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Abstract

Purpose: In order to achieve an excellent electromagnetic absorption response for radar
applications, this work proposes a design of an ultra-thin, super broadband, high efficiency meta-
material that is insensitive to incidence angle.

Methodology: a metamaterial based on multilayer resistive ink unit cell is selected, designed and
optimized for minimum electromagnetic absorption and widest bandwidth. The equivalent circuit
is derived and analyzed and compered using matlab to results from electromagnetic simulator
CST.

Findings: Calculating approval requires impedance matching in the structure, which makes it
challenging to absorb at high frequencies. In this instance, the proposed structure achieves more
than 0.98 absorptivity between 4 and 400 GHz, resulting in a broad absorption bandwidth. When
exposed to oblique incidences, the proposed structure behaves in the same way for both
transverse electric (TE) and transverse magnetic (TM) modes up to 45°. The total thickness of the
planned absorber is 2.105 mm, or 0.028 A0 at the lowest working frequency. Additionally, find
and compare previous radar band reports with the proposed absorber. It is reported to offer more
practical feasibility and to be a viable choice for S, C, X, Ku, K, Ka, V, and W bands in addition
to millimeter-band radar applications.

Unique contribution to theory, practice and policy: Increasing the band width compared to
previous studies while increasing the absorption efficiency and reducing the thickness of the
metamaterial.
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Introduction

Meta-materials are manufactured materials with exceptional electromagnetic properties
that are not present in natural materials. These characteristics result from the material's sub-
wavelength structure, which enables exact control over how it reacts to incoming electromagnetic
waves. With even more customization options for their electromagnetic behavior, multi-layered
meta-material structures are well suited for use in radar cross section reduction, cloaking devices,
antennas, and sensors, among other things.

In 1967, V. G. Veselago investigated theoretically the interaction of a plane wave on a
material with negative permittivity and permeability (Veselago, 1968) . He believed that such a
homogeneous material could be fabricated with a semiconductor. There was no technology to
fabricate such a material then, and his work was ignored. It was not until twenty-nine years later
that J. B. Pendry revisited V. G. Veselago’s theory and published a paper about an artificial
metallic construction that exhibited negative relative permittivity er (Pendry, Holden, Stewart, &
Youngs, 1996) . In 2001, Smith (Shelby, Smith, Nemat-Nasser, & Schultz, 2001) conducted a
demonstration that a structure consisting of split-ring resonators (SRR) and wires can represent V.
G. Veselago’s theory. From then on, interest in MTMs grew.

In a material environment that has been precisely constructed, a reduction in scattering
cross-sections causes things to be less detectable and, if scattering is nonexistent, may finally
produce "invisible" objects. Due to the ongoing need to become invisible to visible light (Cai,
Chettiar, Kildishev, & Shalaev, 2007; Gabrielli, Cardenas, Poitras, & Lipson, 2009; Valentine, Li,
Zentgraf, Bartal, & Zhang, 2009) and radar waves (Schurig et al., 2006) the idea of "cloaking"
was first suggested in (Farhat, Guenneau, Movchan, & Enoch, 2008; Pendry, Schurig, & Smith,
2006). Either conformal optical mapping of complex electromagnetic potentials (Farhat et al.,
2008) or transformation optics principles (Pendry et al., 2006) are used in generic cloaking
techniques. The second approach necessitates a position-dependent variation in the refractive
index, whereas the former often demands highly anisotropic (and occasionally solitary) electric
and magnetic susceptibilities of a medium of a cloak.

The reduction of inherent material losses and the minimization of permeability and
anisotropy requirements are two major problems in the creation of effective cloaking devices.
Through the application of quasi-conformal mapping and the imposition of specific geometrical
constraints, the so-called "carpet cloak” has been developed and put into practice to alleviate
these issues (Landy & Padilla, 2009; J. Li & Pendry, 2008).

Applications for electromagnetic (EM) wave absorbers abound, including stealth
technologies (Kim, Han, & Hahn, 2017), regarding anechoic chambers EM compatibility (Yang
et al., 2017) , (Shi et al., 2018) ,shielding against EM interference Reduction of radar cross
section (RCS) by (Sista, Dwarapudi, Kumar, Sinha, & Moon, 2021) Onward, (Zhu et al., 2022).
The first known radar absorber is the Salisbury screen, which consists of a resistive plate
positioned at a quarter wavelength in front of a conductive plate. The Salisbury screen offers a
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limited absorption bandwidth despite its straightforward construction. The Jaumann absorber
with extra resistive sheets was introduced to broaden the Salisbury screen's absorption bandwidth.
Nonetheless (Yao, Xiao, Li, & Wang, 2020), (Su et al., 2022) reported an increase in the
Jaumann absorber's overall thickness.

Radar absorber applications are increasingly dependent on broadband, tiny thickness, and
robust absorption due to the electromagnetic equipment's and the sensing system's wide working
frequency range (Huang et al., 2021), (M. Li, Muneer, Yi, & Zhu, 2018), (Soheilifar & Zarrabi,
2019) and (Lin et al., 2021).

To increase the absorption bandwidth in the past, Ferrites lumped circuits and multiple
resonators were employed. The radar absorbers are designed using the circuit analog technique,
which further increases the absorption bandwidth. These lossy components, which can be lumped
resistors (S.-J. Li et al.,, 2018), resistive ink (Wang, Ding, He, Mao, & Ruan, 2022), or
periodically ordered conductive patterns, make up these circuit analog absorbers. Absorption is
achieved across a wide frequency range by adjusting the properties of the resistive conductive top
surface.

For S, C, X, Ku, K, Ka, V, W, and millimeter band applications, this paper suggests a
multi-layer, super broadband, ultra-thin, and insensitive to wide incidence angle radar absorber
using resistive ink. Furthermore, we have conducted a functional comparison between our work
and recently published absorbers that are relevant in terms of operating band, absorption
efficiency, relative bandwidth, bandwidth ratio, and thickness.

Theory and Design

The suggested absorber's side and three-dimensional views are shown in Figs. 1(a)
through 1(d). The multi-layer resistive film technique is employed in the absorber design to
increase the absorption bandwidth. Thus, three layers of resistive ink over polymethacrylimide
(PMI) foam make up the unit cell of the proposed absorber shown in Fig. 1(a). Its substrates are
considered to be PMI foam material, with a loss tangent (tan d) value of 0.002 and a relative
dielectric constant (&) of 1.06. Assuming copper for its ground plane, its electrical conductivity
(o) is 5.96 x 107 S/m. The resistance on the surface of the three layers, resistive ink is selected
with R = 300€/square.

hy _h; hs

Foam [ Resistveink [ Copper

(@)

(©
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Figure 1 Unit cell structure: (a) 3D view, (b) Top layer including, design dimensions,
(c) Middle layer including design dimensions, (d) Side view.

Table 1 Dimensions of Designed Absorber.

paramet Liim L2z rnm r(m r(m r(m gm hi(m ho(m hy(m t(m

ers m) (m m) m) m) m) m) m) m) m) m)
m)
values 6 55 2 15 2.6 2.1 1 0.5 0.5 2 0.03
5

The suggested absorber is positioned in the x-y plane, where waves travel in the z-
direction, during the simulation that uses the frequency domain solver in CST.

The magnetic field (H), electric field (E), and propagation direction (k) are shown here by the X,
y, and z directions, respectively.

The metal sheet's surface resistance and the air's wave impedance need to match for
optimal absorption outcomes. It is possible to express the meta-material's absorption with
impedance matching as follows:

A(@) =1-R(0) ~T (@) =1-[S, ()" ~[S (o) (1)
where the transmittance is T (w), the absorbance is R(®), and the absorbance is A(w). S,;(®)

and S, (w), two frequency-dependent S-parameters, are used to derive the reflectance and

transmittance, respectively. Since |821(a))|2 is about zero, as illustrated in Fig. 2, the transmittance
is approximately zero. Because of this, absorption is written as:

A(w) =1-R(w) 2
— Zin (CO) B ZO
Mz @z, x
R..(0) = ;(a}) cosé, —Z, cosé, ()
(w)cos, +Z, cos,
R, (@) = Z(w)cosb, —Z,coso, (5)

" Z(w)cosb, + Z, cos o)

where Z, represents the frequency-dependent free space characteristic impedance and Z,,(w)
represents the frequency-dependent characteristic input impedance.
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The real and imaginary components of the normalized input impedance should be around 1 and 0,
respectively, to achieve impedance matching in the operational band. The definition of the
normalized input impedance (Z) is as follows:

. :Jmsn)z —Sp _ 148,
(1_ S11)2 - S221 1- S11

(6)

The following equations must be used to study the physical mechanism in order to
determine the electromagnetic parameters (permittivity and permeability) using S, parameters:

L 2§(8,-1)

= 7
et k,d(S, +1) @

1, 208+

e I(od (811 - 1) (8)

where d is the absorber material's thickness and k, is the wave number. Understanding whether

absorption is electrical or magnetic resonance (or both) depends on these electromagnetic
properties.

Simulation Results And Analysis

Matlab 2019 and CST Microwave Studio 2021are used to simulate and to evaluate the
suggested absorber's performance and efficiency. It automatically chooses the number of
networks per unit wavelength. In the frequency domain, the study of tetrahedral mesh type was
used.

Though it concurs on raising the bandwidth and absorption, the study is in line with
earlier research. Table 2 displays the comparisons made between the study and earlier research.

It can be seen that the suggested design is a radar absorber in Fig. 2 given that the
parameter S»1 is nearly zero throughout the whole frequency range. The Fig. 3 shows the
suggested meta-material’s absorption value. A substrate thickness of 0.028A0 allows for high
absorption covering the S, C, X, Ku, K, Ka, V, W, and millimeter bands. Six different absorption
peaks with 0.9988 percent or more absorption efficiency are reached at 15.8 GHz, 63.3 GHz,
190.4 GHz, 240.2 GHz, 339.8 GHz, and 396.4GHz. Based on peak frequency values, the
corresponding maximum absorptivity percentage is 0.9996, 0.9993, 0.9999, 0.9988, 0.9999, and
0.9997, respectively. Fig.4a illustrates the equivalent circuit of the designed unit cell and Fig.4b
illustrates its performance in terms of frequency versus absorbitivity. Fig.5 illustrates the

different 0, , 47, 6, and 4" . The absorption efficiency of the planned meta-material at
operational frequencies is unaffected by the values in 4,5 and ¢ . Put differently for 6;° and

HTM

in

the absorption performance of the designed metamaterial is larger than 0.95 up to 400 GHz.
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The real and imaginary components of &, and g, , respectively, are depicted in Fig.6.

We obtain positive real effective permittivity values in the 4-400 GHz range based on the results
of these parameters, allowing the suggested absorber to react to an applied external field. As a
result, magnetic resonance serves as the main driving force behind the proposed absorber.

In order to have a deeper understanding of the proposed absorber's performance for 8- ,6

more investigation is conducted. Fig.5 displays the absorption efficiencies under the TE and TM
modes based on variations in incidence angles. Fig.5 depict absorbency lines, whereas Fig.4
provide examples of contour plots. The suggested absorber can function over incidence angles up
to 45 thanks to the proposed meta-material’'s strong absorbency, which is above 95%. As a result,
it can be concluded that the suggested absorber is insensitive above the absorption reference level.
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Figure 2 Reflection and transmission coefficients of the proposed absorber.
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Figure 3 Absorption efficiency of the proposed absorber.
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Figure 4 (a) Equivalent circuit of design (b) Reflection coefficient from equivalent circuit
compared with Matlab

Fig.7 and Fig.8 show the values of permittivity and permeability in TE and TM mode at
different values of incidence angle, It is apparent that depending on the frequency, the values of
permittivity and permeability change from positive to negative and vice versa, indicating that the
design is of the CRLH meta-material type.

The relative absorption bandwidth (RBW) is 196.04% based on the predicted absorption
exceeding 99 percent. Equation 9, which defines the absorption performance of the suggested

absorber, is calculated, with f_ and f, representing the lower and upper frequencies,

respectively. In this case, the lower ( f,_) and upper ( f,) frequencies are 4 GHz and 400 GHz,
respectively.
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Figure 5 Absorption efficiencies of the proposed absorber for

(a) 6T =15,30,45and60 (b) 47 = 30,60,90,120,150and120

n

#™ =30,60,90,120,150and120

n

(c) 6" =0,15,30,45and60 (d)

34



International Journal of Computing and Engineering
ISSN 2958-7425 (online)

Vol. 5, Issue No. 4, pp. 27 - 43, 2024 www.carijournals.org

T T
Real part of Permitivity
----- Real part of Permeability | |

-
w

-
T

ol
o

2F Imaginary part of Permitivity
1 A bt Imaginary part of Permeability

-4 1

]

H

]

'

]

I

{

o
wn
T

Effective Permitivity, Effective Permeability
o
Effective Permitivity, Effective Permeability

-
(&2

L L L L L L L .20 L L L L L
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

N

Frequency GHz Frequency GHz
(@) (b)

Figure 6 Extracted electromagnetic constitutive parameters at normal incidence (a)real part of
permittivity and permeability (b) imaginary part of permittivity and permeability

The confirmation of impedance matching based on f_and f in Fig. 9, Fig. 10, and Fig.

11 is provided by the approximate values of 1 and 0, respectively, for the real part of impedance
and imaginary part of impedance components of the normalized input effective impedance.

The effective medium hypothesis states that meta-materials can be thought of as
with the aid of electromagnetic constitutive characteristics. The majority of research in the easily
readable literature has focused on Re(e) and Re(p), whereas the lowest values of imag(e) and
imag() may be reached to reduce losses and provide an ideal absorber. Even positive
permeability media, including positive permeability values, can be produced with significant
absorbency. The mechanism of absorption can be understood in terms of excited magnetic
resonances controlling absorbency almost without reflections. An understanding of the physics
underlying the super broadband absorption mechanism is provided by the values of extracted
electromagnetic constitutive parameters (Fig. 9, Fig. 10, and Fig. 11). We determine positive
actual effective permeability values based on these characteristics, allowing the suggested
absorber to react to an externally applied field. Furthermore, it produces a magnetic dipole in
opposition to an applied external field. Consequently, it may be concluded that the primary
motivation for the suggested absorber is magnetic resonance.
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Figure 7 Extracted electromagnetic constitutive parameters at TE (a)real part of permittivity (b)
imaginary part of permittivity (c) real part of permeability (d) imaginary part of permeability

Here, we examined the absorbency efficiencies of the suggested absorber under TE and
TM polarizations in Fig. 5(b) and (d), respectively, for a range of polarization angles with step
sizes of 30° between 30° and 180°. The absorption against polarization angle findings clearly
show that the suggested absorber is insensitive for both the TE and TM modes at normal
incidence. With a high absorbency of over 99 percent, the suggested meta-material can function
as an absorber across polarization angles of up to 90 degrees. Moreover, it is unaffected by
applied total polarization angles that increase the polarization angle. Furthermore, the suggested
absorber bandwidth remains consistent across different polarization orientations.
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Figure 8 Extracted electromagnetic constitutive parameters at TM (a)real part of permittivity (b)
imaginary part of permittivity (c) real part of permeability (d) imaginary part of permeability

We evaluated the efficiency performances of our suggested absorber with those of the
other absorbers in the literature in order to assess its performance. In terms of operating band,
absorption efficiency, relative bandwidth, bandwidth ratio, and thickness, the comparison is
shown in Table.2. The comparative table makes it very evident that the suggested absorber offers
a number of better qualities. It features angular stability across the whole operating band, a very
strong absorption performance, and an extremely wide frequency range of operation. It is crucial
to have an ultra-thin thickness in addition to these excellent qualities show in table.1:
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Figure 10 Extracted effective input impedance at TE (a)real part (b)imaginary part

The absorption efficiencies of the design when the thickness is varied to a variety of
values are displayed in Fig. 12. It is demonstrated that the thickness of 2 mm, which was selected
for this design, has the maximum absorption value. Additionally, it appears that the results for
thicknesses of 6 and 8 mm are identical, while the results for thicknesses of 4 mm are extremely
similar.

38



International Journal of Computing and Engineering

ISSN 2958-7425 (online)
Vol. 5, Issue No. 4, pp. 27 - 43, 2024

www.carijournals.org

16
1.4 08
12 H =====|maginary part of Z for #=15
. T 06 = = =Imaginary part of Z for #=30
N i — e===eeee |maginary part of Z for =45
8 § Imaginary part of Z for =60
c
® T 04
2 osff 8
E‘ —==—=-=—Real part of Z for #=15 E
e 06 = = =Real part of Z for #=30 © 02
-2 | R P Real part of Z for §=45 2
B o4 Real part of Z for =60 3
= =
1] w ot
0.2
o 02
'02 1 L L L 1 1 L '04 1 1 L L 1 1 L
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Frequency GHz

(a)

Frequency GHz

(b)

Figure 11 Extracted effective input impedance at TE (a)real part (b)imaginary part

1
0.995
0.99 -
0.985
c 098
h=l
=%
s 0975
w
o
< o097t
Thickness=2mm
0.965 - Thickness=4mm ]
Thickness=6mm
0.96 Thickness=8mm b
0.955 b
095 1 1 L 1 1 1 1
0 50 100 150 200 250 300 350

Frequency GHz

400

Figure 12 proposed design While the thickness value changes

39



International Journal of Computing and Engineering
ISSN 2958-7425 (online)

Vol. 5, Issue No. 4, pp. 27 - 43, 2024 www.carijournals.org

Table 2 Comparison with Some Radar Absorber

Ref Operating Absorption RBW Thickness
band (GH2)  etficiency  (96) (mm)
(%)
(Yao et al., 2020) 1-129 >90% 171.2 0.09 4,
(Suetal., 2022) 1.5—40 >90% 185.5 0.14,
(Zhou & Shen, 2020) 1.85—19.2 >90% 164.9 0.11 1,
(J. Chen, Shang, & Liao, 2018) 2—17.07 >90% 158 0.14,
(Tayde,  Saikia,  Srivastava, @& 2—185 >90% 161 0.08 A,
Ramakrishna, 2018)
(X. Sunetal., 2022) 24 —40 >90% 177.4 0.15 4,
(F.-f. Li, Lou, Chen, Poo, & Wu, 2018) 3.15—18 >90% 140.4 0.06 4,
(P. Chen et al., 2021) 473 —39.04 >90% 156.7 0.14 j,o
(Zhu et al., 2022) 7.3—44.2 >90% 143.3 0.14,
(F.-f. Lietal., 2018) 9—-40 >90% 126.5 0.08 4,
(J. Sun, Liu, Dong, & Zhou, 2011) 10—70 >90% 150 0.15 4,
(Tang, Xiao, Xu, Ma, & Wang, 2016) 20 —55 >90% 93.3 0.6 4,
(Ling, Xiao, Zheng, Tang, & Xu, 2016) 38 — 142 >90% 1155 0.134,
(Tang, Xiao, Xu, & Liu, 2016) 58.6 —91.4 >90% 43.7 0.06 A,
(Coskun, Ozmen, Ahmed, & Ertugrul, 4 — 300 >99% 194.7 0.03 ,10
2024)
This work 4 — 400 >99.8 196.04 0.028 4,
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Conclusion

Angle radar absorber that can be used in millimeter band, S, C, X, Ku, K, Ka-, V, and W
applications. Since no other design has outstanding absorption in all of these bands, this work
adds to the body of literature. The absorption efficiency is more than 98% for the 4 GHz to 400
GHz frequency band with RBW of 196.04% when the incidence is normal. Meanwhile, even
when the incidence angle is extended from 0° to 45°, the suggested design may continue to
provide outstanding absorption performance. Also compare the proposed design versus thickness.
Superb impedance matching and significant dielectric loss also contribute to the exceptional radar
absorption efficiency. In the ultra-wide spectrum electromagnetic shielding field for radar
applications, the suggested design shows promise. Researchers recommend studying the same
design for curved surfaces at the same frequencies and using it to study the radar cross section
reduction.
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