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Filiberto Bilotti, Senior Member, IEEE, Alessandro Toscano, Kamil Boratay Alici, Ekmel Ozbay, and Lucio Vegni

Abstract—In this paper, we present the design of miniatur-
ized narrowband-microwave absorbers based on different kinds
of magnetic inclusions. The operation of the proposed components
originates from the resonance of a planar array of inclusions ex-
cited by an incoming wave with a given polarization. As in com-
mon absorber layouts, a 377 Ω resistive sheet is also used to absorb
the electromagnetic energy of the impinging field. Since the pla-
nar array of magnetic inclusions behaves at its resonance as a
perfect magnetic conductor, the resistive sheet is placed in close
proximity of the resonating inclusions, without perturbing their
resonance condition. In contrast to other typical absorber config-
urations presented in the literature, the absorber proposed in this
paper is not backed by a metallic plate. This feature may be useful
for stealth applications, as discussed thoroughly in the paper. The
other interesting characteristic of the proposed absorbers is the
subwavelength thickness, which has shown to depend only on the
geometry of the basic resonant inclusions employed. At first, regu-
lar split-ring resonators (SSRs) disposed in an array configuration
are considered and some application examples are presented. Ab-
sorbers based on SRRs are shown to reach thickness of the order
of λ0 /20. In order to further squeeze the electrical thickness of
the absorbers, multiple SRRs and spiral resonators are also used.
The employment of such inclusions leads to the design of extremely
thin microwave absorbers, whose thickness may even be close to
λ0 /100. Finally, some examples of miniaturized absorbers suitable
for a practical realization are proposed.

Index Terms—Metamaterials, microwave absorbers, miniatur-
ized magnetic inclusions, split-ring resonators.

I. INTRODUCTION

THE NEED for microwave absorbers and radar-absorbing
materials is ever growing in different aspects of ongoing

technologies. In particular, absorbers play a key role in military
applications and are mainly employed for the reduction of the
radar signature of aircraft, ships, tanks, and other targets. Apart
from stealth and camouflage applications, microwave absorbers
are also used in both military and civil applications to reduce
the electromagnetic interference among microwave components
and/or electronic circuits mounted on the same platform. The
employment of microwave absorbers, enabling the absorption
of the reflected and surface waves, is also needed to improve the
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performance of both transmissive and radiating components. For
instance, in antenna applications, absorbers may be employed
to reduce the back-radiation of microstrip radiators. This is a
key aspect in the design of radiators for either high-precision
systems (e.g., antennas for earth-stations of satellite-navigation
systems) or mobile communications (e.g., antennas for mobile-
phone terminals with reduced radiation towards the user head).

Whatever the application for which the absorber is intended,
the reduction of its electrical thickness is always one of the
challenging aspects. Other important issues are related to the
polarization dependence, angular bandwidth, and operating
bandwidth.

Significant advancements in absorber technology have been
recently obtained through the employment of artificial electro-
magnetic materials at different frequencies, spanning from mi-
crowaves to tetrahertz (THz), and optical frequencies. Some of
the latest results can be found in [1]–[4], and reference therein.

The absorbers employed in everyday applications are usually
backed by a metallic plate [5]–[10]. The metallic backing plays
two main roles. On one hand, it is used to avoid power trans-
mission on the other side of the absorber. On the other hand, it
enables a boundary condition useful to create a reflected com-
ponent that, combined with the impinging wave, cancels out the
reflection from the screen. This phenomenon is well evident in
the principle of operation of the Salisbury screen [5], [6], the
simplest microwave absorber, but it is anyway present in all the
layouts involving a metallic backing. In the Salisbury screen
layout, a 377 Ω resistive sheet is placed a quarter-wavelength
apart from a metallic plate, where the tangential component of
the electric field has its maximum amplitude.1

As far as resonant absorbers are concerned (i.e., absorbers that
cancel the reflection in a narrow frequency band), the presence
of the metallic plate may represent a problem, especially, for
stealth applications. If we want to hide an object made by a
certain material at a given frequency, in fact, the employment
of conventional absorbers with a metallic backing makes the
material object a metallic object and, thus, at frequencies other
than the one for which the absorbing structure has been designed,
the radar cross section (RCS) of the object may increase.

In order to avoid a metallic backing, proper resonant struc-
tures may be employed. In this frame, it is possible to make use
of metamaterials that are artificial materials exhibiting prop-
erties not readily found in natural materials [11]. Such man-
made materials consist of microwave frequencies of metallic

1Since the section where the resistive sheet is placed is λ/4 apart from the
metallic plate, that section is characterized by the boundary condition of a perfect
magnetic conductor (PMC), where the tangential component of the electric field
has its maximum.
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resonant inclusions immersed in a host dielectric. Since the di-
mension of and the separation between the inclusions are both
very small compared to the operating wavelength, it is usually
possible to model the macroscopic behavior of the composite
material in terms of the effective permittivity and permeabil-
ity [12]. Due to the resonance behavior of the inclusions, also
the effective permittivity and permeability exhibit a dispersive
behavior characterized by a resonance and, if the inclusions are
properly designed, it is also possible to obtain negative values
for the effective constitutive parameters. Moreover, metamate-
rials usually exhibit high losses around the resonance frequency
and this aspect sometimes limits their employment in practi-
cal components requiring high efficiencies. However, as far as
absorbers are concerned, losses may help to absorb the imping-
ing electromagnetic power. The inherent-resonance behavior of
metamaterials and their lossy nature, thus, make such materi-
als suitable candidates for the design of resonant-microwave
absorbers without a metallic backing.

Recently, some of the authors have presented theoretical in-
vestigations relating to the design of compact microwave ab-
sorbers, made by a proper combination of two metamaterial
slabs [13]–[16]. The operation principle of that layout is based
on the anomalous surface resonance, arising at the interface be-
tween two slabs, characterized by oppositely signed values of
the real parts of permittivities and/or permeabilities.2 From the
theoretical point of view, in fact, it may be readily verified that
these bilayers, when excited by an impinging electromagnetic
wave, may support a localized interface resonance, whatever the
total thickness of the entire setup is, for any angle of incidence,
and whatever the nature of the backing on the other side of the
structure. Since the amplitude of the field is huge at the interface
between the two metamaterial slabs and the resonance is basi-
cally confined at the interface, a resistive sheet is placed right
at the interface between the two slabs, absorbing, thus, most of
the power of the impinging wave. The practical implementation
of this layout involves the realization of both the slab with the
negative real part of the permittivity and the slab with the neg-
ative real part of the permeability. For the former slab, electric
inclusions (e.g., wire inclusions [17]) are to be used, while, for
the latter slab, magnetic inclusions (e.g., split ring resonators
(SRRs) [18] at the lower microwave frequencies) are needed.

Since from the practical point of view, it would be rather
difficult to employ two sets of resonant inclusions and make
the two-paired slabs resonating in a proper way [16], Bilotti
et al. were stimulated to find an easier layout, based on a dif-
ferent resonant phenomenon and employing only a single set of
inclusions.

The results of these investigations conducted at lower mi-
crowave frequencies, are presented in this paper. In Section II,
a brief motivation of the choice of the resonant inclusions of
the magnetic kind is given. Then, different magnetic inclusions
are considered to verify the concept of resonant miniaturized
microwave absorbers without a metallic backing. At first, in

2In [13]–[16], we have ideally modeled the two metamaterials as homo-
geneous and isotropic materials, characterized by effective permittivity and
permeability both described by Lorentz dispersion.

Fig. 1. Sketch describing the structure of the proposed resonant absorber made
by a resistive sheet and a metamaterial slab.

Section III, we consider the employment of regular SRRs, then,
in order to achieve a further reduction of the absorber thickness,
the use of multiple SRRs (MSRRs) and spiral resonators (SRs)
is proposed in Sections IV and V, respectively.

II. CHOICE OF THE RESONANT INCLUSIONS

In order to save space and reduce the electrical thickness of
the absorbers, it is advisable to employ an artificial medium
behaving, at the desired frequencies, as an artificial magnetic
conductor (AMC). As already pointed out in some recently
presented layouts of absorbers based on the employment of
frequency selective surfaces and high impedance surfaces, in
fact, due to the boundary condition imposed by the AMC, the
resistive sheet can be placed very close to the AMC itself [7]–[9].
However, in the aforementioned layouts, the resonance behavior,
leading to the AMC boundary condition, is always obtained
through the help of a metallic plate, backing the structure of the
absorber.

If we want to avoid a metallic backing, we may refer to the
sketch shown in Fig. 1. A resistive sheet is placed at a certain
distance ds apart from a slab of thickness d, described by the
constitutive parameters of a linear, isotropic, and homogeneous
material (ε1 = ε0εr1 , μ1 = μ0μr1) and there is no metallic plate
between the absorber and the whole scenario on the right-hand
side (objects to hide, etc.)

For the sake of simplicity, let us consider the structure ex-
cited by a plane wave normally impinging from the left-hand
side. Applying the equivalent transmission-line representation
as shown in Fig. 2 and considering the two thicknesses d and
ds very small compared to the operating wavelength, the reflec-
tion coefficient at the input interface is given by, as shown (1),
at the bottom of the next page, where R is the total resistance
associated to the resistive sheet and ZL is the load impedance
describing a generic scenario behind the absorber.

In order to verify what kind of inclusion is more suitable to
obtain at a given frequency, a zero-reflection coefficient in the
case of subwavelength dimensions, we just evaluate the limit of
the expression in (1) when εr1 → ±∞ (this is the ideal case of
resonant inclusions of the electric kind) and μr1 → ±∞ (this
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Fig. 2. Equivalent transmission-line representation of the metamaterial ab-
sorber described in Fig. 1.

is the ideal case of resonant inclusions of the magnetic kind).
Calculating the two limits, we obtain

lim
εr 1 →∞

Γin � −1

lim
μr 1 →∞

Γin � R
√

ε0 −
√

μ0

R
√

ε0 +
√

μ0
. (2)

As previously anticipated, provided that the resistive sheet
is designed to offer a total resistance R =

√
μ0/ε0 = 120π =

377 Ω (the same as in regular Salisbury screen layouts), we
may have a thin absorber by employing resonant inclusions of
the magnetic kind, that will result in a PMC boundary condi-
tion, whatever the values of d and ds are (under the hypothesis
k0d, k0ds � 1), for any loading impedance (i.e., whatever the
scenario or the object on the other side of the absorber is), and
for any value of εr1 .

Therefore, considering a wall made by a planar array of inclu-
sions of the magnetic kind, such as the SRRs, if the impinging
field is polarized in such a way so as to properly excite the inclu-
sions, the reflected field at the resonance would be in-phase with
the incident field and most of the impinging power would be ab-
sorbed in the resistive sheet. Some preliminary numerical results
showing the effectiveness of the proposed approach have been
briefly presented by some of the authors in [19], without giving
details on the theoretical aspects and the device performance.

It is worth remarking here that the total electrical thickness
of the absorber d + ds depends only on the electrical dimen-
sions of the resonant inclusions employed. For this reason, in
the following sections, we will propose some different designs,
based not only on the SRRs, but also on other resonant inclu-
sions that, while having the same dimensions of regular SRRs,
exhibit, indeed, lower resonant frequencies.

III. RESONANT ABSORBERS BASED ON SRRS

In order to demonstrate the concept of subwavelength-
microwave absorbers made by magnetic resonant inclusions

Fig. 3. Geometrical sketch of a microwave absorber based on SRR resonant
magnetic inclusions. The absorber is made by a resistive film of thickness df

and a planar array of SRRs spaced ds from the resistive film.

without a metallic backing, we have numerically simulated the
behavior of the structure depicted in Fig. 3. In this case, a planar
array of regular air immersed SRRs3 is excited by a normally
directed plane wave, having the magnetic field parallel to the
axes of the SRRs.

This structure has been simulated employing CST Microwave
Studio, a full-wave commercial code based on the finite-
integration technique [22]. The finite-planar array of SRRs has
been placed inside a hollow waveguide with inhomogeneous
boundaries: top and bottom walls are described by the boundary
condition of a perfect electric conductor (PEC), left and right
walls by the condition of a PMC. In this way, since the waveg-
uide supports a TEM mode with a vertically polarized electric
field and a horizontally polarized magnetic field, we were able
to simulate a TEM plane wave directed along the waveguide
axis, propagating in the waveguide, and normally impinging on
the array of SRRs.

The geometrical dimensions of the SRRs are chosen [18] so
as to return a resonance at approximately 2 GHz. The reflected
and transmitted powers as a function of the frequency reported
in Fig. 4 confirm the expected absorbing behavior.

In Fig. 5, the amplitude of the electric field along the vertical
section of the waveguide near the SRRs at the resonant frequency
is depicted. From this graph, it may be easily verified how
the field is highly concentrated around the resonating SRRs, is
absorbed in the resistive sheet, and is very low on the right-hand
side of the structure, giving rise to a very low transmission. A
time animation would show how the incident wave is actually a
propagating wave with a negligible standing-wave contribution

3Absorbing properties of planar arrays of SRRs in C-shaped configuration
have been previously studied in [20] and [21] for a different layout, characterized
by a metallic backing.

Γin =
[jZL − ωμ0(d + dsμr1)] + R[j + ω(d + dsμr1)

√
μ0ε0 − ZL (j

√
ε0 + ωε0(d + dsεr1)]

[−jZL + ωμ0(d + dsμr1)] + R[−j + ω(d + dsμr1)
√

μ0ε0 + ZL (−j
√

ε0 + ωε0(d + dsεr1)]
(1)
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Fig. 4. Reflected and transmitted power from and through the absorber de-
picted in Fig. 3. The geometrical dimensions of the absorber are: l = 5 mm, w =
0.1 mm, s = 0.1 mm, g = 0.1 mm, ph = 2 mm, pv = 0.5 mm, df = 0.5 mm,
and ds = 0.5 mm. The total resistance of the resistive sheet is 377 Ω.

Fig. 5. Amplitude of the electric field along the vertical section of the waveg-
uide near the SRRs at the resonant frequency 2.05 GHz. The geometrical di-
mensions of the absorber and the total resistance of the resistive sheet are the
same as in the caption of Fig. 3.

(i.e., the reflection coefficient at the left-hand side interface is
very low).

At the resonant frequency (2.05 GHz), the free-space wave-
length is approximately 14.6 cm. Since the SRR side l is only
5 mm (λ0 /29) long and the thicknesses of the air spacer and of
the resistive sheet are ds = 0.5 mm and df = 0.5 mm, respec-
tively, the total thickness of the absorber is only 6 mm, i.e.,
around λ0 /24.

In order to verify the expected independence of the absorb-
ing features on the boundary condition at the right-hand side
interface of the absorber (i.e., the independence on the load
impedance ZL ), we have performed a simulation of a real-life
scenario where the absorber is used to hide a metallic object
(a sphere in this case) placed at different positions behind the
screen (see Fig. 6). The radius of the sphere has been chosen in
such a way that its RCS in the waveguide has its first sharp max-
imum (0 dB in the lossless case) around the resonant frequency
of the SRRs (2.05 GHz).

This peak, revealing in normal circumstances the presence of
the sphere, is no longer present in the results shown in Fig. 6(a)—

Fig. 6. (a) Reflected and (b) transmitted power from and through the SRR
absorber used to hide a metallic sphere of radius 30 mm. The position of the
sphere lz is varied within a half-wavelength in order to verify the stability of
the absorbing features for both inductive and capacitive loading impedances.
When the electrical distance of the metallic object is very close to the absorber,
the object mainly resembles an inductive lumped load. In contrast, when the
electrical distance between the absorber and the metallic object excedes a quarter
of the free-space wavelength, the object behaves rather as a capacitive load.

when the absorber is used-–whatever the position of the sphere
(i.e., for any loading impedance placed on the back interface).

In Fig. 7, we show the behavior of the absorber as a function
of the incidence angle. The numerical simulation has been per-
formed by placing the absorber inside a hollow waveguide with
PEC walls.

In this way, increasing the horizontal dimension of the waveg-
uide beyond the cutoff length, we may easily simulate the vari-
ation of the incidence angle of the impinging plane wave.4

4It is well known, in fact, that the fundamental TE10 mode of a hollow PEC
rectangular waveguide can be represented as a superposition of two plane waves
propagating with the angle

θ = arccos

[√
1 − π2

k2
0 a2

]
with respect to the axis of the waveguide, being a the length of the horizontal side
of the waveguide and k0 the free-space wavenumber. At a given frequency, thus,
the angle of incidence can be changed just varying the horizontal dimension a.
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Fig. 7. (a) Reflected and (b) transmitted power from and through the SRR
absorber placed within a waveguide with PEC walls. The horizontal dimension
of the waveguide has been varied to change the angle of incidence.

For a deep physical explanation of the angular independent
behavior of this and more general metamaterial structures, see
[23].

IV. RESONANT ABSORBERS BASED ON MSRRS

As previously remarked, the thickness of the proposed ab-
sorber depends mainly on the dimensions of the magnetic inclu-
sions used. In order to obtain a further reduction of the absorber
thickness, other kinds of resonating magnetic inclusions should
be considered. In particular, the authors have recently proposed
a new analytical model to describe through a parallel LC equiv-
alent circuit the electromagnetic behavior of both MSRRs and
SRs that are magnetic inclusions capable of achieving improved
miniaturization scales [24], [25].

MSRRs are a straightforward extension of the regular SRRs.
They are obtained from the SRRs by just adding new split rings
in the inner part of the inclusions. In this way, the new distributed
capacitances (one for each added ring) between adjacent rings,
all connected in parallel [24], [25], increase the total capac-
itance associated to the inclusion, thus, reducing the resonant

frequency, while keeping unchanged the space occupancy of the
magnetic inclusion.

Under the assumptions that all the mutual interactions be-
tween nonadjacent rings are negligible, the total capacitance
and inductance of the squared MSRR are given by Bilotti
et al. [24], [25]

CMSRR =
N − 1

2
[2l − (2N − 1)(w + s)]C0 (3)

LMSRR = 4μ0 [l − (N − 1)(s + w)]
[
ln

(
0.98
ρ

)
+ 1.84ρ

]
(4)

where

ρ =
(N − 1)(w + s)

l − (N − 1)(w + s)

C0 = ε0
K(

√
1 − k2)

K(k)

K(x) =
∫ π/2

0

1√
1 − x sin2 ϕ

dϕ k =
s/2

w + s/2

with l being the length of the external ring, w the width of
the strip, s the separation between two adjacent rings, and N
the number of the rings. Once all the geometrical parameters
are known, (3) and (4) may be used to determine the resonant
frequency of the MSRR as a function of the number N of the
rings. It is easily found that, increasing N beyond a certain
threshold, the resonant frequency does not reduce any more and
that a saturation effect takes place [24], [25].

Here, we are interested in using such magnetic inclusions to
obtain more miniaturized resonant absorber. The structure of
the absorber is reported in Fig. 8, where all the relevant geo-
metrical parameters are also displayed. In order to verify the
reduction of the resonant frequency by using MSRRs instead
of regular SRRs, the simulations are performed keeping un-
changed all the geometrical parameters reported in the caption of
Fig. 4.

The results of the power reflected from and transmitted
through the absorber as a function of the frequency for dif-
ferent values of the number of the rings N are reported in Fig. 9.
From these graphs, the reduction of the resonant frequency from
2.05 GHz in the case of the regular SRRs, down to 1.40 GHz
in the case of MSRRs with N = 7 rings is well evident. We
do not show in the graphs of Fig. 9 the results obtained for
greater numbers N of the rings because the results are not distin-
guishable from those ones obtained in the case of seven rings.
The aforementioned saturation effect, in fact, takes place and
there is no improvement to further increase the number of the
inner rings. The higher the number of the rings is, in fact, the
lower the increasing rate of the distributed capacitance (the total
perimeter of the additional inner rings is smaller and smaller)
is. On the other hand, the higher the number of the rings, the
smaller the area of the resonators we use to calculate the flux of
the magnetic field. This leads to a saturation also in the value of
the inductance. The saturation in the values of the capacitance



68 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 53, NO. 1, FEBRUARY 2011

Fig. 8. Geometrical sketch of a microwave absorber based on MSRR resonant
magnetic inclusions. The absorber is made by a resistive film of thickness df

and a planar array of MSRRs spaced ds from the resistive film.

and the inductance leads straightforwardly to the saturation of
the resonant frequency.

However, in the best case reported in Fig. 9 (N = 7), a con-
siderable reduction of the resonant frequency is obtained with
respect to the SRR case. The side length of the MSRR is again
5 mm, but this time the resonant frequency is only 1.40 GHz.
This means that the inclusion is of the order of λ0 /40 and that
the total thickness of the absorber is around λ0 /36.

The distribution of the electric-field amplitude, the robustness
to the variation of the load impedance, and the performance
against the variation of the angle of incidence are not reported
here, since they do not differ substantially from what already
reported in Figs. 5–7 for the case of SRR-based absorbers.

V. RESONANT ABSORBERS BASED ON SRS

A further reduction of the resonant frequency and, thus, of
the electrical thickness of the absorbers may be obtained by
using SRs [24]–[30]. According to the analytical formulation
proposed in [24] and [25], under the assumption that all the
mutual interactions between nonadjacent turns are negligible,
such a resonator may be modeled in terms of a parallel LC
equivalent circuit by using the following expressions for the
total capacitance and the total inductance:

CSR = C0
l

4(w + s)
N 2

N 2 + 1

N −1∑
n=1

[
l −

(
n − 1

2

)
(w + s)

]
(5)

LSR =
μ0

2π
lSR
avg

[
1
2

+ ln

(
lSR
avg

2w

)]
(6)

where

lSR
avg =

4lN − [2N(1 + N) − 3](s + w)
N

with l being this time the side length of the outer turn of the spiral,
s the separation between two adjacent turns, N the number of

Fig. 9. Reflected and transmitted power from and through the absorber de-
picted in Fig. 8 for different values of the number of the rings N. The geometrical
dimensions of the absorber are: l = 5 mm, w = 0.1 mm, s = 0.1 mm, g = 0.1 mm,
ph = 2 mm, pv = 0.5 mm, df = 0.5 mm, and ds = 0.5 mm. The total resis-
tance of the resistive sheet is 377 Ω.

the turns, and w again the width of the strip. Similarly to the
MSRR, also in the case of the SR, once all the geometrical
parameters are known, (5) and (6) may be used to determine the
resonant frequency of the SR as the function of the number N of
the turns. In parallel to what happens for the MSRR, also for the
SR, it is found that, increasing N beyond a certain threshold, the
resonant frequency does not reduce any more and a saturation
effect takes place [24], [25]. All the details on the physical
phenomena related to the SR and to the comparisons with other
existing analytical formulations could be found in [24] and [25].

The SRs are used here in a planar-array configuration to ob-
tain an ever more miniaturized resonant absorber. The structure
under analysis is the one reported in Fig. 10. In order to verify
the reduction of the resonant frequency by using SRs, instead of
the regular SRRs and the MSRRs, the simulations are performed
keeping unchanged all the geometrical parameters reported in
the captions of Figs. 4 and 9.

The obtained results for the reflected and transmitted powers
as a function of the frequency for different values of the number
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Fig. 10. Geometrical sketch of a microwave absorber based on SR resonant
magnetic inclusions. The absorber is made by a resistive film of thickness df

and a planar array of SRs spaced ds from the resistive film.

Fig. 11. Reflected and transmitted power from and through the absorber de-
picted in Fig. 10 for different values of the number of the turns N. The geo-
metrical dimensions of the absorber are: l = 5 mm, w = 0.1 mm, s = 0.1 mm,
ph = 2 mm, pv = 0.5 mm, df = 0.5 mm, and ds = 0.5 mm. The total resis-
tance of the resistive sheet is 377 Ω.

Fig. 12. Comparison of the resonant frequency of the SRR, MSRR, and SR
absorbers for different numbers of rings or turns. The geometrical dimensions
used in the three cases are all the same (l = 5 mm, w = 0.1 mm, s = 0.1 mm,
g = 0.1 mm, ph = 2 mm, pv = 0.5 mm, df = 0.5 mm, ds = 0.5 mm) and the
total resistance of the resistive sheet is set in all cases to 377 Ω.

of the turns N of the spiral are reported in Fig. 11. From these
diagrams, we observe the reduction of the resonant frequency
from 1.40 GHz in the best case of MSRRs with N = 7 rings,
up to 600 MHz in the case of SRs with N = 7 turns. In contrast
with the results presented in Fig. 9, we have shown here the
results obtained for greater numbers of turns (N > 7) to show
how, starting from a certain value of N (in this case N = 7), the
resonant frequency of the SR oscillates around a certain value
and no further reduction is achieved.

The best result, obtained in the case of N = 7, shows that
a relevant reduction of the resonant frequency is obtained with
respect to both the SRR and the MSRR cases. The length of
the SR is kept to the value l = 5 mm, but this time the resonant
frequency is only 600 MHz. This means that the inclusion is of
the order of λ0 /100 and that the total thickness of the absorber
is around λ0 /84.

Further reductions, however, may be obtained by printing the
inclusions on a regular dielectric slab with a given dielectric
constant. As shown in Section II, in fact, the permeability of
the metamaterial slab in the ideal case does not affect the be-
havior of thin absorbers based on resonant-magnetic inclusions.
Therefore, the only effect of the dielectric slab would be to fur-
ther reduce the resonant frequency of the inclusions, reducing,
thereby, the dimensions of the SRs beyond the λ0 /100 value now
presented.

Also in the case of SR-based absorbers, the distribution of
the amplitude of the electric field and the performance with the
variation of the load impedance and of the incidence angle are
not shown here, since they do not differ from what is already
presented in Figs. 5–7 for the case of SRR-based absorbers.

In order to summarize all the comparisons made so far be-
tween absorbers based on SRR, MSRR, and SR inclusions; in
Fig. 12, we present a graph showing the variation of the oper-
ating frequencies of absorbers as a function of the number of
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the rings and turns. Note that the SRR may be considered as a
particular case of the MSRR with two rings.

VI. CONCLUSION

A new idea for miniaturized resonant absorbers based on
magnetic inclusions has been presented in this paper. A planar
array of resonating-magnetic inclusions with a resistive sheet
placed in close proximity has shown to effectively absorb most
of the impinging power, provided that the resonant inclusions
are properly excited. The two main advantages of the absorber
concept presented here are: 1) the reduced thickness (close
to λ0 /100 and even beyond) and 2) the absence of a metallic
plate on the back of the absorbing structure. Both these as-
pects have been discussed in the paper through proper numerical
simulations.

Different kinds of air-immersed magnetic inclusions, namely
SRRs, MSRRs, and SRs, have been considered to design ab-
sorbers. The employment of regular SRRs has shown to lead an
absorber-electrical thickness of the order of λ0 /20. A reduction
of the electrical thickness up to approximately λ0 /40 may be
obtained using MSRRs, while further reductions of the electri-
cal thickness close to λ0 /100 may be easily obtained through
the employment of the SRs. Further reductions are envisaged
by printing the inclusions on dielectric slabs with given permit-
tivities. It is worth noting that all the geometrical dimensions
used in the paper (width of the strips, separation between the
rings of the MSRRs, or the turns of the SRs, gaps in the rings,
etc.) are not extreme and, indeed, can be easily obtained through
well established and relatively cheap fabrication techniques at
microwaves.

Furthermore, we remark here that all the simulations have
been conducted without considering realistic losses in the met-
als. Nevertheless, the absorber represents a unique component,
where losses do not limit the applicability of metamaterials in
practical designs and, indeed, may help to improve the perfor-
mance of the components.

As a final remark, we notice that the proposed layouts, work-
ing for one single polarization, can be easily extended to work
for double polarization operation (which is usually the case of
radar applications), exploiting more complicated unit cells for
isotropic-metamaterial designs, as the ones proposed, for in-
stance in [31].
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