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A recently developed material based on carbon nanotubes is used here for the realization of single- and double-layered
frequency-selective surfaces (FSSs) with relevant absorbing properties. The peculiar characteristics of carbon nanotubes are
exploited to devise high-loss resonant ring structures periodically arranged to build the FSS. By introducing two layers of
rings, an absorber with stable characteristics over a wide frequency band and over a wide range for the incident wave
angle is achieved.
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I . I N T R O D U C T I O N

Radar absorbing materials (RAMs) are materials able to mini-
mize the electromagnetic field scattered from them. They are
usually realized as a coating whose electric and magnetic prop-
erties produce the absorption of an impinging radiation in a
given frequency range. The direction of the incident wave
being unknown, it is of paramount importance that absorption
is granted for the widest possible range of incidence angles.
RAMs have many possible applications, like shielding from
electromagnetic interference, but the most common is the
reduction of a target’s radar cross section (RCS). The RCS of
an aircraft or of a ship determines the detectability of the
target itself: by covering the target with RAMs, the incident elec-
tromagnetic energy is absorbed and then the RCS is reduced.

The first and simplest absorber is the Salisbury screen [1,
2]: it consists of a single resistive sheet placed l/4 in front
of a perfectly conducting ground plane. The sheet impedance
is purely real and equals that of free space. Such a structure is
able to achieve a great absorption but only for a very narrow
bandwidth and normal incidence. A large number of papers
aim at obtaining better Salisbury screens, for example, for
what concerns bandwidth [3], angular sensitivity [4], thick-
ness [5], and frequency tunability [6, 7]. If the number of
sheets is increased, the resulting structure is named
Jaumann absorber [8] and can achieve a wider band and a
reduced angular sensitivity with respect to the Salisbury
screen [9].

Although the conventional Salisbury and Jaumann struc-
tures exploit uniform impedance sheets, which are purely
real and frequency independent, several of the solutions
proposed to improve the absorption performances and
widen the bandwidth exploits sheets with complex, frequency-

dependent impedance. This can be achieved by substituting
the resistive sheets with a frequency-selective surface (FSS)
comprising lossy elements [10]. This type of design leads to
the so-called circuit analog absorbers (CAA). The elements
forming the FSS can have any shape, but the best results are
usually achieved using loop elements. The main issue in
these solutions is the necessity of lumped resistive loads for
the elements to obtain the required losses [9]. These loads
make the CAA technically difficult to manufacture and
hence both highly costly and frail.

In this paper, an alternative design in which the resonant
rings of the FSS are made of a high-loss homogeneous
material, without lumped loads, is presented. The absorbing
surface proposed is aimed at absorbing the incident waves
in the 6–16 GHz band for the widest possible range of
angles of incidence. Single- and double-layered FSS designs
will be analyzed.

The material chosen here to realize the FSS rings is an iso-
tropic sheet of multi-walled carbon nanotubes “CNT”, whose
electrical properties have been recently assessed [11]. This
material not only presents high losses, but also a very high per-
mittivity, allowing, as will be shown in the following, for a very
limited angular sensitivity.

Actually, the relatively high losses and permittivity allows
for substantial absorption from the CNT-based CAA
without the need for the above-mentioned costly and frail
lumped loads.

Indeed, a few examples of CNT-based absorbers do exist,
mostly at optical frequencies [12, 13] and quite few at micro-
waves [14]; actually previous works on carbon fibers, not
nanotubes, are also present [15]. In all these papers, CNT
are exploited as uniform layers, whereas in this paper a peri-
odic FSS is exploited.

The analysis of the CNT-based FSS is performed here by
finite-element (FE) analysis over a single periodic cell. On
the basis of these full-wave results, an equivalent admittance
of the FSS sheet is obtained to be used in the transmission
line model of the CAA. The design of the absorber is then per-
formed over this simplified model and the final design is
validated by a separate full-wave FE analysis.
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di Santa Marta 3, 50139 Firenze, Italy. Phone: +39-055-4796751.

479

International Journal of Microwave and Wireless Technologies, 2010, 2(5), 479–485. # Cambridge University Press and the European Microwave Association, 2010
doi:10.1017/S1759078710000693

https://doi.org/10.1017/S1759078710000693 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078710000693


The paper is organized as follows. Section II presents the
FSS exploited for the absorber and the transmission line
model which can be derived from it. Section III presents the
design of the single- and multi-layered absorbers together
with numerical results and validations. Finally, Section IV
will draw some conclusions.

I I . F S S M O D E L

A Salisbury screen can be modeled, in a transmission line
approach, as comprising a shortened transmission line
loaded by a Z0 impedance one quarter wavelength from the
short. This model explains both why the Salisbury screen
works and why it is narrow banded. The short circuit
reverts to an open circuit at a distance equal to l/4 and this
zero admittance load is in shunt with the Z0 load, which is
hence unaltered and matched to the line. This holds only at
the frequency where the distance is l/4 and only for normal
incidence. The arrangement of several resistive sheets simply
augments the number of shunt loads on the line.

For an FSS screen the circuit interpretation as a shunt load
still holds (Fig. 1). The key point is how to estimate the value
of the shunt load. A possibility is that of performing a full-
wave simulation of the FSS screen and recovering the value
of the shunt load over a frequency band from the computed
reflection coefficient, hence allowing the construction of a
look-up table of possible load values for the synthesis of the
absorber.

Among the various possible full-wave solutions for an FSS
screen, the finite-element method (FEM) applied over a single
periodic cell and with the enforcement of a suitable expansion
in terms of Floquet modes is a well-established approach [16,
17]. If the periodicity of the FSS is half a wavelength or less,
then only the zero-order Floquet mode propagates and all
the higher harmonics are evanescent [16], and hence the
transmission line model can be applied and, by defining
the reflection coefficient GFEM in terms of the ratio between
the amplitude of the single propagating Floquet wave E0

( f )

and the amplitude of the incident wave E(i)

GFEM = E(f )
0

E(i)
, (1)

the FSS admittance YFSS can be easily computed. Indeed, the
reflection in the line GBB′ coefficient transported at the FSS
position is GAA′ ¼ GBB′ej2k2d2, being k2 the wave number in
the transmission line which for normal incidence coincides
with the wave number in the dielectric layer. The total admit-
tance in AA′ is

YAA′ = Y0
1 + GAA′

1 − GAA′
, (2)

but YAA′ is the sum of the unknown YFSS and of the short
circuit transported by d1 whose value is Yshort ¼ 2jY0cot
(k1d1), and hence

YFSS = YAA′ − Yshort

= Y0
1 + GFEMej2k2d2

1 − GFEMej2k2d2
+ j cot (k1d1)

[ ]
, (3)

where GBB′ ¼ GFEM is also assumed.

Fig. 1. Schematics of an FSS embedded in two dielectric layers (top) and
equivalent transmission line circuit (bottom).

Fig. 2. Salisbury screen performances as a function of the angle of incidence of
the plane wave.

Fig. 3. Ring FSS geometry. At the center, in black, the periodic cell.

Table 1. CNT material parameters.

Parameter 6 GHz 11 GHz 16 GHz

1r 620 600 500
mr 20.5 20.5 20.9
s(S/m) 1500 1400 1080
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I I I . A B S O R B E R D E S I G N A N D
N U M E R I C A L R E S U L T S

As already mentioned, the Salisbury screen provides good
absorption but only on a very narrow bandwidth.
Furthermore, as the angle of incidence varies, the absorbing
performances worsen (Fig. 2).

As a possible upgrade, a single-layered circuit analog absor-
ber has then been analyzed: such structure is made of a single
FSS layer of CN resonant rings. The geometry of the FSS is
sketched in Fig. 3; rings have an inner radius rin ¼ r0 2 Dr/2,
and an outer radius rout ¼ r0 + Dr/2, r0 such that 2pr0 ¼ l0

with l0 being the free space wavelength at the design central
frequency f0 and Dr ¼ l0/60. The thickness of the FSS rings
is set to t ¼ 88.9mm and rings are arranged in a square
lattice characterized by periods dx ¼ dy ¼ l0/2. The CNT
material exploited is that is described in [11] where its full
electromagnetic characterization can be found. For the sake
of completeness Table 1 reports these values at band extremes
and at center band. The FSS is then embedded within two
dielectric layers exhibiting 11 ¼ 1.5 and 12 ¼ 1, both being
one-quarter-wavelength thick.

This design leads to much wider band absorption for
normal incidence with respect to the Salisbury screen
(Fig. 4). The frequency is fixed to f0 ¼ 11 GHz and the absor-
ber behavior is analyzed as a function of the incidence angle
for both parallel and perpendicular polarizations. The
results in Fig. 5 show first of the presence of a periodic behav-
ior with respect to the angle of incidence. This is due to the
fact that the overall ring length is several wavelengths at

11 GHz, due to the very high permittivity of the material.
Since the ring becomes an ellipse for the incident plane
wave as the angle of incidence increases, its electrical length
varies, generating noticeable differences in the currents, and
hence in the losses, on the ring itself. This phenomenon
differs on the basis of the incident wave polarization.
Particularly for perpendicular polarization incidence (blue
curve), the reflection coefficient is at least 27.5 dB on the
entire angular range, whereas, for parallel polarization inci-
dence (red curve), there are angles with nearly total power
reflection. Performances hence need to be improved for
what concerns the angular range of absorption. The design
is hence shifted on an absorber with more than one layer of
FSS.

A multilayered structure can still be analyzed by the trans-
mission line approach (Fig. 6). In our analysis, the various FSS
are assumed to share the same periodicities dx and dy and the
thickness of all the dielectric layers has been maintained equal
to a quarter wavelength in the dielectric. The FSS being dis-
continuous surfaces, higher modes might arise, which, if the
periodicity is half a wavelength or smaller, are in cutoff.
Some coupling between FSS layers might arise due to cutoff
modes whose decay is not strong. This coupling is neglected
in a transmission line approach where only the dominant
mode is modeled in the transmission line analogy.

Notwithstanding this approximation, a design carried out
over an equivalent circuit is much faster than one based on
a FE full-wave simulation, and hence the circuit analogy will
be exploited and the full-wave analysis will be then applied
to the obtained structure to have an a posteriori validation
and verification of the performances.

Fig. 4. Carbon nanotube FSS absorber performances as a function of
frequency.

Fig. 5. Carbon nanotube ring FSS absorber at 11 GHz as a function of the
angle of incidence.

Fig. 6. Multilayered FSS absorber (top) and its circuital equivalent (bottom).

Fig. 7. Sketch of possible reflection coefficients for the FSS absorber at
different incidence angles and how they reflect on the cost function.
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The key issue here is determining the admittances realized
by the CN ring FSS, for which an analytic formula is not
available.

The approach exploited here is that of resorting to the
look-up table of possible admittances realized as described
in Section II for a wide range of inner and outer diameters
and surrounding dielectrics. In particular, analyses have
been done via full-wave FEM for 11, 12 [ [1,1.5,1.7,2] and
ring radii r0 + 15% The analysis has been carried out for a
discrete frequency set (6–16 GHz with 1 GHz step) and a dis-
crete set of angle of incidence (0–608 with 58 step). A finer dis-
cretization would have led to a more complete look-up table
but would have been too time consuming, and hence an
interpolation of these values has been performed through an
artificial neural network (ANN) trained to this aim and out-
putting the expected admittance of the FSS as a function of
the variable geometrical and electrical parameters. ANNs are
known to be exceptional approximators [18] and have been
successfully used in electromagnetism in many different appli-
cations [19, 20].

Once the ANN is available, an optimization is carried out
over the circuit analog problem, by employing a genetic
algorithm (GA) over a suitable cost function. GA is a very
well-established stochastic optimization method known to
be efficient and able to avoid local minima very widely used
in electromagnetics [21–23].

The key point of an optimization is the definition of a suit-
able cost function. In this paper, first of all a level L for the
return loss is defined, to be used for the definition of the band-
width of the absorber. For a given angle of incidence un, the
frequency range between the two points at |Gn| ¼ 2L dB is
the pertinent bandwidth and is indicated with Dfn (Fig. 7).
Once all angles of incidence un, n ¼ 1, . . . , N are computed,
a single value Df is computed as the intersection of all Dfn

(Fig. 7). As the aim is to maximize the band, the cost function
c is chosen proportional to the inverse of Df. Of course, it can
be a case where there are angles of incidence for which the
reflection coefficient never falls below the 2LdB threshold
(Fig. 7, green curve). If this is the case for Ñ of the N angles
of incidence under exam, a penalty factor ÑP, with P as a pre-
defined positive constant, is added to the cost function.

Furthermore, a merit factor is assigned to each curve whose
center band is between 10 and 12 GHz, hence closer than
1 GHz to the desired value f0 ¼ 11 GHz. If there are Ñ
angles of incidence for which the frequency behavior is

centered in f0, then a quantity ÑQ is subtracted from the
cost function, with Q a predefined positive constant.

In a single formula:

c = 1
Df

− �NQ + ÑP. (4)

Several runs of the GA have been carried out, with the par-
ameters reported in Table 2. Of the various designs attained in
the following, it is reported as an example, the structure with
three dielectric layers and two embedded FSS layers in Table 3,
whose total thickness is about 17 mm.

Figures 8 and 9 report, respectively, the frequency behavior
at normal incidence of the synthesized structure and the vari-
ation of the reflection coefficient magnitude as a function of
the incidence angle at 11 GHz for both parallel and perpen-
dicular polarizations. These results are obtained by the full-
wave FE analysis. In Fig. 9, the relevant dependence with
incidence angle already noticed in the single-layered structure
is still present, but the optimized structure guarantees at worst
a reflection coefficient of 26.5 dB, with an average reflection
coefficient of 215.4 dB for perpendicular polarization and
210.3 dB for parallel polarization. It is very important to
stress that this rapidly oscillating behavior in the reflection
coefficient is due to the very high permittivity and good con-
ductivity of the CN-based material employed for the rings.
Such behavior is highly desirable because it causes the
average value of the reflection coefficient to stay quite low
over a wide range of incident angles.

Table 2. GA parameters.

Parameter Value Parameter Value

Npopulation 30 Q 1
Ngenerations 1000 P 1

Fig. 8. Frequency behavior of the synthesized multilayered absorber.

Fig. 9. Variation of the reflection coefficient as a function of the angle of
incidence for the synthesized multilayered absorber at 11 GHz.

Table 3. Optimized structure.

Layer Characteristics

Dielectric 3 d3¼5.41 mm, 13 ¼ 1.64
FSS 2 r2 ¼ 3.78 mm
Dielectric 2 d2 ¼ 6.80 mm, 12 ¼ 1.03
FSS 1 r2 ¼ 4.35 mm
Dielectric 1 d1 ¼ 5.86 mm, 11 ¼ 1.35
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To gain a better insight of the characteristics of this absor-
ber, its circuit analog behavior is presented over the Smith
chart (Fig. 10).

Fig. 10 particularly shows, in different colors and over the
6–16 GHz band, the values of the normalized admittances
along the circuit analog absorber: YAA′

+ ¼ YFSS1
+ Yshort, YBB′

2

is the transport of YAA′
+ along the Y2 line, YBB′

+ ¼ YFSS2
+

YBB′
2 and YCC′ is the transport of YBB′

+ along the Y3 line. All
the admittances were normalized to the free space admittance
h0 ¼ z0

21 ¼ (120p)21 to reproduce them on the Smith chart.
By drawing the circles at |G| ¼ 0.2 and |G| ¼ 0.1, it is easy

to derive (Fig. 11) the frequency band for which, at normal
incidence, 96% of the impinging power is absorbed. Its
value is 4.9 GHz (part of the curve within the |G| ¼ 0.2
circle), while the band for which, at normal incidence, 99%
of the impinging power is absorbed, can be evaluated equal
to 3.4 GHz (part of the curve within the |G| ¼ 0.1 circle). If

the results of the full-wave simulation are plotted on the
Smith chart too, the agreement with the circuit analog is
very good (Fig. 11, red line) and bands appear a little larger:
5.3 and 3.6 GHz, respectively.

Finally, Fig. 12 reports the curves of the amplitude of the
reflection coefficient as a function of frequency for a very
fine discretization of possible angles of incidence in the [08,
38] range. Such a range was chosen, because it encompasses
the first period of the pseudo-periodic variation of the reflec-
tion coefficient (Fig. 9).

The hatched area in Fig. 12 highlights that the CNT-based
dual-layered FSS absorber guarantees at least a 210 dB value
for |G| in a 9.05–14.35 GHz band for any incidence angle in
[08, 38], and thanks to the periodicity due to the peculiar elec-
trical characteristics of the CNT material, for any angle of inci-
dence up to 608.

I V . C O N C L U S I O N S

In this paper, the design of a CNT-based dual-layered FSS
absorber has been carried out. The use of this novel material
was essential in achieving good absorption over a wide

Fig. 10. Circuit analog of the FSS (top) and frequency behavior, on the Smith
chart, of the admittances in various points of the circuit.

Fig. 11. Frequency behavior of the synthesized multilayer absorber at normal
incidence (black line) and corresponding full-wave simulation (red line).

Fig. 12. Variation of the reflection coefficient over the 6–16 GHz band at
various incidence angles and perpendicular polarization.
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angular range, thanks to its very high permittivity and good
conductivity.

In the development of the design, a number of algorithms
and procedures aimed at speeding up the procedure with
respect to a conventional design based on full-wave FEM
simulations have been developed. These algorithms are able
to extend the project to an absorbing structure with any
number of FSS layers, even if the increase in thickness
might limit the applicability of the attained results over
vehicles.
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