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Electromagnetic Analysis of a Dielectric Rod loaded by Metasurface
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Abstract: - This paper introduces an analytical solution for a dielectric rod leaky wave antenna loaded
by a metasurface. The advantage of adding metasurface on the dielectric rod is that it introduces an
additional degree of freedom in the design of this antenna by controlling the outer boundary condition.
Modified Generalized Sheet Transition Condition (GSTC) on a cylindrical geometry is used to model
the metasurface on the dielectric rod. The analysis is based on developing the characteristic equation
of the proposed structure. This characteristic equation is used to obtain the complex propagation
constant of this structure and the corresponding field distribution inside and outside the rod including
the resulting radiated fields. Parameters of the metasurface are extracted from the reflection and
transmission properties of its elements in infinite periodic structure. An example of a dielectric rod
loaded by a metasurface is presented analytically based on the introduced analysis and it also
simulated numerically for comparison.

Key-Words: - Metasurface; Leaky wave antenna; Dielectric rod antenna; Generalized sheet transition
condition.

1 Introduction boundary to introduce a narrow beam radiation

Dielectric rod waveguide is an important category pattern. The resulting pattern is usually highly
of wave guiding structures, especially in mm-wave directive omni-directional pattern with a tilted
and higher frequency applications due to the low conical beam with respect to the axis of the

loss compared with conducting guiding structures in dielectric rod. The properties of this beam make it
these bands. Dielectric rod waveguides are suitable for wireless communication and satellite

communication systems [5].

extensively studied by using different techniques [1- o
On the other hand, metasurfaces are artificial

3]. The design of dielectric rod waveguide for a

specific application is based on controlling the surface-s- composed of periodic  elements With
diameter and the electrical properties of the periodicity much smaller than the operating
dielectric rod. Controlling the diameter of the rod wavel.ength. By controlling  the Shape and the
includes also tapering and shaping of the rod. elect.rlcal properties of these elements it wquld be
In addition to be used as guiding structures, possible to control the resulting electric and
dielectric rod waveguides can also be used as magnetic susceptibilities of the corresponding
radiating elements. Leaky wave dielectric antenna is Surfa'ce, This property can be used to tailor the
an excellent example of using dielectric rod as an required boundary conditions. Metasurfaces can be

antenna in mm-wave range [4]. The key point in considered' as  a two-dimensional form of
dielectric rod antenna is that it can be represented as metamaterials. Adding metasurface to the boundary

an open-boundary waveguide structure which can be of the dielectric rod waveguide structure introduces
adjusted with appropriate  design to leak an additional degree of freedom in the design of this

structure by controlling the outer boundary

electromagnetic wave continuously through its o ]
conditions. Metasurfaces can be designed as
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partially reflecting surface which can be used to
enhance the leaky wave performance of leaky wave
dielectric rod antenna. In a previous study [6] it was
shown that a hollow cylindrical shell of
metamaterial is suitable to design cylindrical leaky
wave antennas. The disadvantage of this method is
that it requires using bulk curved metamaterial
which makes the fabrication of this structure may be
quite complicated. Thus a metasurface printed on a
cylindrical dielectric rod can be considered as a
good alternative for the previously studied
metamaterial ~ cylindrical ~ shell  [6].  This
configuration has also been studied from another
point of view as a cloaking surface for cylindrical
shapes [7]. However, in this case the metasurface
was represented as two-dimensional surface
impedance.

The formulation of the present problem is based on
obtaining the corresponding boundary conditions of
the metasurface and how these boundary conditions
can be controlled by adjusting the shapes and the
electrical properties of the elements of this
metasurface. Previous studies of metasurfaces are
based on Generalized Sheet Transition Conditions
(GSTC) which is used to represent the boundary
conditions of metasurfaces. This GSTC is based on
infinite metasurface. For the case of a metasurface
on a dielectric rod, this condition may be satisfied
on the longitudinal direction of the rod. However, it
can be approximately satisfied in the azimuth
direction of the rod if the circumference of the rod is
much greater than the dimensions of the elements of
metasurface and the corresponding periodicity.

The problem of the cylindrical dielectric rod loaded
with a metasurface is formulated by using modal
analysis as an infinite set of orthogonal modes
inside and outside the dielectric rod. By applying
the GSTC of the metasurface at the boundary
between the inside and outside parts of the dielectric
rod it would be possible to obtain an eigenvalue
problem where the eigenvalues correspond to the
propagation constants and the eigen vectors
corresponds to the amplitudes of the modes. By
controlling the dielectric constant of the rod, the
diameter of the rod and the GSTC of the
metasurface one can control the complex
propagation constant of the modes of this dielectric
rod structure. Based on the signs of the real and
imaginary parts of this complex propagation
constant it would be determined the guiding and
radiating properties of this rod structure. Positive
real propagation constant with slightly negative
imaginary attenuating coefficient would corresponds
to an attenuating guided wave which continuously
leaks from the dielectric rod to for a leaky wave
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antenna. The direction of the radiated beam depends
on the real propagation constant while the
corresponding beamwidth depends on the imaginary
attenuation coefficient. Thus, appropriate usage of
the previously mentioned design parameters it
would be possible to design a cylindrical leaky wave
antenna with specific beam tilt and specific
beamwidth.

In the following section the basic theory of GSTC
on cylindrical structure is investigated. This
modified GSTC is used to formulate the boundary
value problem of a dielectric rod loaded by a
metasurface to obtain the corresponding eigenvalue
problem. This eigenvalue problem is formulated as a
characteristic ~ equation. In  Sec. I, this
characteristic equation is solved numerically by
using Davidenko’s method [8] to obtain the
corresponding complex propagation constant.

2 Characteristic Equation of
Dielectric Rod Loaded By
Metasurface

Figure 1 shows the geometry of the proposed
structure. It consists of a dielectric rod loaded by a
metasurface boundary. Assuming large
circumference of the rod compared with the periodic
cells of the metasurface, the boundary condition at
the metasurface can be represented as:

1

at  _ = . =
a, X Hlp:a_ = JW&yAgs Et,av|p:a T a, X
pp
Vt [aMSBprav]pza’ (1-3.)
+

a —
E|p=a— Xa,=
. = 1 pp
jopeys - He gy p=a gvt[ab‘s Dp,av]p=a X a,,

(1-b)

where @ps and @) s are the diagonal electric and
magnetic susceptibilities

Tps = ageaya, + a?faq,a(p + a?ia,a,, (1-c)
= — PP + oo + a?? 1-d
Ays = Aysdpdy + Aycapady + apsaza,. (1-d)

The components of electric and magnetic
susceptibilities in cylindrical coordinates can be
represented approximately in terms of the
corresponding susceptibilities of a unit cell of the
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metasurface in Cartesian coordinates as follows [9-
11]:

pp _  N{agww)
ES — 1+ Sl(a )’ (2_3)
4Regq Eww
PP _ N{agyyu)
aEs - Nso(a )a (2'b)
4R£|| Euu
N{aEg )
2z _
ES — 1— N50< )a (2'C)
4Rg) (4987
pp _ N{apww)
o = Mamun) (2-d)
T 4R
¢p _ Namuu)
Ays = ~Napaur (2-¢)
+ 4R
zZZ __ N<aM,1i‘U) 2
% = M (2

4R

The u, v and w directions are assumed to be local
Cartesian coordinates which are coincident with the
¢, z and p directions in cylindrical coordinates
respectively. Assuming that the dielectric constant
of the rod is & = &1&p, the corresponding normal
and parallel permittivity in (2) are given by:

25180

&1 = e1+eo 5 (3-3)
g =22, (3-b)

Fig. 1 Cylindrical metasurface structure.

The analysis of the problem for the hybrid mode of
circular dielectric rod surrounded by a metasurface
can be formulated by using modal analysis in terms
of a combination of TE and TM modes. In this case
the fields inside the dielectric rod are formulated in
terms of Bessel function while the fields outside the
dielectric rod are formulated in terms of Hankel
functions of second kind to ensure the boundary
condition at infinitely. Thus the fields inside the
dielectric rod can presented as:

H, = ApJm (.ng)e_jmd)e_jﬁzza (4-a)
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E, = BynJm(Bip)eImPeIPzz, (4-b)
E
[ 2ot 1 (3p) -
JBZ]m(.Bpp)]e ]m¢e ]ﬁzz (4‘C)
E¢ =
[ mjggojm(ﬂpp) -
_MmBz_ d —jme o—jBzz 4-d
m s m(ﬁpp)]e e~Ihaz, (4-d)
H
[ JBZ] (Bd )_|_
m gdJm p P
(’;“’) Jm (ﬁgp)] e imde iz, (4-¢)
H¢ =
mﬁz
A —2 Jm -
[~n 22 580)
B g m(B )| e7mbe IR, (-

where (ﬁ;})z + (B,)? = &1k2 and Im(,) < 0.

On the other hand, the fields outside the dielectric
rod can be represented as:

H, = CmH,(,f)(B,g)p)e_jm‘pe_jﬁzza (5-a)
E, = D HE (B0p)e Imbe=iber, (5-b)
E
[ e 12 (820) -
D, J[ﬁ’z H (2)(Bpp)] e~ Imd g=iBaz, (5-¢)
Ey =
o012 530) -

G HY (B80)| e Imoe IR, ()
H,
[ m?fozH(”(ﬁp )+

D (252 D (830) | e Imbe I (59
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H¢ =
mpBz

m (ﬁp)z Hr(rf)(ﬁgp) -

D,, J;J(fo HS '"(2) (,Bp P)] e~ ime o ]ﬁzz

(5-9)

where (ﬁg)z + (B,)? = k3.

By substituting (4) and (5) and applying the GSTC
boundary condition (1) one can obtain the hybrid
modes of circular dielectric rod covered by a
metasurface.

For a special case of TM modes where H, = 0, the
characteristic equation can be simplified as:

g7z 4 | L _ k0% (oo pp)|Ersa(Bia)
ags + I 458 (a + )] NGD)

1 (k)’af 6o ]H (B3a) _

[ﬁB gy (s * 055) H{(63a)

[(ko) Er1 )] ]1(5961)1'1(2)(5;:7“) (6)
ﬂoﬂd MS ]o(ﬁpa)H(z)(ﬁpa)

Similarly for the case of TE modes where E, = 0,

the characteristic equation can be simplified as:

o ZZ Jo(B3a)HG® (B9a) _|L_
" 1(Bga)P (ga)  LB)
)] ]O(Bpa) (ko)zaZMZS (
(8da) ¥ 4B
HE (Bga) _ (ko)
ﬁp H(Z)(Bp ) Zﬁgﬁo (a' (7
It can be noted that if the electric and magnetic
susceptibilities of the metasurface are assumed to
vanishing, the above characteristic equations in (6)
and (7) would be exactly the same of dielectric rod
waveguide for both TM and TE modes respectively

[1].

(ko)zailzs

pp
4By (aMS +

b
aMS + ags ) +

+ahl)y=0.

3 Results and Discussions

In this section a dielectric rod loaded by a
metasurface is studied as shown in Fig. 2. The
radius of the dielectric rod is Smm and its dielectric
constant is assumed to be &, = 5 as in the case of
[4]. The properties of the metasurface depend on the
unit cell and the shape of its element. For simplicity,
rectangular  perfect conducting patches in
rectangular cells are introduced as a metasurface.
The size of the patches are a = 1.84 mm and
b = 1.5 mm in z and ¢ directions respectively. The
spacing between the patches are d = 0.06 mm and
¢ =0.07mm in z and ¢ directions. It should be
noted that the dimension of the patch and the
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spacing in the ¢ direction are chosen such that an
integer number of patches of the same size and the
same periodical spacing would cover the
circumference of the dielectric rod.

Fig. 2. Geometry of the dielectric rod loaded by a
metasurface.

The equivalent susceptibilities of the proposed
metasurface are obtained by using the reflection and
transmission coefficients of this metasurface
[10],[11]. These reflection and transmission
coefficients for infinite planar metasurface can be
obtained by solving for a single element with
periodic boundary conditions. The approximation of
using planar metasurface here would be appropriate
since the periodic spacing in the ¢ direction is much
smaller than the circumference of the dielectric rod,
thus the element of the metasurface is assumed to be
locally planar at the dielectric rod. The reflection
and transmission coefficients of a single element
with periodic boundary conditions are obtained
numerically by using CST. Then these coefficients
are used to obtain the equivalent susceptibilities.

The present analysis is mainly focused on obtaining
omni-directional leaky wave antenna based on
TMy, leaky wave modes. These modes would
require obtaining ahe, aZZ and aES as discussed in
(8). Based on the obtalned results of the reflection
and transmission coefficients for the above
mentioned dimensions of the unit cell of the

metasurface, the values of the corresponding
susceptibilities in this case are afz =.0024 and
pp PP _

apg = apys = 0. These values are used in (8). Then
the resulting characteristic equation is solved
numerically by using Davidenko’s method [8] to
obtain the complex propagation constant 8, along
the loaded dielectric rod structure as a function of
the operating frequency.

Figure 3 shows a comparison between the real and
imaginary parts of the normalized complex
propagation constant a/k, id dB scale and §/k, in
linear scale of the TMg, modes for the above
mentioned dielectric rod with and without
metasurface loading. It can be noted that the
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dielectric rod with the metasurface has leaky wave
propagation modes of S/ky <1 and a/k, K 1 at
wider frequency ranges compared with the dielectric
rod without metasurface. This property is found to
be common in all TMy, modes. This result shows
that by controlling the shapes and the dimensions of
the loading metasurface it would be possible to
control the wave propagation on dielectric
waveguides.

2.5

==== With meatsurface

= Without metasurface

- -

o] 5 10 15 20 25 30 35 40 45 50 55 60
Freq (GHz)

(a) Normalized propagation wave number
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(b) Normalized attenuation coefficient
Fig. 3. Normalized complex wave number of a
cylindrical dielectric waveguide; with and without a
metasurface.

4 Conclusion

Modified Generalized Sheet Transition Condition
(GSTC) for cylindrical configuration is introduced.
This modified GSTC 1is used to develop the
characteristic equation of a cylindrical dielectric rod
loaded by a metasurface. This configuration is found
to be suitable as a leaky wave antenna. The
advantage of using metasurface is that it can be used
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to control the operating modes of the dielectric rod.
The obtained results show that the loading
metasurface can control the center frequency and
the operating bandwidth of the leaky wave modes of
this structure.
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