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Abstract

In this paper, a super-compact ultra-wideband (UWB) metamaterial absorber (MMA) is
presented. The absorber design consists of an inverted L-shaped structure and a diagonal
rectangular-shaped structure. The capacitive coupling between these two structures not
only provides UWB nature but also provides a super-compact absorber design. The dimension
of the unit cell arrangement is 5 x 5 mm? and printed on a low-cost FR-4 substrate of thick-
ness 1.54 mm (0.0614,yest)- The design absorber provides more than 97% absorptivity from
12 to 21 GHz for normal incidence electromagnetic (EM) wave. However, the proposed MMA
has a full width at half maximum absorption bandwidth of 11.71 GHz from 10.34 to 22.05
GHz. Moreover, the surface current distributions have been analyzed to understand the
absorption mechanism of the MMA. The stability of the proposed design is validated with
different incident angles (for TE and TM modes) and different polarization angles. Finally,
the absorber design is fabricated and verified experimentally. Furthermore, the UWB fre-
quency range, high absorption, ease in design and fabrication, and cost-effective make it suit-
able for different quality applications in stealth technology, thermal imaging, radar detection,
antenna systems, and other EM devices.

Introduction

Metamaterials are the artificial materials that exhibit the physical properties like negative per-
mittivity and negative permeability [1] which are not present in ordinary materials. The meta-
material, being an unnatural structure has gained attentiveness in various applications such as
perfect lens [2], cloaking [3], absorbers [4], and antenna size shrinking [5]. Further, the 2D
planar structures of metamaterials i.e. metasurfaces are also used in various applications to
enhance the antenna characteristics such as the gain ofthe antenna [6], the front-to-back
ratio of the antenna [7], and many more. Over the last few years, a lot of work has been carried
out over metamaterial absorber (MMA). However, small footprint, high peak absorption
response, wide bandwidth, wide incident angle independent, and polarization-insensitive are
still in the researcher’s radar. Nevertheless, the wide bandwidth along with the small size is
quite challenging for the researchers. However, numerous works have been carried out to
get wide bandwidth but thicker substrate and large electrical footprint became a big constraint
in many applications. In [8], a metamaterial decoupling cell has been incorporated in between
the antenna array to enhance the isolation between the MIMO antenna elements. However, it
may lead to the shifting of the resonance peak from its aimed frequency. Bhattacharyya et al.
[9] and Wang et al. [10] have investigated absorber structures for a wideband response.
However, the thickness of the substrate and non-flattop absorption limits their application.
Moreover, lumped circuit elements [11, 12] have been incorporated at the top surfaces of
the MMA to widen the bandwidth, however, this leads to fabrication complexity. In [13-
15], a planar absorber structure has been presented to give a wider response. However, the lim-
ited bandwidth of the structure limits its application in various fields. In work [16], the
absorber structure has been observed for presenting the wideband response. But the thickness
of the structure is the biggest concern. Wang et al. [17] has investigated a meander wire struc-
ture loaded with resistors to provide a broader response. However, this meander wire structure
and loaded resistors make the structure more complex. Further, the proposed absorber can also
be compared with the structure having filter-like characteristics [18, 19]. It is known that the
absorber and the filter both serve the same purpose of removing or eliminating the unwanted
component from the signal. However, they are used in different applications. The absorber is
used in applications like radar cross-section reduction, antenna, sensors, and many more
whereas the filter is used in instrumentation, electronics, and communication systems espe-
cially in signal and image processing systems.
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Table 1. Comparison table

References Frequency range (GHz) Size (mm?) Thickness FWHM (GHz)
[9] 46-7.2 10x 10 0.052410west Alowest at 4.9 GHz) 4
[10] 8.85-14.17 9x9 0.047A1owest Alowest at 8.85 GHz) 6.77
[11] 7.93-17.18 12x12 0.0810west (Aiowest at 8 GHz) 10.9
[12] 3.01-5.28 30 %30 0.054A10mest Alowest at 3.27 GHz) 2.82
[13] 5.27- 6.57 9x9 0.028 4 10west Alowest at 5.34 GHz) 1.94
[14] 12.80-16.64 8x8 0.044210mest Alowest at 13.2 GHz) 5.48
[15] 8.36-10.87 10x 10 0.04610mest Aowest at 8.75 GHz) 3.55
[16] 5.94-11.92 9x9 0.066A10mest (Alowest at 6.2 GHz) 7.55
[17] 1.91-4.24 10 x 10 0.072iowest (Alowest at 2.16 GHz) 412
Proposed Design 12-21 5x5 0.061 4 0west (Aiowest at 12 GHz)? 11.71

21t is slightly thicker as compared to other designs. However, it is compensated by the small size and ultrawide bandwidth.
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Fig. 1. (a) Design evolution of proposed absorber, (b) absorptivity corresponding to design steps. Detail dimensions are a=5mm, b=3.3 mm, ¢=0.9 mm, [=3 mm,
and w=1.1mm.
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Fig. 2. Surface current distribution.
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Fig. 3. Normalized input impedance of the proposed UWB absorber.

In this paper, a super-compact, polarization-insensitive
ultra-wideband (UWB) MMA is designed. The proposed design
comprises two resonating elements namely L-shaped strip and
diagonal rectangular strip. The MMA covers the frequency
range from 10.34 to 22.05 GHz having full width at half max-
imum (FWHM) of 11.71 GHz. The oblique incidents confirm
that the peak absorption remains invariant up to 50° of incident
angle. Moreover, the geometry is polarization insensitive in
nature. The design mechanism is illustrated by the surface current
distribution plot. The comparison of the proposed structure with
the reference structures is explained in Table 1. From Table 1, it is
observed that the proposed absorber structure has very compact
size as compared to all other reference structures. Further, it pro-
vides the ultra-wideband absorption from 12 to 21 GHz and pro-
vides very good FWHM as compared to all other reference
structures. Thus, it is confirmed that the proposed design is a
very prominent structure in terms of size, UWB absorption,
and FWHM.

Configuration and design of UWB absorber

The proposed UWB MMA is composed of three layers. The top
layer consists of a resonating design and the bottom layer consists
of a ground plane which is completely formed of metal. The
metallic layer uses copper of thickness of 0.035mm and
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conductivity =5.96 x 10’ S/m. The top and bottom layers are
separated by a dielectric substrate FR-4 of thickness 1.54 mm
and dielectric constant &,=4.4. The full-wave simulations and
optimizations of the proposed absorber structure are accom-
plished with the use of finite integration technique (FIT)-based
computer simulation microwave studio (CST MWS) [20]
with periodic periphery conditions. However, the absorption rate
[A(w)] of the proposed absorber is calculated by equation
A(@) =1 —S11(@)]> = |S21(@)|> where S,,(w) is the transmission
coefficient and S;;(w) is the reflection coefficient. Since the
ground surface is completely covered with metal, this prevents
the incident wave transmission from one port to another port.
Therefore, the transmission coefficient will be zero [S,,(w) = 0]
[21]. Thus, absorptivity can be calculated by A(w) = 1 — |S;;(@)|*.

To interpret the wideband absorption mechanism, the design
evolution of the proposed structure (design steps) and the corre-
sponding absorption curve is shown in Figs 1(a) and 1(b),
respectively. It is interestingly noticed that only single strip either
vertical strip (Step-1) or horizontal strip (Step-2) provides very
low absorption as clearly depicted in Fig. 1(b). However, individ-
ual diagonal strip (Step-3) resonates at 21 GHz with peak absorp-
tion of 80%. The absorption peak in Step-3 (diagonal strip) is
higher than Step-1 (vertical strip) and Step-2 (horizontal strip)
because eigenvalues vanishing identically corresponding to the
number of holes result in resonances that are twofold degenerate
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Fig. 4. (a) Effective permittivity of the proposed UWB absorber, (b) effective permeability of the proposed UWB absorber.

[22]. Further, the diagonal strip is added to the Step-1 and Step-2
resulting in Step-4 and Step-5 which are observed in the evolution
process. The absorption peak for Step-4 and Step-5 is shown in
Fig. 1(b). It is noticed that the combination of vertical strip and
diagonal strip (Step-4) resonates at 18 GHz. However, the com-
bination of horizontal strip and diagonal strip (Step-5) resonates
at 16 GHz with very low absorption rate. Moreover, when we
combine vertical strip and horizontal strip (Step-6), the absorp-
tion curve drastically changes, and provides a wideband absorp-
tion with a resonance peak at 14 and 18 GHz. Finally, to make

https://doi.org/10.1017/51759078720001300 Published online by Cambridge University Press

UWB nature of the proposed absorber, all three strips are com-
bined together which not only introduces a strong coupling
between them but also increases their corresponding capacitances.
Hence, the proposed structure resonates at lower frequency
ie. 12GHz along with the high absorption peaks at 17 and
21 GHz, as shown in Fig. 1(b). The strong mutual coupling
among strips provides overlapping of the close resonances result-
ing in UWB absorption from 12 to 21 GHz with more than 97%
absorptivity. Furthermore, interpretation of the resonances can
also be explained by the surface current distribution as shown
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Fig. 5. (a) Effect of length of L-shaped structure “b”, (b) effect of width of L-shaped structure “c

in Fig. 2. It is noticed that at 12 GHz (lowest resonance), the
almost same current density appears on vertical, horizontal, and
diagonal strip due to which strong mutual coupling takes place.
Therefore, the electrical length is increased and absorber resonates
at 12 GHz with the peak absorption rate of 99%. However,
maximum current is concentrated on inverted L-shaped strip at
17 GHz while equal current is concentrated at inverted
L-shaped strip and diagonal strip at 21 GHz. From Fig. 1(b), it
is interesting to notice that at 21 GHz, the resonance of diagonal
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«n

strip (Step-3) and inverted L-shaped strip (Step-6) cross each
other, hence the same magnitude of the surface current appears
at these strips.

Further, the normalized input impedance (Z;,) of the pro-
posed UWB absorber, shown in Fig. 3 is calculated by using
equation (1) [23]:

o ja+ $11)* = (S21)’
Zn = (1—81)” = (Sn)* M
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Fig. 6. (a) Effect of length of diagonally placed rectangular-shaped structure “/”, (b) effect of width of diagonally placed rectangular-shaped structure “w”.

It is observed that the imaginary part and the real part of the
normalized input impedance becomes approximately equal to
zero and unity, respectively, at the absorption peaks i.e. 12, 17,
and 21 GHz. The unity value of the real part indicates the perfect
impedance matching of the structure which leads to the max-
imum absorption.

Furthermore, the metamaterial characteristics i.e. effective per-
mittivity (€.4) and effective permeability (i) of the proposed
UWB absorber are analyzed and calculated using equation (2)
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and (3), respectively:

2%)(1 — 811 — Sa1)
=1 , 2
B = 1 end) (1 11 + S) @

—14 2#)(1 + S11 — S21)
Hef (kord)(1 — S11 + S1)

where k, is the wavenumber of the free space and d is the thick-
ness of a single unit cell of the structure. The obtained real and

3)


https://doi.org/10.1017/S1759078720001300

International Journal of Microwave and Wireless Technologies

ceee
oo —
1 1

Absorption
oo
B

===
— 2l
L 1

=

S 7 9 11 13 15 17 19 21 23 25
Frequency (GHz)
(a)

795

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

0.012

Absorption

0.02 0.028 0.036 0.044 0.052 0.06

Wavelength (m)
(b)
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Fig. 8. Reflection coefficients of cross-polarization (r,, and r,,) and co-polarization (r,, and r,,).

imaginary parts of the effective permittivity (£.4) and effective
permeability (i) are shown in Figs 4(a) and 4(b), respectively.
The negative values of (g.4) and (u.y) in some part of the
characteristic confirms that the proposed structure meets the
metamaterial properties.

Parametric sensitivity

Further, the parametric sensitivity of the proposed absorber is
observed by varying different parameters. Initially, the length
“b” and width “c” of the L-shaped structure are varied keeping
all other parameters fixed. It is observed from Fig. 5(a) that the
increase in the length of the structure led to an increase in the
inductance of the structure as a result of which the absorption

https://doi.org/10.1017/51759078720001300 Published online by Cambridge University Press

peak shifts towards the lower frequency side. Moreover, while
increasing the width of the L-shaped geometry, the absorption
peak shifts towards the higher frequency side due to the decrease
in the corresponding capacitance of the geometry as shown in
Fig. 5(b).

Furthermore, the effect of variation of parameters of the
diagonally placed-rectangular shaped structure is also observed.
It is observed from Figs 6(a) and 6(b) that while increasing the
length “I” and width “w” of the diagonally placed-rectangular
shaped structure, the bandwidth of the proposed wideband
absorber decreases along with the decrease in the impedance
matching and while decreasing the length of the diagonally
placed-rectangular shaped structure, the absorption curve
becomes wider but does not provide a good impedance
matching.
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Fig. 9. Absorption response of proposed absorber with the variation of polarization angle (¢).

Analysis of simulated results

All the design, simulation, and optimization of the proposed
absorber are carried out using CST MWS. The proposed UWB
absorber structure is observed under the transverse electric (TE)
mode as well as the transverse magnetic (TM) mode as a function
of frequency and wavelength. It is observed that the proposed
design provides the same bandwidth along with the same peak
absorptivity for both (TE and TM) modes as presented in
Fig. 7. Moreover, the structure resonates at frequency 12, 17,
21 GHz and their corresponding wavelength ie. 0.025, 0.017,
and 0.014m as shown in Figs 7(a) and 7(b), respectively.
Further, in order to verify the property of MMA, the cross-
polarization and co-polarization reflection coefficients are
considered and shown in Fig. 8. The cross-polarization reflection
coefficients (r, and r,,) and the co-polarization reflection coeffi-
cients (7., and r,,) are equal along x or y direction. Thus, we can
consider only one polarization state for the incident wave [24]. It
is observed from the figure that the cross-polarization reflection
coefficient is approximately zero in the entire UWB band i.e.
from 12 to 21 GHz whereas the co-polarization reflection coeffi-
cient is less than —10 dB and provides three dips near to 12, 17,
and 21 GHz.

Furthermore, the proposed absorber is studied for the polar-
ization sensitivity under the normal incidence angle. The direc-
tion of the wave vector is kept constant while the electric field
and magnetic field directions are changed to examine the polar-
ization behavior of the proposed structure. Although, no change
is noticed under different polarization angles. It is clearly
observed that as the polarization angle varies, the curves overlap
each other thus making it polarization-insensitive in nature as
shown in Fig. 9. Furthermore, the incident angle variation is ana-
lyzed to interpret its effect on the absorption rate as shown in
Fig. 10. Firstly, the direction of the electric field is kept constant
while the magnetic field and wave vector directions are varied
by an angle 0 as depicted in Fig. 10(a). Thereafter, the direction

https://doi.org/10.1017/51759078720001300 Published online by Cambridge University Press

of the magnetic field is kept constant while the electric field
and wave vector directions are varied by an angle 0 as depicted
in Fig. 10(b). It is noticed that the absorption rate remains almost
the same up to 50° as the incident angle varies from normal inci-
dence to oblique incidence. However, beyond 50° of oblique inci-
dence, absorption decreases and additional peaks appear close to
higher resonance due to the theory of multiple reflection and
interference [25].

Experimental validation

In order to impersonate the infinite periodicity of the unit cell, a
40 x40 array of dimensions 200 x 200 mm” of the proposed
absorber is fabricated. The measurement setup contains a horn
antenna, absorber holder, coaxial cables, and a network
analyzer.The measurement is carried out using Keysight ENA ser-
ies network anlayzer E5063A (100 KHz -18 GHz) however, the
plot is showing upto 25 GHz. The measured result of the pro-
posed absorber is closesly matched upto 18 GHz (the maximum
range of network analyzer). Moreover, the measured result
beyond 18 GHz is predicted based on the simulated data and
measured data (upto 18 GHz).

The measurement setup of the fabricated prototype of the pro-
posed absorber is shown in Fig. 11(a). The fabricated proposed
absorber structure is positioned in forefront of the horn antenna
at a distance 60 cm (far-field). Initially, the reflectance of the
backplane (completely metallic) of the absorber is measured
thereafter, the reflectance of the front side of MMA is measured.
Then, metamaterial reflectance is normalized by backplane
(metallic plate) reflectance. Finally, measured absorption is
obtained which is compared with the simulated one as shown
in Fig. 11(b). The minor variations between simulated and mea-
sured results are noticed. The fabrication tolerances and free
space measurement inaccuracies have often led to these minor
variations in the measured and simulated results.
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Fig. 10. (a) Absorption response of proposed absorber with the variation of incident angle (6) for TE polarized wave, (b) absorption response of proposed absorber

with the variation of incident angle () for TM polarized wave.

Conclusion

In this paper, a super-compact UWB MMA has been analyzed.
The unit cell configurations of the proposed structure are opti-
mized to get the wider bandwidth with high absorption. The mea-
sured results confirm the proposed MMA achieving UWB
absorptivity from 12 to 21 GHz with FWHM of 11.71 GHz. The
absorption rate is more than 97% over the entire range of fre-
quency. Further, the parametric sensitivity of the proposed
absorber is observed by varying different parameters. Moreover,
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the polarization sensitivity and the consequence of incident
angle are analyzed and observed the insignificant change is
observed in peak absorption with the variation of polarization
angle (¢) and small variation in peak absorption with the vari-
ation of incidence angle (6). The proposed MMA is compared
with reference absorber and observed that it is super compact
with respect to size and has a wide bandwidth and FWHM.
The proposed MMA covers Ku and K bands approximately
and, therefore, has different quality applications in stealth
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Fig. 11. (a) The measurement setup of the fabricated prototype of the proposed absorber, (b) the comparison of the simulated and the measured results.

technology, thermal imaging, detection, antenna systems, and 2.
other EM devices.
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