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ABSTRACT

A method for the analysis and design of Frequency
Selective Surfaces (FSS) based on Support Vector
Regression machines is developed. FSS representation
with an equivalent circuit composed of lumped elements
is very useful in the design stage of systems, whereiit is
desirableto know inaquick way if aFSSisableto give
a fixed frequency response. A high number of
equivalent circuit elements are necessary in order to
build the design model. The way to obtain these
elements is often performed by an analysis procedure
based on time-cost full-wave simulations.

The use of Support Vector Regression machines speeds
up this procedure, making easier the analysis step.
These machines are likely to bring good results also in
the design step, instead of the complex equations
typically used.

The method will be validated with a periodic structure
of metallic ring resonators on a dielectric substrate.

1. INTRODUCTION

Support Vector Machines (SVM) for regression
problems, the so-caled SVR (Support Vector
Regression), were proposed by Vapnik [1] in 1995.
Unlike the origina machine SVM for classification
problems, SVR only depend on the training samples
subset to be found outside a margin which is defined by
the maximum deviation free parameter e Even though
SVR machines have not shown a performance as good
as the SVM ones, they constitute a powerful tool in
regression problems when dealing with reduced data
training setsin high dimensional spaces. Thiswill bethe
scenario in which we estimate the Frequency Selective
Surface circuit equivalent parameters.

Special attention have been paid to FSSin last yearsin a
number of applications, for instance, electromagnetic-
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filtering devices for reflector-antenna systems, radomes,
absorbers, and artificia electromagnetic-bandgap
meaterials.

A FSS is a planar structure comprised of one or more
metallic layers, each backed by a thin dielectric slab.
The FSS screen has a two-dimensional periodic design
described by a unit cell. When an incident wave
impinges on this structure, the periodic features in the
metallic sheet resonate at certain frequencies, depending
upon the dielectric properties of the substrate and the
geometry of the unit cell [2]-[3].

The representation of a FSS using an equivalent circuit
speeds up the design stage: work in a circuital domain is
faster and more efficient than work in a full-wave
domain.

Our design methodology consists of obtaining a
heuristic model that allows us to go from the full-wave
simulation domain FSS to a circuit simulation domain.
For this purpose, a SVR is used to obtain the equivalent
circuit parameters in order to reduce the computational
burden.

2. FSSCOMPOSED OF RING RESONATORS
ANALYSIS

A periodic structure of metallic ring resonators on a
dielectric substrate has been used to analyze the method.
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Figure 1. Geometry of unit cell
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The plane wave impinges on the structure through an
angle g. Due to the periodicity of the structure; a unit
cell can be cut out and analyzed.

Fig. 1shows the ring structure where D is cell’s size,
De¢ and Dy the inner and the outer diameter of the
metallic ring, t is substrate thickness and ¢ is the
relative permittivity.

In order to validate our software we have chosen this
electrical structure because it has been widely studied
[4]-[5]. Its frequency responseis shown in Fig. 2 where
the design parametersarein Table 1.

FSS

t (mm) 0.64
e 11
Dint (mm) 5.6
Dex (Mmm) 6.1

D (mm) 7.24
q 45

Table 1. Ring parameters
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Figure 2. Transmission Coefficient cal culated with the
parameters shownin Table 1

Fig. 3 shows the transmission coefficient for different
impigning angles.
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Figure 3. Variation in theincident angle

An important characteristic of this structure can be
extracted from Fig. 3:itis very stable in frequency with
the variation in the incident angle, up to incident angles
of 50°.

3. FSSEQUIVALENT CIRCUIT MODEL

When an equivalent circuit of a FSSis not available, the
method used in its design is the theory of the “trial-and-
error”, as stated by K. Leein [6]. In order to avoid this
tedious technique, we aim to find an equivalent circuit
that represents a particular structure. For simplicity, the
proposed equivalent circuit is a resonant LC circuit,
whose values will be obtained as a function of the
electrical and geometrical FSS parameters. Once an
equivalent circuit has been obtained, it is possible to
calculate the frequency response of the FSS in a faster
and more efficient way, what reduces the time in the
FSS design. This kind of analysis has already been
carried out for other structures ([5]-[10]).

The equivalent circuit model can also be employed in
the design of the multi-layered FSS, also known as
Frequency Selective Volume (FSV), because a circuit
model capable of predicting the behaviour of an isolated
layer isvery important in the design process of the FSV.
First, an equivalent circuit of each layer is calculated
and then the layer effect is computed by cascading the
individual responses. If this approach is used, it is not
necessary a specific strategy for multilayer structures,
which would be more hefficient and time expensive

7.

4. RING RESONATOR EQUIVALENT CIRCUIT

Two properties define the equivalent-circuit model. On
the one hand, an intense full wave domain study for the
FSS under analysis clearly shows a resonant behaviour.
On the other hand, the motive (metallic structure
properties) and the periodicity are obtained from the
visual analysis of the FSS.

4.1. Motive

The equivalent circuit is extracted by taking into
account only the geometry of an isolated metallic ring.
The motive is associated with two circuit elements: an
inductance which is related to the metallic width, and a
capacitor whose value depends on the charge storage a
the metallic ring.

4.2. FSS Periodicity

The presence of the adjacent rings introduces two
additional circuit elements, again an inductance and a
capacitor. The inductance represents the mutual
inductance between two rings and it is affected by the



distance between them. The capacitor is associated with
the geometry of thering.
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Figure 4. Equivalent circuit model

This kind of analysis is made when the dimensions of
themotive are small than | , so the motiveisreferred as
micromotive. In our case, the dimensions are
approximately | but we use this procedure to be able to
have in account the effects that the periodicity hasin the
isolated ring.

Our interest is focused on the forbidden band, so we try
to adjust the frequency responses in this interval more
than in the full one. The election of the equivalent
circuit is also based on this characteristic: a stop-band
filter hasthis configuration.

The goodness of the proposed circuit has been proved
by the realization of several simulations. Asan example,
asimulation for g =2.6 isshown in Fig. 5.
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Figure 5. Comparison between full-wave simulation and
equivalent circuit for g = 2.6

5. WORK METHODOLOGY

Analysis procedure (Fig. 6 is carried out in two steps.
First of all, reflection and transmission coefficients
(frequency response of the FSS) are calculated by
performing full wave domain simulations. Secondly,
this frequency response is approximated by adjusting
the lump ed elements of the equivalent-circuit model. By
doing this, inductors and capacitors values are properly
calculated. Nevertheless, this is a high computational
procedure, so in this work a SVR substitutes this
analysis step.

Analysis
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Design

Figure 6. Domain interchange

SVR analysis method is as follows: FSS parameters are
introduced into the SVR statistical learning algorithm in
order to obtain the element values of the equivalent-
circuit model. Training data set is constructed by
simulating different FSS configurations (changes in
FSS parameters -input samples-) that result in different
circuit values (L;, G, Ly and C2 —output labels-).

As it was explained before, FSS is defined by 6
parameters: D, Dext, Din, t, er, and g. It must be pointed
out that three of them do not need to be included into
the SVR training procedure since:

The effect of both t and & on circuit values
follows awell known behaviour, which in the
case of er can be expressed as:

f =ﬁ M

As it was stated at the beginning of this paper,
frequency response of the FSS is independent

for g values below 50°.



6. SUPPORT VECTOR REGRESSION

SVM for regression problems is a sampled-based
statistical learning algorithm based on the inductive
principle of Structural Risk Minimization. A detailed
description of SVR can be found, for instance, at [1].

If the training data is given by {(Xl, yl),...,()(I Y )}

I A A" , where A denotes the space d the input
patterns, the objective of the SVR is to find a function
f(x) (Fig. 7) which has a maximumdeviation e from the
actually obtained targetsy; for al the training data and,
at the sametime, it isasflat as possible.

When a linear function f is used to adjust the data, this
function takesthe form

f(x)=<w,x>+b with — wi AbT A (2

where <><>> denotes the dot product in A and the

regression problem (convex optimi zation problem) can
be stated as follow

1, 2
o @
][yi - <W,Xi>- bfe

subject to the constraint |

4
f<w,xi>+b- Yi fe

In the case where the data cannot be adjusted by alinear
function input samples are mapped into a higher
dimensional space where the regression problem can be
solved. When doing this, the approximate function is
givenby a

£(x) = (wf (x))+b (5)

Eq. 6 isaMercer's kernel, which allows us to calculate
the dot product of pairs of vectorstransformed by f (xi )

without explicitly knowing the nonlinear mapping
(kernel trick).

Kg%li,xj gzg?(xi )xf ?i % 6)

Two often used kernels are the linear, given by

<B ok o8 % 2 0

and the Gaussian, given by

In the work presented here the kernel type is Gaussian.

When SVR are used, first step is to fix its free
parameters (machine configuration). These parameters
are e (maximum deviation) and s (Gaussian Kernel
width). Methods such as cross-validation or bootstrap
resampling can be used to properly calculate these
values. A cross-validation technique (k-fold) [11] has
been used in our case.

Sample set is unbalanced so both training and test sets
have to be weighted accordingly.
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Figure 7. Soft margin loss setting for a linear SVR

It should be noted that after fixing s and e the SVR is
retrained using the entire training set in order to build
the FSS analysis procedure model.

7. RESULTS

Results for two different FSS configuration are
presented here. Figure 7 shows SVR performance for
parameters Dgi = 6.1 mm, Dy = 4.7 mmand D = 7.24
mm. In the simulation presented in Figure 8 the
parameters used were: Dgy = 6.1 mm, Dj; = 4.8 mm and
D = 7.24 mm. As can be seen in the previous figures,
SVR behaves correctly when comparing to both full
wave and equivalent-circuit domains.
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8. CONCLUSIONS

In this paper we have implemented a statistical learning
algorithm for the FSS analysis stage. SVR enables to
reduce the computational burden associated with the
calculus of the FSS equivalent-circuit parameters in an
approximately ratio of 10. Additionally, faster
computational time alows us to generate a higher
number of lumped element values.

The approach to analysis procedure presented here is
the first step to the final objective which would be
application of the SVR in the design process of the FSS.
Future work will use these previous resultsto generate a
SVR machine that automatically returns physical
parameters of the FSS.
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