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Abstract: The present work considers the investigation of the effects of both electrical and magnetic
uniaxial anisotropies on the input impedance, resonant length, and fields distribution of a dipole
printed on an anisotropic grounded substrate. In this study, the associated integral equation, based on
the derivation of the Green’s functions in the spectral domain, is numerically solved employing
the method of moments. In order to validate the computing method and the evaluated calculation
code, numerical results are compared with available data in the literature treating particular cases
of electrical uniaxial anisotropy; reasonable agreements are reported. Novel results of the magnetic
uniaxial anisotropy effects on the input impedance and the evaluated electromagnetic field are
presented and discussed. This work will serve as a stepping stone for further works for a better
understanding of the electromagnetic field behavior in complex anisotropic and bi-anisotropic media.

Keywords: green’s functions; method of moments; uniaxial anisotropy; input impedance; field distri-
butions; dipole antenna

1. Introduction

Since a few decades, theoretical and experimental studies of the interaction of electro-
magnetic waves with complex-media structures, anisotropic or bianisotropic, have been
extensively investigated for their innovative applications, including geophysical explo-
rations, communications with buried and submerged antennas, microwave/millimeter
integrated circuits, optical devices, etc. [1-7].

In general, complex media have received increasing interest from both scientists and
researchers in the context of artificial media with new and interesting properties due to
their additional degree of freedom [8]. Anisotropy is an intrinsic property found in crystals,
layered structures, composite materials, and other natural materials, in addition to artifi-
cial materials. The effect of anisotropy must be considered and cannot be ignored in the
prediction of unusual properties in engineering designs such as for sensing and antenna
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applications [9-11]. They have attracted much interest and support from researchers and
manufacturers as powerful instruments with interesting growth potential in microwave
applications [12]. Many studies have been performed to characterize microwave struc-
tures printed on complex media, ferrites, metamaterials, chiral by employing numerical
and analytical methods [11-24]. In [11], a detailed analytical model is derived for the
circularly polarized slot antenna, built on a ferrite substrate. This model is based on an
integral equation for the radial electric field on the slot. In [12], a patch antenna model is
first simulated using the finite element method-based HFSS software and then fabricated
on a multiple-ferrite-cored substrate. Recently, in [13], Karma et al. studied microstrip
transmission lines with anisotropic and uniaxial anisotropic substrates using the discrete
mode matching method. A technique for the calculation of the input impedance of a
microstrip antenna printed on chiral substrate based on the integral equation with the
Cauchy singularity is derived in [14]. This technique is used in [15] to investigate the
dependences of the input impedance, the magnitude and phase of the electric-field com-
ponents on the radiator length for different types of chiral substrates. In [16], a method
based on the volume integral equation (VIE) is used to evaluate the electromagnetic (EM)
fields scattered by general anisotropic multilayer structures. In [17,18], for a microstrip
patch antenna, the effect of a bianisotropic gyro-chiral substrate on the complex resonant
frequency, half-power bandwidth and input impedance, and on the surface waves is pre-
sented, respectively. The analysis is based on the full-wave spectral method of moments
using sinusoidal basis functions. In [19], the far field radiation of a Hertzian dipole for
two-layered uniaxial anisotropic medium is investigated using the spectral method of
moments based on the derivation of the spectral dyadic Green’s functions (DGFs) to exam-
ine the effect of anisotropy, effect of layer thickness, and effect of dipole location on the
radiation fields. The effect of the dielectric constitutive parameters on the input impedance
and resonance lengths of a dipole antenna based on stratified electrical anisotropic and
chiral substrates and a microstrip patch have been analyzed in [20-23] using the spectral
method of moments [24]. Many attempts have been made to analyze the problem of
dipole antennas on an anisotropic uniaxial media with the optical axis perpendicular to
the substrate plane [25-29] and with arbitrary optical axes orientations [30]. The input
impedance and mutual coupling of single and multilayer dipole antennas printed on
isotropic, anisotropic, and chiral materials have been studied in [29,31-34].

This work extends past research works on printed dipoles by studying a planar
dipole of arbitrary length printed on a uniaxial anisotropic dielectric structure. The electro-
magnetic field distributions and input impedance are examined by applying the spectral
method of moments based on the immittance functions derivation [35-38]. The Method of
Moments in the spectral domain is found to be a powerful numerical technique to solve
integral equations [39], and considered as rigorous and full-wave numerical technique
for solving open boundary electromagnetic problems and the employing of this method
becomes an increasingly important research issue [4-10,17-24,28-31,34-38]. To accurately
predict the electromagnetic behavior of microwave components, the method of the moment
is widely used in the spectral domain [8-10,17,18,20]. The efficient spectral Galerkin-based
method of moments (SGMoM) is extensively used to analyze microwave planar struc-
tures [34], such as microstrip lines and antennas, with perfect conductors, it was first
applied in the microwave field by Harrington in 1968 [39,40]. To accelerate convergence
and improve the computation efficient of this method, several procedures have been intro-
duced [10,34,41]. Resolving for the resonant frequency and input impedance of the printed
dipole will directly show how each individual element of the anisotropic tensor affects the
characteristics of the printed dipole, in particular, the input impedance and the electric
and magnetic field distributions. This will provide new and useful information on how
to integrate the individual anisotropic permittivity and permeability elements into the
design of printed dipoles. Clifford M. Krowne determined the magnetic and electric field
distributions, as well as the Poynting vectors, for cross-section (RHM/LHM) of a microstrip
guided wave structures [4,5], and for ferrite microstrip guided-wave structures [6,7].
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Sections 2 and 3 covers the basic equations, formulations and solution of differential
equations, Green’s functions, and components of electric and magnetic fields expressions.
The study begins with the examination of the effects of introducing anisotropy via a
permittivity and permeability tensor. The electromagnetic field distributions have been
obtained and compared with the isotropic case for different anisotropic cases.

2. Analytical Formulation

Uniaxial materials have the same element in two dimensions, permittivity or perme-
ability, and different in the third dimension. The axis along the single value direction is
called the optical axis. Figure 1 shows the structure considered in this analysis. The pre-
sented configuration will be considered to establish the electric and magnetic field distri-
butions and determine how the input impedance is affected by the uniaxial anisotropic
substrate. In this analysis, the uniaxial permittivity and permeability anisotropy is given
by the following expressions, respectively:

Et 0 0
[e]=¢€| 0 & O (1a)
| 0 0 &
[ Ut 0 0
Ml=m| 0 wue 0 (1b)
L 0 0

[e] and [p] are, respectively, the tensors of the relative permittivity and permeability,
which are assumed to be low-frequency dispersive in the microwave frequency band.

(8]
=
s

Figure 1. Printed dipole on uniaxial electrical- and magnetic- anisotropic substrate.

First, assuming the temporal dependence /! of the fields and applying Maxwell’s
equations in the Fourier domain with d/dx = —jx and d/dy = —jp assumptions, we derive
the expressions of the transverse components of the electromagnetic field E, and H,,
two decoupled homogeneous differential wave equations of the second order are obtained:

2E, 5~
ﬁ - ,YEEZ - O (23)
2H, 5~
52 1, H: =0 (2b)

The dispersion relations are found to be as follows:

Ye = \/(Z(lxz + B?) — K%Et,ut) (20)

o \/ (i(wz + %) — Kéetm) (2d)

7% and 7 represent the propagation constants of the TM and TE transverse modes,
respectively. k¢ is the free space wavenumber and w is the angular frequency. a« and
p are the Fourier variables corresponding to the space domain wavenumbers «, and ;.
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3. Method of Solution

Extensive mathematical manipulations of Maxwell’s equations result in the wave
Equations (2a) and (2b), which admit a general solution of the form (3a) and (3b). On the
other hand, for the region above the substrate (air region), the spectral components are
decreasing waves with z, for which the solutions (4a) and (4b) are assumed.

Ez(Ye,z) = Aecosh(7,z) + Besinh(7y.z) (3a)

H. (74, 2) = Apsinh(7,2) + By, cosh(7,2) (3b)

with A,, B, Ay, and By, are complex constants

Ez(’YO/ Z) = Cee_%(z_d) (4a)

H:(y0,2) = Ce~0E4) (4b)
and

Yo =1/ (2 + ) — 13 (40)

and C, and Cj, are complex constants.

The boundary conditions have been applied to obtain the dyadic Green’s functions.
In the configuration of narrow dipoles, it is assumed that the width of the strip is very
small, thus, the transverse current density in the y-direction is usually neglected [31].
Therefore, only the expression of Gy, is presented:

~ —j
G = weg(a? + p2)

(voetcoth(yed) +7.)  (yncoth(ysd) + peyo)

©)

22707, B2 ]

Mathematical development of the resulting equations lead to the formulation of the
estimated electric field at the interface between the two regions as functions of the current
densities J, and Ty The expressions of the x-, y- and z-components of the electric and
magnetic fields in the 1st and 2nd regions can be expressed as follows:

1st region:
~ ' 1
Ea(ap2) = -~ F oo (—ar20Se x A, + BrguiSh x Ay) (6a)
_ i 1
Eyl(oc, B z) = " _{_ 7 wiso (—ﬁ')/g')/OSe X Ap — mK%ytSh X Ah> (6b)
E.i(a,B,z) = —%Se X A, (6¢)
_ 1
Hxl (IX, ﬁ, Z) = m(ﬁvosyyec‘Se X Ag — DC’)/hCSh X Ah) (6d)
~ 1
Hyi(a, B,z) = m(—txv@et%ﬁe X Ae = BypSh x Ap) (6e)
Hoi(, B,2) = j%Sh x Ay (6f)
z
2nd region:
~ '3770(27‘” 1
Ex(e, B,z) = ]mwiso [_D"YO'YgAe + ﬁVtK(z)Ah} (7a)
~ ‘efyo(zfd) 1
Ep(a, B, z) = ]WT&) {—,370731% - “VtK(%Ah} (7b)
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£ e (z—d)
= e —7Y0(z—
Exn(a, B, z) weg Ace (7c)
~ gfwo(zfd) 2
Hyy(a,B,z) = i (—.B’Ye Ae + P‘tM’OAh) (7d)
~ e_'YU(Z_d) 2
Hyp(a, B,z) = I (“’YeAe + ,BVt’YOAh) (7e)
Ho(w, B,2) = jusApe”10E=4) (7f)
where Tx and Ty are the Fourier transforms of the current densities, and
ax + Bly
Ae = 8a
* = B+ roerrecoth (7:d)) (5)
Blx — aly
Ay = 8b
" (yncoth(yud) + yops) 50
Yec = Yecoth(7ed) (8c)
Yne = Yrneoth(y,d) (8d)
_ sinh(7.2)
Se = sinh(y,d) (8e)
sinh(y;2)
Sh= sinh(7;d) (81)

4. Fields Computations

The spectral domain immittance functions are used to evaluate the configuration
shown in Figure 1. In particular, we seek to determine the distribution of the electric and
magnetic fields on a printed dipole embedded on an anisotropic layer. The dipole has
length L and width W. The electromagnetic field components are deduced after satisfying
the boundary conditions on the printed dipole.

As mentioned in the section above, éxx represents the Green'’s function in the spectral
domain and the Green’s function in the spatial domain is merely the inverse Fourier
transform. The components of the electric and magnetic fields in each region can be written
in the spatial domain as [42,43]:

P(x,y,2) = ! / / (a, B, 2)el TP dudp ©)

With Formulation (9), a specific structure was chosen to be examined. The electromag-
netic field expressions are derived in the spatial domain via the inverse Fourier transform.
The Matlab® software [44] is used to plot the fields distributions.

5. Numerical Results

In this work, we are firstly interested in the input impedance, the resonant length of
the dipole and secondly in the distribution of the electromagnetic fields. Before discussing
the results obtained for the uniaxial anisotropy case, a validation of the calculation code,
elaborated in Matlab, is carried out through a comparison with published literature.

5.1. Validation

In this subsection, we consider the basic configuration of a monolayer 0.1060A¢ thick
substrate planar dipole antenna. The objective of this work is to analyze the effects of
different electromagnetic parameters of the anisotropic substrate on the input impedance
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of the dipole, in addition to the electromagnetic field evaluation through the plotting of the
electric and magnetic field distributions in the three principal planes XY, XZ, and YZ.

Calculations of a dipole structure on a uniaxial anisotropic structure have been per-
formed. The results have been successfully compared with published ones. We initially
considered the isotropic and uniaxial anisotropic cases (¢; = €, = 3.25and p; = y; = 1) and
(et =3.14, &, =5.12 and it = u; = 1), respectively. Figure 2 depicts the input impedance (real
and imaginary parts) of a planar dipole of width W = 0.0004A as a function of normalized
length L/Ag. These results represent a validation step of the accuracy of our calculations
for both isotropic and anisotropic substrates. The representation shows good agreement
with the data reported in [29]. In [29], only cases of electrical anisotropy were considered
and no discussion of the effect of this component was conducted.

isotropic case Zin this work)

anisotropic case (Z;,, this work)

* isotropic case (Z;, [29])

*  anisotropic case (Z;, 129D
*

Input impedance (k)
1

Figure 2. Input impedance of the dipole printed on isotropic and anisotropic layers.

5.2. Electromagnetic-Field Distributions in Isotropic Case

Once the expressions for the transverse and longitudinal components are found,
the electromagnetic fields expressions are evaluated. Since the processing takes place in the
spectral domain, the final fields must be brought back into the spatial domain. The Matlab
functions “quiver3” and “contour” are used in plotting the field lines in their arrow and equi-
phase contour forms. It is clear from these results that the considered antenna structure
shows the well-known shape of a dipole radiated electromagnetic field. The anisotropic
results of the tangential-field lines are plotted for different planes at the equivalent resonant
dipole length compared to the isotropic case. The magnitude of the electromagnetic fields
are normalized with respect to the isotropic case for comparison.

In our case, we evaluate the electric and magnetic field distributions in a dipole
antenna structure based on media with various uniaxial anisotropies and the effect of
the different elements of the constitutive parameters. This will serve as a platform for
the treatment of other cases of microwave structures based on more complex media such
as: electric negative material (ENG), magnetic negative material (MNG), double negative
material (DNG), and chirality.

Figure 3 shows the electric and magnetic fields arrow plots for the tangential fields
components E; and Hj, in the transverse plane with respect to z-, y- and x-axis, respectively,
for the isotropic case. The arrow indicates the cross-sectional field vector direction and the
arrow length designates the field magnitude, and the lines indicates the equi-phase field
contour forms.
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Figure 3. (a—f): Fields distribution plots in the transverse plane for the isotropic case (¢; = €; = 3.25 and p; = p, = 1).

From the plots, we can easily notice that the E- and H-plane are the XZ and the YZ
planes (Figure 3b,c), respectively. In Figure 3a, a quite rectangular shape of the E field
distribution is clearly observed due to the fringing fields close to the edge of the strip
and the electric field has a small component parallel to the dipole. The electric field is
not entirely confined within the dielectric substrate; it extends partially into the air above.
This phenomenon is commonly referred to as fringing, as shown in Figure 3a,c,e.
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The fringing E-field makes the dipole electrically longer than its real physical di-
mension. This is why the dipole physical length is chosen to be slightly less than half
the dielectric wavelength. At resonance, the dipole electrical length must equal half the
dielectric wavelength. The antenna fringing field amount is strongly related to the ra-
diating element geometry and the substrate permittivity. Substrates with low dielectric
constants allow more field fringing than do high dielectric constant-substrates [45]. It can
be seen from Figure 3e, given that the direction of propagation is along z-axis, that the
spacing between the lines at z = 0.75 m is equivalent to A/4, this illustrates the concept
of propagation.

Figure 3d,f show a high confinement of the H field in the substrate, due to the fact
that the magnetic field is in direct relation with the electric induction, this is due to the
contribution of the two dielectric constants ¢, = 3.25 and y, = 1.

5.3. Effect of the Electrical Uniaxial Anisotropy on the Electromagnetic-Field Distributions

In this section, we examine the effect of the electrical anisotropy on the electromagnetic
field distributions in the three planes, and we interpret these results through the shape of
the input impedance. Figure 4a—f show the normalized tangential electric field magnitude
in a color plot superimposed on the vector plots in arrow representation for various values
of ¢, with &y = 3.25, y, = 1 and p; = 1 in the XY, XZ, and YZ planes.

015 p>--~ 40
0.8 =
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0.6 7
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— 05 — 25
E E o
> 04 > \. 20
28 s 7
oo 03 -0.05 - (11 '?3:\?%-,-44%2‘ 15
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Figure 4. Cont.
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Figure 4. (a—f) Normalized electric field distributions for various values of ¢, with ¢; = 3.25, y; = 1 and y; = 1 in the XY, XZ,

and YZ planes.

According to Figures 4 and 5, we roughly notice an effect reversed in shape and
different in details of the two anisotropic elements ¢, and ¢;. A decrease in €, up to 40%
leads to a slight decrease and the E-plane decreases its max by 50%, while an increase of
40% reveals a significant increase in the electric field in the E- and H-plane.

A decrease of 40% in ¢; leads to an almost identical increase (3 times) of the electric field
maximum, while for an increase of 40%, an identical decrease of the maximum in all three
planes is noticed (64%). As a consequence of this result, and to improve the dipole radiation,
it is necessary to strongly minimize ¢; and increase, in the possibility, e,. From Figure 4a,b
and Figure 5a,b, it can be seen that for the case (¢; = 1.625), a maximum electric field
exceeds 0.2 m, when the element ¢ is reduced, this agrees well with the literature [45].

According to Figure 4c,d and Figure 5c,d, the electric field lines are condensed since
they are presented, in this case, in the E plane, and we can see that the component Ex is the
most important in the cases of Figures 4d and 5c from Figure 4e,f and Figure 5ef, it is clear
that the most important part of the electric field is confined in the dielectric and around
the dipole.

From Figures 6 and 7, we notice that the contribution of the two electrical anisotropic
components ¢, and &; on the magnetic field distribution is almost the same as that on the
electric field, except that the magnetic field in the E plane undergoes more decrease in the
case (XZ plane e, = 1.625 (Figure 6¢) and XZ plane ¢; = 1.625 (Figure 7c) compared to the
other planes) and a slight increase for the case XZ plane ¢, = 4.875 (Figure 6d) compared to
the other planes) and for the case €; = 4.875, the decrease is almost the same (Figure 7b,f).
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5.4. Effect of the Magnetic Uniaxial Anisotropy on Electromagnetic-Field Distributions

Figures 8-11 show the effect of the uniaxial electrical anisotropy on electric and
magnetic field distributions.
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Figure 11. (a—f) Normalized magnetic field distributions for various values of y; with e, = &; = 3.25 and i, = 1, in the XY,
XZ, and YZ plane.

It can be seen from Figures 4, 5 and 8 that the effect of the permeability component
#z on the line shape and distribution of the electric field is similar to that of ¢,, but in
terms of value and quantity, it has the same effect as ¢;. However in the case of the y;
component, and according to Figures 4, 5 and 9, the effect of y; component is close in shape
and quantity to that of &;.
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Input impedance (k€2)

24

From here, we can note that the four (e;, €&, y; and yu;) constitutive components
have a different contribution to each other, and this is mainly due to the dipole antenna
configurations and its positioning.

From Figures 8-11, we can see that the two components y; and y, have a different
effect than the two permittivity components.

The increase of y; and y, leads to a decrease of the fields maximum compared to the
isotropic case, while when ¢, increases, the maximum E increases strongly. Moreover, the effect
of the two components y; and y; is close to that of ¢ in form and magnitude. This is due to
the lines of the magnetic field, which rotates around the dipole (YZ plane), indicating that
the maximum magnetic field interaction is through the two components y; and ., as well as
with ¢;.

5.5. Effect of the Uniaxial Anisotropy on Input Impedance

Figure 12a shows the effect of ¢, on the input impedance. It consists in shifting the
resonant length of the dipole antenna with a slight change in its peak, while ¢; affects
significantly the magnitude of the input impedance with an increase and decrease of its
peak, from 3 kQ) for &; = 3.25 to 5 k() for ¢; = 1.625 and 3 k() for &; = 3.25 to 2.5 k() for
g; = 4.875, all with a slight shift in the resonant length (Figure 12b).

€=1.625 4 €=1.625
€,=3.25 (isotropic case) €=3.25 (isotropic case)
3
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L/A, L/A

(a) (b)

Figure 12. Real and imaginary parts of the input impedance for various values of (a): €, and (b): &;.

In Figure 13a,b, the effect of the two components of permeability u, and y; does
not resemble that of the permittivity components ¢, and ¢;. An increase in y, results
in an increase in the input impedance peak, with a decrease in the resonance frequency.
The effect of the permeability component y; is reversed in this case, where an increase in
the y; component leads to a significant increase in the resonance frequency with a decrease
in the peak value of input impedance.

In the case ¢, = 1.625, a decrease of 35% of the maximum of the electric field is
observed in the XZ plane (E plane), according to Figure 4c, accompanied by a close
decrease in the magnetic field (27%) in the YZ plane (H plane), according to Figure 6e.
This is translated by a slight increase (5.5 and 3.5 times) of the input impedance (Figure 12a).
However, in the case for ¢; = 1.625, the maximum of the magnetic field in the H-plane
(Figure 7e) is almost twice that of the electric field in the E-plane (Figure 5c) and for
e; = 4.875, a ratio between the field maxima is 1.4. This illustrates the effect of ¢; on the
input impedance (Figure 12b). In this case, the maximum of the magnetic field is greater
than that of the electric field; this reveals the effect of the component &; on input impedance.
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Figure 13. Real and imaginary parts of the input impedance for various values of (a): yi, and (b): j.

Figure 13a,b show the effect of the uniaxial magnetic anisotropy on the dipole input
impedance. For the cases yi, = 0.5 and y, = 1.5, the same ratio of increase and decrease
between the electric field E and the magnetic field H (normalized values 7 times to 9 times
(Figure 10), 0.8 to 0.65 (Figure 8), respectively) led to an almost identical decrease and
increase, respectively, in input impedance (Figure 13a).

In the case y; = 0.5, a 9-times increase of the H field maximum, in the YZ plane
(Figure 11e), compared to the isotropic case, is accompanied by a 6-times increase of the E
field maximum in the XZ plane (Figure 9c); this is translated by a strong increase of the
input impedance (Figure 13b). On the other hand, in the case y; = 1.5, an almost identical
decrease of the H- and E-field maxima (0.25 (Figure 11f) and 0.22 (Figure 9d), respectively,
in the YZ XZ plane); this is translated by a decrease of input impedance (Figure 13b).

To summarize, we notice that the choice of the optical axis of the uniaxial anisotropy
and the geometry of the printed dipole lead to an asymmetrical Green’s tensor, relating the
electric field to the current density through the four constituent parameters ¢4, €;, iy and y;.
This is the factor behind the difference registered between the effects of these components,
in addition to the electromagnetic field distributions.

6. Conclusions

In this paper, we presented a theoretical study for the investigation of the electromagnetic
field distributions and the input impedance of a printed dipole antenna structure loaded on
a uniaxial anisotropic medium. The presentation of the electromagnetic field distributions,
for which some examples have been shown here, provides a better understanding of the
constitutive parameters (g, €;, yt and ;) contributions. Furthermore, the electrical and
magnetic uniaxial anisotropy offers more degrees of freedom and further flexibility to
realize a good direct matching effect on the input impedance. This show that the complex
media present a great potential in the design of innovative microwave components. It con-
stitutes a starting point for further works to a better understanding of the behavior of the
electromagnetic field in anisotropic and bianisotropic media and many more interesting
results are expected.
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