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A new efficient and proper modeling of
isotropic/uniaxial anisotropic substrate
specifications in design procedures of

metasurfaces

SARA MOINZADI, ALI ABDOLALI' AND BAGHER NOORBAKHSH”

Specifications of the substrates are among the most important and problematic parameters that still do not have proper
models in the design procedures of metasurfaces. In this paper, a new fast and exact algorithm based on artificial neural net-
works (ANNG) is presented, which makes it possible to design frequency-selective surfaces (FSSs) on various kinds of standard
substrates. Also for the first time, designing FSSs on uniaxial anisotropic substrates can be easily done in short time and
without any optimization algorithms. During this paper, first equivalent geometry approach (EGA) is demonstrated as a
new method of preparation the ANNs. Then EGA is used to train geometry transformation ANNs. The advantage of this
approach is to reduce the size of training datasets by about 98% and prevent from superfluous simulations. Hence, the
time needed for training of the networks is much less than before. Numerical results are used to show that the required
time for developing FSSs is <200 ms on average, and errors are <2%. For the final validation, a prototype sample of FSS
is fabricated on the RO4003 substrate with 20 mil thickness. Both analytical and experimental results confirm the correctness

of the predicted values.
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. INTRODUCTION

Frequency-selective surfaces (FSSs) are widely used for the
synthesis of complex electromagnetic media such as metama-
terials, metaferrites, artificial magnetic conductors, and absor-
bers [1-4]. These structures are the arrays that usually consist
of metallodielectric patches or apertures supported by a di-
electric substrate and superstrate [5, 6]. In recent years, FSSs
are employed also for the synthesis of microwave devices
such as filters, radomes, polarizers, reflectarrays, and so on
[7-11]. Because of the applicability of FSSs, the methods
that are used in designing these structures become important.
These methods must have enough accuracy and universality
to be able to cover all of the applications. One of the most
important steps in the design procedure is the specification/
selection of substrates. In general, substrate manufacturers de-
termine specifications of the substrates, and then designers
have to choose one of these standard substrates after paying
attention to the requirements of the project, project budget,
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and ease of accessibility. Hence, the design procedure must
be flexible in terms of their choice, and the substrate specifica-
tions should be removed from the optimization parameters.

On the other hand, in some cases, the complex substrate
needs to be defined by users to satisfy the requirements of
the desired special application, such as liquid crystal substrates
with anisotropic permittivity, biased ferrites with anisotropic
permeability, and periodic substrate with equivalent aniso-
tropic permittivity. Therefore, in the design procedure, the
substrate specifications should be devolved to the designer
as the input parameter. Such a goal first needs the accurate
numerical modelization of the effects of substrate specifica-
tions on the frequency response of FSSs. This modelization
should be considered such that it could directly design the
FSS on any substrate without any optimization algorithms.

In the past few decades, many methods have been investi-
gated for calculating the scattering parameters of FSSs with
various kinds of substrates and analyzing the effect of the sub-
strate specifications on the resonance frequency of FSSs. The
influence of changes in the thickness of substrates was inves-
tigated in [12], showing that for the thicknesses of smaller
than 5 mm, with increasing the thickness of dielectrics, the
resonance frequency was reduced. Also in [13], it was found
that, with increasing permittivity of the substrate, the reson-
ance frequency was reduced.

Furthermore, in recent years, because of the growing inter-
est in the field of complex electromagnetic media, the analysis
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of FSSs with anisotropic substrates has been studied more.
Scattering parameters of FSSs with uniaxially and biaxially an-
isotropic substrates have been calculated in [14-20] using
moment method with immittance approach or Galerkin’s
method in combination with the equivalent transmission
line. Also qualitative studies have been done on the effect of
anisotropy and variation in the elements of permittivity
tensor on the frequency response of FSSs.

As can be seen in [14-20], although many methods have
been studied for FSS analysis with these complex substrates,
designing FSSs with these substrates is an unsolved problem
yet.

The aim of this paper is to present a design procedure that
is flexible with respect to the changes in the substrate specifi-
cations. This design process is based on the new artificial
neural networks (ANNs) called geometry transformation
ANNs (GTANNSs). As a result, the substrate specifications
must be considered in the design procedure, but be removed
from the inputs/outputs of ANNs. So, GTANNS are trained
to transform the responses of main ANNs, proportional to
the selected dielectric as a substrate. With this approach, the
flexibility of the design algorithm is improved, and at the
same time, prevents from increase in the required pre-
simulations. The presented design algorithm can design the
ESSs on any standard substrate quickly and precisely. In add-
ition, the purpose of the effort in this paper is to show that this
approach not only can cover the all of the standard substrates,
but also can be the beginning step for developing the algo-
rithms that directly design FSSs on the complex substrates.
It is shown that designing FSSs on complex substrates first
needs an appropriate model that can design FSSs on simple
standard substrates. Using this model and some approximated
formulas, FSSs can be developed on any other complex sub-
strates. So the last section of the paper is dedicated to design-
ing FSSs on the uniaxial substrates that are the best examples
for showing the above issue, because many complex substrates,
such as periodic substrates or liquid crystal substrates are con-
sidered as uniaxial substrates.

The organization of this paper is as follows: In Section 2,
the modelization and design of FSSs with the standard sub-
strates are qualitatively and numerically studied, and
GTANNSs are demonstrated. Afterwards, the experimental
results are discussed to show the correctness of GTANNS in
Section 3. Then, in Section 4 based on the results of Section
2, the suitable design algorithm for uniaxially anisotropic sub-
strates is presented.

. MODELING FSS WITH
STANDARD SUBSTRATES

Even now, the most popular technology that is used to fabri-
cate the FSS structures is the printed circuit board (PCB). In
PCB technology, high-frequency substrates have standard per-
mittivities and thicknesses, which are determined by the manu-
facturers such as Rogers Corporation, Taconic Corporation,
etc. Based on the published datasheets, the typical values of
permittivities (g,) are between 1.5 and 12.5. Also thicknesses
(h) are within the range of 5-125 mil. Variations in the specifica-
tions of the substrate have a strong effect on the frequency re-
sponse of FSSs, which could not be disregarded or easily taken
into account. Hence, it is important for these effects to be consid-
ered in design procedures by suitable methods.
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Equivalent circuit models (ECM) are the most commonly
used ones for designing FSSs. With ECM, the approximate
analytical formulas for designing square loops are provided
by Marcuwitz, Langley, and Lee [21-23]. These formulas
contain the geometric dimensions of square loops as follows:

X L
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where X is the equivalent inductance and B is the equivalent
capacitance of the structure, P, is a period of structure, w, is
the width of strips, L is the outer side of the square loop, 0
is the angle of incidence, Z, is free space impedance, and A
is the free space wavelength. All of these parameters are
shown in Fig. 1(a). As can be seen, &, and h have not been dir-
ectly considered in (1)-(5). In few cases, the permittivity effect
on resonance frequency (f,) is considered a scale factor, as
defined in (6) or (7).

_ e
h= s ©
fo= I )

where f,, is the resonance frequency of freestanding FSS, f,, is
the resonance frequency of FSS with the substrate, f,, is the
resonance frequency of sandwiched FSS between dielectrics
and g, is the relative permittivity [24]. Although these scale
factors have excellent accuracy, they are limited to the reson-
ance frequency and cannot be applied to other frequency
bands or other parameters, such as the phase of scattering
parameters or surface impedance. In some works, such as
designing filters and radomes, resonance frequency is oper-
ational frequency as well. So, modeling resonance frequency
is enough in these cases, but in some other works such as
designing flat microwave lenses or reflectarray antennas,
users need to know the phase of S-parameters in all the
band pass regions of the structure. By modeling the resonance
frequency, only zero phase point is modeled and position of
the other phases is unknown for the user. In addition, these
formulas cannot design FSSs by themselves standalone and
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Fig. 1. Proposed structures: (a) square loop, W,=o.4mm, P,=L+o08mm; (b) circular patch, P,=R+o08mm; (c) crossed dipoles,

W, = 0.8 mm, P, = D + 0.8 mm.

optimization algorithms should accompany these formulas.
So, scale factors are not suitable for modeling the structure.

One of the other most popular methods for designing FSSs
is ANN-based models, which consist of layers built by non-
linear functions and act like biological neurons. So, ANNs
are powerful tools for modeling nonlinear multi-input multi-
output systems, such as FSSs. In recent years, many methods
have been investigated for designing FSSs based on ANNS.
Although these methods are better than approximate formu-
las, they do not have enough efficiency and the design proce-
dures have still some deficiencies. In this work, ANN-based
models are chosen owing to their speed and accuracy.

In recent works, ANNs have been only used as a response
calculator unit, which calculate the frequency response of FSSs
with the input of geometric dimensions. So, FSS design proce-
dures consisting of these networks must be accompanied by
the suitable optimization algorithm and desired convergence
conditions. Three methods exist by which substrate specifica-
tions can be considered in the ANN-based design procedures:

(1)
(2)

(3)

Both &, and h are assumed to be constant.

Both &, and h are the direct input of ANNSs, like other geo-
metric dimensions [24-27].

Neither &, nor h is the direct input/output of ANNSs, but
ANNS s can transform geometric dimensions in proportion
to the chosen substrate.

The first method is suitable for the special cases, in which &,
and h are determinate, but in general-purpose algorithms
this method may not support all of the applications. In the
second method, the specifications of the substrate are inputs
of the ANNs. Hence, in the design algorithm, &,, and h are
the output parameters determined by optimization algorithms.
Problems that are produced using this method are first the
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fabrication facility of the structures, because the substrate spe-
cifications resulted by the optimization procedure might not
exist as a standard substrate. The second problem is the large
size of training datasets. For example, in [25], both €, and h
were the inputs of ANNs. So, with six samples of &, and six
samples of h, the total size of training dataset was 5400
samples. In addition, in [26, 27], sizes of the training datasets
were 5832 and 198 samples, respectively. Unlike the first and
second methods that have been investigated in most of the pre-
vious works, the third method is an optimum method that is
suggested in this paper for the first time. In the third
method, the substrate specifications are the input of the
design algorithm, instead of the input of ANNs, and optimiza-
tion algorithms are not used. So, €, and h can be determined by
users. Also 5400, 5832, and 198 samples in previous works can
be reduced to only 260, 520, and 60 samples, respectively, and
the cost that must be paid for large datasets is eliminated.

At last, it is desired to comprise the CST/HFSS optimizers
with the proposed method. Let us assume that it is desired to
design flat lens in X-band region. This lens has dimensions
about 160 x 130 mm” consisted of unit cells with periodicity
of 8 mm on average. So approximately 280 unit cells exist and
optimization procedure must be repeated 280 times to design
this flat lens; also, for each optimization it is assumed that 30
iterations are needed at least [25] to achieve the desired phase.
The total number of the simulations is 4160 (280 x 30).
Whereas it will be shown in this paper for training the
GEANNS, with frequency step by about 0.5 GHz, and phase
step by about the 10°, 396 samples are required. In addition,
for training the GTANNSs 189 samples needed to cover all of
the substrates. So, the total number of the pre-simulations
in this case is only 585 samples (189 + 396). Hence, the
required simulations are reduced to about 85.93%.
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Fig. 2. Changes of frequency responses of the square loop due to the changing of substrate permittivity and thickness (a) [S,.|, (b) |S,.], (c) <S,,, (d) <S,,.

This section is followed by the subsections, which include
the manner of changing frequency response of FSSs as result
of changing the substrate specifications and describe the
best solution for its modeling.

A) Equivalent geometry approach (EGA)

Nowadays, various types of substrates with different specific
applications are used in industrial designs. Temperature, hu-
midity, flexibility, and many other parameters are involved
in the selection of the suitable substrate. Accordingly, the
effect of substrate specifications on the frequency response
of FSS has been studied in many works such as [12-20]. In
previous studies, the manner of changing frequency response
has been described as frequency scaling and changing the sub-
strate compressing or expanding the frequency response of
ESSs.

It is obvious that, in frequency scaling manner, scale factors
depend on frequency, geometric dimensions, angle of inci-
dence, polarization of incident wave, etc. However, these de-
pendencies are not considered in the scale factors presented
in previous works and used in (1) and (2). Similar approxima-
tions can produce significant errors in design procedures.
Totally, deficiencies of frequency scaling theorem generate
the need for further studying and completion of the details
of this theory.

For better understanding, consider the square loop as in
Fig. 1(a). This square loop has an outer side of L, the period
that is 0.8 mm bigger than L, the inner side that is 0.8 mm
smaller than L, and the FR4 substrate with 63 mil thickness
and permittivity of about 4.3. The proposed square loop is
simulated using various other kinds of substrates and the
responses are presented in Fig. 2. As can be seen, although
the replies have frequency scaling, domains, especially the
domain of phases, are also scaled. In other words, changes
of substrate result in changing the bounds of the amplitude/
phase of scattering parameters. For example, in Fig. 2, the
maximum phase of transmission varies from 60° to 76°.
Hence, it cannot precisely determine which point on the
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reference response is scaled to which points on the other
responses. In addition, some points may not have an equiva-
lent point on the secondary responses. Hence, the exact deter-
mination of scale factors is impossible.

On the other hand, the scale factors can only be used for
FSSs analysis and design of structures needs the application
of the optimization algorithms. As a result of these drawbacks,
the frequency scaling theorem is not an efficient solution for
modeling the effect of substrate on the frequency responses
of FSSs. For a better solution, it needs a closer look at the ef-
ficacious parameters for the answer of FSSs. If the manner of
changing in response due to the changing in the substrate is
the same as the one for these parameters, then it is possible
to employ this parameter to compensate for the changes of
responses.

It means that, with changing this parameter, the response
must return to the first state. Studies on parameters have
revealed that the effective parameters that can compensate
for the changes of frequency responses are geometric dimen-
sions. Hence, this method is called EGA. For further investiga-
tion of EGA, the three unit cells with different kinds of
geometry shown in Fig. 1 are simulated. Simulation results
that are depicted in Fig. 3 affirm that, for changing &,, the
amplitude and phase of scattering parameters can be com-
pletely compensated for and be congruent to the reference re-
sponse by changing the geometric dimensions.

Figure 3 also depicts that altering the shape of the FSS from
the square loop to circular patch and crossed dipoles cannot
reject EGA. This principle remains true for changing thick-
ness, except the phase of the scattering parameters.

To model the phase differences between the main and
equivalent structures, first, assume a plane wave with propaga-
tion along the + z-direction.

Once this wave passes through the square loop FSS with
L=1L,, h=h, and &, = g,, this structure can be modeled
as a two-port network and have the scattering parameters of
S, In the next step, the height of the substrate is changed.
Following that, the outer side of the square loop is also
changed to compensate for the frequency response changes.
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Fig. 3. Frequency responses of square loop, circular patch and crossed dipoles that have different geometric dimensions and different substrate specifications but

have same frequency response (a), (b), (c) |S,,/, (d), (e), (f) <S,..

Hence, the wave passes through the square loop FSS with L =
L,, h = h,, and &, = &,. The amplitude of frequency response
is equal to previous case and only their phases are different (all
of the S-parameters such as reflections and transmissions,
have same differences in these two cases). According to the
simulations, it can be seen that this difference is a function
of frequency, first dimension of the square loop (L,), permit-
tivitty, and thickness of substrate.

S| =[5V, 8)

48® = 48V + A(e,.L, . ALf), )

Ah=h, —h,. (10)

For simply modeling this relation, it is assumed that

A(e,.L,.Ah.f) = B,,(gr.L,.f) x Ah, (11)
where 8, is propagation constant of wave in metalodielectric
FSS, h, is the thickness of reference substrate, and h, is the
thickness of the secondary substrate. Hence, the phase differ-
entiation can be easily taken into account in the design pro-
cedure. It is sufficient to determine (), versus frequency
using one of the thicknesses and, then, A¢ can be easily calcu-
lated for every Ah. Although this formulation does not com-
pletely match the reality of wave propagation in this
structure, it is the simplest method for modeling the phase dif-
ferences. For better illustration, L, is set to 13.4 mm and values
of L, are determined for eight samples of €, ([1.5, 2.2, 3.55, 4.3,
5,6.12, 10.2, and 12]). Then, differences between the responses
are calculated and values of 3, in Fig. 4 are estimated. By the
end of this step, there is no estimation that could produce the
error in Fig. 4. For the proposed square loop (Fig. 1(a)), By
versus frequency is obtained as in Fig. 4 for every kind of dielec-
trics with the desired €, in the range of 2.2-10.2.

The only remaining problem is the determination of the
dependency of EGA method on the polarization and angle
of incidence. EGA is an independent approach that, despite
being applied for the perpendicular incidence of transverse
electric (TE) polarization wave, can solve the design
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Fig. 4. By versus frequency for substrate permittivity between 1.5 and 12,
L, =13.4 mm.

problem for both polarizations and any angle of incidence.
Figure 5 clearly provides the proof of this principle.

The equivalent length obtained for TE polarization and
perpendicular incidence is suitable for other polarizations
and angles of incidence and also the responses are well in con-
gruent. In the next subsection, the utilization of EGA in train-
ing GTANNS and designing FSSs is described.

B) Trained networks

According to the previous results, two kinds of networks are
needed: one for designing FSS on the reference substrate
and another for transforming the dimensions into the input
substrate. The configuration of these networks is demon-
strated in Fig. 6. Marquardt-Levenberg training algorithm is
adopted for all the networks owing to its efficiency and fast
convergence. Also mean squared error (MSE) is used as the
performance index during the training process. The MSE of
an estimator measures the average of the squares of the
errors, that is, the difference between the estimator and
what is estimated. So MSE is calculated as:

1, ,
MSE = EZ(QDSuk - gDSl?_k) . (12)
k=1
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Fig. 5. The frequency response of square loop with a length of L under four different incidence condition. (a) |S,,| for TE wave with 8 = 30°; (b) |S,,| TM wave
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That » is the number of the training samples, q”ogf)lis out-
put of the network for kth sample and 90(311)2 is target value of
the kth sample.

For training the first network, 27 samples of L between 4
and 19 mm and seven samples of the angle of incidence (6)
between 0° and 60° are provided. With these values for L fre-
quency bands from 1 to 12 GHz, L, C, S, and X are completely
covered. So, the number of the required pre-simulations is 189
(27 x 7). With the pre-simulation results (amplitude and
phase of transmission), a training dataset is obtained and
the training process was begun.
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Both networks provide the output of L in the mm unit for
the FR4 substrate with 63 mil thickness as the reference sub-
strate. If TE polarization is intended, then P = 1; otherwise,
P=2. The topology of these networks has two hidden
layers with four and three nodes, respectively, and a single-
node output. The validation MSEs are 1.4017 X 10 > and
1.9568 X 10 °.

For training the transforming part, fewer samples of L
(about 10%) are needed: [19, 13.3, 7, and 4]. The number of
g, samples for the third network is 8 ([1.5, 2.2, 3.55, 4.3, 5,
6.12, 10.2, and 12]). Also, network 4 has seven samples of h
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Fig. 6. The configuration of trained networks: (a) designing unit, (b)
transforming unit.

([5, 10, 15, 30, 63, 100, and 125]). Hence, the training datasets
have 32 and 28 elements for training these networks. It is im-
portant that if the substrate specifications are the direct input
of main designing networks, the total size of the pre-
simulations become 10584 (27 x 7 x 8 x 7). However, this
huge number of simulations will be reduced to 258 (189 +
32 + 28) samples, ie. 97.5% reduction in the required
pre-simulations.

The transforming networks, called GTANNS, are four feed-
forward networks the configuration of which is shown in
Fig. 6(b). The first networks transform L to compensate for
the changes in the permittivity of substrate. This network
has the MSE of about 1.9006 x 10~ %, and its thickness is con-
stant. To compensation for the thickness, the second and third
networks are trained by the MSEs of about 3.1486 x 10~ *and
3.8209 x 10 2, respectively. The sixth network is also trained
for designing structures on anisotropic substrates. This
network is the inverse of the third network and has similar
topology and MSE. These networks, except the fifth one,
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have two nodes in the hidden layer and a single-node
output layer. The fifth network also has a hidden layer with
20 nodes and a single-node output layer.

C) Design algorithm

For designing the FSS on the substrate with the desired &, and
h, an appropriate algorithm that was joined with the trained
networks is needed. This algorithm which is shown in Fig. 7
begins by taking the inputs such as <S,,, fo/f,» 6, p, €, and
h. If the goal is <S,,, first By, is calculated using f, and &,
and then, Ap will be calculated. Value of ,, must be calcu-
lated with due attention to L,, which is no longer equal to
13.4 mm. Based on EGA, we know that the structures
shown in Fig. 8 are equivalent. So for achieving the correct
value of f3,,, we must calculate ¢, _ €. In fact, &, that is used
for B,, calculation is different from the input &, and deter-
mined by network 6 during the iterative section of our
algorithm.

Based on the flowchart in Fig. 7, in the first step the value of
eV =g, B, must be obtained using " and the fifth
network. Then, Ag'”, ¢, and L™ are calculated using
(13), and (14), and the second network. With the input of
L,=134mm, L=L" and the sixth network, £ of the
structure with the dimension of 13.4 mm is achieved. This it-
erative step is continued until the absolute value of glt)_glm
becomes larger than the convergence criteria of «. When the
convergence condition is satisfied, the final value of L is
assigned. Afterwards L is transformed and L, is obtained.
With the final values of &, and ,,, the target phase applied
to GEANN is calculated as follows:

Ap = B,, X (h—1.6), (13)

(P, =<8, - A‘P- (14)

In these equations, h is the desired substrate thickness in
mm and is entered in the first step. If /i is smaller than
1.6 mm (63 mil), <S,, that can be obtained from the structure
is smaller than the reference state. So, the structure must be
designed for a bigger phase and vice versa. Following that,
network 3 transforms L, into L, for the substrate with the
thickness of & and permittivity of ,.

In Section 3, three samples of FSSs are designed using these
design algorithms and error of the design procedure is
obtained.

. NUMERICAL AND
EXPERIMENTAL RESULTS

A) Numerical results

In this section, three examples of FSSs are designed using the
proposed design algorithm. The first test is an FSS filter with
the following input parameters: f, = 5.41 GHz, § = 0°, and TE
polarization on the substrate with &,=3.55 and h=
0.508 mm. The second example has the input of f,=
2.4 GHz, <S§,, = —75°, 6 = 45°, and the transverse magnetic
(TM) polarization on the substrate with &,=5 and h=
2.54 mm. Finally, a third test considers the input parameters
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as f, = 3.8 GHz, <S§,, = 70.5°, 6 = 30°, and the TE polariza- B) Experimental results
tion on the substrate with &, = 2.2 and h = 0.381 mm. The
input conditions and results are shown in Table 1. In tests 2
and 3, convergence criterion of « is 0.1.

As can be seen, the total errors in the design results were
less than 2%. FSS samples are developed in <250 ms
without dealing with any optimization algorithm and its com-
plexities and limitations.

Fig. 7. Design algorithm for standard isotropic substrates.

The prototype FSS with the specifications of the first test was
fabricated. The fabricated FSS, as mentioned in the previous
sections, is an array of square loop patches with unit cells
having the outer side length of 8.54 mm that are printed on
the RO4003 substrate with the thickness of 0.508 mm. The
fabricated FSS that is shown in Fig. 9 was tested with the meas-
urement setup demonstrated in Fig. 10. This test setup con-
sisted of two C-band horn antennas (4.9-7.5 GHz) and a
spectrum analyzer (Model No Agilent 8563EC). The mea-
e e e ' SRR AR ! et e ' sured data for the perpendicular incidence are shown in

| 1t FSS with: | I 2nd FSS with: | 1 3rd FSS with: | .

I ' I b I Fig. 11. As can be seen, the resonance frequency was
: L=L1 = | L=L2 | = | L=134mm 5.375 GHz that was only shifted by about 40 MHz from the
: er=4.3 ' ! er=5 : i = : simulations. The depth of resonance was also —37.5 dB,
fommmmmm - bmmmmmmmm - tmmmm s - which showed good agreement between the simulation and
Fig. 8. Equivalent structures for obtaining the correct 3,,. experimental results.
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Table 1. The desired design condition and results of design algorithm for standard isotropic substrates.

EFFICIENT AND PROPER MODELING OF ISOTROPIC/UNIAXIAL ANISOTROPIC SUBSTRATE SPECIFICATIONS

Testl Test2 Test3

Desired condition folf, (GHz) 5.41 2.4 3.8

<$,. (") - =75 70.5

o (") o 45 30

P TE ™ TE

&r 3.55 5 2.2

h (mm) 0.508 2.54 0.381
Values obtained by ANNs L (mm) 7.3218 9.5100 10.5

B (°/m) - —7.2574 —6.2756

Ag (%) - —6.82 —7.65

¢ (°) - —68.18 62.85

L, (mm) 7.8460 8.5823 13.6346

L, (mm) 8.5484 8.5153 15.5653
Values obtained by CST simulations folf, with L 5.4104 ¢ with L at f, —67.35 63.85

folfy with L, 5.4249 ¢ with L at f, —67.49 62.30

folfr with L, 5.3828 ¢ with L at f, —75.81 69.49
Error (%) folfy with L 0.0073% ¢ with L at f, 1.2173% 1.591%

folf, with L, 0.2754% ¢ with L at f, 1.0120% 0.8750%

folfy with L, 0.5027% ¢ with L at f, 1.08% 1.4326%
Required time for design procedure (ms) 203 209 195

Fig. 9. Fabricated sandwiched FSS with L =8.54mm on the RO4003
substrate with 0.508 mm thickness.

The errors were mainly because of the fabrication process.
Finally, it can be stated that the experimental results as simu-
lation results showed good accuracy of the design algorithm.

V. MODELING FSS WITH
UNIAXIALLY ANISOTROPRIC
SUBSTRATES

In recent years, considerable efforts have been made to analyze
and design FSSs with anisotropic substrates [14-20]. For the
first time, in this paper, the efficient design algorithm was

https://doi.org/10.1017/51759078716001045 Published online by Cambridge University Press

Fig. 10. Test setup for measuring the scattering parameters of FSS.

provided for developing FSSs with anisotropic materials. In
the previous section, designing FSSs on the desired isotropic
substrates was thoroughly described. To achieve the design al-
gorithm in this section, the first step is to compare the re-
sponse of FSS on uniaxial substrates with isotropic ones.

=

Transmission, Amplitude (dB)

-30r ; e
---CST Simulation
= ~-measurement
-40 1 1 i i
2 4 5 6 7 8
Frequency (GHz)

Fig. 11. Comparison between simulated and measured FSS transmission
parameter for the perpendicular incident wave.
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Fig. 12. Frequency responses of square loop with three types of anisotropic substrates: (a) state 1, |S,,|; (b) state 2, |S,,; (c) state 3, |S,,]; (d) state 1, <S,,; () state 2,

|<S..; (g) state 3, <S,,.

The results help find the way of using the aforesaid design
method for uniaxial substrates as well. Assume the square
loop on the uniaxial substrate with the following permittivity
tensor:

(15)

Three states can be supposed for this tensor:

(1) Optical axis that is along x; &,, = &.. # &4
(2) Optical axis that is along y; &, = £,,# &)
(3) Optical axis that is along z; &., = &,, # ...

For each state, a sample is simulated and compared with the
isotropic ones. Figure 12 depicts the frequency responses of
ESS on the anisotropic material for each of these states. As
can be seen, in state 1, the TE response of FSS with anisotropic
substrate coincides with the response of FSS with an isotropic
substrate and the permittivity of &,,. The TM response is near
the response of FSS with an isotropic substrate and the per-
mittivity of the geometric mean of g, and &,,.

It is obvious that the mentioned relation is exchanged
between TE and TM modes in state 2. In state 3, both TE
and TM polarizations coincide on the geometric mean of iso-
tropic responses. These results are valid for any permittivity
between 1.5 and 12.5. For brevity, the results of 3.55 and 4.3
are only mentioned.

With due attention to these rules, two scenarios can be
assumed for uniaxial substrates as follows:

— First: FSSs are designed with uniaxial substrates with the
optical axis along x or y (parallel to the surface of ESS).
In this scenario, the goal is to create the structure with dif-
ferent behaviors against TE and TM polarizations.

- Second: Materials with the optical axis along z (perpendicu-
lar to the surface of FSS). In this scenario, the goal is to
achieve the frequency response that cannot be produced
by standard isotropic substrates and the structure must
have the same responses for TE and TM polarizations.
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Fig. 13. Design flowchart for the first scenario when input permittivity is &,.

Figure 13 shows the design algorithm for the first scenario. In
this scenario, one of the permittivities must be determined
during the design procedure to control the frequency response
of two modes separately. So, only one of the permittivities is
taken from the user. For simplicity, it assumed that &, along
the optical axis is named &, (it can be g, or &,,) and called
the other one is called &,. The input parameters for this algo-
rithm are similar to the isotropic state except that for each
polarization, the specific f./f, is determined by the user.
During the design process, first, L is obtained using f, and
GEANN:S. Afterwards position of another polarization is con-
sidered the frequency response of FSS on the substrate with
the permittivity of the geometrical mean of €, and ¢,. The op-
erational frequency of the structure on an isotropic substrate
with &, is determined using (16) and (17).

f = Vhfs (16)
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Fig. 14. Design flowchart for the second scenario when input permittivity
is &,.

Table 2. The desired design condition and results of design algorithm for
uniaxial substrates.

Testl Test2
Desired conditions foulfrn (GHz) 5.2 5.4
fulf (GHz) 438
6(°) o o
& 3.55 (&xy) 2.2
A - 1.1
h (mm) 1.6 1.6
Values obtained by Final length 9.1582 7.9158
ANNSs (mm)
fi 59400
f; (GHZ) 4.1689
. 4.9091
& 2.5352 (&) 42948
Values obtained by CST  f,,/f,, (GHz) 5.1992 5.3691
simulations
foulfrs (GHz)  4.7816 5.378
Error (%) fou/frr (GHz) 0.0153% 0.5722%
foolfr. (GHz) 0.3848% 0.4074%
Required lime for design 220 210
procedure (ms)
*£\2
= (0.97°f)" (17)

f1

In (16), f, and f, are the operational frequencies entered by

the user. The correction factor of about 0.97 is added by
trial-and-error in order to decrease the amount of error. In
the next step, L' is calculated using ¢,, f;, network 1, and
network 3.

Finally, using network 6, L, and L/, €, is assigned and the
design procedure is completed.

Scenario 2 that is shown in Fig. 14 requires the position
of the operational frequency for both modes. In this scen-
ario, like the algorithm of the standard substrates, only
one fo/f, and one permittivity (¢, or &,) are determined
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by the user. It is supposed that this frequency is the geomet-
rical mean of &, and ¢,. In addition to these inputs, one
other parameter is specified to determine f, and f, from
f;» which is called A. Using these parameters, f, and f, are
calculated as follows:

fi=095xAXf, (18)
fi= 22 2L (19)

In the next step, first, L is obtained using f,, €,, networks 1,
and network 3. Then, L’ is obtained using f, using GEANNS.
Finally, €, is determined by network 6.

Two design samples are provided in Table 2. The errors
and required time for completing the design algorithm ap-
proximate each other. Results show the high ability of
GTANNSs and the proposed algorithms for designing FSSs
on uniaxial substrates.

V. CONCLUSION

EGA method has been presented as a new approach in
training ANNs for designing electromagnetic surfaces.
Various parameters exist that influence the frequency re-
sponse of FSSs. EGA offers the chance to remove some
of these parameters from the inputs of primary networks,
but considers them in the design procedure. The time
savings of the EGA are more pronounced when this
method can reduce the size of the pre-simulations by
about 98%. Using this method, GTANNs are trained.
The input of these networks is the length of the structure
with the reference substrate, permittivity, and thickness of
the substrate. The output of the design algorithm is the
transformed dimension that have the same frequency re-
sponse on the new substrate.

GTANN:S are employed for designing FSSs on the standard
isotropic substrates. In addition, uniaxial substrates can be
designed for obtaining the desired behavior of FSS for each
polarization by GTANNs. GTANNSs do all of the operations
mentioned above without any optimization algorithms.
Design procedures based on GTANNs have good accuracy
and versatility.

The proposed design algorithms were used for designing
three samples of FSSs on isotropic substrates and two
samples of FSSs on uniaxial substrates. Errors were estimated
and it was observed that this design algorithm could solve the
inverse problem of FSS design with the errors of <2%. Also,
the required time for finishing the design process was
<250 ms. In the experimental test, the measured data for
the fabricated structure also showed the accuracy of these
design procedure.

The primary advantages of using GTANNs were the flexi-
bility of networks under various specifications of the sub-
strates, high accuracy and versatility of networks, fast
designing process, fabrication facility of the designed struc-
tures, and ability to design on uniaxial substrates for the
first time.
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