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ABSTRACT

A broadband-slotted ring/lumped resistor-based metamaterial absorber (MA) is presented in this study for K -band microwave applications. Numerical
results of the MA indicate that it can achieve a broadband absorption ratio of more than 85% in the frequency range of 12.4-17.6 GHz and has active
polarization insensitivity and wide incidence-angle response over the entire operation band between 12.4-17.6 GHz. The designed MA is ultrathin
around M14.7 in terms of wavelength at its lowest operation frequency, corresponding to 1.7 mm. The proposed unit-cell structure of the MA is novel,
consisting of a slotted ring with eight symmetrically-located lumped resistors, FR-4 material, and a metallic ground, which is compatible with low-cost
PCB fabrication; therefore, the MA is suitable for practical microwave applications in the K -band.
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Introduction

Metamaterials are artificial electromagnetic media and have attracted considerable attention
over the last decade owing to their unique properties in the subwavelength dimension, such
as double negative effect, negative index refraction, and negative permeability, that do not
exist in nature Therefore, they are promising for the development of a new class of devices
such as perfect lenses [1], antennas [2], imagers [3], absorbers [4, 5], and cloaking platforms
[6]. Landy et al. demonstrated the first perfect metamaterial absorber (MA) in 2008. Since then,
many MAs providing high efficiency, miniaturization capability, and simple fabrication are pro-
posed, which are not observed in conventional absorber systems such as the Dallenbach layer
[71 and Salisbury screen [8]. Typically, MA platforms are formed using different configurations
of split rings, enabling the effective tailoring of electric permittivity and magnetic permeabil-
ity in a narrow or broad bandwidth [9,10]. However, a narrow bandwidth limits their practical
applications. Broadband controlling of the constitutive electromagnetic parameters (permit-
tivity and permeability) is key to the development of broadband MAs, which is required for
broadband applications over a wide range of the electromagnetic spectrum ranging from
microwaves to visible light [10]. In the microwave regime, FR-4 is one of the commonly used
and efficient materials for MA fabrication. For instance, Gu et al. presented a unit-cell structure
in the form of hexagonal metal-dendritic FR-4, demonstrating a unit-cell absorptivity of 80%
within a frequency band of 9.05-11.4 GHz [11]. Moreover, using substrates such as an indium
tin oxide film enables the development of optically transparent and broadband radar-wave
absorbers [12]. Furthermore, a broadband MA response is achieved with water-based patterns
by tuning the height and diameter of water droplets [13]. Various resonance mechanisms,
based on different materials and their geometries, have been tested to obtain MAs with a
broadband, polarization independence, and wide angle response [14-17]. However, most MA
designs focus on the S- and X-bands, and there are few reports on MAs operating in a K -band
of 12-18 GHz in the microwave regime.

In this study, a broadband MA for K -band applications is proposed. Its resonator structure is
based on a simple geometry, using a slotted (split) ring with lumped resistors, which is easy
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Figure 1. a, b. (a) The top view of the proposed unit cell (b) The

transmission line model

to fabricate. Numerical results of the proposed MA prove that
it has a broadband, polarization insensitivity, and wide inci-
dence-angle response.

Absorber Design and Principle

The top view of the proposed MA is shown in Figure 1a. The
unit cell consists of a slotted ring resonator with eight sections,
a dielectric spacer, and a metallic ground. Each metallic section
on the top layer is identical, and the metallic pattern is loaded
with eight lumped resistors. Copper, which has a conductivity
of 5.96x107 S/m, is chosen as the metal for the top and bottom
layers. The thickness (t) of the top and bottom layers is 0.0035
mm. The dielectric spacer is composed of FR-4, which has a
dielectric constant of 4.3 and a loss tangent tans = 0.025. The
transmission line model with equivalent lumped parameters
is illustrated in Figure 1b. The eight sections with the lumped
resistors on the top of the unit cell can be modeled using an
RLC circuit network with the equivalent impedance of Z, = R +
JWL + 1/ jwC. R represents the equivalent resistance of the top
metal loaded using the lumped resistors. L and C represent the
equivalent inductance and capacitance of the copper layers,
respectively. w is the angular frequency. Z, is the impedance
at the input terminals of the metamaterial, which is given as

_ ZyZ,

in (1)
Zy+Z,

where Z is the load impedance of the short-circuited dielectric
spacer, which is expressed as

Z, = jn,, tan(k h) )

kn
where & “fom and ¢ and u_are the wavenumber, complex rel-
ative permittivity, and permeability of the dielectric substrate.
The corresponding reflection coefficient is expressed as
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Figure 2. a, b. (a) Absorption spectra of the proposed MA with and without the lumped resistors (b) The reflection coefficient response of
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Figure 3. a-e. Absorption spectra of the proposed MA for (a) metallic pattern dimension a (b) metallic pattern dimension b (c) dielectric
thickness h (d) lumped resistor R (e) the unit cell dimension P

where the air impedance Z= », (1207€2). The bottom ground
Zin - ZO

=i 70 (3) layer blocks signal transmission; hence, the transmission co-
Z +Z
in 0

efficient (7) is zero. When the impedance matching condition
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Figure 4. Absorption spectra of the MM as a function of polariza-
tion angle () under normal incidence for TE and TM polarizations

between air and the metamaterial is satisfied, I will be zero ac-
cording to Equation (3), leading to unity absorptivity based on
the following expression:

A=1-[1] -|7] —>1 @)

&, nd i of the metamaterial can be tuned by tailoring the size of
the unit cell such that Zin — Z , which is the required condition
for perfect absorption over the operation frequency band. In
this study, the spectral response of the proposed MA was op-
timized by changing %, the dimensions of the metallic pattern
(a and b), and resistance R between the metallic sections. The
electromagnetic characterization was performed using a 3D
full-wave electromagnetic solver, CST Microwave Studio 2020
(Darmstadt, Germany) based on the finite integration tech-
nique (FIT) [18]. The periodic boundary conditions with Floquet
ports were used in the x-y plane and the open condition was
defined in the z-direction.
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Results and Discussion

Figure 2a shows the spectral response of the proposed MA un-
der normal incidence for transverse electric (TE) polarization.
As shown in the figure, the first unit-cell design with a bare me-
tallic pattern shows two clear resonance peaks around 16.5 and
18 GHz. It is evident that the final optimized unit cell with eight
lumped resistors covers the entire K -band of 12.4-17.6 GHz
with an absorptivity of more than 90%. This outcome proves
that the configuration of the lumped resistors in the resonance
pattern gives a dramatic rise in the absorptivity over the op-

eration band. Thus, the proposed structure starts to show
broadband characteristics. The MA provides an absorption of
>90% in the frequency region of 12.4-17.6 GHz, corresponding
to a 5.2-GHz, 10-dB bandwidth as shown in Figure 2b. The full-
width-at-half-maximum bandwidth of 15.05 GHz is observed
ranging from 9.65 to 24.7 GHz. Moreover, the perfect absorp-
tion peak is achieved around 15.8 GHz with an absorptivity of
~99.9%. The optimized values of the unit-cell dimensions are
as follows: P=13.75 mm, a=3.4 mm, b=5.5 mm, h=1.7 mm, w=1
mm, and R=260 Q.
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Table 1. Comparison of the proposed metamaterial absorber (MA) with previously published MAs

Reference Thickness (mm) Unit-Cell Size (mm) —10 dB Bandwidth Load-Lumped Element
[12] 3.5(0.150 1) 15 83-174 No
[14] 6(0.2172) 12.8 6.79-14.96 Yes
[15] 3(0.1092) 155 9.5-124 Yes
[17] 3.2(0.1092) 16.6 7.8-126 Yes
[19] 3(0.125 )\0) 12 793-17.18 Yes
[20] 26(0.123)) 84 8-18 No
[21] 10(0433 1) 40 8-18 Yes
Proposed MA 1.7(0.0857) 13.75 124-17.6 Yes

The optimization was first followed to determine the exact di-
mensions of the metallic pattern. Figures 3a and b show the
spectral response depending on a and b. It is evident that while
absorptivity shifts to higher frequencies with an increase in g, it
moves to lower frequencies with increase in b. Figure 3c depicts
the spectral response of the proposed MA by varying the thick-
ness of the dielectric substrate from 1.3 to 2.1 mm with a step
of 0.2 mm. It is found that when the thickness of the dielectric
substrate increases, the absorptivity shifts to a lower frequency
band, and thus narrows the bandwidth. The optimized value of
dielectric thickness is 1.7 mm, corresponding to ~ 1/14.7 and ~
A/10 at 12 and 18 GHz, respectively. R was next to be optimized.
Although R causes absorptivity, it does not affect resonance fre-
quency according to the RLC circuit model, which is given by

Bandwidth (BW) can be controlled using R based on the rela-
tionship BW = f/ Q, , where Q, represents the collective loss
in the metallic pattern [17]. Figure 3d shows the variations in
the absorption spectra with changing R. The MA shows similar
characteristics as mentioned above within the dynamic range
of R over 180-340 Q, and the best response is achieved for
R=260 Q. It should be noted that the eight resistors employed
in the pattern possess same R. Figure 3e illustrates the meta-
material response with P from 12.6 to 14.2 mm.

To further understand the MA behavior, the absorption perfor-
mance was investigated depending on different polarizations
and incident angles. The polarization behavior is depicted in
Figure 4. The absorption intensity remains stable at different
polarization angles, ranging from 0° to 90° for normal wave il-
lumination with both TE and transverse magnetic (TM) modes.
It is evident that the MA is polarization insensitive owing to its
symmetric geometry. Figure 5 presents the absorption spectra
as a function of incidence angle for both the TE and TM polar-
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izations. The incident angle is varied up to 50°. It is observed
that broadband absorption is achieved around 80% with an
incidence angle of 40° in the frequency band of 12-18 GHz
for TE polarization as shown in Figure 5a. For TM polarization,
the decrease in absorptivity is clear around 12.5 GHz. However,
over the entire K -band, absorption remains higher than 80%
and 75% at wide incidence angles up to 30° for the TE and TM
polarizations, respectively.

To investigate the physical mechanism of the absorption, the
vector current distribution and electric-field profile of the pro-
posed MA was analyzed. The simulations were performed at
15 GHz, the center frequency of the K -band, and 15.8 GHz, at
which near-perfect absorption (~99.9%) was achieved. Figures
6a and b show the vector current distributions on the top and
bottom layers under the TE-polarized wave illumination at 15
GHz. It is observed that the currents at the top and bottom lay-
ers are out of phase (antiparallel), forming a magnetic dipole
opposite to the incident magnetic field. As shown in Figure. 6¢
and d, two different current vortex points on the bottom layer
and the reverse current distribution on the top layer are the
origins of the strong magnetic resonance at 15.8 GHz. The anti-
parallel and vortex current distributions form the magnetic res-
onance. The electric field is substantially localized in the gaps
between the metallic sections at 15 GHz as shown in Figure 7a.
At the resonance frequency of 15.8 GHz, the inner and outer
sides of the slotted rings are strongly coupled to the incident
electric-field vector (Figure 7b). Furthermore, the electric-field
coupling from the gaps leads to the high electromagnetic en-
ergy absorption of the incident wave across the terminals of
the lumped resistors. This absorption mechanism is active up
to 18 GHz, which is the origin of the broadband absorption
characteristics of the MA.

The dispersive inputimpedance of the MA was further analyzed
to gain insights into its broadband characteristics. As shown in
Figure 8, where the real part of Z is close to 1, the imaginary
partof Z, is near zero over the operation band.These outcomes
prove that the impedance matching condition is satisfied, lead-
ing to near-zero reflection from the metamaterial.
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Finally, the proposed MA is compared with previously reported
designs. Table 1 presents the absorber characteristics in terms
of the dielectric thickness, unit-cell size, —10-dB bandwidth,
and use of a lumped element. It can be observed that the pro-
posed MA is very thin at 1.7 mm, corresponding to 0.085 4, in
terms of free-space wavelength at the center frequency of the
K,-band, and compact compared with other designs. There-
fore, the proposed MA is very suitable for practical broadband
applications in the K -band, in which a thin absorbent layer
coating is required.

Conclusions

In this study, a broadband MA was numerically investigated.
The broadband characteristics of the MA were verified using
electric field, current density, and the input impedance profiles.

Owing to its structural symmetry, the proposed MA has a polar-
ization insensitive response over the entire K -band. Wide inci-
dence-angle absorption is achieved up to 30° for the TEand TM
polarizations with the absorption ratios higher than 80% and
75% in the frequency range of 12-18 GHz, respectively. Fur-
thermore the proposed MA is very thin at 0.085\, mm. These
results show that the proposed MA is a promising candidate
for use in K -band spectral imaging, radar stealth, and thermal
radiometers.
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Figure 7. a, b. Electric field profile at 15.8 GHz (a) on the top layer (b) on the bottom layer
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