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Abstract

We present here an analytic theory which is developed for the electromagnetic
Electromagnetic diffraction, diffraction from a perfect electic conductor (PEC) Slot embedded in near zero
Perfectly electric conducting, Near ~ Material as host media. The diffracted field of a plane wave from a PEC slot
placed in munearzero (MNZ), epsilon-nearzero (ENZ) and mu and epsilon
double-nearzero (DNZ). The problem was solved by using the Sommerfeld
Green’s function and Fresnel Integral. . The scattering width is evaluated as a
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function of observation angle for various combinations of relative permittivity
and permeability approaching zero, with incidence angles of 30°, 60°, and
90¢. The physical mechanisms responsible for this enhancement are attributed
to the increased phase velocity, reduced spatial phase variation, and energy

Copyright @Author funnelling effects in nearzero index media. The angular width of the

Corresponding Author: * diffraction peak narrows as the slot width increases, providing a tunable

M. Imran Shahzad parameter for beam shaping. The numerical results have been compared with
available literature and are found in good agreement.

INTRODUCTION problem's direction was consistent with both the

We have exteded a known problem [1] which is
considered, wherein an E-polarized far zone field
diffracted by a slot that is perfectly conducting has
been examined. In order to investigate EMR or
EMP interconnected with devices and subsystems,
it is necessary to understand the fundamental
mechanism of the problem by which an
electromagnetic plane wave enters an opening in a
shielded enclosure. However, for aperture widths
as small as one or two wavelengths, the formulas
for distant zone fields might be found by using
asymptotic approaches (2, 3]. Both the boundary
conditions in the slot plane and the reciprocity
principle are satisfied by these statements. The

experimental and analytical findings. The edge
approach provided a solution to the issue. The
method employed by Schwarzschild [4], who
initially thought of a slot as essentially consisting
of two difiracting half-planes, is roughly
comparable to this one. The Sommerfeld Green's
function can be used to determine how each half
plane will react to various excitations. It is possible
to compute the fields diffracted by apertures of
different forms by utilizing more than two
half-planes and applying Babinet's duality
principle. But the conversation here is limited to
that time window. because Fresnel integrals and
basic exponential functions can be used to
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approximate the functions related to the edge
technique. There are several uses for slots in
communication systems, particularly in antennas.
Slot antennas are widely utilized in a variety of
realworld applications, including radar and
satellite communications, spacecraft, aircraft,
missiles, and typical desktop microwave sources
for research. The primary benefits of slot antennas
are their versatility, light weight, simplicity of
design, ease of manufacture, high power
capability, more control over the radiation pattern
than line antennas, and broader bandwidth than
microstrip patch antennas.

There have been viable research efforts in the field
of meta-materials [1]{5]. They are the artificial
structures that exhibit unusual properties but not
readily exist in nature. On the basis of real part of
the values of refractive index, the optical
meta-materials may be divided into two categories.
The first one is negative refractive index while the
other is nearzero index materials. The negative
refractive index metamaterials are also known as
A€~ lefthandedA€™ materials. They are artificial
composites with negative effective value of
refractive index and have sub-wavelength features
[6)-{7]. The basic characteristics of the first type of
metamaterials is the negative phase velocity of the
plane waves, propagating in the negative index
mediums [8]. They have many applications in the
field of science such as super lens, the reversal of
SnellaA€™s law, reduction of the size of patch
antennas, invisible cloaking, perfect absorber and
the photonic band gaps with averaged zero
refractive index [9]{14]. The second type of
metamaterials having a near-zero refractive index
have been thoroughly discussed in [15]. The
electromagnetic i~ ¢lds in this type of medias are
dynamic in time but remain static in space. A
remarkable work has been done for metamaterials
with a nearzero refractive index (NZI) for visible
and infrared wavelengths. Electromagnetic waves
(EM) inside such materials have large phase
velocity and experience no spatial phase change
[15}{17]. These type of materials have several
applications such as super reflection [18], cloaking
[18}{20], funnelling [21] and tunnelling [22]-{24].

In scattered fields the use of nearzero index

materials may give phase distribution from various
geometries such as cylindrical shells, planar slabs
and lenses with various exit faces.

Among the metamaterials, the nearzero
constitutive parameters are of great interest [25].
Three different classes of near-zero-parameter
materials can be described as:

¢ ENZ (epsilon-near-zero) is the class of
metamaterials whose relative permittivity is near
zero.

¢ MNZ (mu-near-zero) is the class of
metamaterials whose relative permeability is near
zero.

¢ DNZ (Double-near-zero) is the type of
metamaterials where both permittivity and
permeability are near to zero.
ENZ mediais realized by electrically adding small
metal particles in the dielectric material and DNZ
mediums may be realized as tuned photonic
crystal in order to obtained a Diraclike cone
dispersion at the T-point in the photonic band
structure [26] under some suitable conditions [27].
In order to realize (MNZ) medium with one
component of permeability near to zero, the
transmission-line metamaterials are used. The
properties of an isotropic and inhomogeneous
(MNZ) metamaterials are investigated in
cylindrical and Cartesian coordinate system which
show excellent potential results for transmission
line in implementation of novel transmission
optics devices [28]. The number of researchers
have worked in near zero mediums such as ENZ
slab and ENZ lens etc., to study the phase of fields
in these mediums. The scattering widths of a
circular cylinder coated with (ENZ) and (DNZ)
mediums for normally incident plane wave
studied for both TE and TM polarization, which
shows TE polarization has steady phase as
compared to TM polarization and found that the
scattering widths were larger for dielectric-coated
ENZ or DNZ cylinder and smaller for DNZ coated
dielectric cylinder [29].
Here in this study, by using the SPM technique we
will calculate scattered field by PEC slot embedded
near zero index (NZI) metamaterials. A time
dependency of e /¥t is assumed for the analysis.
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Problem Formulation

The problem [1] is extended for the analysis of
scattering width versus observation angle. The
problem is formulated for the three different
classes of near-zero-parameter materials (MNZ,
ENZ, and DNZ). An electromagnetic plane wave
with a unit amplitude, incident upon a PEC Slot
of width 2d which is embedded in the near zero
refractive index (NZI). The slot is formed by the
two halfpanes y=0,x >d and y=0,x<
—d. The edges of the slot are parallel to the z-axis
of a cylindrical coordinate system (r,6,z). The
(r,0) plane is the plane of incidence with the

P: (r.8)

Z
Figure 1: Diffraction of plane wave by the PEC Slot Embedded in NZI materials

p=kd=2nd/A
d = widthoftheslot
r = thedistancefromthecenter

x = rcosf
y = rsinf
ay = cosf,
a = cosf

The diffracted field ® = ®(x,y) is that solution

diffraction making an incident angle 8, with the
positive The time
exp(—iwt) is assumed
throughout the solution.

PO = ejk(xcoseo+ysin90)’(0 <6, < T[) (1)

Here k = kq(&,41,-) /?is wave number, where &,
and f, are the relative permittivity and relative
permeability of the near zero refractive index
(NZI), kg is the wave number of free space.
An attempt has been made to evaluate the
diffracted field in the half-space y = 0 as shown
in fig.1. subject to the Fraunhofer condition kr >
> 1 and kr >> p? where p is the characteristic
parameter defined below.

harmonic factor

be

X-axis.

to suppressed

Meta-materials

of the wave equation

d?® d

+ L2 k2o =0 )
dy? dx?
which satisfies the boundary condition ® = 0 for
y=0|x|>d
and for the case |x|<d) the following

conditions of continuity must be satisfied,
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d(x, +0) = d(x,—0),
0 o(x,+0) = g o 0

Following Khaskind and Vainshteyn [3],
diffracted field @ is obtained as
jk[xa+|y| 1-a?

N T e
=00+ - [ ¥(ag,a) = da
3)

where W is given by,
Y(ay, @) = W(ay, a)e P% + (—ag,—a)e?™  (4)

At a sufficiently great distance from the slot, the
field decreases to a cylindrical wave in the upper

half-space y > 0,

_ ‘P(ao,a)exp[j(kr—%n)] 5)
Va2mkr

The problem's solution [1] relies on two
approximations: zero order and first order. Now if
p>>1, the edge waves approach vyields a
zero-order solution, which is equivalent to the
superposition of two waves coming from the half
planes' edges. by applying the zero-order
approximation in equation (5).

YO(ao, @) = Wo(ao, a)e_jp(_x
+Wo(—ag, —a)e’?  (6)

the diffracted field takes the following simple form

_ J1+agVl—a . _ _
b= a—aoyvam CXP [] (pao pa + kr

D+ i (—pa + pe +

kr —
7 ™)

Using the first order approximation in eq. (5)

Yl(ay a) = Yy(ag, a)G(p, ay)G(p, _a)e—j'pa
+Wo(—ap, —)G(p, —ag)G(p, —a)elP”
8)

the solution can be written as:

o
_,/1+a0\/1—a B .
=@ ay WG(p, a)G(p, —a) exp [] (pao

+k 3”)]
pa+kr——

N J1—agvl+a
(a — ay)V2mkr

T
+pa+k 3”)]
pa+kr——

6(p, )G (p, ) exp | (—pat

©)
In this case, the cylindrical wave emitted by the
edge y = 0,x = d is represented by the first term
on the right side of the solution above and the
second term represents the wave radiated by the

edge y = 0,x = —d. where G is the Sommerfeld

Green’s function and is given as follows,

G(p,n) =2e Im*{C[2/mp(1 - )]
+jS[2ymp(1 = )]} (10)

Here G and S are defined by the expressions
— (? .2
C(2) —fo cos—t?dt (11)
And
S(z) = fOZ sin%tzdt (12)

Above both integrals are the real and imaginary
parts, respectively, of the complex Fresnel integral.
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Scattering By PEC Slot Placed in MNZ
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Figure 2: Diffracted Field by PEC Slot Embedded in MINZ Materials when € = 1 at incident angle ¢ =

90.
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Figure 3: Diffracted Field by PEC Slot Embedded in MNZ Materials when &£ = 1 at incident angle ¢p =

60.
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Scattering By PEC Slot Placed in MNZ
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Figure 4: Diffracted Field by PEC Slot Embedded in MINZ Materials when € = 1 at incident angle ¢ =

30.
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Figure 5: Diffracted Field by PEC Slot Embedded in MNZ Materials when € = 4 at incident angle ¢ =

90.
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Scattering By PEC Slot Placed in MNZ
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Figure 6: Diffracted Field by PEC Slot Embedded in MINZ Materials when € = 4 at incident angle ¢ =

60.
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Scattering By PEC Slot Placed in ENZ
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Figure 8: Diffracted Field by PEC Slot Embedded in ENZ Materials when g = 1 at incident angle ¢ =

90.
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Figure 9: Diffracted Field by PEC Slot Embedded in ENZ Materials when g = 1 at incident angle ¢ =

60.
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Figure 10: Diffracted Field by PEC Slot Embedded in ENZ Materials when g = 1 at incident angle ¢ =
30.
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Figure 11: Diffracted Field by PEC Slot Embedded in ENZ Materials when g = 4 at incident angle ¢ =
90.
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Figure 12: Diffracted Field by PEC Slot Embedded in ENZ Materials when g = 4 at incident angle ¢ =
60.
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Figure 13: Diffracted Field by PEC Slot Embedded in ENZ Materials when g = 4 at incident angle ¢ =
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Scattering By PEC Slot Placedin DNZ
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Figure 14: Diffracted Field by PEC Slot Embedded in DNZ Materials when (€ =.0001, u =.0001) at
incident angle ¢ = 90.
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Scattering By PEC Slot Placed in DNZ
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Numerical Results and Discussion

Using the theoretical results we have produced
numerical results with self explainatory plots
through Mathematica Software. We have
compared the scattering field amplitude for MNZ,
ENZ and DNZ near zero index metamaterials. We
can see scattering field variation in the figure 2-16.
As we increase near zero index using MNZ, ENZ
and DNZ, the amplitude increases. Fig.1 shows
the diffracted field by PEC Slot Embedded in
MNZ Materials when € =1 at incident angle
¢ = 90. Fig.2 shows the diffracted field by PEC
Slot Embedded in MNZ Materials when € = 1 at
incident angle ¢ = 60. Fig.3 shows the diffracted
field by PEC Slot Embedded in MNZ Materials
when € =1 at incident angle ¢ = 30. Fig.4
shows the diffracted field by PEC Slot Embedded
in MNZ Materials when € = 4 at incident angle
¢ = 90. Fig.5 shows the diffracted field by PEC
Slot Embedded in MNZ Materials when & = 4 at
incident angle ¢ = 60. Fig.6 shows the diffracted
field by PEC Slot Embedded in MNZ Materials
when &€ =4 at incident angle ¢ =30. Fig.7
shows the diffracted field by PEC Slot Embedded
in ENZ Materials when u = 1 at incident angle
¢ = 90. Fig.8 shows the diffracted field by PEC
Slot Embedded in ENZ Materials when u =1 at
incident angle ¢ = 60. Fig.9 shows the diffracted
field by PEC Slot Embedded in ENZ Materials
when g =1 at incident angle ¢ = 30. Fig.10
shows the diffracted field by PEC Slot Embedded
in ENZ Materials when u = 4 at incident angle
¢ = 90. Fig.11 shows the diffracted field by PEC
Slot Embedded in ENZ Materials when u = 4 at
incident angle ¢ =60 . Fig.12 shows the
diffracted field by PEC Slot Embedded in ENZ
Materials when g = 4 at incident angle ¢ = 30.
Fig.13 shows the diffracted field by PEC Slot
Embedded in DNZ Materials when (&=
.0001,u =.0001) at incident angle ¢ =90.
Fig.14 shows the diffracted field by PEC Slot
Embedded in DNZ Materials when (g =
.0001,u =.0001) at incident angle ¢ = 60 .
Fig.15 shows the diffracted field by PEC Slot
Embedded in DNZ Materials when (&=
.0001,u =.0001) at incident angle ¢ = 30.

Conclusion

It has been studied that the effects of MNZ, ENZ
and DNZ materials on the diffracted field by PEC
slot enhances the amplitude. Due to the DNZ
medium clocking of the objects becomes visible .
Counter measures of the stealth technology are
attained, Radar can easily detect invisible objects
by the signal enhancement. As the diffracted field
is proportional to the size of the scatterers i.e. In
the presence of DNZ background medium, the
size of the slot becomes larger. This study can be
helpful in detecting invisible cloaking. By
enhancing the width of slot, angular width of the
peak becomes narrow.
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