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Abstract—This work proposes to study the behavior of
different wavelengths of light in the visible spectrum when they
are incident on a two-dimensional cylindrical structure that
appears to be invisible or undetectable due to what is known as a
‘cloak’ formed around the actual object. This is achieved by
modifying an existing Finite Difference Time-Domain model for
such a structure in the Gigahertz range to function in the optical
frequency region by changing different parameters such as the
inner and outer radii of the cloak, the cell size and the number of
time steps that affect the permeability, permittivity and hence
refractive index of the structure. Results suggest that certain
colors of light can be cloaked more effectively than the others.
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l. INTRODUCTION

The term cloaking has been famously extracted from books
and movies where one could easily disappear from view by
putting on a “magical cloak.” In reality, this so-called-cloak
design is possible by the use of artificially fabricated
structures known as “metamaterials” [1]. The key reason for
this requirement is that if an object needs to be undetectable,
the light waves must bend around that object in such a way
that when they arrive at the other end they remain undisturbed;
such unusual angles of reflection cannot be achieved with
materials that exist in nature. Unlike regular structures which
are made from atoms and molecules, metamaterials are
constructed from slightly larger elements which have a
physical structure of their own [2].

Il.  THeoreTiIcALBACKGROUND

The simulation of the proposed cloaking structure is based
on the Finite Difference Time-Domain (FDTD) method which
is able to solve Maxwell’s equations in the time domain for
complex structures and geometries [3]. The computational
process becomes simpler without diminishing the accuracy of
the outputs. The FDTD method considers the metamaterial
models to be dispersive and hence the Drude Dispersive model
may be used to characterize the negative permeability and
permittivity of the material. In [4], a transverse magnetic wave
generated from an infinite line source is considered to
propagate in the z-direction (TM?). The object to be cloaked is
a cylindrical copper conductor surrounded by concentric rings
of metamaterial structure. The propagating light waves are
fully absorbed in the Perfectly Matched Layers (PML) leaving
the computational domain without reflections. Periodic
Boundary Condition (PBC) is applied to create the
propagating wave as shown in Fig.1. The cloaking parameters
are expressed as:

_r-r3 r _ s Th Ny T
ra: EZ(T) (rh_ra) r-ra

pr () s Mo (T)

T _r— (1)
where [, W, and & represent dielectric and permeability
values of the cylindrical co-ordinate system, r, and r, are the
inner and outer radii and r is an arbitrary radius of the
cloaking structure. The FDTD method calculates field

distributions in a leap-frog manner where the electric or

978-1-4799-8379-7/151$31.00 ©2015 IEEE

Perfectly Matched
Layers (PMLs)

Plane wave —m-)

source

inner radius of
cloaking structure

Propagating sine
'waves formed by
Periodic Boundary outer radius of

Condition (PBC)  cloaking structure

Fig.1. Simulation geometry for the FDTD method of cloaking

magnetic field at an instant is dependent on the past and future
values of the field. The modified equation for electric field (E)
suggested in [5]:

Epi=a (DR'' 2D} + D )+ b (DF' —DF 1)+
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D is the electric flux density, ayis the plasma frequency,y
isthe collision frequency and A¢ is the size of each time step in
the FDTD grid.
The magnetic flux (H) is obtained in a similar manner to as:
HPH = a, (BFT1 - 2BY + BI 1) + b, (BT — BI D)+

Cw (QHP — HE D) + d,, (2HE + HJ™Y) + e, HE 2 3)
For the TM? wave, the auxiliary equations in (2) and (3) may
be used to calculate the electric and magnetic fields E, and H,
(where v € x, y, z), from corresponding flux densities, D, and

B,. The update equations for D,, Byand B, are:
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IIl.  MetHoboLoGyY

The outputs of the FDTD model are governed by a few
prime parameters- the inner and outer radii of the cylindrical
object r, (=0.1m )and r,(=0.2m), cell size in the x and y
directions 4 (=3mm), the temporal steps At (=2.5 ps), the
number of spatial steps in the i-j axes (=300), the perfectly
matched layer (PML) widths on either ends of the FDTD grid
space (=50 cells), the Courant Stability number S.(= 0.25).The
default frequency of the source is set at 2 GHz. To expand this
model to optical frequency ranges, 4 had to be varied with
respect to the wavelength as:

50 (7)
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where A is the wavelength of the light wave propagating from
the source towards the cloaked object.
Consequently At has to be changed according to the
relationship [6]:

S=uE

coa (8)

where u is the speed of light in any medium, to ensure that the
stability of the system remains unaltered.
Here the value of u=c (=2.998x10%ms™) since light is
considered to be propagating through air. Lastly, r, and ry
need to be scaled in the same ratio in which the value of 4 is
varied. Since the frequency has been raised to hundreds of
terahertz, the number of spatial steps in the i-j axes need to be
lowered (=250) to compensate for the longer time needed by
light to travel and get absorbed in the PML boundaries.

IV. ResuLts

Table | contains relevant data of the modified optical FDTD
system. The associated plots are illustrated in Fig. 2 to Fig. 4.

TABLE I. VariaTions IN THE FrReQUENCIES oF LicHT IN THE OpTicaL RANGE AND
CorrespoNDING OuTpuTS

Color f Trans Trans Trans Refle | Refrac | Refrac
of (THz | mitted | mitted | mitted | ction tive tive
Light ) Field Field Coeffi | Coeff | Index Index
Beyon cient icient | (real) (imagi
d Slab nary)
dark 429 0.712 0.705 1.04 -0.04 1.9 0.5
red
red 451 0.698 0.698 1 0 1.8 0.5
orange | 476 0.703 0.695 1.07 -0.07 1.95 0.56
yellow | 500 0.713 0.698 1.02 -0.02 1.85 0.5
green 545 073 0.715 1.08 -0.08 1.97 0.58
agua 612 0.705 0.703 1 0 1.8 0.45
blue 638 0.723 0.728 1.04 -0.04 1.9 0.51
indigo 706 0.675 0.708 1.06 -0.06 1.95 0.54
violet 750 0.72 0.74 1.03 -0.03 1.85 0.5

Fig. 2 shows the behavioral pattern of the plane wave before it
is transmitted into the metamaterial cloak and after it has
travelled beyond the cloaked object. At 4.5 THz (red) and 6.1
THz (aqua), the two transmitted fields overlap, indicating
perfect cloaking. Maximum deviations (~5%) are obtained for
indigo light. At optical range, the radius of the object is in the
micrometer scale and thus it must be taken into account that as
the size of the cloaked object is increased the percentage of
inaccuracy may increase rationally. Fig.3 shows similar
outcomes, with transmission and reflection coefficients of 1
and O respectively for red and aqua lights and unreliable
results of 1.06 and -0.06 for indigo. Also, orange and green
lights show divergences of around 7% and 8% respectively in
Fig.4 but in Fig.3 these are somewhat lower. Fig.4 is a plot of
the refractive index values (real and imaginary); these data are
essential when one has to decide which metamaterial
structures must be used for practical design purposes.
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Fig.2. Plots for transmitted field before and beyond the cylindrical slab vs.
frequency
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Fig.3. Plots for transmission and reflection coefficients vs. frequency
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Fig.4. Plots for real and imaginary parts of refractive index vs. frequency

V. CONCLUSION

An existing FDTD model in the GHz range was expanded to
optical frequencies by careful variation and scaling of some
significant parameters within the simulation geometry to
provide outputs for different colors of light in the visible range
(from dark red with the lowest frequency to violet with the
highest frequency). This transformation from the GHz to the
THz range resulted in the dimension reduction of the cloaking
structure from meters to micrometers. The intention was to
deduce if different colors of light in the visible spectrum could
be cloaked (i.e., travelled beyond an object and reflected back
to the source location with minimum disturbance)
consistently. Results suggested that red and aqua would be
cloaked most accurately and blue, indigo and violet would be
among the least preferred colors to be cloaked. Refractive
index values suggest that in order to achieve nearer to perfect
cloaking for the wavelengths yielding poor results, the
polarization of the metamaterial cells or the metamaterial
composition would require careful alteration.
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