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Abstract This paper surveys a new class of electromagnetic materials. The emphasis is on the

bianisotropic medium; a complex material which has never been applied in antenna design. In this

context, we investigate the behavior of the magnetoelectric elements of the gyrotropic reciprocal

bianisotropic medium used as a grounded substrate by studying their effects on the input impedance

and mutual coupling of a printed dipole antenna. Numerical integrative equation calculations are

carried out using the spectral method of moments (SMoM) based on the analytical derivation of the

appropriate spectral Green’s functions for the considered dipole configuration. The obtained results

reveal a change in the sign of the real part of the input impedance. This is mainly due to the complex

property of the considered medium. The medium has also minimized the input impedance �4 times

(1kO); this can help in device matching. This medium has shown a significant impact on the input
), i.t.e.

rawoot.
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impedance as well as the antenna array coupling. The design miniaturization possibility is an impor-

tant result of this research in the design of antenna arrays.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Complex media have gained a lot of attention in the last dec-
ades. Especially, the bianisotropic media have become the

focus of attention of industrial designers and academic
researchers. It is one of the most controversial issues in electro-
magnetic research in terms of theoretical handling and applica-
tion problems [1]. When an electromagnetic problem needs to

be solved in such a medium, Maxwell’s equations must be sup-
plemented by the necessary constitutive relations, which show
an additional coupling between electric and magnetic fields,

coming up with very attractive properties and innovative
application possibilities. The passion for these new materials
has constantly increased. Researchers and industrials have also

been involved in this area of research, generating great interest
and support to understand the unusual and exciting properties
of these materials. Various fields of science, including optics,

antenna theory and engineering, have rushed to study the
properties of wave propagation in complex media. Many the-
oretical and applied works have been carried out on many spe-
cial media, such as anisotropic [2,3], bianisotropic [4,5] and

chiral materials [6–8].
The Tellegen medium is known to be a class of bianisotropic

media [9–11]. So far, the problem of creating the Tellegen med-

ium is the subject of vigorous discussions. Some of them pretend
that this medium does not exist in nature, as it violates the post
constraint [12–16]. In 1948, B. D. H. Tellegen proposed his first

idea which is an assembly of randomly distributed electric and
magnetic dipoles could construct a new type of electromagnetic
material [14–16]. The initial analysis of this idea entered the
doubts about the possibility of its validity, simple association

of pairs of dipoles (electric and magnetic) as structural elements
of thesematerials. But, the subject did not stop there. In the early
nineties, many scientists and design engineers combined their

efforts, and it was reported that there are other possibilities to
realize synthetic Tellegen particles. The most important one is
connecting a short-wire dipole antenna and a small annular

antenna via rotation [15], using synthetic ferrite particles [14].
V. Dmitriev, in 2000 [18], developed a general approach to ana-
lyze the structure of dipoles. The electromagnetic properties of

these complex media are the subject of serious theoretical stud-
ies, and their intriguing history prompts us to consider their
scope [9–18].

It has become clear that simplicity of configuration, light

weight and ease of integration play an important role in meet-
ing the increasing demands of communication systems, in par-
ticular. Thus, dipole antennas are among the most requested

antennas to operate in more complex environments [17]. The
cumulative effects of the structure of a dipole antenna, printed
on an anisotropic uniaxial medium on the input impedance,

resonant length and mutual coupling, have been studied and
analyzed [19–25]. In [21], a theoretical study is carried out to
investigate the electromagnetic field distributions of a uniaxial

anisotropic case. In [22], Boukniaet al. reported an analytical
study to investigate the effects of mutual gyroscopic properties
of metamaterials on the input impedance of a dipole antenna.

In this work, the spectral domain Green’s functions are
numerically derived using the method of moments (MoM)

in the spectral domain. In this context, we opted for the
application of the method of moments (MoM) formulated
in the spectral domain. A powerful and easy-to-implement

numerical technique is widely used for the analysis of prob-
lems related to planar structures and for solving integral
equations [16,17,19–29].

The objective of this work is to develop a unique frame-
work, featuring a dipole antenna printed on a grounded gyro-
tropic reciprocal bianisotropic substrate, which has never been
applied in antenna design. In particular, the effect of the mag-

netoelectric elements is highlighted on the input impedance
and resonant length and the mutual coupling between printed
dipoles. Three main configurations are considered: broadside,

collinear and echelon. The antenna is fed by a voltage delta-
gap source. The foundation of the study is the identification
of the problem, the development of the spectral expressions

of the electric and magnetic field, and finally a numerical solu-
tion using the SMoM. The obtained results offer new and use-
ful information about magnetoelectric wave propagation and

radiation in bianisotropic substrate-based printed dipole
antennas, since the constituent parameters of the studied med-
ium affect the sign of the dipole input impedance, a result that
has never been obtained before.

2. Geometry of the problem

The geometry of the printed dipole referred to Fig. 1 has a

length L and a width W, with the optical axis z as the direction
of propagation.

To examine the magnetoelectric parameters effect on the

input impedance and mutual coupling, the problem is con-
ceived as shown in Fig. 1 (a, b). The dielectric layer is charac-
terized by a permittivity, e½ �, a permeability, l½ �, and

magnetoelectric tensors n½ �, g½ �, of the form, respectively
[1,5,9,10,18,30]:

e½ � ¼ e0

et 0 0

0 et 0

0 0 ez

2
64

3
75 ð1aÞ

l½ � ¼ l0

lt 0 0

0 lt 0

0 0 lz

2
64

3
75 ð1bÞ

n½ � ¼ � g½ �T ¼ g½ � ¼ �
0 vxy 0

vxy 0 0

0 0 0

2
64

3
75 ð1cÞ
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Fig. 1 Geometries of (a) Printed dipole and (b) 2-element dipole array.
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where et,ez,lt,lz, vxy are the elements of the permittivity, per-

meability and magnetoelectric parameter tensors, respectively.

The gyrotropic reciprocal bianisotropic materials belong to
a broader class of bianisotropic materials that have become
popular in research discussions. The material complex consti-

tutive relations have additional coupling between electric and
magnetic fields. In this case, the corresponding constitutive
relations are expressed in their general form by
[1,4,5,9,10,18,30]:

D
!¼ e½ �E!þ ffiffiffiffiffiffiffiffiffi

e0l0

p
g½ �H! ð2aÞ

B
!¼ l½ �H!þ ffiffiffiffiffiffiffiffiffi

e0l0

p
n½ �E! ð2bÞ

where D and B are the electric and magnetic field density
responses, corresponding to the electric and magnetic fields E
and H, respectively.

The problem is formulated using Fourier Transform. This
greatly simplifies the numerical integration and leads to
expressing the longitudinal electromagnetic field components

Ez and Hz in the spectral domain which satisfy two separate
second-degree differential equations:

@2E
�
z

@z2
� c2eE

�
z ¼ 0 ð3aÞ

@2H
�

z

@z2
� c2hH

�
z ¼ 0 ð3bÞ

where.

c2e ¼
et
ez
j2
s � j2

0 etlt þ v2xy

� �
ð3cÞ

c2h ¼
lt

lz

j2
s � j2

0 etlt þ v2xy

� �
ð3dÞ

j2
s ¼ a2 þ b2 ð3eÞ
By settingvxy ¼ 0, we meet the cases treated in [20] and [21].

3. Solution methodology

In the previous section, we derived the wave equations for the

longitudinal components Ez and Hz. Because there exist two
distinct regions, the dielectric substrate and the air, the solu-
tions in the dielectric region are assumed to be:

E
�
z ce; zð Þ ¼ Ae cosh cezð Þ þ Be sinh cezð Þ ð4aÞ
H
�

z ch; zð Þ ¼ Ah sinh chzð Þ þ Bh cosh chzð Þ ð4bÞ
where Ae, Be, Ah and Bh are complex constants.

The solutions in the air region are presumably:

E
�
z c0; zð Þ ¼ Cee

�c0 z�dð Þ ð5aÞ

H
�

z c0; zð Þ ¼ Che
�c0 z�dð Þ ð5bÞ

where.

c0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2
s � j2

0

q
ð5cÞ

Ce and Ch are complex constants.

The spectral Green tensor G
�
ij is formulated to satisfy the

following system [5,9,10,20–23]:

E
�
x

E
�
y

" #
¼ G

�
xx G

�
xy

G
�
yx G

�
yy

2
4

3
5 J

�
x

J
�
y

" #
ð6Þ

where J
�
x and J

�
y are the Fourier Transforms of the current den-

sities on the conducting strips.
Satisfying the boundary conditions, the detailed algebraic

analyses introduce the determination of the complex constants,
leading to the formulation of the spectral expressions of the
estimated electric and magnetic components at the air interface

with respect to the current densities J
�
x andJ

�
y.

In the analysis of narrow dipole formulations, it is assumed
that the transverse current density in the y-direction is

neglected [23]. Therefore, only the expression G
�
xx is given:

Gxx ¼ �j

xe0j2
s

a2c0c
2
ea

c0etce coth cedð Þ þ c2ea � jc0etcc
� �

"

� b2j2
0lt

ch coth chdð Þ þ ltc0 � jccð Þ
�

ð7aÞ

with.

c2c ¼ j2
0v

2
xy ð7bÞ

c2ea ¼
et
ez
j2
s � j2

0etlt ð7cÞ

With some mathematical manipulations and substitution of
expressions for the values of the complex constants, the expres-
sions for the electric and magnetic fields in the two regions can

be formulated as stated in Appendix A.
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4. Numerical results

In this section, we focus on the analysis of the impact of the
effective magnetoelectric elements of the grounded reciprocal

bianisotropic substrate on the input impedance and mutual
coupling of the printed 2-dipole antenna array. A dipole of
width W = 0.0004 � k0 and a normalized length L/k0 is

printed on a complex reciprocal grounded bianisotropic sub-
strate with a thickness of d = 0.1060 � k0. The corresponding
obtained results are discussed and commented. They provide
new and useful information about the impact of complex

media on the dipole antenna parameters. The calculation
codes, developedusingMatlab�, are validated by comparison
with the published literature.

4.1. Impactof the magnetoelectric elements vxy on the input

Impedance.

Fig. 2 shows the effect of vxy on the input impedance (solid line
for the real part and dashed line for the imaginary part). In
Fig. 2 Real (solid line) and imaginary (dashed line) parts of the inp

resistance, (b) zone of first sign change of input resistance, (c) zone of

resistance.
Fig. 2a, for weak values ofvxy, the input impedance exhibits

a normal behavior similar to the isotropic case.

By increasingvxy, the real part of the input impedance (resis-

tance) starts to take negative values forvxy > 0.85 (Fig. 2b and

c), and resumes its normal behavior forvxy > 4.06 (Fig. 2d).

Hence, three regions are identified according to the effect of

the magnetoelectric element on the input resistance which
behaves alternatively in terms of sign according to vxy (posi-

tive, negative and positive).

The value vxy = 0.85 is a limit value, for which a very high

input resistance 105 O is observed. At vxy = 0.9, the input

resistance changes its behavior and takes a maximum negative
value of 4 � 104 O. Increasing vxy decreases the input resistance
in absolute value, this is illustrated in Fig. 2.b. The imaginary
part keeps its normal behavior for all the considered cases.
According to Fig. 2.c, a decrease in the absolute value of the

input resistance is noticed when vxy goes up from 1.25 to

1.75 followed by an increase and a change of tendency when

vxy varies from 1.75 to 2.5 and 3. This indicates that another

change in sign is expected.
ut impedance for various values ofvxy. (a) zone of positive input

negative input resistance, (d) zone of second sign change of input



Fig. 3 Effect of vxy on (a) Normalized resonance frequency and (b) Q-factor.
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As expected, Fig. 2d shows the sign change, for the second
time, depending onvxy. In this case, vxy = 1.25 � ez,
(ez = 3.25), is the second limit and the starting value of the
third zone.

Fig. 3a and b show the effect of the vxy electromagnetic ele-

ment on the resonant frequency and the Q factor, respectively.
The values of the resonance frequency are deduced from the

input impedance as the zeros of its imaginary part (reactance
curve) [20]. The Q factor can be deduced from the spectrum
of the input resistance as the ratio fr /Df, where the resonant

frequency fr is the frequency at the input resistance maximum
and Df is the �3 dB frequency bandwidth. It shows relatively
high values at the limits between the different zones.

The two permutations of sign in the input impedance are

clearly explained by the change of sign of a single longitudinal
electric field component Ex (Fig. 4a). The gyrotropic medium
behaves like a quasi-isotropic medium only in Zone 1, while

in the other zones, the reciprocal bianisotropic contributes
Fig. 4 Maximum real part of the electromagnetic field at resonanc
by a change of Ex sign and preserving the sign of Hy in Zone
2. In Zone 3, Ex regains its positive sign with an inverse sign of

the component Hy. This confirms that only the longitudinal
component Ex is responsible of the appearance of a negative
input resistance.

4.2. Impact of the magnetoelectric element vxy on the mutual

coupling

The mutual coupling of the printed 2-dipole array shown in

Fig. 1.b is illustrated by Fig. 5. The separation of the dipoles
along the x and y axes is represented by the variables G and
S, respectively.

Mutual impedance calculations are performed between two
printed dipoles in three main configurations: 1) broadside (S
varies and G = 0 mm), 2) collinear (G varies with S = 0)

and 3) echelon configuration (S = 10 mm and G varies). In
these three cases, the dipoles have a length of 150 mm and a
e frequency (a) electric component and (b) magnetic component.



Fig. 5 Broadside configuration of mutual coupling for various values ofvxy. (a) zone of positive input resistance, (b) zone of first sign

change of input resistance, (c) zone of negative input resistance, (d) zone of second sign change of input resistance.
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width of 0.5 mm. The substrate thickness is d = 1.58 mm with
a source frequency of 500 MHz. The effect of the magnetoelec-

tric component vxy on the mutual coupling of the three config-

urations is presented in Figs. 5-7.

Fig. 5 shows the mutual coupling of the broadside configu-
ration. S is varied from 5 to 30 mm with G = 0. In this case,
the mutual coupling decreases with increasing S. However,

there is no significant effect of the magnetoelectric element
vxy compared to the isotropic case [19,20].

Fig. 5 shows the mutual coupling of the collinear orienta-

tions. G is varied from 150 to 450 mm with S = 0 mm. The
effect of the coupling between the two dipoles differs from a
case to another according to the three zones. In Zone 1,

(Fig. 6 a and b), the shape of the coupling curves is identical
to that of the isotropic case with a shift to the left. In this case,
a strong reduction of the coupling at 150 mm for vxy = 0.7–0.9

is observed. In Zone 2, (Fig. 6.c), the coupling has quasi-
periodic oscillation forms, with a coupling reduction of
>66%, obtained at vxy = 1.25 around 170 mm. Thus, a minia-

turization of 55 mm of the system is possible (32%). For vxy
greater than ez, the periodicity of the oscillations decreases

(significant excitation of surface waves), this causes the cou-
pling to take a quasi-smooth form.
Fig. 7 shows the mutual coupling of the dipole array in the
echelon configuration, at S = 10 mm and G varies from 0 to

400 mm. According to Fig. 7.d, and for vxy greater than ez,
similar to the case discussed above (Fig. 6.d), the creation of

surface waves leads to a coupling quasi-stabilization towards
�40 dB.

5. Conclusions

In this paper, we described new intrinsic properties of the
gyrotropic reciprocal bianisotropic medium. This has led to

an abnormal variation of the input impedance of the dipole
as a function of the magnetoelectric element. By increasing
vxy, the impedance increases to very high values, immediately

after a change of sign appears. This is mainly due to the sign
change of the longitudinal electric field component. The
mutual coupling for three different configurations has been

studied. It is found that the surface waves contribute signifi-
cantly to the mutual coupling. This medium can be used in
the design of antenna arrays for coupling enhancement

(66%) or miniaturization (32%) purposes or increasing the
number of dipoles in the system without altering the coupling
level.



Fig. 6 Collinear configuration of mutual coupling for various values ofvxy. (a) zone of positive input resistance, (b) zone of first sign

change of input resistance, (c) zone of negative input resistance, (d) zone of second sign change of input resistance.
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Appendix A. The expressions of the electric and magnetic field

components expressions in the two regions are:

Dielectric region:

E
�
x1 a;b;zð Þ¼ j

xe0j2
s

�ac2eac0
sinh cezð Þ
sinh cedð ÞAeþbltj

2
0

sinh chzð Þ
sinh chdð ÞAh

� �
ð8aÞ

E
�
y1 a; b; zð Þ ¼ j

1

xe0j2
s

�bc2eac0
sinh cezð Þ
sinh cedð ÞAe � altj

2
0

sinh chzð Þ
sinh chdð ÞAh

� � ð8bÞ

E
�
z1 a; b; zð Þ ¼ � c0cecet

xe0ez

sinh cezð Þ
sinh cedð ÞAe ð8cÞ

H
�

x1 a; b; zð Þ ¼ 1

j2
s

betc0cec
sinh cezð Þ
sinh cedð ÞAe � achc

sinh chzð Þ
sinh chdð ÞAh

� �
ð8dÞ



Fig. 7 Echelon configuration of mutual coupling for various ofvxy. (a) zone of positive input resistance, (b) zone of first sign change of

input resistance, (c) zone of negative input resistance, (d) zone of second sign change of input resistance.
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H
�

y1 a; b; zð Þ ¼ �1

j2
s

aetc0cec
sinh cezð Þ
sinh cedð ÞAe þ bchc

sinh chzð Þ
sinh chdð ÞAh

� �
ð8eÞ

H
�

z1 a; b; zð Þ ¼ j
lt

lz

sinh chzð Þ
sinh chdð ÞAh ð8fÞ

Air region:

E
�
x2 a; b; zð Þ ¼ j

1

xe0

e�c0 z�dð Þ

j2
s

�ac0c
2
eaAe þ ltbj

2
0Ah

	 
 ð9aÞ

E
�
y2 a; b; zð Þ ¼ j

�1

xe0

e�c0 z�dð Þ

j2
s

bc0c
2
eaAe þ ltaj

2
0Ah

	 
 ð9bÞ

E
�
z2 a; b; zð Þ ¼ c2ea

xe0
Aee

�c0 z�dð Þ ð9cÞ

H
�

x2 a; b; zð Þ ¼ e�c0 z�dð Þ

j2
s

�bc2eaAe þ ltac0Ah

� � ð9dÞ

H
�

y2 a; b; zð Þ ¼ e�c0 z�dð Þ

j2
s

ac2eaAe þ bltc0Ah

� � ð9eÞ
H
�

z2 a; b; zð Þ ¼ jltAhe
�c0 z�dð Þ ð9fÞ

where.

Ae ¼ aJ
�
x þ bJ

�
y

c2ea þ c0et ce coth cedð Þ � jccð Þ ð10aÞ

Ah ¼ bJ
�
x � aJ

�
y

ch coth cedð Þ � jcc þ c0lt

ð10bÞ

cec ¼ ce coth cedð Þ � jcc ð10cÞ

chc ¼ ch coth chdð Þ � jcc ð10dÞ
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