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Oblique Incidence and Polarization Insensitive Multiband
Metamaterial Absorber with Quad Paired Concentric
Continuous Ring Resonators

Alkesh Agrawall> *, Mukul Misra®, and Ashutosh Singh?

Abstract—Simulation and experimental measurement of a new design of an oblique incidence and
polarization insensitive metamaterial absorber with multiband absorption is presented in this paper.
The unit cell of the proposed metamaterial absorber comprises concentric continuous rings of different
radii and widths placed in four different quadrants with identical pair of rings placed diagonally opposite,
with each ring responsible for high absorption. The calculated dispersion behavior of MM absorber in
terms of effective permittivity (o), effective permeability (jieg), and refractive index (neg) shows the
metamaterial characteristics. The surface current and field distributions in MM absorber are simulated
to understand the occurrence of absorption bands. The measured results show the absorption peaks
of 99.5%, 99.8%, 99.5% and 99.9% at 7.20 GHz, 9.3 GHz, 12.61 GHz, and 13.07 GHz, respectively. The
simulated results are well supported by the experimentally measured performance of the fabricated
metamaterial absorber. It offers multiband absorption with bands lying in C-band, X-band and Ku-
band for mobile communication, satellite communication and radar applications. With merged third and
fourth absorption peaks, the proposed metamaterial absorber structure exhibits a broadband absorption.

1. INTRODUCTION

Metamaterials (MMs) are unnatural electromagnetic materials in which the electromagnetic properties
are derived from the shape, size, periodicity and design of microscopic or nanoscopic structural units
and not from the inherited material composition [1]. The material which exhibits the negative values of
either permittivity ‘e’ (ENG) or permeability ‘u’ (MNG) or both (DNG) are characterized as left-handed
materials (LHMs) by Veselago [2]. All the natural materials exhibit positive permittivity and positive
permeability called double positive (DPS) and also termed as right-handed materials (RHMs). As the
LHMs are usually not found naturally, they are termed as metamaterial. In order to practically realize
metamaterial, Pendry et al. [3, 4] suggested to artificially engineer the metamaterials as the combination
of periodic lattices of micro-structured wires as ENG material and split ring resonators (SRR) as MNG
material.

In recent years, the study of metamaterials have been diversified to electromagnetic (EM) theory
applied to Perfect Lens [5,6], EM Cloak [7,8], Microwave circuit application in MM Transmission
Lines [9], Microwave Phase Shifters and Filters [10], Radiation applications in MM based Efficient
Electrically Small Antennas [11], Composite Right-Left handed MM Antennas [12], MM based Patch
Antennas [13], MM Perfect Absorbers [14-27], and MM THz waveguide [28].

The development of EM absorbers was initiated by Salisbury and Jaunmann [29] with the aim
to improve radar performance and to provide concealment against enemy’s radar system. These
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EM absorbers have a limitation of being thick and bulky. The improvement in EM absorbers led
to researches in Metamaterial Perfect Absorber (MPA). Recent research work shows that MPAs find
applications in reducing radar cross section (RCS) by absorbing radar echo thereby improving radar
performance [30,31], in improving antenna radiation pattern by absorbing undesired sidelobes [29],
and in reducing electromagnetic interference (EMI) [30,31] thereby reducing health hazards due to
electromagnetic radiation exposure in mobile communication. Future applications include the use of
MPA as selective thermal emitters [32] and wavelength sensitive sensors [33].

In this paper, a new design of MM absorber is proposed. The unit cell of the proposed MM absorber
is composed of four pairs (quad paired) of concentric continuous rings (CCRs) with identical pairs of
rings concentrated diagonally. The highly symmetric CCRs design is chosen to realize MM absorber
insensitive to angle of incidence (#), E-field and H-field variations (®), multiband and broadband
absorption contributed by individual and combined effect of rings. The dimensions of the unit cell are
optimized to achieve fairly good absorption by simulations using ‘CST microwave studio’. Finally, a
periodic 10 x 10 matrix of the optimized unit cell is fabricated and tested in an anechoic chamber using
vector network analyzer (VNA).

2. DESIGN AND SIMULATION OF THE MM ABSORBER

MPA is basically a three-layered structure consisting, on top, of an array of unit cells, constituting
MM high impedance surface with metallic laminated ground plane separated by the dielectric [14]. An
EM wave incident normally on top layer produces large F-field, H-field and surface currents, and gets
absorbed to unity by the laminated resistive sheet at the bottom before reflecting back. MM lossy
surface impedance must be matched with that of impedance of free space to achieve high absorbance by
realizing the normalized impedance Z(f) to ‘1’ by parametrically analyzing the MM structure. Recent
research contributes to the development of multiband and broadband MPAs which are insensitive to
FE-field and H-field variations with wide angle of incidence of EM waves exhibiting multiband and
broadband absorptions [14-27].

The proposed unit cell of the MM absorber consists of four sub-cells in four quadrants as shown in
Fig. 1(a). Sub-cells 1 and 4 are identical and Sub-cells 2 and 3 are identical. Each sub-cell consists of
a pair of concentric continuous rings. The pair of rings of Sub-cells 1 and 4 have the same width but
different radii, and the pair of rings of Sub-cells 2 and 3 have different widths as well as different radii
as shown in Figs. 1(b) and 1(c).

The optimum design parameters of the proposed MM absorber unit cell structure as given in Table 1
are realized on an FR-4 substrate (relative permittivity 4.4, loss tangent 0.02, and thickness 1.5 mm).
The optimum design of MM absorber is simulated using CST Microwave studio suite, frequency domain
solver of the code for normal incidence of the EM wave. Hexahedral meshing is used, and AR filter

Sub-cell|1
'Sub-cell 2 7]
pper Layer 1T

Sub-cell|3

ub-cell 4

@

Figure 1. The geometry of a unit cell of MM absorber. (a) 3-D Perspective view. (b) Dimensions of
rings of Sub-cells 1 and 4. (¢) Dimensions of rings of Sub-cells 2 and 3.
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module is adopted for the mesh refinement. The boundary conditions are shown in Fig. 2(a). Unit cell
periodic boundary conditions are taken along z-direction and y-direction, and open boundary conditions
are taken along the wave propagation direction, i.e., z-direction. The absorptivity is evaluated using

Equation (1) [15-17],
A(f) = 1= 1Su(H)P = [S2a(f)I (1)

where A(f) is the absorptivity, |S11(f)|? the reflected power, and |Sa1(f)|? the transmitted power of the
incident electromagnetic radiation of frequency f. Since the proposed MM absorber structure consists
of completely copper laminated bottom layer due to which the incident power is completely absorbed
which reduces the value of Sa;(f) to zero, Equation (1) is modified to A(f) =1 — |S11(f)|>. Therefore,
absorptivity can be maximized by minimization of reflection from the top surface of the proposed MM
structure. The geometrical parameters of the above mentioned unit cell structure as given in Table 1 are
parametrically optimized to obtain high absorption at frequencies, which finds applications in C-band,
X-band and Ku-band.

The simulated results for optimized MM absorber show that the absorptions peaks occur at
7.06 GHz, 9.18 GHz, 12.62 GHz and 13 GHz with absoptivities of 78%, 99.9%, 98.5% and 99.9%,
respectively as shown in Fig. 2(b) for the normal incidence of EM waves.

To better understand the EM absorption behaviour of the MM absorber, surface current
distributions, FE-field orientation, and H-field orientation are simulated at all resonance frequencies

Figure 2.
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(a) Boundary conditions along the Unit cell of MM absorber structure.

(b) Reflection

coefficient S11(f) and Absorptivity A(f) of the proposed MM structure.
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Table 1. Optimized dimensions of unit cell.

Sub-cell 1 and Sub-cell 4 Sub-cell 2 and Sub-cell 3
Element | Dimension (mm) | Element | Dimension (mm)

1 3.93 5 3.20
T2 3.68 6 2.85
T3 2.35 7 2.35
T4 2.10 rs 1.93
w 0.25 w1 0.35

w2 0.42

as shown in Figs. 3, 4, and 5, respectively. When time varying EM waves are incident normally on
the MM absorber parallel to the axis of the concentric continuous circular rings, surface currents are
induced, which depends on the resonant properties of the MM absorber at different resonant frequencies
as shown in Fig. 3. The arrow indicates the direction of flow of induced surface current, and the color
indicates the intensity. The induced currents produce magnetic field that further supports or opposes
the incident field. Each continuous ring behaves as a resonator that resonates at a particular frequency
where absorption takes place shown in Fig. 3. The periodic array of the unit cell which comprises quad
paired continuous circular rings results in strong coupling between the resonator structures that further
results in high absorption of incident EM waves as shown in Fig. 3. As a result, unique properties
in terms of negative permeability and negative permittivity arise from the composite MM absorber
structure. The F-field and H-field become more prominent at the absorption peaks shown in Figs. 4
and 5. Since E-field and H-field are perpendicular to each other, E-field gets concentrated along +xand
—x directions along different rings of the sub-cells as shown in Fig. 4, and H-field is concentrated along

E&ﬁ!ﬁ!%%

Figure 3. Surface current distributions at the top layer of the proposed MM absorber at frequencies
of absorption. (a) 7.06 GHz. (b) 9.18 GHz. (c) 12.62 GHz. (d) 13 GHz.
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Figure 4. Electric field distributions in proposed MM absorber at frequencies of absorption. (a)
7.06 GHz. (b) 9.18 GHz. (c) 12.62 GHz. (d) 13 GHz.
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Figure 5. Magnetic field distributions in proposed MM absorber at frequencies of absorption. (a)
7.06 GHz. (b) 9.18 GHz. (c) 12.62 GHz. (d) 13 GHz.

+yand —y directions along different rings as shown in Fig. 5. The energy of the H-field is concentrated
on the metallic ring which acts as an inductive element and responsible for magnetic resonance, and
similarly, the F-field is concentrated in between the metallic rings where the gaps act as capacitive
elements and responsible for electric resonance. The individual rings responsible for the absorption at
the distinct frequencies are identified from the surface current distributions, the E-field and H-field
orientations. For the first resonance frequency, the surface current distribution, F-field and H-field
orientations are along outer rings of the first and fourth sub-cells. For the second resonance frequency,
the surface current distribution, F-field and H-field orientations are along outer rings of the second
and third sub-cells. For the third resonance frequency, the surface current distribution, F-field and
H-field orientations are along inner rings of the second and third sub-cells. For the fourth resonance
frequency, the surface current distribution, E-field and H-field orientations are along inner rings of all
the sub-cells.

The MM absorber structure is studied for the effect of variations of angle of incidence () and
variations of E-field and H-field orientations (®) on absorptivity at different absorption bands through
simulations as well as experiment.

3. METAMATERIAL PROPERTIES OF MM ABSORBER

The metamaterial behavior of the proposed MM absorber is studied by calculating the dispersion
characteristics of the simulated S-parameters for which many standard methods are used such as
Nicolson Rose Weir (NRW) method [34], Transmission-Reflection (TR) method [35] and a more recent
Direct Refractive Index (DRI) method [36]. These methods require reflection (S11) and transmission
(S21) parameters for direct calculations of effective impedance (Z.g), effective permittivity (e.g),
effective permeability (pep) and refractive index (n.g).

Equation (2) [20] is used to calculate the variations of normalized impedance Z, with incident EM
wave for the proposed MM absorber shown in Fig. 6. It is observed that the real part of normalized
impedance is near unity [Re(Z) ~ 1], and imaginary part is close to zero [Im(Z) ~ 0] which indicates
impedance matching of proposed MM absorber with that of free space.

(1 + 511)2 — S%l
Z = 2
\/(1—511)2—531 )

According to NRW method, p.s and e.g are given by Equations (5) and (6), respectively, where
d is the thickness of the substrate and k, the wave number [36].

Vi = So1 + 511 (3)

Vo = 821 —S11 (4)
_ 2 1-V5

Neﬁ - ]k‘od <1+V2> (5)

2 1-W
S = Thd <1+V1> (6)



38 Agrawal, Misra, and Singh

30 T T T T T T T T T
~=Re[Z (D)
20} el Lo ]
—Re[Z ¢ (D]=1
s 10 .
E ,."‘i;l "‘
N #1% A
OF=== i ;_—__1-.——-"_] S ETm e N - ————— -
i/
u
-10F ! .
-20 1 | | | ! L ! ! |

[ 6 T 8 9 10 11 12 13 14 15
Frequency f (GHz)

Figure 6. Variations of Re[Z.g] and Im[Z g] with frequency.
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Figure 7. Variations of effective permittivity and permeability with frequency using Nicolson Ross
Weir method (NRW).

N = \lef€eff (7)

The calculated values of 15 and e, by NRW method are shown in Fig. 7. It can be seen in Fig. 7
that the dispersion behaviors of both p.g and .4 show transitions and have negative values in the
vicinity or within the absorption peaks for the MM absorber, thus showing metamaterial behavior. In
order to reconfirm the dispersion of .4 and pip, nes of the proposed MM absorber is calculated by
NRW method using Equation (7) and compared with the directly calculated n using Equation (8) of
DRI method proposed by Islam et al. [36].

1
1wt (oo sk ®
jrfd \ (Sa1 +1)2 — 5%
where f is the frequency and d the thickness of the substrate.
A comparison of the n calculated by NRW method and DRI method for the proposed MM absorber
is shown in Fig. 8. The dispersion characteristics of 1 calculated by the two methods are in good
agreement which further confirms the metamaterial behavior of the proposed MM absorber.

4. EXPERIMENT

A 10 x 10 periodic matrix of optimized unit cell (18 mm x 18 mm) is fabricated on an FR-4 substrate
(relative permittivity 4.4, loss tangent 0.02, and thickness 1.5 mm) by conventional UV photolithography
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Figure 8. Variations of effective refractive index with frequency using Nicolson Ross Weir (NRW)
method and Direct Refractive Index (DRI) method.
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Figure 9. (a) Experimental setup. (b) Vector Network Analyzer (Agilent Technologies N5230A,
10 MHz-50 GHz). (c) The fabricated MM absorber structure of dimension 180 mm x 180 mm consisting

100 Unit cells.
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followed by wet etching. The fabrication process started with the creation of mask from the Gerber
file on the translucent paper. A positive photo resist is spin-coated (1200 rpm for two minutes) on one
side of the substrate and baked at 100°C for 25 minutes. The photo-resist side is then exposed to UV
radiation through the mask for 15 minutes. The desired pattern is developed using developing agent,
and after this the substrate is post baked for 25 minutes at 100°C. The other Cu side of the substrate
is protected by photo resist. Finally, the Cu etching of the developed pattern is done in FeClg solution.
After etching, the desired pattern of concentric continuous Cu rings appears on one side of the FR-4
substrate in 180 mm x 180 mm area as shown in Fig. 9(c).

The fabricated MM absorber is placed inside an anechoic chamber in front of side by side placed
transmitting and receiving horn antennas capable of transmitting and receiving EM waves up to 20 GHz
as shown in Fig. 9(a). Both transmitting and receiving horn antennas are connected by low loss co-axial
cables to a Vector Network Analyzer (Agilent Technologies N5230A, 10 MHz—50 GHz) placed outside
the anechoic chamber as shown in Fig. 9(b).

The position of the MM absorber under consideration in front of the transmitting and receiving horn
antennas is decided to minimize the influence of near-field and diffraction effects on the measurements.
The distance of MM absorber D = 1 m from antennas is chosen as measured dimension of the fabricated
MM absorber structure and is approximated to 4.5\ (X is the operating wavelength corresponding to
the lowest frequency) which is much larger than 2D?/\ [37].

In order to calibrate the measurement process, the simple copper ground plane of MM absorber is
placed at a fixed 1 m distance facing the transmitting and receiving horn antennas, and 571 is measured
and saved. Thus the reflection parameter Si; for a simple copper sheet of the size of MM absorber is
measured for the experimental configuration. Next, the copper ground plane of MM absorber structure
is rotated by 180° at the same position so that the fabricated concentric continuous rings structure now
faces the transmitting and receiving horn antennas, and again the Sp; is measured and saved by the
VNA. The difference of the two measurements (from the copper laminated side and the MM absorber
structure side) gives the actual S7; from the MM absorber structure as shown in Fig. 10.
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Figure 10. Measured reflected power as a difference of power reflected from Cu laminated FR-4 surface
and MM absorber surface.

It can be seen that the measured Si; absorption peaks in Fig. 10 are at frequencies 7.20 GHz,
9.3 GHz, 12.61 GHz, and 13.07 GHz, which are the same as those predicted by simulation shown in
Fig. 2(b).

5. RESULTS

The experimentally measured values of S17 and estimated absorptivity for normal incidence, oblique
incidence EM radiation as well as for normally incident EM radiation with varying angle of polarization
on MM absorber are compared with the simulated results. Fig. 11(a) and Fig. 11(b) respectively show
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the S11 and absorptivity of the MM absorber for normally incident EM radiation. The experimentally
measured frequencies of absorption bands are slightly on the higher side, and the measured bandwidths
of the absorption bands is larger than simulated values. It may be attributed to the slight variations
in the geometries of fabricated concentric continuous copper rings on large MM absorber structure
(180mm x 180mm) by conventional UV photolithography followed by wet etching process. The
experimental results show that the absorptivity is more than 99.5% for all absorption peaks in all
the absorption bands at frequencies, first at 7.20 GHz (99.5%), second at 9.3 GHz (99.9%), third at
12.61 GHz (99.5%) and fourth at 13.07 GHz (99.9%) as shown in Fig. 11(b). The third and fourth
absorption peaks are merged to generate a broadband ( fy = 13.4GHz and f;, = 12.2 GHz) of 3dB
bandwidth of 1.2 GHz in the Ku-band.
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Figure 11. (a) Comparison of simulated and measured values of S1; and resonance peaks. (b) Simulated
and measured values of absorptivities in the proposed MM absorber structure.

Figure 12(a) shows the schematic for the measurement of absorptivity as a function of angle
of polarization (®) for normally incident EM radiation. Figs. 12(b) and 12(c) respectively show
the simulated and experimentally measured absorptivities of the MM absorber for various angles of
polarization (®). In the simulated results shown in Fig. 12(b), the absorptivity of the absorption bands
does not change with angle of polarization (®). The measured absorptivities of the MM absorber for
the angles of polarization ® = 0°, & = 15°, and ® = 30° also show the polarization insensitivity under
normal incidence due to the symmetrical design of MM absorber structure.

Similarly, Fig. 13(a) shows the schematic for the measurement of absorptivity as a function of
angle of incidence () for obliquely incident EM waves. The simulated and experimentally measured
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Figure 12. (a) Arrangement of the MM absorber structure for S;; measurements under FE-field
and H-field variations. (b) Simulated and (c¢) measured absorptivities for various E-field and H-field
orientations of EM waves ().

absorption peaks at different resonance frequencies for § = 0°, # = 15°, # = 30°, and 6 = 45° are shown
in Figs. 13(b) and 13(c), respectively. The measured absorptivities for various angles of incidence are
in good agreement with the simulated absorptivities for the same angles of incidence of EM waves. The
proposed MM absorber shows high absorbance with change in angle of incidence for § = 0°, § = 15°,
0 = 30°, and # = 45° is also contributed by the symmetrical design of the proposed MM absorber.
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Figure 13. (a) Arrangement of the MM absorber structure for S7; measurements under normal and
oblique angle of incidence. (b) Simulated and (c) measured absorptivities for different angles of incidence
of EM waves (6).

6. DISCUSSION

The simulated and experimentally measured results tabulated in Table 2 show that the measured
resonance frequencies have a minor deviations in values of occurrence with that of simulated resonance
frequencies. The measured value of S1; (—13dB) at the first resonance frequency is numerically greater
than the simulated value of S1; (—6.5dB). At all other resonance frequencies, the simulated value of S11



44 Agrawal, Misra, and Singh

is found to be numerically greater than the measured value. The experimentally measured absorptivity
at the first resonance frequency 7.20 GHz is found considerably higher (99.5%) than the simulated value
of absorption (78%), due to over etching of outer rings of Sub-cells 1 and 4. The simulation results
also support the fact that the reduction in the width (r; — r2) of the outer rings of Sub-cells 1 and 4
appreciably increases the absorptivity at the first resonance frequency 7.20 GHz. At all other resonance
frequencies, the measured absorptivities are same as the simulated values. The minor deviations in
the numerical values of frequencies of resonance, reflected power and absorptivities in measured and
simulated results are because the proposed MM absorber is wet etched. The measured and simulated
results could be closer if the proposed MM absorber was dry etched.

Table 2. Simulated vs measured results.

Simulated Results Experimental Results
Freifesr??;?(gHz) S11 (dB) | Absorptivity Freﬁjr?:;?(gHz) S11 (dB) | Absorptivity
7.06 —6.5 78% 7.20 —13 99.5%
9.18 —36 99.9% 9.3 —18 99.9%
12.62 —21.5 98.5% 12.61 —15 99.5%
13 —27.5 99.9% 13.07 —22 99.9%
Broadband Bandwidth: 1.1 GHz Broadband Bandwidth: 1.2 GHz

The measured values of Si; and estimated absorptivities at oblique incidence (#) and varied
polarization angle (®) show the undesired noisy components. It may be because the dimensions of
the proposed MM absorber structure (180 mm x 180 mm) are comparably smaller than the aperture
of the transmitting horn antenna, and as a result, a significant amount of generated power from the
transmitting horn antenna might be diffracted and scattered from the cornered sections of the MM
absorber structure.

7. CONCLUSION

A new design of MM absorber has been proposed in which each unit cell consists of four pairs of
continuous concentric rings in four quadrants, with identical pair of rings fixed diagonally. The radii and
widths of the continuous concentric rings in the proposed MM absorber are optimized in such a way that
it provides maximum absorption of the received signal at different resonance frequencies. The proposed
MM absorber is simulated in CST microwave studio, fabricated and experimentally tested to validate
the results obtained from simulation. Results obtained from simulation are in close agreement with those
obtained experimentally. The measured results show that the absorptions of 99.5%, 99.9%, 99.5% and
99.9% are achieved at 7.20 GHz, 9.3 GHz, 12.61 GHz, and 13.07 GHz respectively. The third and fourth
absorption peaks are merged to give a broadband absorption of 1.2 GHz (12.2 GHz-13.4 GHz). €.,
gy and e are calculated to study and verify the metamaterial behavior of proposed MM absorber.
EM response in terms of surface current distributions, E-field and H-field orientations along x and y
directions are observed to study and identify the resonating behavior of the individual ring at distinct
frequency of operation. Each ring in the structure of a unit cell is found responsible for absorption at a
distinct resonance frequency, where the third and fourth resonance frequencies are merged to produce
a broadband absorption contributed by inner rings of all four quadrants. The proposed MM absorber
is investigated for the effect of variation in angle of incidence (#) and E-field and H-field orientations
(®) on absorptivity. The simulated and measured results show that the MM absorber is insensitive to
angle of incidence and polarization insensitive for multiband as well as broadband absorptions suitable
for mobile communication, satellite communication and radar applications in C-band, X-band and Ku-
band.
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