
IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 14, 2015 511
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Abstract—An equivalent circuit model of an ultra-thin metama-
terial absorber comprising a square-ring-shaped frequency selec-
tive surface (FSS) is presented. The model can be considered as
series resonators connected in parallel with coupling capac-
itance and short-circuited transmission line. The even- and odd-
mode couplings have been incorporated to accurately determine
the lumped parameters as well as the absorption frequency of the
absorber structure. The effects of substrate thickness and dielec-
tric permittivity variation on the lumped parameters and full width
at half-maximum (FWHM) bandwidth are investigated based on
the proposed model. The absorber has been fabricated, and close
matching among the calculated, simulated, and measured results
has been observed.

Index Terms—Equivalent circuit, frequency selective surface,
lumped parameter, metamaterial absorber.

I. INTRODUCTION

R ECENTLY, frequency selective surfaces (FSSs) have
drawn significant research interests due to their variety of

electromagnetic applications, such as electromagnetic absorber,
filters, and antennas [1]–[3]. For analyzing the electromagnetic
behavior of FSSs, several mathematical approaches (FEM,
FDTD, MOM) are commonly employed [4], [5]. Despite their
accuracy in analysis, these techniques require time-consuming
simulations and do not allow the designer to have a good insight
into the physics behind the structures. During the last few years,
many researchers have tried to derive accurate formulas to
suitably represent these surfaces. For simple shapes, analytical
formulas have been derived simply by considering the average
permittivity of the dielectrics on two sides of an FSS [6]. In
other cases, transmission line theory has been used to explain
the mechanism of the structures [7]. Some circuit models based
on lumped circuit theory have been used to derive the element
values, but they fail to explain any coupling effect among
the neighboring periodic structures [8], [9]. Some circuit has
modeled dielectric as capacitive impedance, but its value had
not been calculated [10].
In this letter, a novel circuit model of the metamaterial ab-

sorber structure based on FSSs has been presented for the first
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Fig. 1. (a) Perspective view and (b) equivalent circuit of the unit cell of the
absorber structure.

time, which incorporates the coupling theory with the periodic
array structures. Depending on the surface current distribution
in the FSSs, even- and odd-mode couplings among the unit cells
have been considered in the proposed model. A single square-
ring structure with grounded dielectric substrate has been se-
lected as a metamaterial absorber, whose absorption frequency
has been accurately determined. The effects of the FSS shape
(in terms of the length, width, permittivity, thickness, and unit
cell period) on the absorption frequency are calculated and com-
pared to the simulated responses. In particular, this proposed
circuit model provides in-depth physical insight into the effects
of lumped parameters for different substrate thicknesses and di-
electric permittivity values based on the model. Afterwards, the
full width at half-maximum (FWHM) bandwidth of the absorber
structure has also been analyzed. The structure has been fab-
ricated, and absorption frequency is experimentally measured,
which is in good agreement with the simulated as well as ana-
lytical results. Finally, the effects of the substrate thickness vari-
ation for different widths of the square ring have been studied,
thus validating the modelization technique for FSS-based mi-
crowave absorber structures.

II. EQUIVALENT CIRCUIT MODEL

The metamaterial absorber under consideration consists of an
array of square-shaped ring structure and grounded dielectric
substrate as shown in Fig. 1(a). FR-4 substrate has been used as
dielectric ( and ) with 1 mm thickness,
whereas both the topmetallic patch and bottom ground are made
of copper (conductivity S/m), each having thick-
ness of 0.035 mm.
When a plane wave is normally incident on the structure, the

electric field is distributed in such a way that the surface currents
in the FSSs form a closed loop as shown in Fig. 2. According to
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Fig. 2. Even- and odd-mode couplings in the proposed structure.

the surface current directions in the array structure, each square
loop (1) is coupled with the neighboring unit cells through even-
(3, 4) and odd-mode (2, 5) coupling [11].
Fig. 1(b) shows the construction of the equivalent cir-

cuit model, which comprises a parallel connection of FSS
impedance and grounded reactance. The FSS impedance,
consisting of series resonators, can be expressed as

(1)

where is the FSS inductance corresponding to the length
( ) of the square ring and is the FSS capacitance between
two adjacent unit cells. is the resistance of the top copper
patch, which has been modeled due to finite conductivity of the
copper metal. On the contrary, the substrate impedance can be
expressed as

(2)
where and are the electric permittivity and magnetic
permeability of the grounded dielectric substrate, respectively.

is the wavenumber of the incident wave in the
substrate. is the equivalent resistance due to dielectric loss
in the substrate representing the imaginary part of the material
parameters, and is the coupling capacitance due to periodic
structure [11].
For an independent unit cell, the (top surface) FSS impedance

comes in parallel with the grounded short-circuited transmission
line, which shows an inductive behavior [9]. However, when
the metallic patches are arranged in periodic array, there is an
extra coupling capacitance that can be calculated based on cou-
pled-line geometry of the microstrip line. The even-mode cou-
pling (between 1 and 3, 1 and 4) provides only the vertical cou-
pling capacitance, whereas the odd-mode coupling (between 1
and 2, 1 and 5) produces both the vertical and horizontal cou-
pling capacitances [11]. Here, has been designated as the
horizontal coupling capacitance between the adjacent unit cells,
while has been used to describe the vertical coupling capac-
itance between the FSS and the ground plane.

Therefore, the surface impedance can be viewed as the
parallel combination between and , expressed as

(3)

Since the equivalent circuit behaves as a parallel
circuit, at resonance frequency the real part of will match
closely with the free-space impedance ( ), and the imaginary
part will tend to infinity [8], [12]. By resorting to the theory of
microstrip lines, the effective permittivity ( ) and character-
istic impedance ( ) for the homogenous dielectric material
can be calculated from [13] for the given strip width ( ) and
dielectric thickness ( ). Then, using quasi-static analysis of
microstrip line, the inductance per unit length is obtained as

, which gives rise to the FSS inductance ( )
by multiplying with the requisite patch length. On the other
hand, even- and odd-mode excitation of the structure gives rise
to the coupling capacitance and FSS capacitance [11].
The right-angle bending parts of the square-shaped structure
provide some extra inductive and capacitive effects, which
have also been incorporated by calculating them through some
empirical formulas [13].

III. NUMERICAL RESULTS

The absorption frequency can be obtained from (1)–(3) by
considering the reactance part of surface impedance to in-
finity. The calculated values for the lumped elements are as fol-
lows: (fF), (fF), and

(nH) corresponding to the absorber structure having unit
cell width mm, length mm, period
mm, and substrate thickness mm. These values lead

to the absorption frequency calculated as 6.14 GHz, whereas
full-wave simulation (by ANSYS HFSS) of the absorber struc-
ture results to 6.13 GHz. The exact matching between the re-
sponses clearly validates the modelization technique for the ab-
sorber structure.
Since the absorption frequency as well as the FSS induc-

tance ( ), FSS capacitance ( ), and coupling capaci-
tance ( ) are primarily related to the width of the unit cell
( ), length of the square loop ( ), permittivity ( ), and thick-
ness of the dielectric substrate and period of the square ring ( ),
the variations of these parameters are investigated in Fig. 3. As
width ( ) of the square ring increases, decreases and
increases, while the absorption frequency increases slowly. All
the three lumped elements , , and increase and the
absorption frequency decreases with the length ( ) of the unit
cell. Both and gradually increase with increasing ,
while remains constant; this decreases the absorption fre-
quency with increase of dielectric permittivity of the substrate.
When the thickness of the substrate ( ) is increased, re-
mains almost constant, decreases, increases, and the
absorption frequency reduces slowly. Finally, as the unit cell
period ( ) increases, keeping length of the unit cell ( ) to be
constant, the frequency of absorption increases up to a certain
limit and thereafter remains constant. In all the cases, the numer-
ical results match closely the simulated responses. Since some
of the impedance expressions used in the model are derived em-
pirically [11], [13], [14], small deviations are observed in all the
five cases, although within acceptable limit.
To understand the absorption mechanism, , , and

of the square ring are analyzed for different values of
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Fig. 3. Comparison of analytical and simulated absorption frequencies for different (a) widths of the square ring, (b) lengths of the square ring, (c) dielectric
permittivities, (d) thicknesses of the substrate, and (e) unit cell periods of the structure.

Fig. 4. Variation of (a) FSS capacitance, (b) coupling capacitance, and (c) FSS inductance for different substrate thicknesses with different values of permittivity.

dielectric permittivity as a function of substrate thickness
in Fig. 4. remains almost constant with the dielectric
thickness value, as it mainly depends on the surface charge
distribution. Coupling capacitance , starting from very high
value near ground plane, approaches to some finite constant
with increasing the substrate thickness, whereas increases
nonlinearly with thickness showing in the same way as in the
case of microstrip line theory [15]. Although and in-
crease linearly with permittivity, remains constant during
variation of the permittivity of the dielectric substrate. Since the
characteristic impedance is inversely proportional to
(for microstrip line), the overall term ( ) is
independent of the effective permittivity of the substrate [13].
The effects of dielectric permittivity and substrate thickness

on FWHMbandwidth of the absorber structure have been inves-
tigated based on the analytical method presented here. As shown
in Fig. 5(a), the FWHM bandwidth of the metamaterial absorber
increases almost linearly with the substrate thickness [16]. On
the other hand, as remains constant, with in-
creasing real part of dielectric constant ( ), its imaginary part
( ) decreases, which increases quality factor and reduces the
FWHM bandwidth as shown in Fig. 5(b). Since both the resis-
tances and are unknown, some constant values have
been considered for calculating the FWHM bandwidth, which
leads to the deviation between the calculated and simulated re-
sponses. However, the pattern remains similar, thus supporting
the results due to variation.
The proposed structure has been fabricated on 1-mm-thick

FR-4 substrate using standard printed circuit board (PCB)
technology as shown in Fig. 6(a). The structure has been
measured in an anechoic chamber using standard gain horn
antennas (C-band) and a network analyzer (Agilent N5230A).
Fig. 6(b) shows the simulated, measured, and calculated

Fig. 5. Comparison of FWHMbandwidth for (a) different substrate thicknesses
and (b) different dielectric permittivities of the structure.

Fig. 6. (a) Photograph of the fabricated absorber, and (b) comparison among
simulated, measured, and calculated reflection coefficient of the structure.

reflection coefficients ( ) of the proposed structure, which
are in good agreement, thus validating the analytical model.
The small deviation of the peak absorptivity and absorption
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Fig. 7. Variation of (a) FSS capacitance, (b) coupling capacitance, and (c) FSS inductance for different widths with different substrate thicknesses.

bandwidth may be due to the deviation of ohmic and dielectric
resistances ( and ) from their ideal values.
Although the equivalent circuit model of other geometries

(like circular ring, patch, cross, etc.) are not discussed here for
sake of brevity, their absorption frequencies can also be cal-
culated through this technique. To get a glimpse about the na-
ture of variation of different lumped elements with the width
of the square ring, the substrate thickness of the structure has
been varied, keeping the permittivity constant. The FSS capac-
itance ( ), coupling capacitance ( ), and FSS inductance
( ) curves are mentioned in Fig. 7. It can be noticed that by
increasing the percentage of metal in the FSS unit cell, the FSS
capacitance ( ) gradually increases, whereas the FSS induc-
tance ( ) decreases. On the contrary, the deviation of cou-
pling capacitance ( ) among the FSSs having different widths
at low substrate thickness is very high and gradually approaches
to constant value while increasing the thickness. Therefore, we
can finally conclude that by properly synthesizing the lumped
element values, the equivalent circuit model can be employed
for analyzing metamaterial absorber structure based on FSSs.
The above calculation has been done considering normal inci-

dence plane wave. Since the proposed equivalent circuit model
is based on the surface current distribution, it can also be ap-
plied for various oblique incidence and polarization angles. In
case of oblique incidence, there will be always a component of
electromagnetic field along initial direction (except for 90 in-
cidence), thus satisfying the same current flow. The only change
will be in the electrical path length of the wave traversed through
the dielectric, which will cause a slight shift in absorption fre-
quency. In case of polarization angle variation, absorption fre-
quency will remain constant (except for 90 polarization) as
long as there is a component of wave along the initial direction.

IV. CONCLUSION

In this letter, a simple equivalent circuit model based on trans-
mission line and even/odd-mode coupling theory is presented
to accurately design any metamaterial absorber structure com-
prising arbitrary shaped FSS. A single square ring (exhibiting
a narrow frequency band) with grounded dielectric substrate
has been used as an absorber structure to explain the analyt-
ical model. Other FSS elements like cross, patch, rings, dual-
/multiband geometries, etc., can also be modeled though this
technique as long as their surface current flows are known and
intra/intercouplings can be calculated. The dimensions of the
unit-cell FSS are related to the parallel circuits, and their

effects on the absorption frequency have been investigated. The
variations of substrate thickness and dielectric permittivity have
been studied for optimizing the FWHM bandwidth. The calcu-
lated result matches well with the simulated and measured re-
sponses with minor deviation. The proposed equivalent circuit
can be considered as a generalizedmodel for analyzing absorber
structures of arbitrary shaped frequency selective surfaces.
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