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Abstract—Extraordinary transmission through an inhomoge-
neous dielectric loaded slot in a an infinite metallic shield of
finite thickness is demonstrated. We show that the higher order
(Fano) transmission resonances’ locations and magnitudes can be
controlled by introducing a region of different dielectric constant
within the slot.

I. INTRODUCTION

Many authors have studied transmission through an infinite
dielectric-loaded slot in an infinite metallic shield of finite
thickness, but none of them has included the higher order
parallel-plate waveguide modes in their calculation, or con-
sidered inhomogeneous loading of the slot [1]-[7]. In our
recent work [8]-[9], we have included these effects in our
calculation, which revealed new resonances (Fano resonances)
that result from including higher order modes, and the ability
to control the intervals between resonances of the fundamental
mode ofthe parallel-plate waveguide by introducing a region of
different dielectric permittivity within the slot (inhomogenous
case). In this paper, we extend our analysis to study the
effect of introducing a region of different dielectric permittivity
within the slot on the higher-order Fano resonances. Our study
reveals that the thickness of the gap within the slot, as well
as the dielectric constant of the substance that fills the gap,
can control the location and magnitude of the higher-order
resonances.

II. DERIVATION

Let an H-polarized electromagnetic wave be obliquely inci-
dent at an angle θ to a single inhomogeneous dielectric-loaded
slot of width 2b in a perfectly conducting metallic shield of
finite thickness a as shown in Figure 1. The slot consists of
three layers of different thicknesses where the 1st and 3rd
layers of thickness a1 and a3− a2 respectively are filled by a
medium with relative permittivity εr1, while the layer in the
middle of thickness a2 − a1 is filled by a medium with εr2.
We assume for simplicity that the gap is symmetrically located
(a3 − a2 = a1) and that εr1 > εr2. We start from an integral

Fig. 1. A metallic shield with an inhomogeneously filled slot.

equation formulation with a mode-series expansion as used in
[9]. The magnetic field is expressed as:

Hx(y, z) =

e−ik(αy−γz) + e−ik(αy+γz) +

∞∫
−∞

a(ξ)e−ik(
√

1−ξ2z+ξy) dξ,

(z > 0)
∞∑
m=0

[Ame
−ihm(z+a1) +Bme

ihmz] cos
πmu

2b
,

(−a1 < z < 0)
∞∑
m=0

[Cme
−igm(z+a2) +Dme

igm(z+a1)] cos
πmu

2b
,

(−a2 < z < −a1)
∞∑
m=0

[Eme
−ihm(z+a3) + Fme

ihm(z+a2)] cos
πmu

2b
,

(−a3 < z < −a2)
∞∫
−∞

d(ξ)eik(
√

1−ξ2(z+a3)−ξy) dξ, (z < −a3)

(1)

where α = sin θ, γ = cos θ (θ being the angle of incidence),
u = y + b, hm =

√
k2εr1 − (πm2b )2, gm =

√
k2εr2 − (πm2b )2

and Am, Bm, Cm, Dm , Em and Fm are amplitudes of
parallel-plate waveguide mode m in the various regions of
the slot, related to reflection and transmission coefficients at
the interfaces. As in [9], we can obtain Am, Cm, Dm and Fm
in terms of Bm and Em by applying the boundary conditions
of continuity of Hx and 1

k̃2

∂Hx
∂z (where k̃ = k

√
εr) at the
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interfaces between the dielectrics within the slot |y| < b at
z = −a1 and z = −a2. Next, as in [8], we apply the boundary
condition ∂Hx

∂z = 0 at the surface of the metallic shield and
continuity of Hx and 1

k̃2

∂Hx
∂z at the slot surfaces (z = 0 and

z = −a1). Defining x̃±(ζ) = [a(ζ)±d(ζ)]
√

1− ζ2 , we arrive
at the integral equations:

x̃±(ζ) =
4α(kb)2ζ

πε

∞∑
m=0

hmbΓ
±
m

(1 + δ0m)
Gm(ζ)Gm(α)

+
2(kb)2ζ

πε

∞∑
m=0

hmbΓ
±
m

(1 + δ0m)

∞∫
−∞

x̃±(ξ)
ξ√

1− ξ2
Gm(ζ)Gm(ξ) dξ

(2)

where

Gm(ζ) =
sin(kbζ − πm

2 )

(kbζ)2 − (πm2 )2
, Γ±m =

Γ±2m
Γ±1m

Γ±1m = e−i2hma1

T1+T2
± 1∓ T3e

−i2hma1

T1+T2
, Γ±2m = e−i2hma1

T1+T2
∓ 1∓ T3e

−i2hma1

T1+T2

T1m = cos gm(a2−a1), T2m = i
2

[
tm + 1

tm

]
sin gm(a2−a1)

T3m = i
2

[
tm − 1

tm

]
sin gm(a2 − a1), t = gmεr1

hmεr2

We assume normal incidence (θ = 0), and further that
kb
√
εr <

3π
2 ; the latter condition ensures that only the m = 0,

1 and 2 modes of the parallel plate waveguide will be above
cutoff and all other modes will be evanescent. Retaining these
modes terms in (2) (m = 0, 1 and 2), we get a degenerate-
kernel integral equation whose solution can be found by well-
known methods:

x̃±(0) =
2kb

π
√
εr1

 N±0

1 +
2h0h2b2q2N±0 N

±
2

π6ε2r1

 (3)

where N±0 =
Γ±0

1− kbΓ
±
0

2
√
εr1

I00

and N±2 =
Γ±2

1−h2bΓ
±
2

εr1
I22

. For kb� 1,

I00 ' 2 − 4i
π ln φ

kb where lnφ = 3
2 − γE , γE ' 0.5772 . . . is

Euler’s constant and I22 ' 2i
π2Si(2π) ' i0.2874 . . ., Si being

the sine integral function [7][8][9]. Now we can determine the
magnitude of the transmission through the dielectric slot. As
in [7], we define the (amplitude) transmission factor as:

TF =

b∫
−b

Ey(y,−a) dy

b∫
−b
|Einc(y,0)| dy

= 1√
εr1

 N+
0

1+
2h0h2b

2q2N
+
0 N

+
2

π6ε2r1

− N−0

1+
2h0h2b

2q2N
−
0 N
−
2

π6ε2r1


(4)

having used (3) to obtain the final formula.

III. RESULTS

Previously [9], we studied the effect of introducing the gap
within the slot on broad TEM mode (m = 0) resonances,
and showed that the gap size controls the frequency intervals
between TEM resonances. In [8] we showed that including
higher order modes reveals new sharp Fano resonances. In
the present study, we will investigate the effect of introducing
the gap within the slot on higher order mode resonances, for
parameter values a3 = 2 mm, 2b = 4 mm, a2 = 1.3 mm,
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Fig. 2. Transmission Factor TF of homogeneous and inhomogeneous
symmetrically filled (a3−a2 = a1) slots: a3 = 2 mm, b = 2 mm, εr1 = 50,
εr2 = 20 and gap=0.6 mm. Inset shows comparison with HFSS results.

εr1 = 50 and εr2 = 20. A comparison among results of the
inhomogeneous gap formula (4), the homogeneous slot (no
gap) formula from [8] and a full wave HFSS simulation is
shown in Figure 2. The results show that the higher order
resonances locations and magnitudes will be determined by the
gap’s size and εr2. With εr2 < εr1, increasing the size of gap
shifts the higher order mode resonances to higher frequencies
and decreases their magnitudes. If we choose εr2 such that
the higher-order (m = 2) mode is propagating, the magntude
reduction is moderate. On the other hand, if we choose εr2
such that the higher order mode is evanescent, the magnitude
reduction is far more dramatic.
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