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Effects of bi-isotropic coatings and
bi-isotropic background media upon gain
characteristics of an axially slotted cylinder

z. a. awan

An analysis about the effects of various bi-isotropic (BI) coatings and BI background media upon the gain characteristics of an
axially slotted cylinder using numerical simulations is presented. It is investigated that chirality and Tellegen parameters of a
coating and a background medium play a significant role in modifying the gain properties. It is further studied that an axially
slotted cylinder when coated with a strong BI material and embedded in a free space background significantly enhances the
gain in the forward direction. On the other hand, a strong Tellegen coating guides most of the radiated field from an axial slot
toward rear side of the cylinder.
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I . I N T R O D U C T I O N

Several investigations have been carried by many authors on
bi-isotropic (BI) media due to their important technical appli-
cations in the microwave and optical regimes [1–19]. The pro-
blems of wave propagation in an unbounded, half-space and
multilayered BI media have been considered in [1–4]. It is
studied that a BI medium affects the polarization and phase
of a propagating wave inside it. The phenomenon of a negative
refraction for a circularly polarized wave incident on a BI half-
space has been recently studied by Monzon and Forester [5].
The scattering of electromagnetic waves from different types
of BI scatterers [6–9] and BI-coated targets [10–13] have
been analyzed by several authors. A general description
about the radiation and scattering in a BI medium is given
by Monzon [14]. He has used field decomposition method
in the presence of sources to simplify derivations of dyadic
Green’s functions. The influences of chirality and non-
reciprocity on propagation features of different types of BI
filled waveguides have been investigated in [15–19]. These
waveguides have interesting potential applications in the
field of microwave and optical engineering. A Tellegen
medium is taken to be a subclass of a BI medium. It was
first suggested by Tellegen [20] how to generate macroscopic
magneto-electric effect. He introduced a new passive circuit
element, which he called gyrator. He also suggested a consti-
tutive relation to explain the magneto-electric effect in these
materials. Since then, Tellegen media have gained the atten-
tion of many scientists, see for example, [21–34]. It is

important to note that a Tellegen medium is characterized
by a spontaneous non-reciprocal magnetoelectric coupling
and the most well-known naturally occurring example of
such material is chromium oxide Cr2O3 [29, 30]. It is sug-
gested by Mong et al. [31] that antiferromagnetic topological
insulators also have spontaneous magnetoelectric effect
similar to Cr2O3. Recently, some interesting applications of
Tellegen media with spontaneous magnetoelectric coupling
have been studied by Prudêncio et al. [32–34].

The radiation and gain properties of an axially slotted cy-
linder become more controllable if it is coated with some ma-
terial and have been investigated by many authors [35–52].
Hurd [35] investigated the radiation properties of a dielectric-
coated axially slotted cylinder and also made comparisons
with experimental results. Wait and Mienteka analyzed the
fields produced by an arbitrary slot on a circular cylinder
with dielectric and permeable coatings [36]. They studied
that a thin permeable coating has significant effects upon
the radiation pattern as compared with a thin dielectric
coating. Shafai [37] has studied the radiation properties of
an axial slot coated with a homogenous material. The external
admittance of a dielectric-coated axially slotted cylinder has
been investigated by Knop [38]. The radiation and gain prop-
erties of a dielectric-coated cylinder with two slots have been
studied by Mushref [39, 40].

The effects of different types of plasma coatings upon the
radiation characteristics of an axially slotted cylinder have
been investigated by some authors [41–43]. Marchin and
Tyras [43] have studied that the reversal of the orientation
of the magnetostatic field causes a shift of the pattern to a
mirror image position. The effects of inhomogeneous coatings
upon the radiation properties of an axial slot have been
studied in [44, 45]. It is shown that the radiation can be
made to spread out toward rear side of the cylinder by
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making the inhomogeneous coating more thick. An elliptic
slotted cylinder with dielectric and metamaterial coatings
and their radiation properties are investigated by some
authors [46–48]. It is studied by Hamid in [46] that a metama-
terial coating can be used to enhance the gain in the forward
direction (FD) as compared with a dielectric coating. The
effects of background metamaterial upon the gain pattern of
a dielectric-coated axially slotted cylinder have been studied
by Awan [49]. Recently, the effects of two different coating
layers upon the gain properties of an axially slotted cylinder
are investigated by Awan in [50].

The radiation characteristics of longitudinal and circum-
ferential slots engraved on a circular perfectly conducting cy-
linder with chiral coating and free space background have
been studied by Mahmoud [51]. Awan [52] has studied the
effects of chiral nihility coating, various chiral coatings and
chiral background media upon the gain pattern of a chiral-
coated axially slotted cylinder. According to the author, no
one has considered the effects of BI coatings and BI back-
ground media upon the gain of an axially slotted cylinder.
Also the effects of various Tellegen coatings and Tellegen
background media upon the gain of an axially slotted cylinder
have not been explored previously. These effects are investi-
gated in the current paper.

In this paper, an infinite axial slot is considered for a per-
fectly conducting hollow cylinder which is coated with a BI
layer. This BI-coated axially slotted cylinder is embedded in
another BI background medium. The effects of different BI
coatings and BI background media upon the gain pattern of
an axially slotted cylinder have been studied. Also the effects
of Tellegen background media and coatings upon the gain
pattern have been investigated. This work may be considered
as an extension of the previous work of chiral media [52], in
order to investigate the general BI media by incorporating
the effect of non-reciprocity. It is studied that an axially
slotted cylinder coated with a strong BI material and embed-
ded in a free space background can significantly enhance the
gain in the FD. Also it reduces the gain in the backward dir-
ection (BD). It is an important result and has application in
designing of a new kind of antenna with maximum gain in
the FD.

I I . P R O B L E M F O R M U L A T I O N

It is known that an isotropic and homogeneous BI medium
with the relative permittivity er, relative permeability mr, chir-
ality parameter kr, and Tellegen parameter xr has the follow-
ing constitutive relations [1]:

D = eoerE + (xr − jkr)
����������
eomoermr

√
H, (1)

B = momrH + (xr + jkr)
����������
eomoermr

√
E, (2)

where eo and mo represent the permittivity and permeability of
the free space, respectively. The assumed time convention is
ejvt and has been suppressed throughout. In the current
study, all parameters er, mr, kr, and xr of considered BI
media are taken to be real valued, which ensures a lossless
condition.

In a BI medium, the chiral parameter kr affects the polar-
ization of propagating electric field, whereas the Tellegen par-
ameter affects its phase. Due to inherent birefringence nature
of the BI medium, there exists two types of waves in the
medium. These waves are taken to be a right circularly polar-
ized (RCP) wave and a left circularly polarized (LCP) wave.
Also they propagate in a BI medium with different phase vel-
ocities which shows that such a BI medium has two different
bulk wave numbers, i.e., kr and kl. These wave numbers can be
expressed in mathematical form as,

kr = konr, kl = konl, (3)

nr =
�����
ermr

√ ��������
1 − x2

r

√
+ kr

( )
,

nl =
�����
ermr

√ ��������
1 − x2

r

√
− kr

( )
,

(4)

where ko is a free space wave number, and nr, nl are the refract-
ive indices. The wave impedances associated with RCP and
LCP waves are taken to hr and hl, respectively. They are
defined as below:

hr = ho

���
mr

er

√ ��������
1 − x2

r

√
− jxr

( )
,

hl = ho

���
mr

er

√ ��������
1 − x2

r

√
+ jxr

( )
,

(5)

where the factor ho represents the intrinsic impedance of the
free space. A BI medium becomes a Tellegen medium pro-
vided that if a chirality parameter kr ¼ 0 and a Tellegen par-
ameter is non-zero, i.e., xr = 0. In this case, wave numbers
associated with RCP and LCP waves become same, whereas
corresponding wave impedances are different. That is why, a
Tellegen medium is bi-impedant. On the other hand, for a re-
ciprocal chiral medium where xr ¼ 0 and kr = 0, we have dif-
ferent wave numbers associated with RCP and LCP waves,
whereas both waves have same wave impedances. Due to
this property, a chiral medium is bi-refringent. It should be
noticed that for a BI medium, the two refractive indices, i.e.,
nr, nl are positive provided that if the following condition
on chirality and Tellegen parameters of the medium is satis-
fied [1], i.e.,

x2
r + k2

r , 1. (6)

If the condition given in equation (6) is not satisfied, then the
nature of the BI medium radically changed and is discussed in
Section III.

An infinite length hollow cylinder of perfectly conducting
material with an axial slot of angular width fo is considered.
The radius of this cylinder is taken to be a. The axis of the cy-
linder coincides with the z-axis of the coordinates system and
this axial slot is parallel to the cylinder axis. This axially slotted
cylinder is coated with a BI material. The radius of outer BI
coating is taken to be b. This coating occupies a region II
and lies in the range a ≤ r ≤ b, which is characterized by
parameters er2, mr2, kr2, and xr2. This BI-coated axially
slotted cylinder is placed in another BI background which
lies in the range r . b and occupies a region I. This
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background BI medium has parameters of er1, mr1, kr1, and
xr1. This geometry is shown in Fig. 1.

An axial slot is assumed to be narrow which maintains a
constant electric field distribution Eo across it for |f| ≤ fo/2.
This type of constant field distribution gives rise to only cir-
cumferential currents with no axial currents. This ensures
that the f-component of an electric field and z-component
of a magnetic field are non-zero, i.e., Ef = 0 and Hz = 0.
This type of excitation can be taken as a transverse electric
(TE) type. Thus, the electric field distribution of an axial slot
can be expressed in terms of a complex Fourier series using
[42, 44] as,

E = f̂Ef = f̂
Eo

p

∑n=+1

n=−1

sin(nfo/2)
n

ejnf

[ ]
. (7)

It is clear that an axial slot excites only TE wave but due to po-
larization rotation of a BI medium, the electric and magnetic
fields in the background BI medium have both transverse elec-
tric (TE) and transverse magnetic (TM) components.
Therefore, the electric and magnetic fields in the background
BI medium can be written as using [13, 52],

EI
z = Eo

∑n=+1

n=−1

A+
n H(2)

n (k1rr) − B+
n H(2)

n (k1lr)
[ ]

ejnf, (8)

EI
f = −Eo

∑n=+1

n=−1

A+
n H(2) ′

n (k1rr) + B+
n H(2) ′

n (k1lr)
[ ]

ejnf, (9)

HI
z = jEo

∑n=+1

n=−1

A+
n

h1r
H(2)

n (k1rr) +
B+

n

h1l
H(2)

n (k1lr)
[ ]

ejnf, (10)

HI
f = −jEo

∑n=+1

n=−1

A+
n

h1r
H(2) ′

n (k1rr) −
B+

n

h1l
H(2) ′

n (k1lr)
[ ]

ejnf,

(11)

where k1r and k1l represent the wave numbers associated with

RCP and LCP waves in the background BI medium. Likewise,
h1r and h1l show the respective impedances. The function
H(2)

n (·) is the nth order Hankel function of the second kind
and prime ′ shows the derivative with respect to the argument.
The superscript+indicate if the wave propagates along the +r

or 2r direction. If the wave is propagating along +r direction
then we take it as an outward propagating wave, whereas if the
wave is propagating along 2r direction then it is taken to be
an inward propagating wave. As the background medium is
unbounded therefore there exit no reflections at all and both
RCP and LCP waves are taken to be outward propagating
waves. The unknown coefficient A+

n is associated with an
outward propagating RCP wave and unknown coefficient
B+

n is related to an outward propagating LCP wave in the
background region I. As there exist no reflected waves, so
no unknown coefficients with superscript (2) appear in equa-
tions (8)–(11). Also these unknown coefficients A+

n and B+
n are

needed to be determined.
Likewise, the electric and magnetic fields in the BI coating

which is taken to be a region II can be written in the following
forms as,

EII
z = Eo

∑n=+1

n=−1

C+
n Jn(k2rr) − D+

n Jn(k2lr) + D−
n Yn(k2rr)

[
− C−

n Yn(k2lr)
]
ejnf, (12)

EII
f = −Eo
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n=−1

C+
n J

′

n(k2rr) + D+
n J

′

n(k2lr) + D−
n Y

′
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[

+C−
n Y

′

n(k2lr)
]
ejnf, (13)

HII
z = jEo
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C+
n

h2r
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D+
n
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D−
n

h2r
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[

+ C−
n
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]
ejnf, (14)

HII
f = −jEo
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C+
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h2r
J
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n(k2rr) −
D+

n

h2l
J
′

n(k2lr) +
D−
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h2r
Y

′

n(k2rr)
[

− C−
n

h2l
Y

′

n(k2lr)
]

ejnf, (15)

where k2r and h2r represent the wave number and wave im-
pedance associated with an RCP wave. On the other hand,
k2l and h2l show the wave number and wave impedance asso-
ciated with an LCP wave. Also Jn(·) and Yn(·) are nth order
Bessel’s functions of first and second kinds, respectively. It is
noticed that an outward propagating RCP wave in region II
when reflected from a region II–region I interface it
becomes an inward propagating LCP wave and vice versa.
Therefore, an outward propagating RCP electric wave in
region II, i.e., EoC+

n Jn(k2rr) when strike a region II–region I
interface, it becomes a reflected inward propagating LCP elec-
tric wave, i.e., EoC−

n Yn(k2lr). Similar description holds true for
unknowns D+

n , D−
n . The unknown coefficients A+

n , B+
n , C+

n ,
D+

n , C−
n , and D−

n can be determined by using the tangential

Fig. 1. The geometry of an axially slotted cylinder coated with a BI medium
and embedded in another BI background.
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boundary conditions at r ¼ a and r ¼ b. Once these
unknown coefficients are known then the electric and magnet-
ic fields in each region can be found using equations (8)–(11)
and equations (12)–(15). Using the theory outlined in [46, 47,
50, 52], the overall gain G(f) of an axially slotted cylinder
coated with a BI material and embedded in another BI back-
ground medium can be written as,

G(f) = GR(f) + GL(f), (16)

GR(f) =
∑n=+1

n=−1 |A+
n jnejnf|2∑n=+1

n=−1 |A+
n |2

, (17)

GL(f) =
∑n=+1

n=−1 |B+
n jnejnf|2∑n=+1

n=−1 |B+
n |2

. (18)

The gain GR(f) is associated with an RCP wave, whereas the
gain GL(f) is associated with an LCP wave in the background
BI medium.

I I I . N U M E R I C A L R E S U L T S A N D
D I S C U S S I O N S

In this section, the effects of various coatings and background
media upon the gain characteristics of an axially slotted cylin-
der have been shown and discussed. The considered types of
coatings and background media are taken to be BI and
Tellegen. The gain is computed using equations (16)–(18)
provided that the unknown coefficients A+

n and B+
n are

known. The radius of inner perfectly conducting cylinder is
taken to a ¼ 0.5 m, whereas an outer radius of the coating is
assumed to be b ¼ 1 m for an operating frequency of
0.3 GHz. The width of an axial slot fo is fixed at p/100 rad.
This assumption ensures a thin slot. The value of Eo is taken
to be unity. After several computations, it is known that the
summation over n encountered in equations (17) and (18)
can be truncated for n ¼+30, which ensures the rapid con-
vergence. For the present study, all BI and Tellegen media
are taken to be lossless except the last Fig. 15, where BI
media are taken to be lossy. Also a dielectric coating has
er2 ¼ 2 and mr2 ¼ 1 for all the numerical results to come. It
can be shown that the presented results are consistent with
[36, 37, 44, 45] for a dielectric-coated axially slotted cylinder
and with [51, 52] for a chiral-coated axially slotted cylinder.
It should be noted that for a dielectric-coated axially slotted
cylinder, an axial slot is centered at f = 08 therefore it is
expected that the maximum radiation lies in this direction
and is taken to be the FD. The radiated field from a slot
travels around the periphery of the cylinder in both directions
and is guided through coating toward rear side of the cylinder.
Some of the radiated field from an axial slot penetrates into the
background medium through a coating–background inter-
face. It is noticeable that the field strength toward rear side
of the cylinder is smaller than the field strength in the FD.
A rear side of the cylinder is characterized by an angle
f = 1808. That is why, these two directions, i.e., forward
and backward are emphasized for the coming analysis.

Figure 2 deals with the effects of different types of coatings,
i.e., dielectric, chiral, Tellegen and BI upon the gain properties
of an axially slotted cylinder embedded in a free space back-
ground. In this case, the relative permittivity and the relative
permeability of all coatings are taken to be er2 ¼ 2 and
mr2 ¼ 1, respectively. Likewise, we have kr2 ¼ 0.95 for a
chiral coating, xr2 ¼ 0.95 for a Tellegen coating and kr2 ¼

xr2 ¼ 0.95 for a BI coating. It is clear from Fig. 2 that in the
FD, i.e., f ¼ 08, the gain of dielectric and Tellegen coatings
is nearly same. On the other hand, a chiral coating enhances
the gain in the FD as compared with a dielectric coating.
The dominant enhancement in the FD gain is observed for
a BI coating. In the BD, i.e., f = 1808, a chiral coating
reduces the gain, whereas a Tellegen coating significantly
enhances the gain as compared with a dielectric coating. A
BI coating has the lowest gain in the BD as compared to
other coatings. From this analysis, it can be concluded that
an optimum coating can be taken as a BI coating. This is
because it has the highest gain in the FD and the lowest
gain in the BD. It is interesting to note that for the considered
chiral and Tellegen coatings, the condition given by equation
(6) is satisfied and both refractive indices are positive. But in
case of BI coating with xr2 ¼ kr2 ¼ 0.95, the condition given
by equation (6) is not satisfied. In this case, a refractive
index associated with an RCP wave is positive, whereas a re-
fractive index associated with an LCP wave become negative.
Thus, an equivalent bulk wave number associated with an LCP
wave also become negative. This shows that an LCP wave is
converted into a backward wave, which is a known accepted
concept. It is clear from Hamid [46] that if an axial slot is
covered with a double negative or backward wave metamater-
ial coating then it enhances the gain in the FD as a compared
with a conventional dielectric coating. Thus for a considered
BI coating, the backward wave inside a coating and the sur-
rounding free space background acts as an equivalent LC res-
onator for the radiated field from the slot which is centered at
f = 08. In this way, a resonance phenomenon is associated
with this equivalent LC resonator having a maximum value
at f ¼ 08. This allows negligible radiated field to be guided
toward rear side of the cylinder through the coating region.

Fig. 2. Effects of different types of coatings upon the gain pattern of an axially
slotted cylinder with the free space background. The relative permittivity and
relative permeability of all coatings are taken to be er2 ¼ 2 and mr2 ¼ 1. For a
chiral coating, kr2 ¼ 0.95, for a Tellegen coating, xr2 ¼ 0.95 and for a BI
coating, kr2 ¼ 0.95, xr2 ¼ 0.95.
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Therefore, the radiated field in the BD reduces significantly.
The gains associated with different coatings in the FD and
the BD are tabulated in Table 1.

Figure 3 deals with the gain properties of a dielectric-coated
axially slotted cylinder embedded in various Tellegen back-
ground media and their comparisons with a free space back-
ground. In this case, we have er1 ¼ er2 ¼ 2, mr1 ¼ mr2 ¼ 1,
and xr1 is taken to be variable. It is observed from Fig. 3
that for a relatively smaller value of xr1 ¼ 0.33, the gain prop-
erties of a Tellegen background is almost same as that of a free
space background for angles in the range 08 , f ≤ 618. These
gain characteristics are different for angles f . 618. As the
value of xr1 increases to 0.66 and 0.99, the gain pattern
becomes more fluctuating with the highest value of
9.2034 dB in the FD for xr1 ¼ 0.99.

The effects of various Tellegen coatings upon the gain
pattern of an axially slotted cylinder embedded in the free
space background are shown in Fig. 4. In this case, we have
taken er2 ¼ 2, mr2 ¼ 1 and xr2 as a variable quantity. It is
observed that for xr2 ¼ 0.33, 0.66, the gain patterns are
almost same as that of a dielectric coating for angles
08 , f ≤ 808. These gain patterns of Tellegen coatings
begin to differ from that of a dielectric coating for angles
f . 808. On the other hand, when a Tellegen coating
becomes a strong Tellegen medium, i.e., xr2 ¼ 0.99 then the
gain pattern is not fluctuating. In this case, the gain in the
BD becomes large as compared to the gain in the FD. Thus,
it can be concluded that a strong Tellegen coating guides
most of the radiated field from an axial slot centered at f =
08 toward rear side of the cylinder.

Figure 5 shows the effects of background Tellegen param-
eter xr1 upon the gains in the FD and BD of a dielectric-coated
axially slotted cylinder. In this case, the assumed parameters
are taken to be er2 ¼ er1 ¼ 2, mr2 ¼ mr1 ¼ 1, xr2 ¼ 0, and
variable xr1. It is obvious from Fig. 5 that as the value of xr1

increases from 0.01 to 0.765, the gain in the FD decreases,
whereas the gain in the BD increases gradually. It is also
observed that for a strong Tellegen background where xr1 is
close to unity, the gain in the FD is large as compared with
the gain in the BD.

The gains of an axially slotted cylinder in the FD and the
BD as a function of Tellegen parameter of coating have been
shown in Fig. 6. It is assumed that a Tellegen-coated slotted
cylinder is embedded in the free space background. It is
clear from Fig. 6 that gains in the FD and BD are fluctuating.
The overall gain in the FD is greater than the gain in the BD
for 0.01 ≤ xr2 , 0.8915. For a strong Tellegen coating, i.e.,
xr2 ¼ 0.99, we have gain in the FD as 5.2017 dB and gain in
the BD as 6.4980 dB.

Table 1. Comparative study of the gains in the FD and BD of an axially
slotted cylinder coated with different coatings and embedded in the free

space background.

Types of coatings G(f = 088888) (dB) G(f = 18088888) (dB)

Dielectric coating 5.9413 20.9612
Chiral coating 6.6806 22.7047
Tellegen coating 5.6078 5.4195
BI coating 10.5621 27.1280

The core radius is a ¼ 0.5 m, whereas the coating layer has a radius of
b ¼ 1 m.

Fig. 3. Influences of Tellegen parameter of background media upon the gain
pattern of a dielectric-coated axially slotted cylinder. The electromagnetic
parameters of a dielectric coating is taken to be er2 ¼ 2 and mr2 ¼ 1. The
parameters of the background Tellegen media are er1 ¼ 2, mr1 ¼ 1 and xr1 is
taken to be variable.

Fig. 4. Effects of Tellegen parameter of a Tellegen coating upon the gain and its
comparison with a dielectric coating. The background medium is taken to be free
space. For a Tellegen coating, we have assumed er2¼ 2,mr2¼ 1, andxr2 as variable.

Fig. 5. Effects of Tellegen parameter of the background medium upon the
gains in the FD, i.e., f = 08 and in the BD, i.e., f = 1808 of a
dielectric-coated axially slotted cylinder. The dielectric coating has
parameters of er2 ¼ 2, mr2 ¼ 1. The background Tellegen medium has er1 ¼

2, mr1 ¼ 1 and variable xr1.

effects of bi coatings and bi background media of an axially slotted cylinder 1097

https://doi.org/10.1017/S1759078716001100 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078716001100


Figures 7 and 8 deal with the effects of different BI back-
ground media and BI coatings upon the gain pattern. The
influences of various BI background media upon the gain of
a dielectric-coated axially slotted cylinder have been shown
in Fig. 7. The gain patterns of the free space background
and a BI background with kr1 ¼ xr1 ¼ 0.33 are almost same.
As the values of kr1 and xr1 increase to a value of 0.66 then
the gain pattern becomes different from that of the free
space background and dominant difference exists for
f . 1008. For a strong BI background, i.e., kr1 ¼ xr1 ¼ 0.99,
the variations in the gain pattern are obvious. Also it is
further observed that for a strong BI background, the gain
in the BD significantly greater than the gain in the FD.
Contrary to this, if an axially slotted cylinder is coated with
a strong BI coating and embedded in a free space background
then a significant enhancement in the FD gain and a signifi-
cant reduction in the BD gain is observed as compared with
a dielectric coating, which is shown in Fig. 8. This is expected
and explained previously because for a strong BI coating

having kr1 ¼ xr1 ¼ 0.99, one of the eigenwave inside the BI
coating becomes a backward wave. In order to highlight the
gains in the FD and BD for a dielectric and the considered
BI coatings, Table 2 is constructed.

The influences of chirality and Tellegen parameters of the
background BI media upon the gains in the FD and BD are
shown in Figs 9 and 10. The coating is taken to be a dielectric
type. It is obvious form Fig. 9 that the maximum value of the
FD gain, i.e., 9.7196 dB is observed at xr1 ¼ 0.985, whereas the
minimum value of the BD gain of 21.506 dB occurs at xr1 ¼

0.554 for the fixed value of a chirality kr1 ¼ 0.5. In this case,
there exist two noticeable ranges of Tellegen parameters xr1.
The first range is 0.2476 , xr1 , 0.3393 where the FD gain
is smaller than the gain in the BD. In the second range, i.e.,
0.9161 , xr1 , 0.9716, we have fluctuating values of the
gains in the FD and BD. In practical designs where it is
required to have greater gain in the FD as compared with
the gain in the BD, these above two ranges of Tellegen para-
meters can be excluded. Likewise, if we have a fixed value of
xr1 ¼ 0.5 and variable values of the chirality of the back-
ground BI medium, then we can exclude these ranges of kr1,
i.e., 0.400 , kr1 , 0.4328 and 0.9768 , kr1 , 0.99. For
these ranges of kr1, we have smaller gain in the FD as com-
pared with the gain in the BD. This is shown in Fig. 10. In
this case, the maximum value of the FD gain, i.e., 8.8223 is
observed for a chirality of 0.94 and the minimum value of
the BD gain, i.e., 22.2 occurs at kr1 ¼ 0.01.

Fig. 6. Effects of Tellegen parameter of the Tellegen coating upon the gains in
the FD and BD. The Tellegen coating has parameters of er2 ¼ 2, mr2 ¼ 1,
whereas its Tellegen parameter xr2 is variable. The background is taken to
be a free space.

Fig. 7. Effects of different BI background media upon the gain pattern of a
dielectric-coated axially slotted cylinder embedded in BI background. The
background BI media have er1 ¼ 2, mr1 ¼ 1 with variable values of kr1 and xr1.

Fig. 8. Effects of different BI coatings upon the gain of an axially slotted
cylinder and its comparison with a dielectric-coated axially slotted cylinder.
For all these cases, the background is taken to be free space. The parameters
of BI coatings are er2 ¼ 2, mr2 ¼ 1, whereas kr2, xr2 are taken to be variable.

Table 2. Gains in the FD and BD of a coated axially slotted cylinder em-
bedded in the free space background having dielectric and different BI

coatings.

Coating layers G(f = 088888) (dB) G(f = 18088888) (dB)

Dielectric 5.9413 20.9612
BI (kr2 = xr2 = 0.33) 5.7133 23.3930
BI (kr2 = xr2 = 0.66) 6.0319 29.9572
BI (kr2 = xr2 = 0.99) 10.9079 212.7980

The relative permittivity and relative permeability of all coatings are taken
to be er2 ¼ 2 and mr2 ¼ 1, respectively.
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In Figs 11 and 12, the effects of various Tellegen and chir-
ality parameters of the BI coatings upon the FD and BD gains
are depicted. The background medium is taken to be a free
space. An influence of variable Tellegen parameter xr2 of a
BI coating having fixed value of chirality kr2 ¼ 0.5 upon the
gains in the FD and BD is shown in Fig. 11. It is clear from
Fig. 11 that the FD gain is greater than the BD gain for
0.01 ≤ xr2 , 0.866. Also it is observed that for this range of
xr2, the FD is not very much fluctuating. The FD gain is
smaller than the BD gain in the range 0.866 , xr2 , 0.8794.
It should be noted that the maximum value of the FD gain,
i.e., 11.5096 dB exists at xr2 ¼ 0.9330 and the minimum
value of the BD gain, i.e., 231.6544 dB is observed at xr2 ¼

0.946. On the other hand, if we fix the Tellegen parameter
xr2 of a BI coating to a value of 0.5 and has variable values
of the chirality kr2, then the maximum FD gain of
10.7551 dB occurs at kr2 ¼ 0.96 and the minimum value of
the BD gain, i.e., 216 dB exists at kr2 ¼ 0.538. It is obvious
from Fig. 12. In this case, the FD gain is always greater than
the BD gain for all values of kr2 with the exception of

0.8605 , kr2 , 0.8660 where the FD gain is smaller than
the BD gain.

For all the numerical results considered so far, the two
optimum cases are observed for a BI-coated axially slotted cy-
linder embedded in a free space background. These cases are
taken to be optimum because they have highest gains in the
FDs and are tabulated in Table 3. These two BI coatings
have the optimum parameters of kr2 ¼ 0.5, xr2 ¼ 0.933 and
kr2 ¼ xr2 ¼ 0.99. The relative permittivity and relative perme-
ability in each case is taken to be er2 ¼ 2 and mr2 ¼ 1, respect-
ively. In these two cases, we have significant reduction in the
gains in the BDs. It should be noted that for these two BI coat-
ings, associated LCP waves inside the BI coatings become
backward waves causing a resonance at f = 08 which guide
most of the slot radiated field in the FD. These two types of
optimum BI coatings represent the most plausible effects
which can be used to design a new kind of antenna with the
highest gain in the FD and significantly reduced gain in the BD.

At this stage, it is interesting to investigate the effects of
realistic Tellegen and BI media upon the gain pattern of an

Fig. 9. Effects of background BI media upon the forward and backward gains
of a dielectric-coated axially slotted cylinder. In this case, BI background media
have fixed values of er1 ¼ 2, mr1 ¼ 1, and kr1 ¼ 0.5, whereas xr1 is variable.

Fig. 10. Effects of background BI media upon the gains in the FD and BD of a
dielectric-coated axially slotted cylinder. The BI background media have fixed
values of er1 ¼ 2, mr1 ¼ 1 and xr1 ¼ 0.5, whereas kr1 is variable.

Fig. 11. Effects of different BI coatings upon the gains in the FD and BD of a
BI-coated axially slotted cylinder embedded in free space. The BI coatings have
fixed values of er2 ¼ 2, mr2 ¼ 1, kr2 ¼ 0.5, and variable values of xr2.

Fig. 12. Effects of different BI coatings upon the gains of a BI-coated axially
slotted cylinder in the FD and BD. The background is taken to be free space.
The BI coatings have fixed values of er2 ¼ 2, mr2 ¼ 1, and xr2 ¼ 0.5. The
chirality parameter kr2 is taken to be variable.
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axially slotted cylinder. In this case, the Tellegen parameter of
considered Tellegen and BI media is taken to be of the same
order of magnitude as that of naturally occurring chromium
oxide, i.e., 1023; see for example [32]. It should be noted
that all the other structural and material parameters remain
same as previously but the Tellegen parameter is taken to be
1023. In Fig. 13, the effects of realistic Tellegen and BI coatings
upon the gain pattern of a coated axially slotted cylinder em-
bedded in the free space have been shown. It is seen that the
effects of these realistic coatings upon gains are very small,
but closer look shows that these effects are detectable to
some extent. This is because of weak nature of a magneto-
electric coupling parameter, i.e., xr2 ¼ 1023 of realistic
Tellegen and BI coatings. The effects of realistic Tellegen
and BI background media upon the gains of a dielectric-
coated axially slotted cylinder are shown in Fig. 14. Once
again the differences in gain patterns are very small.

In the previous analysis, it was assumed that pertinent
materials were lossless, but the proposed theory can also be
applied to lossy materials as well. For this one needs to
assume the relative parameters, i.e., eri, mri, kri, and xri

where i ¼ 1,2 as complex numbers with their imaginary
parts less than zero. This ensures the passivity condition for
the assumed time convention. The influences of lossy BI coat-
ings upon the gain pattern of a BI-coated axially slotted cylin-
der placed in the free space background medium are shown in
Fig. 15. It is observed that for a smaller value of loss factor, i.e.,
dr ¼ 0.05, the gain in the FD and BD decreases as a compared
with a lossless BI coating with dr ¼ 0. On the other hand, it is

noticed that for a relatively larger values of loss factors dr ¼

0.1, 0.15, the gain in the FD decreases, whereas the gain in
the BD increases as a compared with a lossless BI coating.
Thus, it is concluded that for a relatively larger value of loss
factor associated with a lossy BI coating, the radiated field
from a slot is guided toward rear side of the cylinder, which
in turn reduces the gain in the FD.

I V . C O N C L U D I N G R E M A R K S

The effects of various BI coatings and BI background media
upon the gain pattern of an axially slotted cylinder have
been investigated. It is known that a Tellegen medium is a sub-
class of a general BI medium; therefore the effects of several
Tellegen coatings and background media upon the gain prop-
erties of an axially slotted cylinder have also been studied. It is
shown that by varying the electromagnetic parameters of a

Table 3. The optimum gains in the FD and BD of a BI-coated axially
slotted cylinder embedded in the free space background and their corre-

sponding Tellegen and chirality parameters.

BI coatings layers G(f = 088888) (dB) G(f = 18088888) (dB)

BI (kr2 = 0.500, xr2 = 0.933) 11.5096 227.8191
BI (kr2 = 0.990, xr2 = 0.990) 10.9079 212.7980

The relative permittivity and relative permeability for both BI coatings are
taken to be er2 ¼ 2 and mr2 ¼ 1, respectively.

Fig. 13. Influences of realistic Tellegen and BI coatings and their comparison
with a dielectric coating, whereas the background medium is taken to be the
free space. For a realistic Tellegen coating, we have er2 ¼ 2, mr2 ¼ 1, and
xr2 ¼ 1023, whereas for a realistic BI coating, the electromagnetic
parameters are taken to be er2 ¼ 2, mr2 ¼ 1, xr2 ¼ 1023, and kr2 ¼ 0.1.

Fig. 14. Effects of realistic Tellegen and BI background media upon the gain
pattern of a dielectric-coated axially slotted cylinder and their comparison
with the free space background. In this case, a realistic Tellegen background
medium has of er1 ¼ 1, mr1 ¼ 1, and xr1 ¼ 1023, whereas for a realistic BI
background, we have er1 ¼ 1, mr1 ¼ 1, xr1 ¼ 1023, and kr1 ¼ 0.1.

Fig. 15. Effects of different lossy BI coatings upon the gain patterns of an
axially slotted cylinder embedded in the free space background. In this case,
we have er2 ¼ 2 2 jdr, mr2 ¼ 1 2 jdr, kr2 ¼ 0.35 2 jdr, and xr2 ¼ 0.35 2 jdr

for BI lossy coatings where the factor dr is a loss factor.

1100 z. a. awan

https://doi.org/10.1017/S1759078716001100 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078716001100


coating and a background medium, one can control the gain
of an axially slotted cylinder. For a dielectric-coated axially
slotted cylinder embedded in a Tellegen background, it is
noticed that for a Tellegen parameter close to unity, the
gains in the FD and BD become greater than their correspond-
ing gains with the free space background. Likewise, it is shown
that a strong Tellegen coating guides most of the radiated field
from an axial slot toward rear side of the cylinder. Also it is
further observed that for a strong BI background, the gain
in the BD significantly greater than the gain in the FD. On
the other hand, if an axially slotted cylinder is coated with a
strong BI coating and embedded in the free space background
then a significant enhancement in the FD gain and a signifi-
cant reduction in the BD gain is observed as compared to a di-
electric coating. This is an important finding which can be
used to enhance the gain in the FD and has applications in
wireless communications. It is also noticed that realistic
Tellegen and BI media have weaker effects upon the gain
pattern. In these realistic media, the Tellegen parameter is
taken to have a magnitude comparable with a magnetoelectric
coupling parameter of a naturally occurring chromium oxide.
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