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ABSTRACT 

 
The Frequency-Selective Surface (FSS) is an important application in many engineering sectors. In 
particular for radomes, filters and radar communications. The traditional FSS are constituted by two 
possible configurations: periodically-perforated metallic screens, or arrays of metallic patches 
printed on dielectric substrates.    
Aeronautics, military and naval applications are the typical technological fields involved in the FSS 
developments.  
The requirements of a FSS are: 
 

 Pass-band filter behaviour 
 To stealth the surface to the external observer. 

 
With a specific design of the traditional FSS, thanks to the Floquet theorem, it is possible to select a 
unique frequency value of the above filter. 
Solving Maxwell equations it is possible to determine the theoretical electromagnetic FSS 
behaviour. However, considering the complexity of the phenomena involved, only with an 
experimental test it is possible to perform a realistic characterization of the FSS.  
With the nanotechnology, new FSS kinds are introduced. In fact, using particular matrixes (thermo-
plastic and thermo-setting polymeric resins, silicones, etc.) with nanoparticles (structured and not) 
homogeneously dispersed, it is possible to produce a material with electromagnetic structural and  
mechanical requested properties. On the other hand, traditional FSSs provide only the 
electromagnetic properties. 
For a nanostructured FSS a particular technological manufacturing process is requested, useful to 
obtain the following micro- and macro-properties: homogeneity, continuity and isotropic 
characterization (necessary to the imposed requirements).  
Moreover, these innovative FSSs provide a continuous monolithic structure with a significant 
improvement in the reliability of the systems in which they are integrated. 

 
1 – INTRODUCTION 
  
Frequency-Selective Surfaces (FSSs) are periodic structures with filtering properties, traditionally 
manufactured either as periodically-perforated metallic screens or as arrays of metallic patches 
printed on dielectric substrates [1][2][30]. Applications range from the microwave region in 
multiband antenna systems, narrowband reflectors, radomes for active radar systems, RF absorbers, 
up to the far- and near-infrared portion of the spectrum as mirrors in molecular lasers, polarizers, 
and solar selective surfaces. However, existing FSSs suffer from three principal drawbacks. First, 
the conversion from requested design on a flat surface to the realistic curved surface of the typical 



applications requires extensive empirical correlations. Second, because the surfaces use implanted 
elements comparable in size to the requested wavelength, they can exhibit unwanted passband  - 
and grating-lobe scattering at out-of-band frequencies. Third, filtering characteristics vary with 
incidence angle and polarization, requiring special stabilization design. These drawbacks form the 
motivation for research into materials capable of exhibiting frequency-selective properties in the 
bulk without unwanted pass-bands or inherent limitations on their topology, for use in radomes, 
reflectors, or specialised space filters [3][9][10][26]. 
A novel approach is proposed, whereby narrowband filtering properties are created from random 
composite structures based on the physical resonant properties of the constituents and the geometry 
of micro- and nano-inclusions. In this manner, a bulk continuous material rather than a lattice 
formation is used to manipulate and shape the electromagnetic propagation. The novel artificial 
dielectrics constitute conformal FSSs to be applied by means of a uniform coating process to simple 
planar or complex curvilinear shapes. 
The approach is guided by a theoretical design for a random mixture with frequency - selective 
properties, characterized by a concentric geometry for the inclusions [27]. The frequency dispersion 
of the proposed composite is driven by the use of a Lorentzian resonant dielectric as one of the 
constituent media. 
The existence and availability of such resonant materials is essential for the physical realization of 
the proposed composite structures. This issue is discussed with an emphasis on the microwave 
regime, where the example of a physical resonant medium is given. Moreover, a particular 
theoretical model uses a lossy core for the implants, thus focusing on a lossy filtering composite 
medium, ideal for applications of thin absorbing films (TAF’s). The use of diluted mixtures of small 
coated and uncoated metallic particles has been proposed in the past, but for broad-band frequency 
selection and with conventional nonresonant constituents. Actually, an innovative design relies on 
the explanation of the optical transparency of water according to the analytic theory of a dielectrics. 
In that model, the extreme transparency window of water (eight orders of magnitude deep) at 
optical frequencies was postulated to be the effect of coating the water molecule with a highly 
resonant shell. It is possible to use the same concentric geometry for the formulation of an artificial 
dielectric useful to develop an innovative nanostructured FSS. We derive the parameter dependence 
of the window formation that allows tailor-designing the novel structure according to prescribed 
specifications. Without loss of generality, it is possible to perform the analysis for spherically-
shaped inclusions.  
The novel complex medium is an amorphous ensemble of micro- and nano-spheres composed of a 
lossy core, coated with a highly resonant dielectric layer and embedded in a dielectric host (a 
polymeric matrix). This is an innovative application of the nanotechnologies in the electronic field 
[27]. 
In this paper the theoretical models for the design of innovative nanostructured FSSs are illustrated, 
and in particular the studies for the development of a dedicated software useful to evaluate the 
behaviour of this innovative nanomaterial. 
The nanostructured FSS is constituted by a dielectric matrix (polymeric or silicone resin) with 
micro- and nano-particles embedded into the above matrix. For this composite nanostructured 
material, it is requested to have isotropy, homogeneity and continuity properties. In fact, when the 
nanoFSS works at high frequency, all possible material defects can significantly modify the 
electromagnetic behaviour of the element. This is the reason why it is necessary to define a specific 
sample-manufacturing procedure requested to obtain samples with the above characteristics 
[23][27].  
Another problem is relevant to the choice of the materials. First, the matrix with a specific 
electromagnetic property is required. Besides, it is necessary to study different aspects as the 
thermal, mechanical, physical and chemical characterization of the matrix. In fact, the design of an 
innovative nano-FSS is not delimited only to the electromagnetic analysis, but also to the 
integration of it in a real operative system with specific requirements, relevant to all the operative 



aspects and conditions. For example, the resistance to the flames and to the salty water are only two 
conditions of the all possible specific characterizations requested to certificate the nano-FSS 
produced. The surface of the sample must be very smooth to guarantee a well-defined control of the 
electromagnetic behaviour. For what concerns the mechanical properties, the static and dynamic 
resistance of the materials is one important parameter. Using a polymeric matrix, it is possible to 
ensure enough mechanical resistance both for specific electromagnetic instruments (advanced 
devices) and for naval/aeronautics applications (nano-FSS panel to be integrated to the boat and 
aircraft as an electromagnetic shield).  It is possible to think also to a flexible nano-FSS useful to 
produce devices with very complex geometries. In this case it is necessary to choice a specific 
matrix (e.g. silicone materials).  
A further aspect is relevant to the nanoparticles employed. The morphological characterization 
gives the opportunity to evaluate the possible use of a specific kind of micro- and/or nano-particles 
with particular properties (electromagnetic, mechanical, chemical, etc.). In this case it is possible to 
use simple particles (non-nanostructured) or particular elements (carbon nanotubes, for example). 
The manufacturing procedure for the samples preparation can be very different, with significant 
changes in the relevant behaviour of the nano-FSS. For example, to embed in the matrix carbon 
nanotubes with different alignment and purification degree, it can provide a very different 
behaviour of the FSS. This gives an idea of the technological problem involved in manufacturing a 
nano-FSS with the characteristics defined by the theoretical and numerical models. Instead, with the 
use of simple nanoparticles, the manufacturing procedure is much simpler.  
Cost and availability of enough quantity of nanostructured materials are two fundamental 
parameters in the development on these innovative elements. 
The nanoelements embedded in the matrix can provide other properties. For example, the carbon 
nanotubes are studied for the development of structural composite for aerospace applications, 
thermal management, electrical systems, etc. In this case it is possible to think of advanced 
materials with manifold properties (mechanical, thermal, chemical, and mainly electromagnetic). 
As defined by the theory, the nanoparticle morphology is an important parameter. With the specific 
SEM analysis it is possible to perform a statistical morphological analysis of the materials 
employed. Nanoparticles and nanostructures (e.g. carbon nanotubes) require specific methodologies 
to perform reliable analysis (optical, SEM Scanning Electron Microscopy, TEM Transmission 
Electron Microscopy, EDX Energy Dispersive X-Ray) and characterization (particle geometry and 
dimensions, chemical composition, etc.). 
The materials employed by the Authors to study innovative nano-FSSs are: 
 

 matrix: polymeric and silicones 
 commercial curing agent 
 particles: micro powder of non-nanostructured graphite, carbon nanotubes and metal oxide. 

 
The procedure requested for the manufacturing and testing of the samples is illustrated in the next 
paragraph. 
It is necessary to observe that it is possible to produce two kinds of nanostructured samples: 
continuous and multilayer. In each case the uniformity of the sample thickness is fundamental to 
provide a homogeneous electromagnetic behaviour in the studied band (for example X Band). 
 
2 – TRADITIONAL FREQUENCY-SELECTIVE SURFACE (FSS) 
 
An array of conducting sheets periodically perforated, or of periodic metallic patches on a substrate, 
constitutes a frequency-selective surface (FSS) for electromagnetic waves. 
The first geometry, commonly referred to as a capacitive FSS, performs similarly to a low-pass 
filter. 



The second case, or inductive FSS, is similar to a high-pass filter (see fig 2.1). If the periodic 
elements within a FSS posses resonance characteristics, the inductive FSS will exhibit total 
transmission at wavelengths near the resonance, while the capacitive FSS will exhibit total 
reflection. A capacitive-type filter will consist of metallic patches deposited on a planar substrate. 
For the inductive-type filter, a metallic sheet (usually deposited on a substrate) is perforated with 
apertures. 

 

 

 
Fig. 2.1 FSS geometry, relevant capacitive and inductive behaviour (top) with corresponding 

equivalent circuits (middle) and their transmission profiles (bottom). 
 
The thickness of the with respect to the wavelength at which it will be utilized determines whether 
the FSS is classified as “thick” or “thin”. 
The periodic elements in a FSS are most commonly arranged in a rectangular array as shown in fig. 
2.2. However, the more general geometric arrangement is a triangular array, also shown in fig. 2.2. 
Note that the periodicity in the triangular array exists along the x-axis, and the skewed axis. 



 
Fig. 2.2 A rectangular array and the more general triangular array of  

apertures (or patches) that form a FSS 
 
Since the apertures/patches of the FSS are arranged in a periodic fashion, it is possible to describe 
the field at the filter plane in terms of only one unit periodic cell. Floquet’s theorem states that if a 
linear differential equation has periodic coefficients and periodic boundary conditions, then the 
stable solutions will generally be a periodic function times an exponentially decreasing function. 
Through the application of this theorem, the field in any other periodic cell will be related to the 
reference cell in terms of an exponential function. 
Now a simple analytical model is described.  
The structure considered is made of a periodic array of rectangular patches on two uniaxial 
aisotropic dielectric layers. 
 

 

In the above-given relation, ω denotes the angular frequency of a wave, ε is the permittivity of the 
surrounding of the selective surface, α m and β n are spatial frequencies: 
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k denotes free-space wave number, Jx and Jy are components of current-density vector over the 
element, and finally Ex I and Ey I denote components of electric-field intensity of incident wave. 
Solving the problem, we approximate the unknown current distribution in (2.1) in terms of 
properly-chosen basis function, and unknown approximation coefficients. Such formal 
approximation is substituted into equation (2.1). Since the approximation does not match the 

Fig.2.3 Incident plane wave 
 

(2.1) 



equation exactly, we respect this fact by introducing a residual function (residuum). Smaller values 
the residual function reaches, more accurate the approximation is. The residuum is minimized by 
Galerkin Method (residuum is sequentially multiplied by as many basis functions as many unknown 
approximation coefficients have to be computed; in that way the set of N linear algebraic equations 
for N unknown approximation coefficients is obtained). 
There are two approaches for choosing basis functions. The first one exploits basis functions, which 
are non-zero over the whole analysed area. Such functions are elected to physically represent 
standing waves of the current on an element. 
The second approach divides the analysed region into sub-regions, where the current is 
approximated in terms of basis functions, whose functional value is non-zero over a given sub-
region only. This approach is advantageous in simple analysis of selective surfaces consisting of 
arbitrarily-shaped elements. 
Harmonic basis functions  
Let us assume a FSS consisting of rectangular perfectly-conductive elements of dimensions a' and 
b'. Components of current density J are approximated as follows  
 

 

where: 

 

 

Here, Ψ pq TE and  Ψ pq TM are two different functions for parallel polarization and perpendicular one.  
These functions differ in two aspects: 

 indices p, q for the function Y pq
TE can reach zero, while for Y pq

TM are one or higher  
 component J y for perpendicular polarization has to be of the opposite sign to Jy for parallel 

polarization.  

Combination of harmonic functions and Chebyshev polynomials  

 

 

In contrast to harmonic basis functions, the function cosine is replaced by Chebyshev polynomial in 
order to reach infinite values at the edges of elements. That way, currents flowing along edges are 
correctly modelled. 
Now, eqn. (2.1) is solved by Galerkin method: eqn. (2.1) is sequentially multiplied by basis 
functions and the product is integrated over the surface of the element. For purely harmonic basis 
functions, we get: 

(2.2) 

(2.3) 

(2.4) 



 

 

 

 

 

If the above-given set is solved out, electric intensity ES in spectral domain is computed. Intensity 
ES appears at the left-hand side of eqn. (2.1) 

 

Computing electric intensity of scattered wave ES = ER, only the basic harmonic component on the 
frequency a0, b0 is assumed. If the period a is small (smaller than one half of the wavelength) and 
frequency approaches the first resonance of the surface, then a uniform field of the scattered wave 
exists in the far field region only. If the condition is not satisfied, then parasitic modes can be 
excited (higher spatial frequencies are not filtered by the near-field zone, and corresponding waves 
propagate further). 
 
3 – NANOSTRUCTURED POLYMERIC FREQUENCY-SELECTIVE SURFACE (FSS) 
 
In this paragraph the manufacturing process of the nanostructured composite materials, and the 
relevant characterizations, are illustrated. 
The specific procedure employed is summarised as follows: 
 

 choice of the appropriate materials (matrix, curing agent, micro- and nano-particles and 
nanostructured materials) 

 to study the sample production methodologies (out gassing of the polymer in vacuum 
chamber; curing thermal conditions; quantities of the nanomaterial, evaluated in % wt, to be 
embedded in the matrix; mould preparation; etc.) 

 to obtain a uniform distribution of the micro- and nano-particles (graphite, carbon 
nanotubes, metal oxide) in the matrix (polymeric, silicone, etc.) 

 numerical prediction of the sample behaviour 

(2.5) 

(2.6) 



 to perform morphological and mechanical tests (dynamic and static) of the sample 
 to perform electromagnetic tests for the behaviour evaluation of the nano-FSSs developed 

(evaluation of the scattering matrix and of the electrical permittivity  and magnetic 
permeability μ) 

 comparisons between the experimental and theoretical results 
 improvement of the nanocomposite characteristics as function of the information provided 

by the above test  
 to determine possible applications of the nano-FSSs tested, as a function of the results 

obtained and of the requirements imposed by advanced electromagnetic systems for naval 
and aerospace applications. 

 
The preliminary activities are devoted to the sample manufacturing (Fig. 3.1), useful to obtain 
materials with specific parameters (dimensions, geometry, porosity,  roughness, etc.). The base 
materials employed are: epoxy resin, commercial curing agents, nanoparticles  of graphite (mean 
dimensions: < 20 m). 
 

 
Fig. 3.1 preliminary sample manufacturing [21] 

 
With these sample it is possible to perform a static and dynamic mechanical test (fig. 3.2), that 
provides important results on the structural behaviour of this material that will be employed for 
electromagnetic applications.  
 

  
Fig. 3.2 mechanical test of the nanostructured composite samples 

 
Using the SEM, a fracture-section characterization is also possible (fig. 3.2). This allows us to 
investigate  the internal morphology of the materials and the micromechanics composite behaviour.  



 
Fig. 3.3 SEM analysis of the sample (ref. Fig. 3.1), micro–cracks are indicated by white letters [21]  

 
The experimental results indicate that, with the carbon microparticles embedded on the polymeric 
matrix the Young Modulus improvement is more than 12%. This is an important result, because 
shows how this materials offers, besides the electromagnetic properties, specific mechanical 
characteristics.  
To perform a NDT (No Destructive Testing) ultrasonic test a massive plate is requested. To avoids 
the vacuum inclusions in the materials, a VARTM (Vacuum Resins Transfer Moulding) is 
developed (Fig. 3.4 – 3.5), using the same base materials employed in the previous samples 
manufacture. 

 

   
Fig. 3.4 VARTM methods developed for the manufacturing of the nanostructured polymeric 

composite plate  
 

     
Fig. 3.5 VARTM injection sequence 

 
The VARTM technique provides samples with very high smooth surface and without inclusion in 
the internal regions of the material. NDT ultrasonic test spectra (fig. 3.6) show that the sample has  
the requested properties, i.e., homogeneity, continuity and isotropic characteristics, evaluated in the 
micro-scale dimensions.   



 
Fig. 3.6 NDT ultrasonic test on the sample showed in fig. 3.4 

 
Another important test is the SEM characterization of the particles embedded in the matrix. Using a 
specific sample preparation procedure (developed by the Authors) the micro- and nano-particles 
have been observed by the SEM (fig. 3.7).  

 

  

   
Fig. 3.7 SEM observation of the micro- and nano-carbon particles employed in the nanostructured 

polymeric composite materials 
 

With a specific software integrated in the SEM, a statistic analysis of the particle dimension is 
performed. It is necessary to individuate a region in which numerous micro- and/or nano-particles 
are present, and then to define the range dimensions to study. In this case, the software determines a 
particles groups, each with a specific range dimension (indicated by different colours in the SEM 
micrograph reported in Fig. 3.8). 
 

  
Fig. 3.8 colour characterization of the different sized groups of the micro- and/or nano-particles 

observed by SEM (Sample n° 1 and n° 2) 



  ID Particle ID Class Area Diameter Mean Diameter Max Diameter Min Perimeter 

      µm² µm µm µm µm 

SAMPLE n° 1 (fig. 3.8 left) 

  1 3 8,11 3,77 4,25 3,08 15,98 

  2 2 6,73 3,83 4,19 3,12 17,71 

  3 1 0,60 1,14 1,38 0,65 3,17 

  4 1 1,00 1,47 1,53 1,32 7,97 

  5 1 1,20 1,42 1,57 1,10 4,25 

  6 1 0,32 0,68 0,74 0,61 2,05 

  7 1 0,35 0,71 0,78 0,67 2,19 

  8 2 5,48 4,08 4,45 3,15 21,60 

  9 1 3,22 2,66 2,88 2,36 14,44 

  10 1 0,53 1,08 1,16 0,84 3,84 

  11 1 0,33 1,15 1,37 0,62 3,47 

  12 1 1,07 2,12 2,34 1,53 7,38 

  13 1 0,39 1,33 1,57 0,58 3,67 

  14 1 0,33 0,92 1,08 0,57 2,68 

  15 1 0,42 1,12 1,26 0,75 3,61 

  16 2 6,98 3,75 4,42 2,48 16,15 

  17 2 6,01 3,58 4,08 2,83 19,00 

  18 1 0,33 1,13 1,30 0,53 2,91 

  19 1 1,13 1,52 1,59 1,46 5,10 

  20 1 0,59 1,09 1,26 0,71 3,13 

  21 3 9,10 4,26 5,08 2,99 13,66 

  22 1 0,62 1,75 2,05 0,62 4,62 

  23 1 0,64 1,59 1,81 0,61 4,09 

  24 1 1,10 1,55 1,80 1,12 6,38 

mean     2,36 1,99 2,25 1,43 7,88 

max     9,10 4,26 5,08 3,15 21,60 

min     0,32 0,68 0,74 0,53 2,05 

SAMPLE n° 2 (fig. 3.8 right) 

  1 1 3,75 3,61 4,35 1,91 10,87 

  2 1 0,32 0,99 1,10 0,75 3,29 

  3 1 0,32 0,94 1,14 0,42 2,50 

  4 3 11,33 4,42 4,55 4,14 14,48 

  5 1 1,73 1,66 1,89 1,39 5,91 

  6 1 2,64 2,09 2,47 1,60 6,89 

  7 1 0,80 1,09 1,26 0,86 3,41 

  8 1 2,75 2,42 2,92 1,67 7,49 

  9 3 9,56 4,22 4,90 3,25 15,74 

  10 1 0,31 0,76 0,88 0,53 2,31 

  11 1 1,18 1,35 1,47 1,03 4,19 

  12 1 0,31 0,89 1,06 0,50 2,48 

  13 1 1,12 1,86 2,11 1,44 7,25 

  14 2 6,54 4,25 4,51 2,94 20,41 

  15 1 0,85 1,41 1,59 1,16 5,27 

  16 3 8,41 5,97 6,86 3,04 24,61 

mean     3,24 2,37 2,69 1,66 8,57 

max     11,33 5,97 6,86 4,14 24,61 

min     0,31 0,76 0,88 0,42 2,31 

Tab. 1 SEM statistical analysis of the carbon particles used in the nanostructured polymeric 
composite materials 

 



Tab. 1 provides the numerical results of the statistical particle dimensions analysis performed by the 
software integrated in the SEM. 
It is interesting to produce thin films with the same materials used in the previous activities. With 
the same procedures four film are released (fig. 3.9). Tab. 2 illustrates the thickness measurement.  
 

     
Fig. 3.9 thin films  

 
Thin film n°/ Thickness [μm]  measure n° 1 measure n° 2 measure n° 3 measure n° 4 measure n° 5 

1 280 240 270 280 270 
2 240 300 220 270 270 
3 320 290 485 290 350 
4 300 240 270 260 210 

Tab. 2 thin films thickness measurement 
 

The use of polymeric nanostructured thin films is another important possible application for 
structural innovative nano–FSS. 
After these material characterizations it is possible to produce nanostructured FSS samples. The 
electromagnetic test will be performed in the X band (see paragraph 4). 
The materials employed are: 
 

1. graphite (0%, 50%, 65% in wt respect the resin + curing agent) 
2. epoxy and polyester resin and silicone 
3. curing agent. 

 
For each material a specific curing cycle has been adopted, as specified by the materials datasheet 
and by the curing test performed by the Authors. It is important to note that the curing process of 
the matrixes can vary in significant way when the particles are embedded on it. 
Figures 3.103.12 show the various methodologies and phases of the sample manufacturing. 
 

 
Fig. 3.10 nanostructured samples FSS manufacture procedures 

 

   
Fig. 3.11 nanostructured samples FSS manufacture procedures 



  
Fig. 3.11 nanostructured FSS samples (before the final mechanical removal of the residual material 

on the wave-guide surfaces) 
 

At the INFN of Frascati (Nanotechnology Laboratory, Director Dr. Stefano Bellucci) a Thermal 
CVD facility (fig. 3.12) has been developed, useful to the synthesis of carbon nanotubes (with the 
typical thermal synthesis temperature profile reported in Fig. 3.13). This nanomaterial, in the 
literature [11÷20], is indicated as a possible innovative “element” in the development of structural 
FSSs. 
Fig. 3.14 shows SEM micrographs of carbon nanotubes bundles growth in a Si – 100 (drugged and 
nickel coated) substrate. Fig. 3.15 indicates that the structures observed by SEM, effectively, are 
carbon nanotubes (bamboo like multiwall carbon nanotubes). Figures 3.16&17 illustrate the AFM 
analysis performed on the carbon nanotubes synthesized [22], and fig. 3.18 the EDX chemical 
analysis. 

 

  
Fig. 3.12 Thermal CVD facility developed [23]  

 

 
Fig. 3.13 Thermal CVD synthesis temperature (T) profile  



  
Fig. 3.14 SEM pictures of the carbon nanotubes bundles synthesized by Thermal CVD (free -  

standing growth direction) [23] 
 

   
Fig. 3.15 carbon nanotubes HRTEM micrographs [23] 

 

 
Fig. 3.16 AFM analysis of the carbon nanotubes [22] 

 



 
Fig. 3.17 AFM analysis of the carbon nanotubes [22]  

 

 
Fig. 3.18 EDX analysis of the carbon nanotubes produced  

 
In this paragraph have been illustrated the activities relevant to the innovative nanostructured 
polymeric composite materials useful to the design of innovative nanostructured Frequency-
Selective Surfaces (FSS). The experimental tests, performed to evaluate the electromagnetic 
behaviour are discussed in the next paragraph.  
     
4 – EXPERIMENTAL TEST 
 
To experimentally characterize the fabricated materials, even if we had at disposal an anechoic-
chamber setup, we chose to begin to work in a more controllable waveguide (closed) environment, 
in such a way avoiding problems related to a free-space measurement, particularly with reference to 
the finite size of the fabricated samples (edge effects). 
To this aim, we prepare samples of the same size as a rectangular waveguide (WR90) in the X 
frequency band, that is from 8.20 to 12.40 GHz. 
Moreover, we employed a vector network analyzer Agilent Portable Network Analyzer (PNA) 
E8363B (fig. 4.1), which is able to measure the scattering S parameters (in magnitude and phase) of 
any microwave two-port device under test (DUT) connected to the instrument, from 10 MHz to 40 
GHz. 
Since the input and output interfaces of the PNA are realized with precision 2.4 mm coaxial cables 
(to make measurements possible up to 40 GHz), we employed suitable adaptors from 2.4 mm 
connectors to 3.5 mm coaxial cables (usually employed for measurements up to 26.5 GHz), then 
transitions from 3.5 mm coaxial connectors to WR-90 rectangular waveguide (precision Maury 
Microwave components). 
Finally, it was necessary to perform an accurate calibration of the instrument, in such a way to 
eliminate the effects of the various transitions on the performances of the DUT. Employing two 
straight stubs in WR-90 rectangular waveguide to cope with the presence of higher-order modes 
excited at the coax-waveguide transitions. 



In Fig. 4.3, as a preliminary example, is reported in dB the frequency response from 8 to 12 GHz of 
the bulk resin material. The magnitude of the scattering parameter S21 (that is, the response at port 2 
when port 1 is excited), defined as: 
 

in
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P

P
dBS 1021 lg10)(            (4.1) 

 
where: 
 
Pout = electromagnetic power measured at port 2 
Pin = electromagnetic power measured at port 1. 
 
In particular, Pin indicates the power acting on the nanostructured materials (deposited in the 
waveguide, see fig. 3.10), and Pout the transmitted power through the nanomaterials itself. 
In easy way: 
 
if Pout = Pin dB = 0 
if Pout < Pin dB < 0 (in this case the material absorbs the electromagnetic power acting on it). 
 
As described in Paragraph 1, in the study of FSSs, other two important physical parameters are:  
 
electrical permittivity ():  
provides the electrical behaviour of the material = Re() + j Im()  c =  - j (/ω), with   = loss 
power due to Joule effect, ω = 2f (f = frequency)  
with Re() always > 0 (capacitive effect = electric energy absorption) 
by Poynting Theorem: Im() > 0 (active material); Im() < 0 (electrical power loss). 
 
magnetic permeability (μ):  
provide the magnetic behaviour of the material = Re(μ) + j Im(μ) 
with Re(μ) always > 0 (inductive effect = magnetic energy absorption) 
by Poynting Theorem: Im(μ) > 0 (active material); Im(μ) < 0 (magnetic power loss). 
 
In the case of FSSs, it is necessary to obtain the following general results: [Im(), Im(μ)] < 0 (the 
specific values will depend on the materials employed) 
In the case of a “Metamaterial” it may be: [Re(), Re(μ)] < 0. 
 

 
Fig. 4.1 Agilent Portable Network Analyzer (PNA) E8363B – experimental set up 



The experimental electromagnetic tests are performed on the following samples (fig. 4.2, before the 
mechanical rework useful to obtain a smooth external surface): 
 

1. dielectric host (polyester resin + curing agent) 
2. polyester resins + curing agent + graphite micropowders (Aldrich, < 20 μm, see statistical 

SEM analysis showed in tab. 1, 50 and 65 % in wt with respect resin + curing agent weight) 
3. silicone host. 

 
For each typology five samples have been produced and tested.  
 

   
Fig. 4.2 samples: dielectric host (left), with graphite (centre) and silicone (right) 

 
With PNA facility (fig. 4.1) the S21 measurements, of the above samples have been performed.  
Figs. 4.3 and 4.4 illustrate the electromagnetic behaviour of the dielectric host sample (n° 1). These 
represent the reference data. In fact, the results provided by the sample n° 2 (host + graphite 
micropowders) will analysed with respect to the host.  
Sample n° 1 provided the following data (fig. 4.3): 
 

 mean electromagnetic power loss  2.5÷3 dB 
 minimum electromagnetic power loss  0.5 dB 
 max electromagnetic power loss   5 dB. 

 

 
Fig. 4.3 frequency response (in dB) of the dielectric host 



 
Fig. 4.4 frequency response (phase in degrees) of the dielectric host  

 
Instead, sample n° 2 (dielectric host + 50% in wt of powder graphite) showed a different 
electromagnetic behaviour (fig. 4.5): 
 

 mean electromagnetic power loss  25÷27 dB. 
 
With these results, it is possible to observe that: 
 

 the electromagnetic power absorbed by materials (dielectric + graphite) is increased with 
respect to the host. This indicates that the micro- and nano-inclusions embedded on the 
polymeric matrix allow to reduce the transmitted power 

 the curve presents minor oscillations (fig. 4.5) with respect to the host case (fig. 4.3). This 
indicates a good level of homogeneity, continuity and isotropy of the materials produced, 
validating, also, the manufacturing procedures developed.    

 

 
Fig. 4.5 frequency response (magnitude in dB) of the sample with 50% in wt of graphite 

  



 
Fig. 4.6 frequency response (phase in degrees) of the sample with 50% in wt of graphite   

 
Figures 4.7 and 4.8 show important results. In fact, increasing the quantity of the carbon particles 
embedded in the polymeric matrix, the electromagnetic power absorption increases (mean value  
32.5 dB) and the Pout decrease (respect a same value of Pin). It is possible to observe analogous 
results measuring the electrical permittivity () and the magnetic permeability (μ). In fact, if the 
percentage of the micro- and nano- carbon particles, embedded in the polymeric matrix, increases, 
the following results are obtained: 
 

    0ImIm   with   and     0ReRe   with  

    0ImIm   with   and     0ReRe   with  

 
Besides, fig. 4.9 and 4.10 illustrate the data relevant to the silicone sample (n° 3). The 
electromagnetic behaviour is very similar with respect to the dielectric host. The inclusion on the 
micro- and nano-particles is the silicone host in under evaluation. The use of the silicone materials 
is indicated due to the possibility to produced flexible FSSs, with the important possibility to 
produce FSS elements with a complex shape.  
Then, the principal characterization of these innovative materials are: 
 

 a specific electromagnetic behaviour 
 to provide mechanical and thermal properties 
 to select a definite frequency in which S21  100% and S12  0% (expressed in terms of the 

percentage of the external power excitation acting on the FSS surface). 
 

 
Fig. 4.7 frequency response (magnitude in dB) of the sample with 65% in wt of graphite 



 
Fig. 4.8 frequency response (phase in degrees) of the sample with 65% in wt of graphite 

 

 
Fig. 4.9 frequency response (magnitude in dB) of the silicone sample  

  



 
Fig. 4.10 frequency response (phase in degrees) of the silicone sample 

 
After, these experimental investigations, it is necessary to analyse, for each sample typology, the 
selectivity behaviour. In particular, for each percentage of the particles embedded in the matrix, we 
have to determine the specific frequency value at which the materials provide the requested 
selectivity.   
This is an important goal, with a broad interest in many scientific sectors and engineering 
applications. 
 
5 – CONCLUSIONS 
 
In this paper a development of innovative nanostructured FSS is illustrated. The principal activities 
are focalised on the technological methods necessary to manufacture these nano – materials. 
Particular attention is dedicated to characterizations of the base materials (polymeric matrix, curing 
agent, nanoparticles) using the electronic microscopy (SEM, HRTEM, and EDX). The degassing 
phase is essential to obtain the three following micro- and macro-properties: homogeneity, 
continuity and isotropic characterization. Also, the curing phase (temperature, pressure, inert 
conditions) characterise the final properties of the produced FSS.     
The NDT testing shows that the above properties are obtained. This allows us to qualify the 
technological process employed. 
The experimental electromagnetic test provides a interesting preliminary results. The graphics show 
a particular behaviour of the nanostructured FSSs. In particular, using different quantities of the 
nanoparticles embedded on the polymeric matrix it is possible to obtain various electromagnetic 
behaviours.  
In particular increasing the percentage of the particles embedded in the matrix, the sample present a 
significant improvement of the electromagnetic absorbed by material. Besides, for each percentage 
it is necessary to determine the specific frequency of selectivity.  
The future applications of these innovative nanomaterials are the developments of multifunctional 
hybrid nanostructured composite materials able to provide, simultaneously, mechanical, thermal 
and electromagnetic specific behaviours.     
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