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Abstract
This paper proposes a lightweight frequency selective surface polarization-insensitive wide-
band metamaterial absorber in C band and X band that employs only a few resistive elements.
The proposed absorber is embodied with four quadrature slotted inner circular patch, which is
horizontally and vertically bisected, and outer concentric copper rings of 0.035 mm thickness
are attached with four lumped resistors placed at 90∘ apart. A slotted inner circular patch pro-
vides significant inductive and capacitive loading.The absorption bandwidth of 8.02 GHz with
more than 90% absorption is observed from 5.69 to 13.71 GHz under normal incidence and
maintains almost same absorptivity range under oblique incidence up to 45∘ in both transverse
electric mode and transverse magnetic mode. The designed metamaterial absorber is fabri-
cated and measured using free space measurement technique. The actual experiments and the
simulated ones are in good agreement.

Introduction

The artificially devised material also known to be frequency selective surface (FSS) with simul-
taneously negative permittivity (ε) and permeability (μ) has galvanized the researchers in the
recent past [1]. One of the best uses for a material with such unusual and exotic properties is
an electromagnetic microwave absorber. Metamaterials are a type of structured material with
favorable and uncommon electromagnetic properties that are not found in nature.Metamaterial
absorbers grew swiftly because they are less bulky, easier to construct, and lighter than con-
ventional absorbers. The arrangement of metals and dielectrics of inclusions determines the
properties of metamaterial. The shape, size, alignment, and arrangement of the inclusions
(unit cell) can change the key features of metamaterials, electric permittivity, and magnetic
permeability.

To reduce unwanted radiation, absorbers are used in a various contexts, including defense,
EMI/EMC, radar, anechoic chambers, and medical applications. Landy et al. [2] proposed in
2008 a thin, perfect metamaterial absorber that simultaneously stimulates electric resonant fre-
quencies to reach the impedance bandwidth with the surrounding atmosphere, thus removing
any edge reflection, with nearly uniform absorption at 11.5 GHz and an ultrathin construc-
tion. Subsequently, multiband [3, 4] metamaterial absorber and single-layer absorber structure
[5] made up of multiple resonant units are devised, but their perspective uses are quite narrow
operational bandwidth.The practical use ofmultilayer [6, 7] broadbandmetamaterial absorbers
consisting of metallic dielectric arrangements to produce multiple plasmonic resonances [8] is
constrained by their highweight and difficult fabrication process. Although resistive-film-based
absorbers [9–11] have been produced using a various additive manufacturing techniques, their
ability to achieve the necessary optimum surface resistance is limited.

A single-layer circuit analogue absorber and double octal rings [12] are designed and sim-
ulated. At the lowest operating frequency, an enhanced fractional bandwidth is realized, but
due to its thick profile, utilizing eight resistors is not recommended. Although eight passive ele-
ments are employed in [13], the absorption bandwidth is encouraging and the thickness has
been lowered, indicating a trade-off between the utilization of lumped elements and absorber
thickness [14–18].

Broadband polarization-insensitive absorbers come in a variety of designs in the literature.
According to [19], an absorber is composed of a planar array with resistance-loaded metal-
lic cross patterns and a vertical periodic crossing mesh array. Despite improving wide-angle
polarization-independent absorption, loaded metallic ring patterns and absorbers [20] with
G-type and square ring metal layers suffer from high thickness and narrow absorption band-
width. However, the absorber [21], which consists of a periodic array of a split circle ring
and lumped resistors connected within split segments, demonstrated absorptivity above 70%
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for the transverse electric (TE) and transverse magnetic (TM)
modes at an incident angle of 0∘–30∘. Other polarization insensitive
absorbers with diverse design and operation methods are intro-
duced in [8, 22, 23] in an attempt to improve absorption bandwidth
with minimal thickness.

In this work, we intend to design a polarization-insensitive,
wide angle absorption and wideband metamaterial absorber with
an absorptivity of more than 90%, covering the frequency range
of 5.69–13.71 GHz using a minimum number of passive compo-
nents as their loss modules. The proposed absorber is built on a
thin 0.254 mm substrate with a tiny air spacer loading underneath
to make it wideband. It has an annular ring loaded with pas-
sive lumped elements and an inner circular patch with orthogonal
slots situated 90∘ apart. The aim of obtaining wideband absorp-
tion is accomplished by modifying the structure, fine-tuning, and
optimizing the patch geometrical dimensions. The impedance
adaption, electricalmediumproperties, and the electric field distri-
bution have both been used to explain the absorption mechanism.
The proposed structure is identified to be a possible contender for
wideband use in microwave C- and X-band frequencies.

Evolution of suggested absorber and its design
consideration

The top layer of proposed polarization insensitive wideband meta-
material absorber unit cell consists of coppermetallic orthogonally
slotted inner circular patch to facilitate capacitive and induc-
tive loading and passive resistive loaded annular copper ring as
shown in Fig. 1(a). The structure is divided into four various lay-
ers. The second layer serves as a dielectric substrate composed of
flame-resistant material FR-4, with permittivity of 4.4, loss tan-
gent = 0.02, and thickness = 0.256 mm. The third layer functions
as an air spacer used to improve the absorptivity bandwidth and the
bottom layer is totally covered with copper with the same material
qualities as the top layer as shown in Fig. 1(b).

The architecture of the proposed setup, as well as the absorption
spectra of the proposed structures, is presented in Fig. 2(a–c), and
the results of this study are at normal incidence under TE polar-
ization. Beginning with the evolution of the proposed absorber,
only the slotted inner circular metallic patch indicated in Fig. 2(a)
and (d) is simulated, and it is discovered that this results in a
poor individual contribution to the absorption (less than 6% and
32%, respectively) of incoming waves. All other dimensions are
retained constant while simulatingwith simply an outer split annu-
lar ring without lumped resistors and an inner slotted circle. As
shown in Fig. 2(b), it is clear that this model produces two absorp-
tion peaks at 7.7 GHz and 14.9 GHz with absorption intensities of
14.44% and 25.31%, respectively. In the frequency range from 5.65

Figure 1. (a) Front view of proposed unit cell structure. (b) Side view of four-layer
structure design.

Figure 2. (a–e) Development of proposed absorber structure and comparison of
their absorptivity spectrum under normal incidence of EM wave.

to 8.75 GHz, the same structure as in Fig. 2(c) with four lumped
resistors demonstrates considerable absorption performance. It is,
therefore, obvious that the four lumped resistors are crucial to
increasing the bandwidth.

Eventually, a slotted inner circular patch with high inductive
and capacitive loading, as well as the addition of lumped resistive
chips to the structure, improves the overall absorption bandwidth,
as indicated in red regular lines in Fig. 2(e), which shows a com-
parative absorption plot of different structures as part of their
evolution, and it shows that the absorptivity of the proposed con-
figuration is greater than 90% for the 4.5–11.8 GHz frequency
band.

Thedesignedmetamaterial unit cell, shown in Fig. 1, is observed
to be more efficient in absorbing incident waves in the C and
X band. It comes to light that the twofold symmetric proposed
FSS-based proposed unit cell design is additionally polarization
insensitive.

Simulation and parametric analysis

The designed unit cell is simulated using ANSYS HFSS 17.2, a
commercially accessible piece of software. In the x- and y-axes,
unit-cell boundary conditions were applied, and the EM wave
propagated along the negative z-axis.The traditional finite element
method technique was used to run three-dimensional full-wave
EM simulations. The optimized physical dimensions under nor-
mal incidence of electromagnetic waves are as follows: P = 18mm,
r = 3.3 mm, R = 7 mm, g = 1 mm, a = 2.2 mm, h = 0.254 mm,
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Figure 3. Simulated absorptivity responses upon substrate thickness scaling.

Figure 4. Simulated absorptivity due to changes in spacer thickness.

S = 6 mm, and t = 0.035 mm. To achieve maximum wideband
response, design is optimized with respect to height of substrate,
height of spacer, inner circle radius, and outer circle radius and
resistance values. The absorptivity responses under normal inci-
dence are greater than 90% for all changes of the substrate thick-
ness, which varies from0.15 to 0.3mm in steps of 0.2mm, although
the best optimized result is attained for 0.254 mm as shown in
Fig. 3. Second, absorptivity responses are obtained for all varia-
tions in spacer thickness, which ranges from 5 to 9 mm in steps
of 1 mm, but the greatest result is achieved for 6 mm as shown
in Fig. 4.

The optimum absorptivity is attained at an optimized radius
of 3.3 mm as the radii of the orthogonally slotted inner circular
patch are varied from 3.1 to 3.5 mm at the step size of 0.1 mm, as
shown in Fig. 5. In the last, value of lumped resistor varies from
100 to 300 Ω and for the value of 200 Ω maximum bandwidth for
wideband absorptivity is achieved as shown in Fig. 6. Resistances
are employed to lower the resonances’ quality factor. The pro-
posed absorber uses an absolute permittivity of air layer rather than
any other high permittivity dielectric substrates in order to fur-
ther minimize the quality factor and hence increase the absorption
bandwidth.

Absorptivity A (𝜔) is calculated from equation (1), which
depends upon reflected (S11) and transmitted (S21) power, but as

Figure 5. Simulated absorptivity responses due to scaling inner circle radius.

Figure 6. Simulated absorptivity responses upon scaling resistance value.

the lower layer is completely covered with copper, the transmitted
power in equation (1) is zero and absorptivity completely depends
upon reflected power given by equation (2).The absorptivity of the
structure can be increased byminimizing the reflected power from
the surface.

As illustrated in Fig. 7, from5.69 to 13.71GHz, the absorption is
seen to be greater than 90% with the central frequency of 9.7 GHz.
With highest absorptivity of 97%, the two absorption peaks are
seen at 6.80GHz and 12.80GHz. It is determined that the proposed
structure could be a competitor for wideband microwave C- and
X-band applications.

A (𝜔) = 1 − |S11 (𝜔)|2 − |S21 (𝜔)|2 (1)

A (𝜔) = 1 − |S11 (𝜔)|2 (2)

Absorption mechanism

The absorption mechanism is explained by considering meta-
material absorber as a homogeneous medium. The normalized
impedance can be evaluated [24] by equation (3).

Z =
√√√
⎷

(1 + S11)
2 − S221

(1 − S11)
2 − S221

(3)
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Figure 7. Simulated final absorptivity spectrum of proposed absorber following
parametric analysis under normal incidence.

Figure 8. Variation of impedance curve with respect to frequency.

As bottom layer is completely covered with copper, therefore,
transmitted power (S21) is zero.

Z =
(1 + S11)
(1 − S11)

= √𝜇
𝜖 (4)

But to evaluate the normalized impedance, transmitted power
(S21) plays an important role. The bottom layer of the structure is
covered with continuous copper plate of thickness 0.035 mm, and
this vanishes the transmitted power (S21). The simulated complex
S-parameters are used to derive the actual and fictitious compo-
nents of the impedance.The real and imaginary components of the
normalized impedance, as shown in Fig. 8, approach nearly unity
and zero at the absorption peaks and in the band of interest, pre-
cisely matching the wave impedance of empty space with the entire
structure’s input impedance, resulting in maximum absorption.

Real part approaching towards unity in Fig. 8 occurs due to
speedy change in values of 𝜀eff and 𝜇eff at absorption frequency,
satisfying the electric and magnetic resonance condition. The
effective 𝜀eff and 𝜇eff are calculated [25, 26] using electric sus-
ceptibility (Es) and magnetic susceptibility (Ms), mentioning in
equations (5–8).

Es =
2jS11 − 1
kS11 + 1 (5)

Ms =
2jS11 + 1
kS11 − 1 (6)

𝜀eff = 1 + Es
d (7)

Figure 9. Simulated complex effective medium parameters, permittivity and
permeability versus frequency. (a) Real part. (b) Imaginary part.

𝜇eff = 1 + Ms
d (8)

where “k” is wave number and “d” is the distance of is travelled
by the incident EM wave. Traditional constituent parameters can
be derived using the aforementioned formulae without knowledge
of transmission frequency. The distance travelled by a typical inci-
dent wave in this context is denoted by the parameter “d” and is
6.289 mm for the proposed absorber.

The complex permeability and complex permittivity are two
effective electromagnetic parameters that can be used to charac-
terize metamaterials from the standpoint of the effective medium
concept [25].

It can be seen from Fig. 9 that, over the obtained absorption
band, the real portion of the complex permittivity is essentially
constant. The imaginary part of complex permittivity generally
declines with rising frequency, whereas the real part remains
essentially constant. The complex permeability exhibits the typical
magnetic resonance properties with the imaginary part increasing
initially and then steadily decreasing. A metamaterial absorber’s
effective permittivity and permeability are altered by the incident
electromagnetic fields, causing the structure’s input impedance
to match that of free space. This reduces the amount of reflec-
tion from the structure, which causes the incident wave to be
absorbed. Additionally, reflectance can be decreasedwhen effective
permittivity and permeability are identical.

Analysis of electric field and surface current distribution

The electromagnetic field distributions are examined to reveal the
physical cause of the absorption in our proposed metamaterial
absorber.The electric field and current density are examined at two
distinct absorption maxima, 6.80 GHz and 12.80 GHz. Different
resonances are reached as a result of electrical excitation at various
resonant unit cell locations, which result in different distributions
of the electric field at the bottom surfaces, as shown by Fig. 10.
We see that at low frequency the electric field intensity is more
concentrated at the annular ring and resistor locations, and as a
result, these lumped resistors are crucial factor in enhancing the
absorption bandwidth.

Additional analysis is conducted by visualizing the surface cur-
rent density vector at the top and bottom surfaces at two separate
absorbing peaks. Surface currents are generated as a result of the
incidentwave. Inductive and capacitive phenomena are induced on
metallic designs. As illustrated, Fig. 11 shows how the induced cur-
rent manifests at frequencies of 6.80 GHz and 12.80 GHz, respec-
tively, in the absorber resonator and the metal ground. The arrow
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Figure 10. (a) Electric field distribution at top surface of proposed metamaterial
absorber 6.80 GHz and 12.80 GHz. (b) Electric field distribution at bottom surface of
proposed metamaterial absorber 6.80 GHz and 12.80 GHz.

Figure 11. The distribution of induced surface currents. (a) Top and (b) bottom
surfaces at 6.80 GHz and 12.80 GHz of proposed metamaterial absorber.

indicates the direction of the flow of current, while the color repre-
sents its strength. Current produced by the incident electric field on
the resonator is antiparallel to the current in the metal ground at
both absorption maxima. The development of a magnetic dipole
due to the antiparallel surface current has a substantial interac-
tion with the incident magnetic field that is perpendicular to the
current loop.Magnetic dipoles are created as a result of this. A pow-
erful electromagnetic absorption in the relevant frequency range
is created by the combination of these two electric and magnetic
resonances. At 6.80 GHz and 12.80 GHz, electrical and mag-
netic resonance coexist simultaneously; the strong electromagnetic
resonance is what causes absorption at low and high frequency,
respectively. The performance of the absorption can be strength-
ened and the magnetic loss increased by the magnetic enhanced
field. Therefore, a circulating current density is created among top
and bottom surface which further leads to magnetic excitation of
the unit cell and vice versa.

Figure 12. Fabricated prototype metamaterial absorber.

Figure 13. (a) Experimental setup and (b) measurement methodology.

Figure 14. Simulated and measured absorptivity curve of prototype absorber
under normal incidence.

Experimental setup and measurement results

Theproposedmetamaterial absorber performance is demonstrated
experimentally by fabricating an array of 16 × 16 (i.e. enlarged
portion of unit cell) placed on the FR-4 substrate along with air
spacer under it as shown in Fig. 12.Themeasurement of fabricated
structure is carried out inside the anechoic chamber comprising
two standard and linearly polarized wideband Horn antennas with
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Table 1. Comparison between simulation and measured response

Simulated results Measured results

Frequency range Absorptivity (%) BW − 10 dB (GHz) Frequency range Absorptivity (%) BW − 10 dB (GHz)

5.69–13.71 GHz 90% above 8.02 GHz 6–13.6 GHz 90% above 7.6 GHz

Figure 15. Absorptivity response of the prototype absorber under different incidence angles. (a) Simulated under TE mode, (b) measured under TE mode, (c) simulated
under TM mode, and (d) measured under TM mode.

VSWR less than 2 operating at the frequency range of 2–18 GHz,
and both the wideband antennas are bridged with vector network
analyzer (Keysight VNA N5222B range 1 MHz–42 GHz); this full
set up is positioned inside the anechoic chamber. Two horn anten-
naswhich are linearly polarized operating from2 to 18GHz receive
and transmit EM waves. The transmitting antenna impinges the
EM waves on expanded portion of unit cell (16 × 16 array) located
at far-field distance from standard horn antenna, and this full set
up is positioned inside the anechoic chamber as part of calibrated
measurement as shown in Fig. 13(b). Background noise of ane-
choic chamber plays a vital role in measurement, and its setup
accomplishment/performance is measured by the reflection coef-
ficient parameter anticipated by the vector network analyzer; this
measured noise level is expected to be below −65 dB for desired
working frequency range.

In order to calculate the absorptivity response, a continuous
copper sheet of 0.035 mm thickness is held off, and the absorptiv-
ity response is measured. This measurement serves as a reference
for further measurements. The absorptivity response of the fab-
ricated structure is computed using a VNA, and the differences
between the fabricated and reference absorptivity responses are
plotted. The experimental set up inside the anechoic chamber is

Figure 16. Simulated absorptivity due to changes in polarization angle.

shown in Fig. 13(a).The combined simulated andmeasured curves
for absorptivity are shown in Fig. 14.

The simulated and measured findings are compared in detail in
Table 1, and it can be seen that they are strikingly similar, with only
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Table 2. Comprehensive review of proposed and reference metamaterial absorbers

Ref. No.
Operating

frequency range
Dimensions
of unit cell

Overall
thickness

Absorption
bandwidth

Relative
bandwidth

Resistor per
unit cell

Polarization
stability up to

[11] 0.8−2.7 GHz 0.05λL × 0.053λL 0.071λL 1.8 GHz 108.57% 8 resistors 30∘

[14] 4–12 GHz 0.20λL × 0.20λL 0.106𝜆L 8.4 GHz 100% 4 resistors 40∘

[15] 4.03−8.12 GHz 0.25λL × 0.25λL 0.0673λL 4.2 GHz 67.32% 4 resistors 60∘

[16] 8.2−13.4 GHz 0.42λL × 0.42λL 0.082λL 5.2 GHz 48.14% 8 resistors 60∘

[19] 2.11−3.89 GHz 0.14λL × 0.14λL 0.09λL 1.78 GHz 59.33% 8 resistors 50∘

[20] 2.89−8.06 GHz 0.183λL × 0.183λL 0.082λL 5.17 GHz 94.42% 8 resistors Not given

[21] 7.8−12.6 GHz 0.437λL × 0.437λL 0.0.082λL 4.8 GHz 47.05% 4 resistors 30∘

[22] 4.8−14.3 GHz 0.32 λL × 0.32λL 0.165𝜆L 9.5 GHz 99.47% 8 resistors 40∘

[8] 4.96−18.22 GHz 0.21λL × 0.21λL 0.072𝜆L 13.26 GHz 114.4% 12 resistors 45∘

[23] 2.84–9.12 GHz 0.20λL × 0.20λL 0.142λL 6.27 GHz 105.01% 4 resistors 30∘

[27] 12−22 GHz 0.96λL × 0.96λL 0.1𝜆L 10 GHz 58.82% 16 resistors 50∘

[28] 8.5−20.3 GHz 0.42λL × 0.42λL 0.2426λL 4.96 GHz 81.94% Two resistive
layer

40∘

[29] 3.87–14.84 GHz 0.34λL × 0.34λL 0.08𝜆L 10.97 GHz 117.26 16 resistors 40∘

Our
work

5.69−13.71 GHz 0.34λL × 0.34λL 0.118λL 8.02 GHz 82.68% 4 resistors
(200 Ω)

45∘

minor deviations caused by fabrication tolerance, edge diffraction,
and the finite size of the manufactured absorber prototype.

The computed absorption spectra results studied in ideal HFSS
17.2 and measured results in practical environment under TE
polarization and TM polarization, shown in Fig. 15(a–d), respec-
tively. Oblique incidences reveal that there are almost no per-
ceptible changes in the absorption bandwidth under TE and TM
polarizations at the working frequency when the incident angle is
increased to 45∘.The used practical size of the absorber undermea-
surement and simulation is slightly different, hencewith as increase
in the oblique incident angle beyond 45 degrees, the absorption
bandwidth degrades in both modes as the magnetic field is parallel
to the resistor surface in TMmode [16].

The polarization sensitivity of metamaterial absorber under
normal condition is measured at every 15∘ increments for all
polarization angles (𝜙 = 0∘ to 45∘), and it was discovered that
the absorptivity was greater than 90% in the frequency range of
5.69–13.71 GHz and had the same absorptivity across this fre-
quency range because of its symmetry structure, as demonstrated
in Fig. 16. So far, the investigation has suggested that a signifi-
cant oblique incidence angle can preserve both polarization sta-
bility and absorption properties, which is quite remarkable for a
broadband absorber surface.

In Table 2, the proposed wideband metamaterial absorber per-
formance is contrastedwith that of other absorbers, in terms of unit
cell size, absorption bandwidth for both absolute and relative band-
width, number of resistors, thickness, and oblique incidence angle.
The comparison demonstrates that the designed absorber-based
FSS is moderate in structure, lightweight and lumped hybrid load-
ing technique to achieve wide band operation and capability of
achieving a high order of polarization insensitivity, up to 45∘, while
utilizing fewer passive elements. More passive components can be
incorporated into the unit cell structure to increase the absorp-
tion bandwidth, but polarization insensitivity must be compro-
mised.The proposed absorber prototype will be highly appropriate

for radar and defense applications because of its wideband and
polarization insensitivity operational characteristics in both TE
and TMmodes.

Conclusion

In this paper, a wideband, polarization-insensitive electromagnetic
metamaterial absorber with an absorption bandwidth of 8.02 GHz,
spanning from 5.69 to 13.71 GHz, and broad angular stability up to
45∘ for TE and TM polarization waves successfully demonstrated.
The proposed metamaterial absorber maintains its polarization
insensitivity because it is structurally vertically and horizontally
symmetric. It also performs well with few passive components,
proving that it is themost effective design whenminimumnumber
of lumped resistors is used to increase the absorption bandwidth.
In order to understand the mechanism of the high absorption phe-
nomenon, the surface current and electric field distribution are
studied at absorption maxima mounted on 0.254 mm substrate.
Because of the use of an spacer column, it is lightweight and man-
ageable. The suggested absorber structure is rather a simple design
and easy to manufacture. The agreement between the simulated
and measured findings is fairly good. The fabricated metamaterial
absorber can be used effectively for EMI/EMC reductions, radar-
compatible C- and X-band applications, and especially in defense
applications like stealth technology.

Competing interests. The authors report no conflict of interest.
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