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Abstract  A wideband meta-material absorber with square and
circular split rings that is based on a frequency selective surface
of conductive ink is proposed. With over 90% absorptivity, the
structure demonstrates broad absorption for the C, X, KU, and
K bands, as well as polarization independent characteristics
for both TE and TM, at angles of up to 45°. Research has been
performed to better understand the absorption phenomenon
by looking into real and imaginary permittivity, permeability,
normalized impedance, and surface current density. The meta-
material absorber (MA) discussed in this study finds use in
defense-related applications, such as radar surveillance, stealth
technology, terrestrial and satellite communications.

Keywords  meta-material absorber, microwave absorber, wide-
band absorber

1. Introduction

Meta-materials are artificially designed substances capable of
achieving specific properties to control electromagnetic wave
radiation. This helps absorb or reflect EM waves from the
surface. They are characterized by a periodic arrangement of
atoms, negative permittivity, negative permeability, and a neg-
ative refractive index. Meta-materials can be used for a variety
of purposes, including antennas [1], cloaking [2], perfect lens-
es [3], sensors [4] and absorbers [5]. Meta-material absorbers
(MAs) are in the focus of this study due to their absorption-
related properties, easy fabrication, as well as the fact that
they are ultrathin and light weight. Some of the applications
of MAs include stealth technology, EM compatibility, and
anechoic chamber design.
A meta-material absorber is a three-layered substance that
is designed to absorb incident electromagnetic waves. The
middle layer has a dielectric substrate that is excited by a mag-
netic field generated by current flowing through the upper
and lower layers in opposing directions. The top layer, mean-
while, consists of a resonator that is electrically excited at the
resonance frequency. The incident power signal cannot pass
through the bottom layer, since it is composed of copper. Per-
mittivity and permeability values are adjusted by means of
altering electric resonance and magnetic resonance values to
bring the structure’s input impedance in line with free space
impedance. If electric and magnetic excitation occurs simul-
taneously, the maximum level of absorption is achieved.

First, a single band MA was proposed by Land [6], and this
concept attracted the attention of numerous researchers fo-
cusing on designing meta-material absorbers. Many different
meta-material absorbers, such as those of single-band [7],
dual-band [8] or wideband [9] variety, have been introduced.
Nowadays, wideband absorbers absorb incident EM waves
within a broad frequency range. Different resonant structures
are combined to enhance the bandwidth of wideband ab-
sorbers. However, such an approach results in considerable
dimensions of the unit cell structure [10]. Another approach
relies on the multilayer design, where layers of different di-
mensions are stacked together, increasing the thickness of the
structure and restricting the applicability of this particular
type [11]. Bandwidth can also be expanded by using a chip re-
sistor, but in this case, the fabrication process becomes more
complex [12].
This work proposes a wideband meta-material absorber
with square and circular splits rings and a conductive ink
frequency-selective surface. The bandwidth of the absorber
is 15.84 GHz from 6.28 GHz to 22.10 GHz with more than
90% absorptivity. The proposed MA is examined for both po-
larizations and various angles of incidence, under normal and
oblique incidents.

2. Unit Cell Geometry

In a perfect MA material, absorptivity should be approxi-
mately equal to one. Such a parameter can be determined
by [13]:

A(ω) = 1− |S11|2 − |S21|2 , (1)
where S11 is the reflection coefficient and S21 is the trans-
mission coefficient.
Since the bottom layer is made of copper, there no RF ener-
gy is transmitted. Therefore, |S21|2 → 0 and thus absorption
fully depends on |S11|2. For better absorption, S11 should be
low, and that can be achieved by impedance matching.
Figure 1 shows the structure of the proposed absorber, with
four layers. The top layer is made up of ink, with its bulk
conductivity equaling 664 S/m. It consists of a square split
ring and two circular rings. Its dimensions are a = 16,
b = 14, g = 1, w1 = 0.5, w2 = 0.6, w3 = 0.4, r1 = 3,
r2 = 5, tair = 4, tc = 0.017, tink = 0.1 [mm]. The next
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Fig. 1. Top view (a) and side view (b) of a unit cell.
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Fig. 2. Simulation of absorptivity for the proposed absorber.
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Fig. 3. Absorptivity response for different parts of the resonance
structure.

layer is composed of a dielectric substrate (FR4) of thickness
0.0142λ0, dielectric permittivity of εr = 4.4 and loss tan-
gent δ = 0.02. The air gap between the bottom layer and the
dielectric is 4 mm. The bottom layer is made of copper. The
proposed structure provides bandwidth of 15.84 GHz with
more than 90% absorptivity from 6.28 GHz to 22.12 GHz,
as depicted in Fig. 2.

3. Design Process

In order to assess the impact of absorption response spectra
on different parts of the resonance structure, several simula-
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Fig. 4. Simulated absorptivity under varying unit cell lengths.
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Fig. 5. Simulated absorptivity versus square resonator length.

tion scenarios have been examined, as shown in Fig. 3. Each
resonance structure is responsible for absorption and a select-
ed bandwidth. The rectangular split ring is responsible for two
resonances i.e. at 21.18 GHz with more than 85% absorptiv-
ity, while absorptivity of over 90% is observed for a range
from 10.39 GHz to 15.14 GHz. The placement of a circular
ring inside the rectangular split ring results in 90% of ab-
sorptivity within the 5.64 GHz to 18.16 GHz bandwidth. To
achieve an even greater absorption bandwidth, another ring is
placed inside the outer circular ring. Such a structure exhibits
wideband absorption in the 15.84 GHz range, i.e. from 6.28
GHz to 22.12 GHz, with absorptivity exceeding 90%.

4. Design Analysis

To verify the design concept and assess the MA parameters,
the proposed structure is simulated using Ansys HFSS 15.0
software with periodic boundaries conditions and Floquet port
excitation. Figure 4 shows the performance of the designed
structure after varying the length of unit cell a to verify
absorptivity. It can be observed that the highest bandwidth
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Fig. 6. Simulated absorptivity under different square resonator width
values.
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Fig. 7. Simulated absorptivity while varying the square resonator’s
split.

5 10 15 20 25
Frequency  [GHz]

A
bs

or
p
ti

vi
ty

  [
%

]

0

20

40

60

80

100

w =0.50 mm2

w =0.55 mm2

w =0.60 mm2

w =0.65 mm2

w =0.70 mm2

Fig. 8. Simulated absorptivity under varying outer circular ring
widths.

(15.84 GHz) is achieved at a = 16 mm. In the subsequent
analysis, the length of the square resonator b is varied from
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Fig. 9. Simulated absorptivity under different inner circular ring
width values.
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Fig. 10. Simulated absorptivity versus air layer thickness.
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Fig. 11. Simulated absorptivity under varying substrate thickness
values.

13.6 to 14.4 mm, with a 0.2 mm step. Figure 5 shows the
absorption rate, with the maximum bandwidth at b = 14mm.
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Fig. 12. Real component of εeff and µeff of the proposed absorber
a) and imaginary part of εeff and µeff b).
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Fig. 13. Normalized impedance of the proposed absorber.

The absorption response of the proposed structure is shown
in Fig. 6, where the width of the square resonator w1 is varied
within the 0.3 to 0.7 mm range. It is evident that at w1 = 0.5
mm, the maximum absorption bandwidth is found.
The absorptivity response of the square resonator’s split g is
presented in Fig. 7, where the width is adjusted between 0.6
and 1.4 mm. The maximum bandwidth is reached at g = 1
mm.
Figure 8 displays the absorptivity of the outer circular ring,
with its width varying from w2 = 0.5 to 0.7 mm. It can be
noticed that a wide bandwidth is obtained at w2 = 0.6 mm.
The width of the inner circular ring w3 varies from 0.2 to 0.6
mm, and the related absorptivity response is shown in Fig. 9.
It can be noticed that the optimal bandwidth is obtained at
w3 = 0.4 mm.
In the next step, thickness of air layer is varied from tair = 3.6
mm to tair = 4.4 mm, and the corresponding absorptivity
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Fig. 14. Surface current distribution on: a) top layer at 8.04 GHz, b)
bottom layer at 8.04 GHz, c) top layer at 21.21 GHz, and d) bottom
layer at 21.21 GHz.

response is shown in Fig. 10. The figure confirms that the
maximum bandwidth can be achieved at tair = 4 mm.
In the last test, the absorption response of the proposed
structure is measures for varying substrate thickness values
(from t = 0.1 to t = 0.5 mm). It can be observed that the
optimal bandwidth is achieved at t = 0.3 mm (Fig. 11).

5. Absorption Mechanism

The absorption characteristics of MA follow Eq. (1) and
depend on S11 and S21 parameters. Because of the copper
layer used on the bottom, the transmission coefficient drops
to zero, which reduces the reflectivity from the absorber’s
structure and increases absorptivity. Equation (2) provides
an alternative expression for the reflection coefficient that is
based on the medium’s effective impedance [14].

S11 =
Zeff − Z0
Zeff + Z0

. (2)

When the free space impedance and the structure’s impedance
Zeff are equal, S11 achieve the minimum value. Impedance
of the structure may be written in the form of permittivity
and permeability of the absorber, by Eq. (3) [15].

Zeff =
√
µo µeff
ε0 εeff

= Z0

√
µeff
εeff

= Z0

√
µ+ jµ′

ε+ jε′
. (3)

Free space impedance and normalized impedance are given
as [15]:

Z0 =

√
µ0
ε0
= 377 Ω , (4)

Z =
Zeff
Z0
. (5)

As shown in Fig. 13, the real part of normalized input
impedance of the proposed absorber changes to unity and
imaginary part becomes zero from the 6.28 GHz to 22.10
GHz frequency regime. The real part of permittivity and per-
meability is equal and their imaginary part becomes zero
in the design frequency regime, which leads to impedance
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matching depicted in Fig. 12. This proves that the MA and
free space are ideally impedance-matched, resulting in maxi-
mum absorption.
In order to investigate the absorption mechanism, current
distributions of the proposed wideband absorber’s top and
bottom surfaces are examined at two absorption peak fre-
quencies, as illustrated in Fig. 14. At 8.04 GHz, the surface
current is mainly localized in the inner and the outer circular
ring, and also in some parts of the rectangular ring, whereas
absorption at high frequency stems mostly from the surface
current in the inner circular ring and rectangular ring. The
surface current flows present in the top and bottom layers op-
pose each other, as shown in Fig. 14, which creates magnetic
resonance and adjusts the permeability of the structure so that
its impedance is equal to that of free space.
At these resonating frequencies, the patch array is electrically
excited by an incident electric field. The magnetic field and
the strong electric field can be observed to create a signifi-
cant amount of absorption in the same area, at this specific
frequency. Therefore, the absorption peak at that frequency is
affected by the combined effects of both E and H fields.

6. Polarization Insensitive Behavior

Here, both normal and oblique incidence is examined for
the proposed MA. The normal and oblique wave incidence
of the proposed structure is examined. It is polarization in-
sensitive due to the symmetric MA structure. In the case of
normal incidence, electric and magnetic field directions rotate
at various angles, i.e., polarization angle ϕ, while the wave
propagation direction is normal along the z axis. The polar-
ization angle is changed from 0 to 90° at 15° increments. As
shown in Fig. 15, it is evident that absorptivity remains con-
stant.
Under oblique incidence, both TE and TM modes are ex-
amined for the proposed structure. The incidence angle θ
is varied while ϕ remains constant to assess absorptivity
changes. The electric field in TE polarization is constant and
perpendicular to the plane of incidence, but the magnetic field
and wave propagation direction have been rotated at different
angles varying from 0 to 45°. In TM polarization, the electric
field and wave propagation direction have been rotated from
0 to 45°, whereas the magnetic field is constant and perpen-
dicular to the plane of incidence.
The absorptivity curve shown in Fig. 16 decreases along with
an increasing angle incidence. The proposed structure ex-
hibits high absorptivity (exceeding 80%) up to an incidence
angle of 45°.

7. Conclusion

A polarization-independent wideband meta-material absorber
based on conductive ink with a frequency selective surface
has been discussed. The absorber offers an innovative feature,
namely broad-spectrum absorption achieved thanks to more
than 90% absorptivity, covering a frequency range of 6.28
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Fig. 15. Simulated absorptivity versus polarization angles.
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Fig. 16. Simulated absorptivity at different incidence angles under:
a) TE and b) TM polarization.

to 22.12 GHz. Surface current density and input impedance
were analyzed as well to understand the absorption mech-
anism. Both normal and oblique angles of incidence were
examined in relation to the structure’s polarization behavior.
The proposed structure is characterized by polarization in-
sensitivity. For both TE and TM polarizations, it offers an
absorption rate of over 80%, with an oblique incidence angle
of up to 45°. It is ultrathin, which makes it suitable for satellite
communications as well as stealth and radar applications.
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Tab. 1. Comparison of the proposed MA with other works.

Refe-
rence

Cell size
[λ0 × λ0]

Shape Material Absorption
bandwidth

Thickness
[λ0]

Normal
incidence

Oblique angle incidence
TE TM

[16] 0.39 × 0.39 Square FR4,
copper

12.80–16.64
GHz (90%) 0.049 Polarization

sensitive
A(ω) > 70%

up to 60° N/A

[17] 0.16 × 0.16 Square FR4,
copper

3.90–10
GHz (90%) 0.098

Polarization
indepen-

dent

A(ω) > 50%
up to 75°

A(ω) > 50%
up to 75°

[15] 0.35 × 0.35 Square FR4,
copper

14.44–27.87
GHz 0.1134 Polarization

sensitive
A(ω) > 80%

up to 45°
A(ω) > 80%

up to 45°

[18] 0.26 × 0.26 Square FR4,
copper

1.92–2.26
GHz (80%) 0.022

Polarization
indepen-

dent

A(ω) > 70%
up to 45°

A(ω) > 70%
up to 45°

[19] 0.023 × 0.023 Square
VO2,
gold,

polyimide

3.5–8 THz
(90%) 0.013

Polarization
indepen-

dent

A(ω) > 80%
up to 60°

A(ω) > 70%
up to 60°

[20] 0.34 × 0.34 Square FR4,
copper

5.94–16.84
GHz (80%) 0.120 Polarization

sensitive
A(ω) > 80%

up to 45°
A(ω) > 80%

up to 45°

Proposed 0.75 × 0.75 Square
FR4,

copper,
ink

6.28–22.1
GHz (90%) 0.0142

Polarization
indepen-

dent

A(ω) > 80%
up to 45°

A(ω) > 80%
up to 45°
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