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Abstract — In this study, a composite metamaterial unit
cell is introduced based on experimentally proven circular
fishnet metamaterials (CF-MMs) and its stripped versions
to implement an absorber for Ku band microwave regime.
The offered MM absorber shows the perfect absorptivity
(99.9%), the near perfect absorptivity (96.2%) and the
standard absorptivity (58%) over narrow band frequencies
14.28, 14.77 and 15.2 GHz, respectively. We offered a
method to create a composite metamaterial unit cell
consisting of resonant type metamaterial sub-unit cells
that are not suitable for absorber implementations in
normal conditions. The physical mechanism behind
multi-band resonances in the left-handed medium (LHM)
regime is explained in detail by revealing the reverse
behavior in the right-handed medium (RHM) regime
keeping a single resonance feature, based on cancellation
of impinging electric fields and preservation of circulating
electric fields around the MM space. A detailed analysis
is performed to explore and compare the power losses
due to imperfect dielectric and non-ideal conductor.

Index Terms — Absorptivity, dielectric loss, composite
multiband metamaterial, metamaterial perfect absorber,
Q-factor, surface loss.

I. INTRODUCTION

Metamaterials are artificial materials engineered to
gain their properties from design challenges such as
shape, geometry, size or orientation rather than from
their chemistry or composition. By combining electric
and magnetic responses together, metamaterials allow
for the explicit design of the effective macroscopic
parameters. Practical outcome is a negative refractive
index (NRI) or double-negative material (DNM) whose
effective electric permittivity (e.rr) and magnetic
permeability (u.rr) are negative simultaneously in a
certain frequency range [1, 2]. Creating an effective
medium with controllable permittivity and permeability
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makes this metamaterials very interesting for many
applications, such as superlenses [3, 4], phase shifters
[5], antennas [6, 7], cloaking [8, 9], as well as many other
devices which have been designed and studied. For many
other applications, a key metamaterial performance
would be desirable to minimize the metamaterial losses
[10, 11]. On the other hand, absorbers focus on
maximizing these losses to avoid all types of scattering
electromagnetic fields outward the inclusion. An absorber
is a device in which all incident radiations including
transmissivity, reflectivity and scattering are absorbed at
the desired frequency. Electromagnetic (EM) wave
absorbers can be categorized into two types: resonant
absorbers and broadband absorbers [12]. Resonant
absorbers require the material interacting with the incident
radiation in a resonant way at a specific frequency, w,
(where the wavelength corresponding to w, defined as
Ao = 2mc/w, and c is the speed of light in vacuum).
Broadband absorbers generally rely on materials whose
properties are non-dispersive and therefore can absorb
radiations over a large bandwidth. The absorbers
employed in everyday applications based on the Salisbury
screen [13] are usually backed by a metallic plate to
avoid power transmission on the other side of the
absorber. In the Salisbury screen layout, a 377 Q-resistive
sheet is placed a quarter-wavelength apart from the
metallic plate, where the tangential component of the
electric field has its maximum amplitude. Suitable
boundary conditions create a reflected component, when
combined with the impinging wave, cancels out the
reflection from the screen.

The first metamaterial perfect absorber (MPA)
consists of three layers, two metallic layers and a
dielectric, and demonstrated a simulated absorptivity of
A=99% at 11.48 GHz [14]. Other examples of resonant
absorbers were also proposed lately containing three or
more layers of symmetrical coupling structures and
exhibiting narrow-band absorptivity [15, 16]. Absorbers
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based on the regular split-ring resonators (SSRs)
disposed in an array configuration are shown to reach
thickness of the order of 4,/20 [17]. On the other hand,
some of multiband metamaterial absorbers take place as
good examples, which are composed of six close rings
distributed in two metallic layers separated by FR-4
substrates [18], dipole mode electric resonators coupled
by microwave diodes on one side of a dielectric substrate
and metallic ground plane on the other side [19], 2x2
array of eSRRs oriented in different directions [20].
Physical explanations for absorbance mechanism include
lossy substrates and the destructive interference of EM
wave with superposition and counteraction for different
components [21], plasmonic perfect absorbance based
on a Fabry—Perot cavity bounded by a resonator mirror
and metallic film [22], or the weak surface current area
to avoid the radiation property deterioration [23].

In this study, we designed a multiband metamaterial
absorber based on the circular fishnet metamaterial (CF-
MM) structure which is shown double-negative (DNG)
properties experimentally and theoretically [24]. The
dispersive transmission line parameters explain a complex
resonance behavior or loss/gain mechanism for CF-MM
[25]. At first glance, CF-MM structure shows resonant
type transmission properties and the transmission/
reflection coefficients have mutual-exclusive mode that
is an undesirable feature for absorber design. To avoid
this obstacle, we designed a novel composite CF-MM
cell containing itself and stripped variations together. All
sheets are designed to operate at a distinct wavelength,
and thus, each sheet is separated by approximately A/9,
producing multiple reflection minima around some
center frequency. As a contribution, the main reason for
multiband features is explained in physical meaning.
Additionally, power losses are calculated for each non-
ideal conductor sheets and imperfect dielectric layer,
separately.

I1. STRUCTURE DESIGN AND
FABRICATION

Firstly, circular fishnet metamaterial (CF-MM)
operating independent of the incident polarization is
designed, fabricated and measured in order to characterize
its behavior completely. Polarization independency of
the structure is due to its symmetric configuration. A
schematic view of unit cell, multilayer and equivalent
slab pair forms of CF-MMs are depicted in Fig. 1.

The structure consists of the low-loss Teflon
substrate (¢,=2.16 and loss tangent of tand=0.005) with
a transparent view and the highlighted metal parts as
copper layer. The lower tangent loss value is vital to
achieve left-handed resonance behavior, therefore FR-4
like substrates are not suitable to create CF-MM in the
same dimensions. The Teflon layer as a substrate and
the copper layer has t=1 millimeter and 20 micrometer
respectively. The unit cell as shown Fig. 1 (a), has

the complementary parameters wherein choosing the
dimensions as ax=a,=a=14 mm and the radius r=0.25xa
result in a fully circular and polarization-independent
inclusions. The unit cell is replicated nine times in x
and y directions to obtain the whole one-layer CF-MM
structure including 10x10 cells. For multilayer deployment
of CF-MM’s as in Fig. 1 (b), the distance between
stacked layers shall be set as a,=2 mm. The incident EM
wave propagates along the z-direction perpendicular to
the E-field parallel to the y-axis and the H-field parallel
to the x-axis.

In Fig. 1 (b), 1-Stripped CF-MM inclusion (1S-
CFMM) is introduced with two complementary design
parameters: the strip width (w=0.5 mm) and the gap
width between the strip and the main block of copper
layer (g=0.2 mm). Due to simplicity, 2-Stripped (2S-
CFMM) and 3-Stripped CF-MMs (3S-CFMM) are not
presented as stand-alone graphics, indeed they are shown
in the composite unit cell (C-CFMM) in Fig. 1 (c). In
fact, there are two alternatives to create a composite
metamaterial unit cell: sub-modules are placed on the
same plate an example of a single planar cell [20] or
cascaded form as depicted in [26]. The first one is not
applicable for our design due to touching effect of copper
layers resulting in a single material rather than a
composite metamaterial.

Fig. 1. Schematic representation of CF-MMs as: (a)
unit cell, (b) 1-stripped form of the unit cells, and (c)
composite CF-MM cell consists of unit cell, 1-stripped,
2-stripped and 3-stripped form of CF-MM cell.

I11. EXPERIMENTAL RESULTS AND
NUMERICAL CALCULATIONS

First, we investigate the resonance behavior of
structure to satisfy the desired operation conditions of
DNG medium properties. Due to experimental limitations,
the O-Stripped CF-MM sheet was merely fabricated
and measured (Fig. 2). We excite the unit cell displayed
in Fig. 1 (a) with a waveguide port and obtain the
transmission amplitudes by another waveguide port. The
distance between the device under test and the waveguide
ports is a,/2=1 mm. The propagation direction is along
+z and electric field vector (E) is directed to +y.
Moreover, open boundary conditions are employed
along the propagation direction (+z and -z). All tangential
electric fields in y direction and all tangential magnetic
fields in x direction are set to zero to realize electric

1446



1447

boundary conditions and magnetic boundary conditions,
respectively. As depicted in Fig. 3 (a), the unit cell has a
LHM and RHM resonance centered around 13.8 GHz
and 18.5 GHz, respectively. In order to further investigate
the properties of CF-MM and its stripped variations, the
standard retrieval procedure [27] is applied to extract the
effective permittivity and permeability values. The related
retrieved effective parameters are shown in Fig. 3 (b).
The calculated DNG regions for CF-MM and its
variations (1S-CFMM, 2S-CFMM, and 3S-CFMM) are
placed at 13.8, 14.2, 14.7, and 15.2 GHz, respectively.

Lithographic
Fabrication

Fig. 2. Schematic representation of the whole process
explaining design, sample gerber file, fabrication and
measurement of CF-MMs.
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Fig. 3. Numerical and experimental results for r = 0.25a:
calculated transmission (the blue solid line), measured
transmission (the orange dashed) (a), and calculated

effective macroscopic parameters (b).

During simulations, the same behaviors of LHM and
RHM regimes are obtainable for 1S-CFMM, 2S-CFMM,
and 3S-CFMM unit cells except from a frequency-
shipping coming from the additional strip capacitance
and inductance values. The LHM resonance values in the
transmission spectra are calculated 14.22, 14.75, and
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15.2 GHz for these inclusions. The phase advance and
lag characteristics are also observable in the similar
manner. Figure 4 (a) presents the transmission spectra of
the composite CF-MM inclusion where S;; and S,;
denote the reflection and transmission coefficients.
After this operation, the impedance of the C-CFMM is
calculated according to Eq. (1) and compared to the free
space impedance:

_ @487 -857 1
2= [a=sy s ()

The experiments for the CF-MM absorber are
performed in free space and at room temperature by
using two standard-gain horn antennas. The distance
between the horn antennas was kept fixed at 30 cm, away
and the absorber under test consisting of 10x10 cells was
located at the centeral position. Firstly, a TRL calibration
procedure was implemented on the network analyzer in
order to eliminate the environmental noises. After the
calibration, the transmission spectra have been measured
at the same position.

It is necessary to check real and imaginary parts of
the retrieved line impedance to control the well-known
passive medium requirements. As depicted in Fig. 4 (b),
the matching performance of the device reveals the
normalized line impedance as 1.5, 1, 0.5, and 0.1 ohms
for the resonances 13.8, 14.22, 14.75, and 15.2 GHz,
respectively. At around 14.22 GHz, the expected
impedance values are easy to achieve for perfect
metamaterial absorber applications.

The frequency characteristics of absorption can
be calculated by Eq. (2) where A denotes absorber
performance. In this equation, S,, coefficient must be
taken into account under the condition of lacking a
backed metallic plate. Accordingly, there are four
distinct absorptive peaks belonging to each internal
modules with absorption values as 96.2%, 99.99%, 58%,
and the negligible one 2.5%. As can be seen from the
results in Fig. 4 (c), perfect absorption only occurs with
very narrow band at resonant frequency centered at
14.28 GHz, and nearly perfect absorber at 13.82 GHz:

Alw)=1-R(w) - T(w) =1- 5112 - 5212- (2)

Obviously, the designed MM absorber has narrow-
band absorptivity, and it is possible to achieve perfect
absorption in different resonance frequency points by
changing the sizes of the structures and dielectric of the
substrate materials by supplying sub-wavelength criteria.
According to some previous studies [28, 29], the effect is
that it acts as a resonant absorber over multiple wavelengths,
achieving a broadband response. The bandwidth should
increase with each added layer; however, this has the
undesirable effect of making the absorber thick and
bulky. In our design, the layered unit cells do not play a
critical role to change bandwidth of the absorber, clearly.

Power losses inside C-CFMM structure are
calculated for each resonance frequency to Dbetter
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understand the composite unit cell. The results were
plotted in Fig. 5 as a bubble graphic. Based on the
surface currents created on the each variation of CF-MM
cells in the LC resonant mode, the maximum power loss
calculations conform with the previous results to a great
extent. For 13.82 GHz, the maximum power losses were
occurred in the CF-MM module with no-strip. On the
other hand, the frequencies of 14.28/14.77/15.2 GHz
were correspondent to 1S-CFMM, 2S-CFMM and 3S-
CFMM sub-modules as expected.
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Fig. 4. Calculated transmission/reflection coefficients
(a), impedance values (b), and absorbance performance
(c) for the C-CFMM unit cell.
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Fig. 5. Power loss density calculations inside the C-
CFMM structure for 13.82 GHz (a), 14.28 GHz (b),
14.77 GHz (c), and 15.2 GHz (d).

IV. PHYSICAL EXPLANATIONS

In this section, a detailed physical examination is
performed to understand the actual behavior of
multiband metamaterial absorbers. First of all, we focus
on the question how every sub-module keeps its own
behavior like an isolated device. It is easy to observe the
omitted fringing electric field intensities in the LHM
regime; along the circular sides of CF-MM [24]. As a
basic physical explanation, the relationship between the
electrical permittivity . and the electric polarization P
is defined with the basic formula of D = ¢,E + P, =
(1 + x.)eoE. In the situation y, < —1, &, becomes
negative satisfying the homogenization subwavelength
conditions. This effect results in that the electric
polarization P overcomes the electric flux density term
of e,E. The same approach can be used in order to
analyze the relationship between the effective magnetic
susceptibility y,,, and the magnetic flux density B with
the second complementary formula B = uo(H + P,,) =
(1 + xm)toH. This cancellation of the horizontal
electric field components produced by circular slots and
the corresponding anti-parallelism changes in the surface
currents.

On the other hand, the fringing electric fields and the
relevant parallel surface currents reshape dispersive
nature of multiband absorber. By using a single CF-MM
unit cell (shown as blue transparent), electric field
components are calculated for LHM (13.8 GHz) and
RHM (18.5 GHz) as depicted in Fig. 6, where the
numbers “1” and “2” are the waveguide port numbers
normal to the surface plane of CF-MM. The distance
between the unit cell and the waveguide ports is set to
5xa,=10 mm to observe the electric field distributions.
The excitation with arbitrary e#"e =it plane-wave, E-
fields are assumed uniformly distributed all over the
array according to homogeonization approach. This
assumption supplies an averaged space-time distribution
of the induced fields with the same e!#Te~iwt
dependence, in which the variables w and B are
independent of each other.

Similar anaysis is performed for causality properties
of metamaterial to check Kramers-Kronig relations [30].
The interesting point is that the variables r and  may
have corresponding dependency based on Fig. 6. For
LHM region, C-CFMM is breaking homogenization
approach and each sub-module has own dispersive
characteristics. On the other hand, the same parameters
obey homogeonization scheme completely for RHM
bands in that conditons there is single RHM resonance
different from multiple LHM resonances. Similar
composite metamaterial cells can be analyzed with this
approach.

Lastly, MPA performance is analyzed here to
consider realistic losses in the metals (called as surface
loss power and denoted as P,,) and volume losses in the
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dielectric substrates (called as volume loss power and
denoted as Pp). In the simulations and power loss
calculations, the structure has been simulated employing
CST Microwave Studio, a full-wave commercial code
based on the finite integration technique, with periodic
boundary conditions [31]. In order to solve the integral
form of Maxwell’s equations numerically a finite
calculation domain is defined, enclosing the considered
application problem. Then, this domain is split up into
several small grid cells to create a useful mesh system.
Waveguide ports are handled inside the structure, which
is quite useful for simulations and physical excitations.
The dissipated power on the imperfect dielectric layer
strongly depends on the parameters the loss-tangent
value taken as tand = 0.005 and the electric permittivity
taken as €, = 2.16 in Eqg. (3.1). In normal conditions,
the copper layers are assumed to behave as PEC in
microwave regimes. During a detailed investigation, the
absorbed power due to the nonideal surface losses is
calculated with help of the specified conductivity of
copper as o = 5.8x107S/m in Eq. (3.2) [32]:

Pp = nftan&soer |E|2 av, (3.1)
’””fﬁmzas (3.2)

The results of the loss power calculations for
14.28 GHz and 14.77 GHz are presented in Table 1,
showing very good agreement with the resonances in
Fig. 3 and simulations in Fig. 5. According to the table,
the surface losses (46.4% and 46.2% for the 1S-CFMM
resonance at 14.28 GHz and the 2S-CFMM resonance at
14.77 GHz, respectively) are comparable to the volumetric
losses (53.6% and 53.8% for 14.28 GHz and 14.77 GHz,
respectively). The maximum surface losses can be seen
in 1S-CFMM Copper Surface (33%) and 2S-CFMM
Copper Surface (33.5%) for their own LHM resonances
as expected. By using this results, Q-factor of device is
equal to:

Q = 2nf x (average energy stored)/(total power loss).
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Fig. 6. Top view of the calculated electric field
components inside and around the CF-MM structure for
13.8 GHz (left panel) and 18.5 GHz (right panel).
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Table 1: Power loss calculation for the C-CFMM
inclusion

Loss Region | -0SS/W (Peak) at[Loss/W (Peak) at
g 14.28 GHz 14.77 GHz
CF";’l'mai‘;pper 4.8567x10° | 3.9969x103
1o CPMM COPPET 6.1250x101 | 0.3417x10°
2s-cztfrlgcgopper 3.5518x10°2 3.4556x10
SSCPNIM COPPET|  3.6165x10° | 3.4972x102
TO‘;(') \fvuerrf?gsv;f’ss 8.4762x10" | 4.7555x10°
TOtS'om'r”Egi)'oss 0.8087x107 | 5.5461x10™

V. CONCLUSIONS

In summary, a polarization-independent and narrow-
band absorber with triple bands has been successfully
designed and tested by using composite circular fishnet
metamaterial cells. The resonant inclusions are considered
to match the impedance of the absorber to free space and
achieve large energy dissipation, minimizing the wave
refection and transmitting under the assumption that
the scattering is negligible (the roughness of the surface
R « 2). The proposed structure does not require a
separate resistive sheet or backed metal plate. It is shown
that different LHM resonances can occur simultaneously
based on cancellation of impinging electric fields. This
gives opportunity to design composite unit cells for
multiband absorber operations. Power loss calculations
result in comparability between metal and dielectric
layers of composite circular fishnet metamaterial.
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