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Abstract—Few works on symmetric and asymmetric dielectrics have
been published, specifically the case of chiral and bi-isotropic media.
For this reason and taking into account the complexity of the studied
environment, this paper treats the asymmetrical effects on the resonant
frequency and the bandwidth of a rectangular microstrip patch antenna
in a complex bi-anisotropic substrate-superstrate configuration. This
structure is studied theoretically, and the obtained results are discussed
and commented. The numerical analysis used in this paper is mainly
employed in order to obtain original results. The originality of this
work is presented by the bianisotropic chiral asymmetry and the
combined effect of the substrate and the superstrate.

1. INTRODUCTION

Earlier publications were focused on understanding how the super-
strate affected the resonant frequency and subsequent power matching
concerns [1–4]. Other general types of antennas are treated as the
multilayered stacked geometry [5], for several patch forms, such as the
triangular one [4, 5], rectangular type [5] circular patch [6] and circu-
lar annular ring microstrip [7], where the structures with substrate-
superstrate are generally employed to improve the characteristics of
the resonator, especially those of the antenna [2–4, 6–10].
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Several particular cases of such a medium have found practical
applications in recent years (chiral materials, biased ferrites, bi-
axial optical fibers, etc.), and additional applications are likely
to occur as a consequence of the introduction of novel synthetic
electronic materials [11]. Pozar quoted some disadvantages posed
by superstrate, and suggested the most complex mediums, such
as biaxial, bi-anisotropic, or the use of an anisotropic superstrate,
can have more interesting effects [12]. This suggestion was the
subject to use several configurations of the superstrates, and these
configurations were used to improve antenna radiation properties,
such as dielectric slabs [13, 14], electromagnetic band-gap (EBG)
structures [15–20], where Yang et al. [21] were the first who proposed
that the antennas with high profit could be obtained by a radiating
element printed on EBG, the use of highly-reflective surfaces [10],
artificial magnetic [2, 22], effects of self-biased magnetic films on patch
antennas with substrate/superstrate sandwich structure [23–28], and
bi-anisotropic substrate and superstrates [29, 30].

The improvement brought by anisotropy and thickness of the
superstrate is to reduce surface waves resulting in radiation efficiency
of more than 90% [1, 24–28, 31], and radar cross section RCS [32–34].
In [35], the authors found the superstrate loaded on the metallic patch
can be used for frequency tuning, bandwidth enhancement and RCS
reduction.

The idea of using chiral materials as substrates and superstrate
in the design of printed antennas was first introduced in 1988 by
Engheta [36] and the term ‘chirostrip’ was then invented, and in
1989, chiroptical guides were invented (and named) by Engheta and
Pelet in [37]. These discoveries have opened up a whole new field
of theoretical studies on the properties of these guides or resonator-
based chiral: new polarizations, crossing patterns, coupling TE/TM
wave generation ‘slow’ resonant frequency, bandwidth and surface
wave [38]. It was not until 2001 that the resolution of Maxwell’s
equations in these structures has been fully completed [39, 40]. And
over these years, the interaction of electromagnetic fields with chiral
matters has been studied, where the chiral media are used in many
applications involving arrays antennas, radomes antenna, microstrip
substrates and waveguides [41]. Therefore, it is important to predict
the electromagnetic behaviour of a general bi-anisotropic medium.
Aside from the fundamental studies contained in [42–44] and related
publications, the dispersion relation of such media has been studied
in [45], and an application to layered structures has been fully made
in [11, 46].

Chiral media are optically active, a behaviour caused by
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asymmetrical molecular structure that enables a substance to rotate
the plane of incident polarized light, where the amount of rotation
in the plane of polarization is proportional to the thickness of the
traversed medium as well as to the light wavelength [41, 47–50].

The media can be divided basically into reciprocal [51] and
nonreciprocal magneto-electric materials [42, 52, 53]. The most general
linear medium is described by bi-anisotropic constitutive relations [42–
44]. Note that the constitutive tensors can define whether the medium
is reciprocal or not [54], and the effect of this medium in electronic
components parameters can be symmetrical or asymmetrical [55, 56].

It should be pointed out that paper [57] is specifically focused on
chiral media, i.e., those reciprocal bi-isotropic media whose existence
is out of controversy-nonreciprocal bi-isotropic media have neither
been found nor manufactured, and the possibility of their existence
is currently under discussion in the open literature [58, 59]. The
nonreciprocal behaviour of particular classes of such materials has also
been studied [11, 60, 61].

In our previous work [29, 30], we studied the effect of chiral
substrates and superstrates on the resonant frequencies and bandwidth
of microstrip antenna, but in this paper a new effect will be studied,
which is the asymmetrical effect of the chirality of the substrates
and superstrates on the resonant frequency and bandwidth. Original
results are discussed and explained.

2. THEORY

The geometry of superstrate-loaded rectangular microstrip antenna is
illustrated in Figure 1. The patch dimensions are a × b along two
axes ox and oy, respectively, which located on a grounded substrate
(region 1) of thickness d1 having the superstrate (region 2) of thickness
d2 on the top. Above the superstrate is a free space (region 3).

The constitutive tensors ε, µ, ξ, and η of the substrate and
superstrate, in this case, are expressed as:

ε = ε0

[
εt 0 0
0 εt 0
0 0 εz

]
(1)

µ = µ0

[
µt 0 0
0 µt 0
0 0 µz

]
(2)

ξ = η = j

[ 0 ξ 0
−ξ 0 0
0 0 0

]
(3)
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Figure 1. Rectangular microstrip patch antenna in a bi-anisotropic
substrate-superstrate configuration.

2.1. Green’s Tensor Evaluation

Starting from Maxwell’s equations, we can show that the transverse
magnetic (e) and transverse electric (h) counterparts of the tangential
electric and magnetic fields in the Fourier domain for a bi-anisotropic
bounded region having anisotropy tensor of type (3) can be expressed
in compact matrix form as follows [29, 30]:

Ẽs (κs, z)=
[

Ẽe (κs, z)
Ẽh (κs, z)

]
=ejκzzA (κs) + e−jκzzB (κs) (4)

H̃s (κs, z)=
[

H̃e (κs, z)
H̃h (κs, z)

]
=ejκzzg(κs)A(κs)+e−jκzzh(κs)B(κs) (5)

where A (κs) and B (κs) are two-element vectors. Their elements are
to be determined by applying the boundary conditions. κs = |κs| is
the transverse vector wave number and κs = x̂κx + ŷκy.

κz =
√

κ2
0 − κ2

s (6)

κe
z =

√
κ2

0 (εtµt − ξ2)− εt

εz
κ2

s (7)

κh
z =

√
κ2

0 (εtµt − ξ2)− µt

µz
κ2

s (8)

κ0 =
√

ω2ε0 µ0 (9)

κs =
√

κ2
x + κ2

y (10)
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g (κs) = diag
[

ωε0εt
j(−κ0ξ+jκe

z)

j(κ0ξ+jκh
z)

ωµ0µt

]
(11)

h (κs) = diag
[

ωε0εt
j(−κ0ξ−jκe

z)

j(κ0ξ−jκh
z)

ωµ0µt

]
(12)

κe
z and κh

z are respectively the propagation constants for TM and TE
waves in the uniaxial dielectric.

Keeping in mind the boundary conditions for the tangential field
components in the proximity of the conducting patch, for the structure
shown in Figure 1, we are able to derive the relation between the
electric source and the electric field in terms of the spectral Green’s
dyad [30, 62].

G(κs) =
1

jωε




(Ne
i +Ne

c )
(De

i +De
c)

N eκe
z,1 0

0 (Nh
i +Nh

c )
(Dh

i +Dh
c )κ2

0


 sin (κz,1d1) (13)

N e =
κ2

0εt,1µt,1 − κ2
s

εt,1

εz,1

κe2
z,1

(14)

N e
i = κz cos

(
κe

z,2d2

)
+ j

κe
z,2

εt,2
sin

(
κe

z,2d2

)
(15)

N e
c =

κ0ξ2

κe
z,2

(κzεt,2 + jκ0ξ2) sin
(
κe

z,2d2

)
(16)

Nh
i = cos

(
κh

z,2d2

)
+ j

κz

κh
z,2

µt,2 sin
(
κh

z,2d2

)
(17)

Nh
c =−j

κ0ξ2

κh
z,2

sin
(
κh

z,2d2

)
(18)

De
i =

(
κzεt,1 cos

(
κe

z,1d1

)
+ jκe

z,1 sin
(
κe

z,1d1

))
cos

(
κe

z,2d2

)

+j

(
εt,1

εt,2
κe

z,2 cos
(
κe

z,1d1

)
+j

κe
z,1κz

κe
z,2

εt,2 sin
(
κe

z,1d1

)
)

sin
(
κe

z,2d2

)
(19)

De
c =

κ0ξ1

κe
z,1

(κzεt,1 + jκ0ξ1) sin
(
κe

z,1d1

)
cos

(
κe

z,2d2

)

+
εt,1

εt,2

κ0ξ2

κe
z,2

(κzεt,2 + jκ0ξ2) sin
(
κe

z,2d2

)
cos

(
κe

z,1d1

)

+κ0

((
εt,1

εt,2
− ξ1

ξ2

)
κ0ξ1ξ2

κe
z,1κ

e
z,2

(κzεt,2+jκ0ξ2)−jξ2

κe
z,1

κe
z,2

+jξ1
εt,1

εt,2

κe
z,2

κe
z,1

)

sin
(
κe

z,2d2

)
sin

(
κe

z,1d1

)
(20)
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Dh
i =

1
µt,1



(
κh

z,1 cos
(
κh

z,1d1

)
+ jκzµt,1 sin

(
κh

z,1d1

))
cos

(
κh

z,2d2

)

+j

(
µt,2

κzκh
z,1

κh
z,2

cos
(
κh

z,1d1

)
+j

µt,1

µt,2
κh

z,2sin
(
κh

z,1d1

))
sin

(
κh

z,2d2

)

(21)

Dh
c =

κ0

µt,1



j

(ξ2µt,1−ξ1µt,2)(jκ0ξ2−κzµt,2)

κh
z,2µt,2

sin
(
κh

z,1d1

)
sin

(
κh

z,2d2

)

+
κh

z,1

κh
z,2

ξ2 sin
(
κh

z,2d2

)
cos

(
κh

z,1d1

)
+ξ1cos

(
κh

z,2d2

)
sin

(
κh

z,1d1

)

(22)

κz =
√

κ2
0 − κ2

s (23)

The indices i, c, 1 and 2 respectively represent the uniaxial
anisotropic case, chiral case, first layer and second layer.

2.2. Integral Equation Solution

The integral equation describing the electric field on the patch is
expressed by application of the boundary condition [63, 64] as:

∞∫

−∞

∫
dκsF (κs, rs) ·G (κs) · J̃ (κs) = 0 (24)

The integral equation (24) have to be discritized into matrix equation
using the Garlekin procedure of the moment method in Fourier domain,
where the surface currents J on the patch are expanded into a
finite series of basis function Jxn and Jym according to the following
expression:

J (rs) =
N∑

n=1

an

[
Jxn (rs)

0

]
+

M∑

m=1

bm

[
0

Jym (rs)

]
(25)

where, an and bm are the mode expansion coefficients to be sought. We
substitute the vector Fourier transform of (25) into (24). Subsequently,
the resulting equation is tested by the same set of basis functions used
in the expansion of the patch current. Thus, the integral Equation (24)
is brought into the following matrix equation:[

(B1)N×N (B2)N×M
(B3)M×N (B4)M×M

]
·
[

(a)N× 1
(B)M× 1

]
= 0 (26)

where, (B1)N×N , (B2)N×M , (B3)M×N and (B4)M×M are the
elements of the digitalized matrix equation.

2.3. Resonant Frequency and Half Power Bandwidth

Equation (26) has a non trivial solution only in the case where the
condition below is verified.

det (B (ω)) = 0 (27)
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Equation (27) is known as the characteristic equation which has a
complex frequency solution such as f = fr + ifi, where fr is the
resonant frequency and fi the radiation loss in the case of radiating
antenna. The quality factor and half power bandwidth are defined in
[65, 66] as:

Q =
fr

2fi
(28)

BW =
1
Q

(29)

3. RESULTS

3.1. Combined Effect of the Substrate and Superstrate
Chirality (Thin Layer Case)

In the monolayer case [29], the asymmetry effect is more visible when
the substrate permittivity εr = 7 than in the second case εr = 2.35. It
is also more apparent on the bandwidth than on the resonant frequency.
The increase of layer thickness leads to an increase of the asymmetry
effect of the chiral [29].

Figures 2(a)–2(d) and 3(a)–3(d) show the combined effect of
the two chiral substrates. Knowing that the substrate thickness
d1 = 1 mm, in the configuration (substrate/superstrate) case, the
asymmetry effect of the substrate is negligible either on the resonant
frequency or on the bandwidth, which agrees with the last one [29] and
in [30].

Concerning the asymmetry effect, an increase or decrease of the
resonant frequency, for a positive magnetoelectric element or negative,
is not the same as compared to the isotropic case. The chiral
superstrate becomes more important with the increasing of these two
factors: the thickness and permittivity (i.e., the asymmetry reaches
1% up to 33% for respectively εr = 1.5% to εr = 10 on the resonant
frequency, and on the bandwidth, the asymmetry effect can reach 700%
for εr = 10).

In the case of the resonant frequency, the asymmetry of the
chiral superstrate is important (the effect of the substrate chirality is
always negligible due to the weak thickness of this layer), which occurs
according to the thickness layers ratio d2/d1. For a positive magneto-
electric case, there is a monotone increase of the bandwidth. Instead,
in the negative magneto-electric case, three zones are observed, the
first one located in 0 < d2/d1 < 0.5, where the bandwidth undergoes
an increase reaching 100% for all cases. In the second region 0.5 <
d2/d1 < 1, the bandwidth undertakes a decrease with the same slope.
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Figure 2. Normalized resonant frequency of a rectangular microstrip
patch antenna in a bi-anisotropic substrate-superstrate configuration
vs. superstrate thickness; a = 6 cm, b = 5 cm, d1 = 0.1 cm, εt,1 =
εz,1 = 2.35, εz,2 = 1.5, 2.35, 4, 10.

In the last region d2/d1 > 1, a monotone increase of the bandwidth is
visible.

From the previous section, it is preferable to have the substrate
layer thick enough for better observing the combined effect of the both
media. Indeed we took d1 = 5 mm. The dimensions of the studied
structure and ratio d2/d1 are preserved such as in the previous cases,
and the normalization is compared to the monolayer case (d2 = 0).

3.2. Combined Effect of the Substrate and Superstrate
Chirality (Thick Layer Case)

3.2.1. Real Resonant Frequency

Figures 4(a)–4(d) present the associated effect of the two magneto-
electric components of the various layers (substrate and superstrate).
The behaviour of the real resonant frequency takes the shape studied
previously.
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Figure 3. Normalized bandwidth of a rectangular microstrip patch
antenna in a bi-anisotropic substrate-superstrate configuration vs.
superstrate thickness; a = 6 cm, b = 5 cm, d1 = 0.1 cm, εt,1 = εz,1 =
2.35, εz,2 = 1.5, 2.35, 4, 10.

Even with d1 = 5 mm, the asymmetry effect of the chiral is not
visible, but the combination between the chirality of the substrate
and superstrate is asymmetric. By increasing the thickness of the
superstrate and its permittivity εr, the substrate chirality effect with
a negative magnetoelectric element of the superstrate becomes weaker,
whereas for a positive chirality of the superstrate, the chirality effect
of the substrate is important. The asymmetry effect of the superstrate
chirality on the resonant frequency is also remarkable in this case as
in the first one.

3.2.2. Bandwidth

Figures 5(a)–5(d) show that the chirality effect of the substrate on
the bandwidth is symmetric in this case, but the combined effect (ξ1
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Figure 4. Combined effect of substrate and superstrate on the
normalized resonant frequency vs. superstrate thickness; a = 6 cm,
b = 5 cm, d1 = 0.5 cm, εt,1 = εz,1 = 2.35, εz,2 = 1.5, 2.35, 4, 10.

and ξ2) is asymmetry on the bandwidth, and it is more apparent
for low permittivity εr, important ratio d2/d1 and for a positive
magnetoelectric element of the superstrate (ξ2 = +1, Figures 5(a)–
5(b)).

The asymmetry effect of the superstrate chirality on the
bandwidth becomes important when increasing both the permittivity
εr and the thickness of this layer, with a negative magnetoelectric
element of the superstrate (ξ2 = −1, Figure 5(d)), whereas in the case
of a positive magnetoelectric element of the superstrate, the chirality
of the substrate is negligible.

3.3. Interpretation of the asymmetry effect

The symmetry and asymmetry of the bi-isotropic chiral media,
having a scalars constitutive parameters, have been reported by some
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Figure 5. Combined effect of substrate and superstrate on the
normalized bandwidth vs. superstrate thickness; a = 6 cm, b = 5 cm,
d1 = 0.5 cm, εt,1 = εz,1 = 2.35, εz,2 = 1.5, 2.35, 4, 10.

authors [55, 56]. In [55], the authors found that the chiral substrate
produces additional longitudinal asymmetric and transverse symmetric
field components, only in the case of isotropic study.

This effect could significantly change the properties of microwave
devices built on a chiral substrate, and with respect to the asymmetry
in this case, it is necessary to evaluate the asymptotic form of the Green
tensor. This form is obtained analytically just below, when d1 → 0,
and d2 maintained constant to show the asymmetry effect of this chiral
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layer, according to the Green tensor given in (13) as the following:

G (κs) → d1

jωε


(κ2
0εt,1−κ2

s)
(

κz cos(κe
z,2d2)+

(
j

κe
z,2

εt,2
+

κ0ξ2
κe

z,2
(κzεt,2+jκ0ξ2)

)
sin(κe

z,2d2)
)

(
κzεt,1cos(κe

z,2d2)+j

(
κe

z,2 sin(κe
z,2d2)−j

εt,1
εt,2

κ0ξ2
κe

z,2
(κzεt,2+jκ0ξ2)

)
sin(κe

z,2d2)
) 0

0 κ2
0




(30)

It can be noticed form the previous expression that the chirality
anomaly is observed as:

Ge (κs) → f

(
κ0

κe
z,2

(
κzεt,2ξ2 + jκ0ξ

2
2

)
sin

(
κe

z,2d2

)
)

(31)

The term
(
εt,2ξ2 sin

(
κe

z,2d2

))
is significant for important value of εt,2.

This last result can explain some previous results in this paper.
This anomaly can be explained also by the fact that the fields

are divided into the symmetric and asymmetric field components. The
symmetric field components were only slightly affected by the chirality
of the media, but the asymmetric field components were affected
entirely due to the chirality of the media.

This can be clearly noticed by rewriting the equations, TE and
TM immitance in symmetric and asymmetric forms:

g (κs) = diag



j

ωε0εtκ0ξ(
κ2

0ξ
2+κe2

z

)
︸ ︷︷ ︸
asymmetric part

+ jκe
z

ωε0εt(
κ2

0ξ
2+κe2

z

)
︸ ︷︷ ︸

symmetric part

j
(
κ0ξ+jκh

z

)

ωµ0µt︸ ︷︷ ︸
asymmetric part


 (32)

h (κs) = diag



j

ωε0εtκ0ξ(
κ2

0ξ
2+κe2

z

)
︸ ︷︷ ︸
asymmetric part

− jκe
z

ωε0εt(
κ2

0ξ
2+κe2

z

)
︸ ︷︷ ︸

symmetric part

j
(
κ0ξ−jκh

z

)

ωµ0µt︸ ︷︷ ︸
asymmetric part


 (33)

The asymmetric part occurs in the TE and TM immitance
Equations (32) and (33) according to the sign of the magnetoelectric
element ξ. And contrary to the case studied in [55], according to the
noted preceding remarks, and taking account the Equation (3), which
shows a gyrotropic form of the bi-anisotropic media, this non-diagonal
shape of the magnetoelectric element produces an asymmetry in the
longitudinal component and the component transverses.

In addition, according to our observations, it was found that
the layer thickness has an effect on the Chiral asymmetry, where the
variation of the layer leads to a variation of the transverses components.
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4. CONCLUSION

The numerical results for resonant frequency and bandwidth were
presented for different values of constitutive parameters. The
asymmetric effect of thin chiral substrate is negligible in the first case
(monolayer microstrip antenna), but the effect of the superstrate is
always important.

Also another interesting and original result was obtained, which
is not discussed in the literature, and it is the relationship between
the permittivity (exactly εt,2) and the chiral constitutive parameter,
as given previously. It has been noticed that by increasing the
permittivity, the asymmetrical effect of the chiral becomes high, and
for complex values of the magneto-electric parameters ξ, η (in this
case a non-diagonal matrix) has shown that the transverse component
occurs in the chiral asymmetry, which is not the case for bi-isotropic
case study where ξ, η have a scalar form. In addition to what is given
in the literature, it was found that the layer plays an important role
in the chiral asymmetry.

In conclusion, we must bear in mind that the bi-anisotropy and
specially the asymmetry of the substrates should always be kept into
account in the design of the microstrip resonators. Furthermore, to
improve the resonator parameters, the chiral is probably the most
convenient for this task, since this artificial medium can be modelled
as requested.
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