became popular among
scientists for their fantastic properties. MMs are used daily, especially in fundamental research,
device manufacture, and applications [3–6]. One of the essential applications of MM is MA. Many
excellent properties of MA resulted from various physical structures and disciplined unit cell arrange-
ment designs. MA is available in the terahertz, microwave, infrared, and visible frequency regions
[7–11]. For example, a three-layered flawless electromagnetic resonator-based MA was presented in a
previous study [12] which yielded near-unity absorbance. Meanwhile, Maier et al. presented a modified
resonator-based MA in [13]. This MA displayed an 80% absorbance fit for thermal imaging systems
in the terahertz and mid-infrared regimes. An ultra-thin polarisation-sensitive MA was designed for
electromagnetic shielding and energy harvesting [14]. This design yielded three resonance peaks at
8.5, 13.5, and 17 GHz, covering the X- and Ku-bands. A recent development of MM to reduce
the Specific Absorption Rate (SAR) on human head and mobile phone interaction was proposed
by Ramachandran et al. [15]. This dual-band MM exhibited resonances at 1.81 and 3.79 GHz
covering L- and S-bands. Another study discussed an uncompleted squared UCS-shaped MA to
study absorption properties in a numerical simulation where it absorbed 93% of the incident EM
radiation [16]. Meanwhile, a swastika-shaped polarisation-insensitive MA was demonstrated in [17].
This pentaband MA exhibited resonance peaks at 4.24, 7.84, 10.48, 11.01, and 13.35 GHz. In another
study, a broadband manifold electromagnetic MA was proposed [18]. This dual-band MA exhibited
resonance peaks at 2.2 and 9.5 GHz with insufficient absorption. Yang et al. presented a multi-band
MMA with a dimension of 20 × 20 mm2 on FR 4 substrate [19]. This triple band metamaterial absorber
operation frequency covered C-, and X-bands.

The proposed dual-band absorber in the microwave frequency range is a periodic meta-atom
array structure comprising metal-dielectric-multilayer curtailed cones [20]. The numerical simulation
exhibited resonances at 3.93–6.05 GHz and 11.64–14.55 GHz with an absorption of 90%. Moreover, a
petal-shaped dual band MA demonstrated 80% absorption of the incident electromagnetic wave [21].
Amiri et al. designed a polarisation-insensitive PMA consisting of a crescent-shaped metallic resonator
[22]. The CST simulation yielded approximately 99% absorption of incident electromagnetic EM
radiation. Meanwhile, Islam et al. designed a pentaband MA with SRR bounded star-shaped [23]. This
single negative meta-atom absorber with a dimension of 0.101λ0 × 0.101λ0 yielded five resonance
peaks at 3.80, 5.65, 8.45, 10.82, and 15.92 GHz with 97% absorption. Again, the tunable metamaterial
may be deployed to ensure high performance. This advantage makes tunable MMs a promising entrant
in the optical range, namely, photodetectors, solar photovoltaic, or thermo-photovoltaic [24–26]. An
ultra-thin circular sector resonator (CSR) based multi-band MA was designed for S-, X-, and Ku-
band applications [27]. The simulated results indicated 98.8% absorption at the lowest frequency of
3.35 GHz. A recent study proposed a thin Ti-Ge-Ti sheet based on a broadband MA [28]. This three-
layered absorber yielded two different absorptions at different thicknesses, i.e., 95% for the thickness
of 8 to 14 μm and 87% for 8 to 30 μm. Lastly, Kalraiya et al. designed and developed a resistor-loaded
wideband conformal MA for curved surfaces with flexible substrate and copper metal film [29].

This study, however, presents a royal crown-shaped based triple band polarisation-independent
PMA surrounded by an SRR for C-, X-, and Ku-bands applications. This design yielded three
resonance peaks at 6.85, 8.87, and 12.03 GHz with absorption of 96.82%, 99.24%, and 99.43%,
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respectively. Different polarisation angles in the transverse electric (TE) mode were used to examine
the performance of the proposed PMA. Moreover, it was improved and authenticated by different
array orientations, widths, and split gaps of metallic resonators in the top layer. The simple congress
of the offered MA exhibited unity absorption, which is easy for the gadget.

2 Unit Cell Design and Methodology
2.1 Unit Cell Parameter Description

Fig. 1 displays the different outlooks of royal crown-shaped MA unit cells. The parametric
description with the symbols and the perspective view of the unit cell are illustrated in Figs. 1a and 1b,
respectively. The transmission protector thin bottom copper sheet and the simulation arrangement of
the offered PMA’s unit cell are represented consecutively in Figs. 1c and 1d. The mid-layer dielectric
substrate is a Dielectric FR-4 (lossy) with a 1.6 mm width. The unit cell’s relative permittivity or the
specific inductive capacity value was 4.3, with a loss tangent value of 0.025. At the same time, the
metallic back obstacle and all resonators shared a uniform thickness (0.035 mm). The dimension (L ×
B × h) of the FR-4 substrate and the bottom copper sheet was 11 × 11 × 1.6 mm3 and 11 × 11 × 0.035
mm3, respectively. The unit cell consisted of two pentagonal-shaped metal strips in which the external
pentagonal split ring resonator (PSRR) split gap (g1) is 0.50 mm. The two inverse C-shaped resonators
were placed on the inner side of the two pentagons. All the resonators of the upper structures were
made of copper (annealed), whose thermal conductivity is 5.96 × 107 Sm−1. The outer and inner radii
of the first pentagon in the PSRR were 4.6 and 4.2 mm, respectively. While the outer and inner radii
of the second pentagonal ring resonator (PRR) were 3.7 and 3.3 mm, respectively. Similarly, the outer
(r1) and inner radius (r2) of the more significant inverse C-shaped resonators were 2.5 and 2.1 mm,
respectively. The radius of the smaller central inverse C-shaped resonators was r3 = 1.5 mm and r4 =
1.1 mm. The design used a uniform width of all metal resonators at 0.40 mm with the same thickness
of 0.035 mm. Table 1 summarises a brief description of the unit cell parameters.

(a) (b) (c) (d) 

Figure 1: (a) Labeled unit cell, (b) perspective view of the unit cell, (c) bottom copper, and (d) simulation
setup

Table 1: Geometric narration of the PMA unit cell (all units are in mm)

L = 11 B = 11 r1 = 2.5 r2 = 2.1 r3 = 1.5 r4 = 1.1 G = 0.40 a = 10.4 b = 10.4 c = 0.40
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2.2 Design Methodology

The unit cell of the proposed MA was simulated using a high-performance 3D electromagnetic
field simulation software computer simulation technology (CST). The unit cell boundary is applied
to the x and y directions while electromagnetic radiation is propagated through the z direction.
Two floquet and waveguide ports were placed at the +z and –z ends of the z-axis. An incident
electromagnetic wave propagated to the unit cell boundary could generate reflection, transmission,
and absorption. The surface EM wave gets stimulated at the interface of the medium. Once stimulated,
the surface electrons of the medium and the photons of the incident EM wave interact with each other
to exponentially decrease the transmission depth and constrain the energy of part of the EM wave.
The reflection intensity declines when the frequency of the incident EM wave is closer to the resonance
frequency of the surface plasma of the medium. Hence, the radiation energy is absorbed by the medium
[30]. The reflection and transmission coefficients are the two essential parameters used to estimate the
absorption efficiency A(ω) of any MA. These three parameters are expressed by Eq. (1) [31,32].

A(ω) = 1 − [R(ω) + T(ω)] (1)

The other two parameters, transmission efficiency and reflection efficiency, will be minimased
shown by Eq. (2) to achieve maximum MA efficiency.
A(ω) max = 1 − [R(ω) min +T(ω) min] (2)

The bottom copper sheet with the appropriate thickness of the unit cell is sufficient to block the
transmission of the incident EM wave. The absorption efficiency A(ω) only depends on the reflection
efficiency R(ω).

i.e., A(ω) = 1 − R(ω) (3)

The EM properties of an MA depend on its charge, which is responsible for the different fields
and forces. The Maxwell’s curl equations describe the induced electric and magnetic fields [33].

−→∇ × −→
H = �J +

−→
∂D
∂t

(4)

Here, H = Magnetic field intensity (Am−1), D = Electric flux density and its unit is (Cm−2).

and del operator, ∇ =
[

∂

∂x
,

∂

∂y
,

∂

∂z

]

Again,
−→∇ × −→

E = −μrμ0

−→
∂H
∂t

(5)

To eradicate the limitations of the Eqs. (4)–(7) can be used [34].
−→
E (t) = 1

ε(t)
−→
D (t) (6)

−→
H (t) = 1

μ(t)
−→
B (t) (7)

ε and μ represent the material properties where ε = permittivity (F/m) and μ = permeability
(H/m).
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To investigate physical properties and to estimate the power loss of the unit cell FIT based CST
microwave is used. The substandard dielectric layer solidly subject to the parameters loss-tangent value
as tanδ = 0.025.

3 Results and Discussion

Fig. 2 demonstrates the CST simulated results for the reflection coefficient (S11), transmission
coefficient (S21), and absorptivity value. The unit cell exhibits three resonance peaks of absorption,
96.82%, 99.42%, and 99.13%, at the resonance frequencies of 6.85, 8.87, and 12.03 GHz, respec-
tively. The transmission coefficient (S21) was estimated to be zero as the bottom copper successfully
constrained the transmission of incident radiation. Based on the observation, the suggested PMA
exhibited negative epsilon and negative mu properties, i.e., DNG characteristics, as demonstrated in
Fig. 3.

Figure 2: Graphical view of the reflection coefficient (S11), transmission coefficient (S21), and absorp-
tion of the proposed absorber

Figure 3: (a) Permittivity (real and imaginary), (b) Permeability (real and imaginary)
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The average absorption of a MA can be calculated by using Eq. (8) [35].

Aaverage =
∫ λu

λL

A (λ)

λu − λL

dλ (8)

where, A(λ) = absorption at a specific wavelength, λu = upper frequency, and λL= lower frequency.

This section also discusses the dependency of polarisation and incident angles. These observations
are essential to ensure the universal application of any MA.

Meanwhile, Fig. 4 depicts the CST results of absorption for different polarisation angles in
transverse electric mode (TE).

Figure 4: CST results of absorption at different polarisation angles

For the polarisation angle, � = 0° at normal incidence, the proposed MA yielded maximum
absorbance of 96.82%, 99.24%, and 99.43% at 6.85, 8.87, and 12.03, respectively. The polarisation
angle for � = 30° at a normal incident angle also exhibited three major resonance peaks at 6.85, 8.84,
and 12.02 GHz with an absorption of 98.82%, 95.68%, and 96.73%, respectively. Similarly, � = 60°
generated three resonance frequencies at 6.85, 8.44, and 11.98 GHz with an absorbance of 94.26%,
81.94%, and 89.19%, respectively. Lastly, for the pol. angle � = 90° at normal incidence yielded dual
resonance peaks at 8.42 and 11.67 GHz, indicating consecutive polarisation angles and absorbance
rates discrepancies compared to the other readings. Therefore, the proposed PMA is polarisation
insensitive up to 60°.

Besides that, the absorbance efficiency of the proposed PMA was also observed for various
oblique incidence angles. Fig. 5 demonstrates the absorption rates for oblique incident angles (θ ) at
0°, 15°, 30°, 45°, and 60°. The progression of the incident angle to the right maintained the resonance
frequency and the concerned absorption values as they remained almost unchanged. The proposed
PMA can be treated as a broad oblique incident angle absorber for consistency using the same pattern
up to 60°.

The production of electric charge in the unit cell generates an electric field distribution, magnetic
field distribution, and surface current, as illustrated in Figs. 6–8, respectively. These fields were
inspected to determine the absorption mechanism of the PMA. Different parts of the unit cell are
influenced by the change of current flow observed at three resonance frequencies (6.85, 8.87, and
12.03 GHz). Maxwell curl equations can be used to explain the reasons and causes of induced electric
and magnetic fields. This section of the current study demonstrates the behaviours and patterns of the
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fields and the specific contribution of each part of the unit cell. For the starting frequency of 6.85 GHz,
the charges in the square ring and pentagon resonators gradually move clockwise (left to right). The
surface current in the ground metallic layer is the reverse of the top resonator layer. This anti-parallel
current flow resulted in the magnetic resonance responsible for EM absorption. A massive quantity
of (+)ve and (−)ve charges congregated at the two reverse ends of the concerned resonators generated
a strong electric field.

Figure 5: CST results of absorption at various oblique incident angles

Figure 6: Electric field distribution at (a) 6.85 GHz (b) 8.87 GHz (c) 12.03 GHz

Figure 7: Magnetic field distribution at (a) 6.85 GHz (b) 8.87 GHz (c) 12.03 GHz
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Figure 8: Surface current distribution at (a) 6.85 GHz (b) 8.87 GHz (c) 12.03 GHz

On the other hand, strong magnetic dipoles were generated in the two pentagons for accumulating
(+)ve and (−)ve charges at the two reverse ends of the pentagons for a frequency of 8.87 GHz. As
for the third resonance frequency of 12.03 GHz, a magnetic field was induced due to the magnetic
resonance in the inverse C-shaped and the intermediate medium layer. In brief, the dissemination of the
two fields was vividly distinct and continued across the designed unit cell of the MA. Three resonance
frequencies influence the different parts of the resonators. As the electric and magnetic fields were
applied to the x- and y-axes, two field distributions that were perpendicular to each other were formed,
as depicted in Figs. 6 and 7. The direction of the electric field was strongly related to the surface current
distribution while the intensity of the surface current in a different resonator segment was reinforced
by the bottom plane recently responsible for the double negative (−ε & −μ) characteristics. This exotic
property of the proposed PMA resulted in a negative refractive index. In short, the clockwise and anti-
clockwise electric flows at various resonance frequencies generated magnetic dipoles responsible for
the absorption of incident EM radiation.

Table 2 briefly describes the relative statement of published MAs with the proposed PMA. The
suggested PMA is more expedient for dynamic characteristics such as absorptivity, unit cell size and
shape, and the band covering compared to the six published six contemporary articles.

Table 2: A relative comparison of the offered PMA with published absorbers

Reference no. Author’s name Design geometry Dimension
(mm2)

Covering band Absorption (%) Published
year

[36] Agarwal et al. CRR shaped 6 × 6 C- 95.70 2016
[37] Sim et al. Circular split ring 16.8 × 16.8 S-, C-, X-, 70 2018
[38] Singh et al. Ultra-thin four fold

symmetric shaped
10.40 × 10.40 S-, X-, Ku- 95.75 2021

[39] Zafar et al. X-shaped 24 × 24 X-, Ku-, K- Above 80 2021
[40] Kalraiya et al. Jerusalem cross

shaped
11.50 × 11.50 C- and X- 95 2021

[41] Habib et al. Square & circular
loop shaped

4.98 × 4.98 C-, X-, Ku-, K- 90 2022

Proposed
PMA

Afsar et al. Royal crown shaped 11 × 11 C-, X-, Ku- 99.43 –
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3.1 Design Selection Procedure and Parametric Study

Fig. 9 illustrates the different stages of optimisation of the presented PMA. The best design was
selected through the trial and error technique to yield the expected outcome [42]. Furthermore, the
unit cell was finalised by investigating the surface current that causes the fluctuation of the resonance
frequency. The unit cell was designed by placing an SRR and a PSRR of the same width (0.40 mm)
on the substrate layer (Fig. 9a). The CST results indicated one resonance peak at 6.69 GHz with an
absorbance of 93.32%. Meanwhile, an additional PRR of a comparatively smaller size was placed on
the inside of the design-i, as depicted in Fig. 9b. The numerical simulation revealed a dual resonance
peak at 6.84 and 8.88 GHz with an absorptivity of 96.49% and 99.62%, respectively. Fig. 9c combines
two inverse C-shaped resonators with that of Fig. 8b to yield three resonance peaks at 6.83, 8.79, and
12.01 GHz with absorptions of 96.73%, 99.32%, and 98.13%, respectively. Moreover, two small inverse
C-shaped resonators were also placed at the centre of Fig. 9c design as illustrated in Fig. 9d. Upon
adding the two small inverse C-shaped resonators, numerical simulations of this unit cell structure
also yielded three resonance peaks at 6.85, 8.87, and 12.03 GHz with absorption of 96.82%, 99.42%,
and 99.13%, respectively. These values were congruent with the targeted frequency range with good
absorption value. Fig. 9e represents the CST results of absorption for all designs of the proposed MA.

Figure 9: Design selection stages and simulated results (a) Design-1, (b) Design-2, (c) Design-3, (d)
Final Design, and (e) CST simulated absorption results for design (a–d)

A study was conducted to observe the performance of the proposed MA with the change of
widths and split gaps of different metallic resonators. The widths of the resonators were maintained
at 0.60, 0.50, and 0.40 mm, to investigate the resonance frequencies along with the absorption rates.
Of the three widths, 0.40 mm width yielded the best performance, with resonance frequencies at 6.85,
8.87, and 12.03 GHz and absorption rates of 96.82%, 99.24%, and 99.43%, respectively (Fig. 10a).
Meanwhile, the split gaps of different resonators take into account the changing absorption patterns
at other split gaps. The simulated results for the varying split gaps, 0.30, 0.40, and 0.50 mm were
inspected, whereby 0.40 mm yielded the maximum performance. Fig. 10 depicts the simulated widths
and split gaps results. The lower frequencies gradually shift to higher readings with the increase of split
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gap. (Fig. 10b). Moreover, the widths of the two inverse C-shaped resonators indicated that the 0.40
mm width of the resonator was the most responsive which is depicted in the Fig. 10c.

Figure 10: Absorption rate at (a) changing widths of SRR & pentagons, (b) changing split gaps and
(c) changing widths of the C-shaped resonator

3.2 Validating Numerical Results of the Proposed PMA

The metallic upper layer of the proposed unit cell of MA is an arrangement of differently shaped
metallic structures with some split gaps. Every gap in the resonator plays the capacitor role, whereas
every metal bar represents an inductor. Hence, the complete PMA is represented by an electrical circuit
that combines some inductors and capacitors [43]. The proposed unit cell structure is an electrical LC
resonance circuit, as illustrated in Fig. 11a. Fig. 11b illustrates the reflection coefficient (S11) of the
advanced design system (ADS).

Figure 11: (a) Equivalent electrical LC circuit with the values of L & C, and (b) Comparison of
reflection coefficient (S11) for CST and ADS results
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If an inductor’s inductance is L and a capacitor’s capacitance is C, then the resonance frequency
(f ) can be determined from Eq. (9) [44].

f = 1

2π((LC)
1
2

(9)

where, f is used for frequency (Hz), C for capacitance (F), and L for inductance (H-Henry) of the
respective LC resonance circuit.

The capacitance within a split gap d generated by a capacitor can be derived using Eq. (10).

C = ∈0 ∈r

A
d

(F) (10)

Here, ε0 refers to permittivity in free space, εr for relative permittivity, A for cross-sectional area
(m2), and C for capacitance (F-Farad).

Eq. (11) calculates the inductance of an inductor in the circuit [45].

L (nH) = 2 × 10−4l

[
ln

(
l

w + t

)
+ 1.193 + 0.02235

(
l

w + t

)−1
]

kg (11)

where, Kg is the correction factor, while w, l, and t refer to the width, length, and thickness, respectively.

The projected PMA is a congress of metal and dielectric components. The electrical LC circuit of
the presented PMA unit cell is demonstrated in Fig. 10, where L1 to L12 refer to the inductors and C1

to C13 represent the capacitors. The SRR of the PMA unit cell was exchanged by (L1, C1) and (L2, C2),
while the first PSRR was represented by (L3, C3) and (L4, C4). The coupling capacitor C9 connected
these two loops. Meanwhile, inductors L5 and L6 were placed for the second pentagonal resonator,
with C10 being the connector capacitor. The (L7, C5) and (L8, C6) are the two bigger inverse C-shaped
resonators. The two smaller inverse C-shaped resonators were represented by (L9, C7) and (L10, C8),
with C11 and C12 being the coupling capacitors to connect the C-shapes with the smaller pentagon.
The thin bottom copper layer was represented by inductors L11 and L12. The bottom layer was coupled
with an upper metallic layer via a coupling capacitor C13. An equivalent electric circuit was simulated
by ADS software exhibiting triple resonance peaks at 6.90, 8.86, and 12.07 GHz with the magnitudes
of −19.38, −18.53, and −19.10 dB, respectively. The simulated CST and ADS results were identical,
as depicted in Fig. 11b.

On the other hand, the finite element method-based analysis system software HFSS was used to
validate the results of the proposed PMA. The HFSS simulated result also yielded three resonance
peaks at 7.01, 8.92, and 12.33 GHz with absorption rates of 95.37%, 96.09%, and 96.68%, respectively.
The CST simulated results exhibited better homogeneity with the HFSS, as depicted in Fig. 12.

Different types of array combinations were investigated to assess the structural imperfections and
coupling effects of the proposed MA. High-performance 3D EM field simulator CST also simulated
various arrays of the proposed MA. The unit cell is kept as a boundary condition in the direction
of the x- and y-axes, while the EM wave was propagated parallel to the z-axis. This mechanism also
generated three phenomena, namely reflection, transmission, and absorption. The 1 × 2 array yielded
triple resonance peaks at 6.88, 9.07, and 12.42 GHz with absorption rates of 96.13%, 99.10%, and
98.10%, respectively.

Meanwhile, arrays 2 × 2 and 8 × 8 exhibited approximately the same results, which were in good
agreement with the CST results of the unit cell. Fig. 13 compares the absorption results of the different
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arrays with the unit cell of the designed PMA. The coupling effects were observed for the 1 × 2 array
where the resonance frequencies shifted slightly to the right.

Figure 12: Absorption results for CST and HFSS simulations

Figure 13: Absorption results for different arrays and unit cell

4 Conclusions

This study offers a royal crown-shaped triple band polarisation insensitive PMA. The numerical
simulation exhibited three resonance peaks at 6.85, 8.87, and 12.03 GHz with near-unity absorbance.
The C-, X- and Ku-bands MA demonstrated polarisation insensitiveness up to 60° and oblique
incident angle up to 60°. The proposed MA was inspected with authentication processes, namely
an equivalent circuit model and HFSS. The electric field, magnetic field, and surface current were
analysed to understand the absorption mechanism. Important and significant characteristics of the
proposed PMA were inspected in the parametric discussion section which deliberates the impression of
vibrant tuning within the expected bands. Additionally, the proposed MA exhibited practical viability
in terms of the compactness of the structure, λ/4 = 10.95 mm (calculated at the lower frequency,



CMC, 2023, vol.76, no.1 467

6.85 GHz). This unique novel geometric structure of the presented PMA adapted some endorsement
procedures that led to its eccentricity. The simple outlook and standard configuration of the proposed
PMA are advantageous for simple implementation compared to the contemporary published MA.
Although some design configuration problems might limit its symmetry, such limitations can be solved
during the MA sensor applications in the future. In brief, the outcome of this study can be adopted in
satellite communication band applications, defence and security, stealth and coating technology.
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