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ABSTRACT: Metamaterial-based absorbers offering perfect and broadband absorption are greatly desirable in radar and stealth technology
systems. Further, the polarization insensitive feature makes the absorber useful for industrial applications. This study examines the design
of a wideband metamaterial-based radar absorber functioning throughout the frequency range of 8 to 16 GHz. The metasurface design
comprises two concentric metallic rings and a fan-shaped circular metallic disc at the middle. The rings and central disc are interconnected
with surface-mounted chip resistors to enhance the absorption bandwidth. It is depicted that more than 90% absorptivity was attained from
8to 16 GHz. A wideband absorber with angular stability and polarization insensitivity is an excellent choice for wireless communications,
particularly in radar applications. Further, the measured results of the prototype corresponded well with the simulated outcomes.

1. INTRODUCTION

etamaterials (MMs) show unique electromagnetic charac-

teristics because of the periodic nature of subwavelength-
sized unit cells. Natural materials cannot provide the unique
electromagnetic properties achievable with MMs [1-7]. MMs
are found in many novel applications, like lenses [8], cloak-
ing [9-11], filters [12—14], sensors [15—17], energy harvest-
ing [18-20], and absorbers [21-27]. The first proposal on the
MM-based absorber was made by Landy et al. [28]. Subse-
quently, numerous absorbers in the microwave and optical do-
mains have been developed utilizing metasurfaces composed
of various resonators, including cross-resonators, square rings,
split-ring resonators (SRRs), and trapezoidal arrays [21-27].

MM-based absorbers with wideband absorption find im-
mense potential in radar and stealth applications [29, 30]. Much
research has been conducted in designing absorbers for X-band
frequencies, but most of them suffer from narrow bandwidth
and complex design [31-33]. To meet the stringent require-
ments of radar and stealth applications, there is a need for a sim-
ple design of the absorbers with perfect and wideband absorp-
tion. This opens up a window of opportunity for researchers to
design efficient and economical metamaterial-based absorbers
with wideband absorption response.

Various techniques are used to broaden the absorptivity in the
optical regime, including nanowires [34], supercells made us-
ing an in-plane arrangement of multiple resonators [35], and
multilayer vertically metallic/dielectric layers [36,37]. Al-
though absorption spectrum of the absorber can be broadened
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by these techniques, these techniques suffer from complex
structures and challenging fabrication processes. To achieve
broadband absorption in the microwave regime, multilayered
vertically stacked resonant elements are used, which makes the
design complex, bulky, and costly [38—40]. Consequently, the
development of an absorber characterized by broad absorption,
cost-effectiveness, compact dimensions, and a straightforward
fabrication technique is imperative.

The utilization of resistances in the design is an effective
technique to enhance the absorption spectrum of an ab-
sorber [41-45]. This study seeks to use lumped chip resisters
among the distributed elements to enhance and improve the
absorption spectrum of the structure. The chip resistors used
in the absorber design are low cost and easy to install which
make this design an ideal choice for robust applications like
radar and stealth technology. The metasurface of the design
is constituted of resonators with two concentric metal rings
and a fan-shaped circular metal disc in the center. The circular
rings facilitate the circulation of incoming surface currents
generated by electromagnetic waves, inducing resonance that
subsequently enhances absorption. The fan-like structure pro-
duces a capacitive effect, while chip resistors increase ohmic
loss. Consequently, the proposed structure possesses the
capability to enhance absorption. More than 80% absorptivity
is achieved from 8 to 17 GHz. The polarization-insensitive and
angle-insensitive (ranging from 0° to 50°) features make the
absorber useful for microwave applications. In the forthcoming
part of the paper, Section 2 discusses the design and theory.
Results and discussion are reported in Section 3. Section 4
covers the conclusion of the paper.
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FIGURE 1. Proposed metamaterial-based absorber.

2. DESIGN AND THEORY

The design of the unit of the chip-resistors based absorber is
demonstrated in Fig. 1. The unit cell consists of three layers:
an upper metasurface, a central dielectric substrate, and a lower
metallic layer. The thickness of the top metasurface and bottom
layer is kept at 0.035 mm. The unit cell (with period 13 mm) of
the proposed structure is made of a fan enclosed in the split
rings. Further, this structure is an excellent choice because of
its symmetry which makes it polarization-insensitive. The re-
sistors are incorporated within the cuts of the top metasurface
structure. The middle FR-4 dielectric substrate isolates the de-
sign from the ground and is 2.9 mm thick. The parametric val-
ues of the unit cell of the absorber are represented in Table 1.

TABLE 1. The parametric values used for the design of the absorber.

Parameters | Value (mm) | Parameters | Value (mm)
a 1 T3 3.3
1 2 T4 4.5
T2 2.8 T 5
R 2009

The incoming electromagnetic waves penetrate inside the ab-
sorber structure due to resonance at top metasurface. The mid-
dle layer of the absorber keeps trapping the waves, and trans-
mission remains blocked by the bottom layer. The wave in-
side the substrate transforms to the other form by energy by the
Fabry-Perot effect. The absorber’s unit cell was simulated us-
ing CST Microwave Studio. The simulation configuration in-
cludes periodic boundary conditions in the zy-plane and open
boundary conditions along the z-axis. A plane wave is excited
at the surface of the absorber.

We have determined the absorption considering the transmis-
sion and reflection coefficients in terms of S-parameters. Ab-
sorption is calculated using Eq. (1)

A(w) =1—|511(w)|2—|521(w)\2 (1)

A(w) represents the absorption, whereas |521(w)\2 and

2 . o
| S5 (w)|” represent the reflection and transmission, respec-
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tively. The transmission coefficient is zero (|521(w)|2;:z 0),
as a copper ground plate with a thickness of 0.035mm is
employed. So, Eq. (2) becomes

A(w) :1—|511(w)|2 ()
The impedance of metamaterial is
p =B 3)
€
where p =po - and € =¢,€,.,
The impedance of free space is
2o=y 22 )
€o

Fresnel formulas of reflection for TM- and TE-polarizations are

2
R — iy €080 —v/n? —sind 5)
e fr €080 + /2 — sin @
2
€rc08 0—+/n2—sinf
Rry = . (6)
£,€08 0++/n?—sinf

where p,- and g, are relative permeability and permittivity. The
refractive index of the metamaterial is shown by n which is
equal to y-€,.. The incidence angle is shown by 6 and for nor-
mal incident § =0°. So, the Fresnel formula becomes

(B ()
= \/ﬁr'f'\/g’r B 242,
As the transmission is zero due to the copper ground used in the
=20\
A=1-R=1- ( )
zZ+2zo

when the impedance of the structure matches with the free-
space impedance, z = z,, and unity absorption is attained.

™)

structure,

®)

3. RESULTS AND DISCUSSION

The evolution of the design of the metasuraface-based absorber
is illustrated in Fig. 2. Firstly, absorptivity of the fine-like
structure enclosed by split rings without chip resistors is de-
picted in Fig. 2(a). Two absorption peaks are observed at 15
and 17 GHz, respectively. It can be seen that both absorp-
tion peaks have absorptivity above 80%. Secondly, the ab-
sorption of the metasurface-based absorber composed of chip
resistors is presented in Fig. 2(b). The optimized results for
the absorption are attained by using 200 Ohm chip resistors.
It is shown that wideband absorptivity is attained by the in-
clusion of the chip resistors in the design. Results show that
more than 90% absorptivity is attained from 8 to 17 GHz. The
structure has a four-folded symmetry; therefore, TE- and TM-
polarizations have the same absorptivity which shows the struc-
ture with polarization-insensitive nature. The wideband ab-
sorption is caused by Fabry-Perot effect which is due to the
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FIGURE 2. Absorptivity of the metamaterial absorber, (a) without chip resistors, (b) with chip resistors.

destructive interference that occurs between two parallel re-
flective surfaces. The trapped light inside the cavity undergoes
multiple reflections which in turn produce the absorption. Fur-
ther, the destructive interference leads to the minimal reflection,
and missing energy is converted into heat.

The impedance of the media provides a clear insight of the
reflection and transmission through a media. Notably, if the
impedance of the media matches with the free-space wave
impedance, then all incoming waves penetrate in media. The
impedance of MMA is matched with the free-space impedance.

Hepr

The effective impedance can be written as Z ;= o where

ey 1s the effective dielectric constant and effective permeabil-
ity of the MMA.

Using S-parameters the normalized impedance can be calcu-
lated as follows [1]:

(14 511)° — 52
Zeff: 2 2
(1—=511)" - 53

The normalized impedance of absorber for both the real and
imaginary parts is analyzed (as shown in Fig. 3). It is observed
from the plot that the real part of the impedance remains 0.5 at
8 GHz, and it increases with the increase of operating frequency
and reaches unity at 14 GHz. It can be observed that the inci-
dence wave is completely absorbed at 14 GHz. For frequency
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FIGURE 3. Demonstration of normalized impedance of the absorber.
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17 GHz, the impedance becomes very high, and absorptivity is
reduced at this value of frequency. For the entire operating fre-
quency imaginary impedance remains zero (represented by the
red line).

The surface current densities are very useful for investigat-
ing the absorption mechanism. We have considered two ab-
sorption peaks at 10 and 15 GHz to study the surface current
densities (SCDs) as reported in Fig. 4. For the peak at 10 GHz,
the plot for current densities is demonstrated in Figs. 4(a) and
(b), respectively. On the top surface, it is observed that current
is restricted on the split rings and on the wheel of the enclosed
fan. The bottom layer shows the surface current in the upward
direction. Currents on the top and bottom layers are antipar-
allel that lead to formation of magnetic dipoles. The magnetic
resonance is achieved due to the magnetic dipoles. Figs. 4(c)
and (d) correspond to the SCD of the top and bottom layers for
15 GHz. Similar to the previous situation, absorption is due to
magnetic resonance. As clearly seen, SCDs are antiparallel for
the top and bottom layers.

The effects of the angular excitation on the absorber are an-
alyzed for TE- and TM-polarizations. The absorptivity is in-
vestigated from 6 = 0° to 45°. It is noticed that absorptiv-
ity remains considerably stable up to § = 40° of the excited
wave; however, the trend of the reduction in the absorptiv-
ity is observed with the increase of incidence angle. For TE-
polarization, the absorptivity remains above 80% from 8.5 to
16 GHz for obliquity incidence from 0° to 45° (as shown in
Fig. 5(a)), whereas for TM-polarization, results show that ab-
sorptivity greatly decreases with the increase of the incidence
compared with TE-polarization (as shown in Fig. 5(b)). For
0 = 45°, a dip in the absorption is depicted at 11 GHz. Nev-
ertheless, it remains above 80% for the remaining frequency
range as obvious in Fig. 5(b) by dotted blue line. This signifi-
cantly high angular stability makes the absorber useful for prac-
tical applications.

Moreover, the absorptivity is studied for varying the resis-
tance of the chip resistor from 180 to 250 2 for the normal in-
cidence of the wave. Figs. 6(a) and 6(b), respectively, show
the absorptivity for different values of the resistance for TE-
and TM-polarizations. It is observed that absorptivity remains
the same for different polarizations corresponding to their re-
sistivity. Henceforth, it can be concluded that resistance does
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FIGURE 4. SCD, (a) top layer for 10 GHz, (b) ground layer for 10 GHz, (c) top layer for 15 GHz, (d) ground layer for 15 GHz.
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FIGURE 5. Plot for absorptivity for different values of 6, (a) for TE polarization and (b) for TM polarization.
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FIGURE 6. Plot for absorptivity for different values of the resistance, (a) for TE polarization and (b) for TM polarization.
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FIGURE 7. Plot for different values of ¢ for absorptivity, (a) for TE polarization and (b) for TM polarization.
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FIGURE 8. Plot for absorptivity for thickness of the substrate, (a) for TE polarization and (b) for TM polarization.

not affect polarization. It is noticed that the best results are at-
tained at 200 2. In addition, the change in the resistance shows
a very minor impact of the change in resistance. The absorber
will remain stable despite environmental effects.

Further, consequences of the polarization ¢ are analyzed on
the absorber keeping the chip resistor value 200 €2 (as shown
in Fig. 7). Figs. 7(a) and (b), respectively, illustrate the ab-
sorptivity for the TE and TM polarizations, and it is depicted
that absorptivity remains unchanged by altering the polariza-
tion for the normal incidence of the wave. This polarization-
insensitivity is attained due the symmetry of the metasurface of
the design.

The thickness of the substrate remains a prominent effect on
the absorptivity of the absorber. The substrate traps the incom-
ing wave from the top metasurface of the absorber and then
converts it into the heat by multiple reflections of the Fabry-
Perot cavity of the substrate. The plots show that absorptivity is
enhanced when the absorber substrate thickness increases from
1.6 to 2.9 mm. Nonetheless, absorption bandwidth reduced as
thickness increased from 2.9 to 3.5mm. The best results are
attained as the thickness is ¢ = 2.9 mm (as shown Fig. 8).

Table 2 illustrates the proposed work with the reported state-
of-the-art published work. Comparing the reported work, it
has been noticed that the proposed absorbers have superiority
in terms of absorption bandwidth, absorber configuration, and
polarization-insensitive nature.
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4. EXPERIMENTAL STUDY

In this section, the proposed metamaterial absorber is experi-
mentally examined. The experimental setup is shown in Fig. 9.
Before the measurements, the prototype of the proposed ab-
sorber was fabricated by the LPKF PCB prototyping machine.
The prototype consists of 14 x 14 unit cells covering a square
area of 200 x 200 mm? with an FR4 type sample thickness of
2.9mm. The focused view of the prototype is illustrated in
Fig. 10(a). It is produced without chip resistors, and the per-
formance is compared with a simulated one.

The absorption features of the structure are measured by two
ports Agilent PNA-L vector network analyzer (VNA) having

FIGURE 9. Experimental setup for the measurement of absorption.
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TABLE 2. Comparative analysis of the suggested absorber against state-of-the-art reported studies.

. Absorption
Operating . ) . . .
Reference Material Used Configuration Bandwidth Polarization-insensitive
Frequency
(> 80%)
[41] 8-16 FR4 and Copper Multilayered Multiband Yes
[42] 1-10 FR4, Copper and Resistors Resistive load 2-8.5 Yes
[43] 1-4.5 FR4, Copper and Resistors Resistive load 1.9-3 Yes
FR4, Copper and . .
[44] 2-16 ) ) Resistors laoded strips 4-12 No
Resistors Laoded Strips
[45] 2-15 FR4, Copper and Resistors 4-10 No
Present Work 8-17 FR4, Copper and Resistors Resistive Load 810 16.8 Yes

(b) 1

[
o

o
e}

o

Absorption
~

* measured
—simulated
10 12 14 16 18
Frequency (GHz)

FIGURE 10. (a) Fabricated prototype and (b) numerical and experimental absorption performances for the metamaterial absorber without chip

resistors.

an operating frequency band between 10 MHz and 43.5 GHz.
Before the measurements, one of the ports of the VNA was cal-
ibrated by way of unguided calibration settings including load,
short and open circuit techniques. During the measurements,
a horn antenna between the frequencies of 3 GHz and 18 GHz
is used to observe the S7; result. There is a linear relationship
between the far-field region and frequency, which can be cal-
culated as follows.

2
Farfield = % )
where D (8 mm) is the maximum antenna aperture, and A
(28.5 mm) represents the wavelength of the central frequency.
Using this formula, the starting point of the far-field region is
found to be 445 mm. Therefore, meticulous attention was given
to maintaining a separation between the prototype and the horn
antenna that exceeds this threshold.

The measured and simulated absorption results of the pro-
posed metamaterial absorber without chip resistors are demon-
strated in Fig. 10(b). In numerical studies, the maximum ab-
sorption peaks are obtained at frequencies of 15.75 GHz and
16.88 GHz. At these peaks, the absorption ratios are monitored
above 80%. In the experimental studies, similar peaks with al-
most the same absorption ratios are obtained at the frequencies
of 14.16 GHz and 17.08 GHz. When the simulation and mea-
surement results are compared to each other, a frequency shift
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can be observed, especially at the first absorption peak in the
plot. Despite this exact unmatched condition, the absorption ra-
tios of both results are almost at the same level. Therefore, the
experimental study gives thought to the performance of the pro-
posed absorption. The sources of the distortions and frequency
shift in the measurement result stem from various conditions.
As can be seen in Fig. 9, the experimental study could not be
realized by using an anechoic chamber. Besides, the —3 dB
beamwidth of the antenna should be larger than the sample size
to ensure uniform illumination. Horn antennas can be charac-
terized by their beamwidth which can be stated as

A
~— 1
o~ (10)

It results in a relatively narrow beamwidth of approximately
20.4 degrees. Due to this relatively narrow beamwidth, the
absence of an anechoic chamber and alignment of the sample
may cause some discrepancies between simulations and exper-
iments. In addition to the experimental environmental condi-
tions, the fabrication errors which especially occur during carv-
ing around the unit cell by a lack of sensitivity cause the reso-
nance frequency shift. Despite these limitations, it can be con-
cluded that the simulated results in Fig. 10 align well with the
experimental one and offer valuable insights.
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5. CONCLUSION

The study examines a broadband metamaterial absorber com-
posed of chip resistors, as detailed in the preceding results and
discussion. The incorporation of chip resistors in the design has
significantly enhanced the absorption capacity. It is observed
that above 80% of radar signals get absorbed with an absorption
bandwidth of 8.9 GHz, including the X- and Ku-bands. In ad-
dition, the absorber shows polarization insensitivity and wide-
angle absorptivity which make this absorber useful for indus-
trial applications. The simulation results are compared with the
measured ones. It is noticed that the measured and simulated
results show an agreement.
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