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ABSTRACT

Photonics managed a dynamic entry in the realm of integrated technology
solving the difficulty regarding the integrated electronic devices reaching their
bandwidth limitations and heat dissipation. Using light as an information
carrier poses a major hurdle named as diffraction limit, which does not per-
mit design and implementation of optical devices in the nanometer region.
A feasible solution to this predicament is using materials with negative di-
electric permittivity and metals below plasma frequency are proffering the
opening. Amongst many plasmonic devices, ring resonators with diverse ge-
ometric configuration were investigated numerically using Finite-Difference
Time-Domain scheme where design parameters were also altered to observe
the effect on the transmission properties. A plasmonic directional coupler of
Rat Race configuration in nanometer range was also designed and simulated
to investigate the transmission efficiency and S-parameters. The results of
the aforementioned structures will shed light on the credibility and novelty
of the devices in pragmatic applications.



1. INTRODUCTION

Semiconductor electronic devices form the basis of todays technology and its
rapid growth. It attained its ubiquity thanks to its extensive miniaturiza-
tion, which enabled its impressive performance, speed and power consump-
tion properties relative to previous technologies. However this technology is
rapidly reaching its inherent limitations of speed, bandwidth and size. This is
where an interesting proposition comes in. That of using light as information
carriers in place of electronic signals. However the possibilities of integration
and miniaturization of optical signal processing devices have thus far been
quite limited and restrained. A big reason for this is the diffraction limit of
electromagnetic waves. It prevents the localization of electromagnetic waves
in nanoscale regions much smaller than the wavelength of the electromagnetic
waves.

However this obstacle can be overcome by employing plasmonics [1]. Us-
ing plasmon-polaritons [2, 3], it is possible to localize light in regions far
smaller than their wavelengths. This means that it is not only possible to
design devices that are faster and consume less power, but also are smaller
in size. Some possible applications of this technology include sub-wavelength
imaging [4, 5], Braggs reflector [6], bio-sensing [7], meta materials [8] and
also can be implemented in solar cells [9, 10].

Communications systems are already heavily dependent on optical tech-
nologies such as optical fibers which provide higher bandwidth and are more
stable than electronic interconnections. The same advantage can be availed
if the optical technology is used in computer chips. Also, the optical chips
will not require any insulation since photons do not interact with each other,
making the system lighter. However, the diffraction limit of light restricts the
application of conventional optics in making nanometer scale integrated cir-
cuits. According to the diffraction limit rule, light cannot propagate through
aperture that is smaller than half of its wavelength.
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One of the most plasmonic devices is the ring resonator which come in
diverse geometric organization with potential applications in vital sectors.
Ring resonators are leading the revolution of plasmonic devices in the realm
of nanotechnology.

Directional couplers, such as rate race couplers [11], are devices which are
vital in microwave technology [12] for power splitting [13, 14], frequency mix-
ing [15], phase shifting [16] and many other useful applications. The promi-
nence of plasmonic couplers in plasmonic circuitry is paramount. Therefore,
their design [17, 18, 19] and implementation have heavy impact on the barrier
before the path to progress.

1.1 Overview of Surface Plasmon Polariton

Surface plasmon polaritons are electromagnetic excitations propagating at
the interface between a dielectric and a conductor, evanescently confined in
the perpendicular direction. These electromagnetic surface waves arise via
the coupling of the electromagnetic fields to oscillations of the conductors
electron plasma.

The eigenmodes of an interface between a dielectric and a metal are sur-
face plasmon polaritons (SPPs) [20]. We refer to them as eigenmodes in the
sense that they are solutions of Maxwells equations that can be formulated
in the absence of an incident field. On a flat interface between dielectric
and metal half-spaces with dielectric constants d and m, respectively, SPPs
are transverse magnetic (TM) plane waves propagating along the interface.
Assuming the interface is normal to z and the SPPs propagate along the x
direction, the SPP wave vector is related to the optical frequency through
the dispersion relation [21],

kx = ko
√
∈d∈m/(∈d + ∈m) (1.1)

where k0 is the free-space wave vector. We take to be real and allow to be
complex, since our main interest is in stationary monochromatic SPP fields
in a finite area. The details of SPP has been discussed in chapter 2.
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1.2 Literature Review

Plasmonic devices specially the plasmonic ring resonators have been a great
field of interest over the recent years. Here in this section of literature review,
focus have been made on the literature review of the published works on SPP
propagation analysis through different structures with different geometries.

The parameters of several metals have been reported to our knowledge.
Jin et al. [22] determined the modified Debye model parameters for gold
which are applicable in the wavelength range of 550-950 nm. Krug et al. [23]
reported the gold parameters that are applicable in the wavelength range of
700-1000 nm. W.H.P. Pernice et al. [24] extracted the parameters for Nickel
using Lorentz-Drude model. A.D. Rakic et al. [25] reported the parameters
for Nickel, Palladium, Titanium and 8 other metals using Lorentz-Drude and
Brendel-Bormann Model. M.A. Ordal et al. [26] extracted the parameters
for fourteen metals in the infrared and far-infrared range. Bends, splitters
and recombination are inevitable parts of the optoelectronic devices. Several
works on the analysis of SPP propagation in these shapes have been reported
to our knowledge. G. Veronis et al. [27] showed that bends and splitters can
be designed over a wide frequency range without much loss by keeping centre
layer thickness small compared to wavelength. H. Gao et al. [28] investigated
the propagation and combination of SPP in Y-shaped channels. B. Wang et
al. [29] analyzed two structures which consist of splitting and recombination.

The propagation loss of SPP is very high in metal-dielectric-metal config-
uration of plasmonic waveguide which limits the length of propagation. Even
the fabrication related disorders have far less impact on the propagation loss
than the losses that occur in metallic layers of the MDM waveguide. This
problem can be addressed by using both dielectric and plasmonic waveguide
on the same chip. The dielectric waveguide will carry the fundamental op-
tical mode while the plasmonic waveguide will address the sub-wavelength
scale issue. This calls for the need of efficient coupling of optical modes from
the dielectric waveguide to the plasmonic waveguide. Therefore, designing
efficient nanoplasmonic couplers with different materials and structures can
be a pioneering step in miniaturization of the integrated photonic devices.
In the past years, several plasmonic couplers have been proposed by different
researchers. G. Veronis et al. [30] proposed a coupler with multi-section
tapers. P. Ginzburg et al. [31] reported a /4 coupler to couple optical modes
from a 0.5m to 50nm wide plasmonic waveguide. D. Pile et al. [32] presented
an adiabatic and a non-adiabatic tapered plasmonic coupler. R. Washleh et
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al. [33] reported an analysis on nanoplasmonic air-slot coupler and its fabri-
cation steps.

Main focus has given on designing ring resonator by placing the resonator
in the core of the device [34, 35]. Emphasis was given towards pinpointing the
optimum geometric configuration for the core for a wide wavelength range.
The design of rat race coupler was highly motivated by the recent works of
designing the coupler using Photonic Crystals [36]. The investigation was
done to check the viability of nanometer scale couplers and the possible
solution for their deviation from the theoretical results.

1.3 Thesis Objective

The main objective of the thesis is to accomplish novel and optimum de-
signs of plasmonic nanostructures with pragmatic applications. In short the
objectives can be described as follows:

• Implementing FDTD algorithm and dispersion parameters of materials
in MATLAB.

• Designing nanometer scale plasmonic ring resonators by altering geom-
etry of the resonator.

• Simulation of the resonators to investigate the effect of geometry on
the transmission properties and identifying optimum designs.

• Designing plasmonic rat race couplers in nanometer and micrometer
scale.

• Investigating the transmission properties and S-Parameters of ports of
resonators by changing the radius and substrate of the coupler.
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1.4 Thesis Organization

The thesis has been organized in the succeeding way:

• In chapter 2, the basic theory of SPP propagation has been described.
This chapter introduces the fundamental knowledge and necessary math-
ematical formulations of SPP propagation at the single and double in-
terface.

• In chapter 3, the widely used models for modeling metals have been
described in detail with necessary derivations. Since SPPs are created
due to the coupling of photon energy to the free electrons of metal,
modeling metals is one of the key steps for the simulation of SPP prop-
agation.

• Chapter 4 introduces the fundamentals of the FDTD algorithm for 1D
and 2D simulations. We have used the ADE based general algorithm for
our simulation model which is discussed in this chapter. The chapter
also discusses about the absorbing boundary condition.

• Chapter 5 introduces the basic theory of ring resonators.

• In chapter 6, the design and simulation of plasmonic ring resonators by
altering geometric configuration were discussed.

• In chapter 7, the geometric parameters of elliptical and rectangular ring
resonators were varied to investigate their performance.

• In chapter 8, investigation of plasmonic rat race coupler designed in
nanometer scale took place.



2. SPP PROPAGATIONS THEORY

2.1 Overview

Surface Plasmon Polaritons (SPP) are electromagnetic excitation that prop-
agate in a wave like manner along a metal-dielectric medium (the dielectric
could be a vacuum or air). It involves both charge motion in the metal
(surface plasmon) and electromagnetic waves in the dielectric (polariton).
Plasmons, which are longitudinal electron density oscillations, resemble light
waves confined to the surface of a metal.

Electromagnetic wave propagation is obtained from the solution of Maxwells
equation in each medium, and the associated boundary conditions. Maxwells
equations of macroscopic electromagnetism are presented below.

From Gauss Law for the electric field

∇.D = ρext (2.1)

From Gausss Law for the magnetic field

∇.B = 0 (2.2)

From Faradays Law

∇× E = −∂B
∂t

(2.3)

From Amperes Law

∇×H = Jext +
∂D

∂t
(2.4)

Here,
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E is the electric field vector in volt per meter

D is the electric flux density vector in coulombs per square meter

H is the magnetic field vector in amperes per meter

B is the magnetic flux density vector in webbers per square meter

ρext is the charge density

Jext is the current density

The four macroscopic fields can be also linked further via the polarization
P and magnetization M by

D = εoE + P (2.5)

H =
1

µo
B −M (2.6)

Now this equations can be simplified for linear, isotropic, nonmagnetic
media as

D = εoεrE (2.7)

B = µoµrH (2.8)

where,

ε0 is the electric permittivity of vacuum in Farad per meter.

µ0 is the magnetic permeability of vacuum in Henry per meter.

εr is the relative permittivity.

µ0 is the relative permeability.

2.2 The Electromagnetic Wave Equation

The EM wave equation which describes the field amplitude in time and space
can be derived from Maxwells equations. The wave equation can be derived
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by taking curl of Faradays law

∇×∇× E = −∂B
∂t

(2.9)

or,

∇×∇× E = ∇× (−µ∂H
∂t

) (2.10)

With the identities ∇×∇×E = ∇(∇.E)−∇2E and ∇×H = ε∂E
∂t

we can
simplify the above equation as

∇(∇.E)−∇2E = −µε∂
2y

∂t2
(2.11)

From Gausss law we can conclude that the divergence of E in a constant
permittivity over space is zero, i.e. ∇.E = 0

Therefore, the final wave equation for electric field will be

∇2E − µε∂
2E

∂t2
= 0 (2.12)

Similarly the wave equation for magnetic field can be derived as

∇2H − µε∂
2H

∂t2
= 0 (2.13)

So, the general form of wave equation can be written as

∇2E − ε

C2

∂2E

∂t2
= 0 (2.14)

Where c = 1√
ε0µ0

= velocity of light

The solution of wave equation is a harmonic function in time and space.
Now if we assume this as a harmonic time dependence of the electric field,

E(r, t) = E(r)e−jωt (2.15)

Therefore we get the Helmholtz equation

∇2E +K2
0εE = 0 (2.16)

where the vector of propagation K0 = ω
c

in free space.
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For simplicity let us assume the propagation of wave is along the x-
direction of the Cartesian co-ordinate system and no spatial variation in
y-direction. So we can write

E(x, y, z) = E(z)ejβz (2.17)

where β = Kx which is called the propagation constant.

Now inserting the value of E the wave equation will be

∂2E(z)

∂z2
+ (K2

0ε− β2)E = 0 (2.18)

Similarly we can derive the equation for the magnetic field H. The field E
and H can be decomposed in cartesian co-ordinate system as

E = Ex
−→a x + Ey

−→a y + Ez
−→a z (2.19)

H = Hx
−→a x +Hy

−→a y +Hz
−→a z (2.20)

For Harmonic time dependence ∂
∂t

= −jω and by solving the Amperes law
and Faradays law, we get

∂Ez
∂y
− ∂Ey

∂z
= jωµ0Hx (2.21)

∂Ex
∂z
− ∂Ez

∂x
= jωµ0Hy (2.22)

∂Ey
∂x
− ∂Ex

∂y
= jωµ0Hz (2.23)

∂Hz

∂y
− ∂Hy

∂z
= jωε0εEx (2.24)

∂Hx

∂z
− ∂Hz

∂x
= jωε0εEy (2.25)

∂Hy

∂x
− ∂Hx

∂y
= jωε0εEz (2.26)

As the propagation is in x-direction in the form of ejβx which follows ∂
∂β

=

−jβ. The homogeneity in y-direction makes /x=0. So the equation will be
simplified as

−∂Ey
∂z

= jωµ0Hx (2.27)

∂Ex
∂z
− jβEz = jωµ0Hy (2.28)
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jβEy = jωµ0Hz (2.29)

∂Hy

∂z
= jωε0εEx (2.30)

∂Hx

∂z
− jβHz = jωε0εEy (2.31)

jβHy = jωε0εEz (2.32)

The solution of the above equation can be characterized by two sets of solu-
tion with the polarized characteristics which are, Transverse Magnetic (TM)
modes and Transverse Electric (TE) modes. The equations belonging to TM
modes are

Ex = −j 1

ωε0ε

∂Hy

∂z
(2.33)

Ez = −β 1

ωε0ε
Hy (2.34)

Therefore, the wave equation for TM Polarized wave will be

∂2Hy

∂z2
+ (K2

0ε− β2)Hy = 0 (2.35)

Similarly the TE polarized equations are will be

Hx = j
1

ωµ0

∂Ey
∂z

(2.36)

Hy = β
1

ωµ0

Ey (2.37)

And the corresponding TE wave equation will be

∂2Ey
∂z2

+ (K2
0ε− β2)Ey = 0 (2.38)

2.3 SPP at Single Interface

The simplest configuration for SPP propagation is at a single interface. This
is between a dielectric of dielectric constant ε2 and a metal of negative dielec-
tric constant ε1. For the metal, the bulk plasmon frequency will be ωp and
the amplitude decays perpendicular to the z-direction. For the TM solutions
in both spaces: metal and dielectric will be for z¿0

Hz(z) = A2e
jβxe−k2z (2.39)
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Fig. 2.1: SPP at the single interface

Ex(z) = jA2
1

ωε0ε2

k2e
jβxe−k2z (2.40)

Ez(z) = −A1
β

ωε0ε2

ejβxe−k2z (2.41)

and for z <0
Hy(z) = A1e

jβxek1z (2.42)

Ex(z) = −jA1
1

ωε0ε1

k1e
jβxek1z (2.43)

Ex(z) = −A1
β

ωε0ε1

ejβxe−k1z (2.44)

The continuity of Hy and εiEz at the metal dielectric gives A1 = A2 and

k2

k1

= −ε2

ε1

(2.45)

The surface wave exists at the metal dielectric interface with opposite sign
of their real dielectric permittivities. So, we can write

k2
1ε = β2 − k2

0ε1 (2.46)

k2
2ε = β2 − k2

0ε2 (2.47)

The dispersion relation of SPPs propagation can be found as

β = k0

√
ε1ε2

ε1 + ε2

(2.48)

The TE surface modes can be expressed as

Ey(z) = A2e
jβxe−k2z (2.49)
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Hx(z) = −jA2
β

ωµ0

k2e
jβxe−k2z (2.50)

Hz(z) = −A2
β

ωµ0

k2e
jβxe−k2z (2.51)

For z > 0, and
Ey(z) = A1e

jβxe−k1z (2.52)

Hx(z) = jA1
β

ωε0ε1

k1e
jβxek1z (2.53)

Hz(z) = A1
β

ωε0ε1

k2e
jβxek1z (2.54)

For z < 0, the continuity of Ey and Hy requires

A1(k1 + k2) = 0 (2.55)

The surface requires that the real part of k1 and k2 should be greater than
zero for confinement. This will be satisfied if A1 = A2 = 0. Therefore
no surface modes for the TE polarization. SPP only exist for TM mode
polarization.

2.4 SPP at Double Interface

The two most prominent double interface configurations of SPP waveguides
are the Metal-Dielectric-Metal (MDM) and Dielectric-Metal-Dielectric (DMD).
In these cases SPPs are formed on both interfaces. When the distance is
shorted than decay distance, it forms coupled mode of SPP. This coupled
mode of propagation can be also be sub-divided into even and odd modes,
as shown in the figure.

Fig. 2.2: SPP at the double interface



3. MATERIAL MODELLING
WITHIN OPTICAL RANGE

3.1 Overview

At low frequencies or for long wavelengths metals act as perfect conductors.
Since it has zero field, they do not show any dispersive behavior. But at
higher frequencies as those found in the optical range, metals behave as
dispersive materials which implies that there exists field inside metal. And
in frequencies higher than the optical range, metals act as dielectrics. Thus,
properties of SPPs depend highly on the material response to light.

Three vectors can determine the behavior of any material in the presence
of an external oscillation electromagnetic field, three vectors can determine
the behavior of any material. These are

D-Electric flux density E -Electric field intensity P -Polarization density

The corresponding equations in the frequency domain are

D(ω) = ε(ω)E(ω) (3.1)

P (ω) = ε0χ(ω)E(ω) (3.2)

D(ω) = ε0E(ω) + P (ω) (3.3)

Combining these two equations we get

D(ω) = ε0E(ω)(1 + χ(ω)) (3.4)

Where χ is the electric susceptibility which measures how easily it is polarized
in response to an applied electric field, and it is a dimensionless quantity.

Finally the relation between the permittivity and susceptibility is

ε(ω) = ε0(1 + χ(ω)) (3.5)
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So the relative permittivity will be

εr(ω) = 1 + χ(ω) (3.6)

For linear isotropic materials (for e.g. glass) this value becomes simple. But
for a dispersive material, the frequency dependent permittivity and suscepti-
bility needs to be modeled precisely for predicting the response of the material
for a given electromagnetic excitation. Some widely used material models are
Drude model, Lorentz model, and Debye model.

3.2 Different Material Models

3.2.1 The Drude Model

The Drude model of electrical conduction was first developed by Paul Drude.
In the model he described the metal as a volume filled with stationary positive
ions, immersed in a gas of electrons following the kinetic theory of gases.
These electrons are free to move inside the metal without any interaction
with each other. The electrons in a metal are subjected to two forces, such
as

1.Driving force Fd 2.Damping force Fg

The driving force and the damping force can be expressed as

Fd = qE = −eE (3.7)

Fg = −Γν (3.8)

As the two forces are opposite to each other, the resultant force will be

F = Fd − Fg (3.9)

From Newtons first law of motion we can write

mr” = −eE + Γr′ (3.10)

where, m is the mass of an electron Γ is the damping constant in Newton
second per meter r is the displacement in meter v is the velocity of the
electron q is the electron’s charge The prime indicates differentiation order
with respect to time.
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For time harmonic electric field and time harmonic displacement the equa-
tion will be

E(t) = E0e
−jωt ⇔ E(ω) (3.11)

r(t) = R0e
−jωt ⇔ R(ω) (3.12)

From equaion 3.10 the frequency domain form will be

mR”(ω)− ΓmR′(ω) + eE(ω) = 0 (3.13)

The derivatives of frequency domain will give

−mω2R”(ω) + jωΓmR′(ω) + eE(ω) = 0 (3.14)

Simplifying the above equation, the displacement R will give

R(ω) =
−e

m(jΓω − ω2)
E(ω) (3.15)

The polarization for n number of electrons will be

P (ω) = −neR(ω) (3.16)

or,

P (ω) =
e2n

m(jΓω − ω2)
E(ω) (3.17)

An expression for the susceptibility can also be obtained from the above
equation and that will be

P (ω)

ε0E(ω)
=

e2n

ε0m(jΓω − ω2)
= χ(ω) (3.18)

Now substituting this value in equation 3.6 we get

εr(ω) = 1 +
e2n

ε0m(jΓω − ω2)
(3.19)

If we consider p as the plasma frequency that will provide

ω2
p =

e2n

ε0m
(3.20)

So, the frequency dependent flux density will be

D(ω) = ε0(1 +
ω2
p

(jΓω − ω2)
)E(ω) (3.21)

For low frequency, the term Γω << 1 therefore, the dispersive relation can
be reduced to

D(ω) = ε0(1−
ω2
p

ω2
)E(ω) (3.22)
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3.2.2 The Lorentz Model

The Lorentz models gives a simpler picture of the atom. This models is
helpful in visualizing atom-field interactions. Lorentz modeled and atom as
a mass (nucleus) connected to another smaller mass (electron). However,
electrons in the Lorentz models do not move freely inside the metal but are
instead bound to atoms. Thus there exists a restoring force between them.
This may be denoted by Fr.

Fig. 3.1: Lorentz Model

The restoring force can be written as

Fr = −kr (3.23)

where k is the spring constant in Newtons per meter.
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Similarly from the law of motion we can say that,

mr” + Γmr′(ω) +mkr + eE = 0 (3.24)

In frequency domain the above equation will be

R(ω)(mω2
0 + jωΓm−mω2 − eE(ω)) = 0 (3.25)

Considering the natural frequency ω0 =
√

k
m

we get

R(ω) =
−e

m(ω2
0 + jωΓ− ω2)

E(ω) (3.26)

Therefore the susceptibility can be found as

P (ω)

ε0E(ω)
=

e2n

ε0m(ω2
0 + jωΓ− ω2)

= χ(ω) (3.27)

So from the equation 3.4 the expression for D can be expressed in frequency
domain as

D(ω) = ε0(1 + fracω2
pω

2
0 + jωΓ− ω2) (3.28)

3.2.3 The Lorentz-Drude Model

In the Lorentz-Drude (LD) model, electrons in two states oscillate inside the
metal and they contribute to the permittivity. The free electrons contribute
a permittivity of the Drude model, and the bound electrons contribute a
permittivity of the Lorentz model. The permittivity in the LD model is
given by

ε = εfree + εbound (3.29)

where,

εfree = 1 +
ωp

(jΓω − ω2)
(3.30)

εbound =
ωp

ω0 + jΓω − ω2
(3.31)

Therefore combining both the models together the electric field density D in
frequency domain will be

D(ω) = ε0(1 +
ωp

jΓω − ω2
+

ωp
ω0 + jΓω − ω2

)E(ω) (3.32)
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3.2.4 The Debye Model

The Debye model was first developed by Peter Debye in the year 1912. Ac-
cording to the Debye model, materials are made of electric dipoles so that
when an electric field is applied, these dipoles follow the behavior of the ap-
plied field with some relaxation time. If the electric field is oscillating at
a slow frequency, then the polarization will be strong. On the other hand,
a fast oscillating field means low polarization. From another point of view,
materials with long relaxation times have low polarization or no polarization
at all, and materials with short relaxation times have strong polarization.

Metals are known to have very short relaxation times. Thus, polarization
in metals is strong. If a DC electric field is applied to a dielectric, the
polarization takes some time to follow the electric field. At steady state, it
will be

P (t) = P∞(1− e−t/τ ) (3.33)

where P(t) is the instantaneous polarization P∞ is the polarization in the
steady state is the time constant. The derivative of the above equation will
be

dP (t)

dt
=

1

τ
P∞e

−t/τ (3.34)

Now combining both the equations we get

P (t) = P∞ − τ
dP (t)

dt
(3.35)

As P∞ = ε0(ε− 1)E(t), the equation will be reduced to

P (t) = ε0(ε− 1)E(t)− τ dP (t)

dt
(3.36)

or,

ε0(ε− 1)E(t) = P (t) + τ
dP (t)

dt
(3.37)

In the frequency domain the equation will be

ε0(ε− 1)E(ω) = P (ε) + jωτP (ω) (3.38)

or,

P (ω) =
ε0(ε− 1)

1 + jωτ
E(ω) (3.39)
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The susceptibility can be expressed as

ε− 1

1 + jωτ
=

P (ω)

ε0E(ω)
= χ(ω) (3.40)

And the relative permittivity will be

ε0(ω) =
ε− 1

1 + jωτ
+ 1 = 1 + χ(ω) (3.41)

For the permittivity function to fit in the range from 0 frequency to infinite
frequency, the boundary conditions are εr(0) = εs(0) and εr(∞) = ε∞(0) So,

ε(ω) = ε∞ +
(εs − ε∞)

1 + jωτ
(3.42)

To take into account the material losses that SPPs encounter, another term is
added with the permittivity of metal. So the above equation can be expanded
to

ε(ω) = ε∞ +
(εs − ε∞)

1 + jωτ
− j σ

ωε0

(3.43)

where

ε′(ω) = ε∞ +
(εs − ε∞)ωτ

1 + jω2τ 2
(3.44)

ε”(ω) = ε∞ +
(εs − ε∞)ωτ

1 + jω2τ 2
+

σ

ωε0

(3.45)

3.3 Material Dispersion

Dispersion can be defined as the variation of the propagation waves wave-
length with frequency. It is also sometimes defined as the variation of prop-
agating waves wave number k = 2π

λ
with angular frequency ω = 2πf . So the

one dimensional wave equation will be

∂2u

∂t2
= υ2∂

2u

∂x2
(3.46)

where

υ2 =
1

εµ
(3.47)

The solution of the above wave equation can be written in phasor form as

u(x, t) = ej(ωt−kx) (3.48)
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Now putting this value in the wave equation we get

(jω)2ej(ωt−kx) = υ2(−jk)2ej(ωt−kx) (3.49)

Finally from this equation we greater

k = ±ω
v

(3.50)

The + sign is for −x directed wave propagation and − sign is for +x directed
wave propagation. The magnetic flux density and electric flux density for
dispersive medium are

D(ω) = ε(ω)E (3.51)

B(ω) = µ(ω)H (3.52)

Here both ε(ω) and µ(ω) are freque dependent functions.



4. OVERVIEW OF
FINITE-DIFFERENCE TIME

DOMAIN METHOD

4.1 The Yee Algoritm

The algorithm used in FDTD simulations is known as the Yee algorithm. The
original proposal was intended for homogeneous, isotropic and lossless media
based on discretizing the volume into cells in Cartesian coordinates. The
Yee algorithm solves for both electric and magnetic fields using the coupled
Maxwells time-dependent curl equations, rather than solving for the electric
field alone (or the magnetic field alone) with a wave equation.

The method begins with two of Maxwells equations:

D
∂
−→
H

∂t
= − 1

µ
∇×

−→
E (4.1)

D
∂
−→
E

∂t
=

1

ε
∇×

−→
H (4.2)

The electric and magnetic fields are three dimensional vectors. Each equation
can be converted into three coupled scalar first order differential equations.
The derivatives are both in space and time. The curl operations of equa-
tions 4.1 and equation 4.2 yields the following six equations in Cartesian
coordinates

∂Ez
∂y
− ∂Ey

∂z
= µ

∂Hx

∂t
(4.3)

∂Ex
∂z
− ∂Ez

∂x
= µ

∂Hy

∂t
(4.4)

∂Ey
∂x
− ∂Ex

∂y
= µ

∂Hz

∂t
(4.5)
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∂Hz

∂y
− ∂Hy

∂z
= ε

∂Ex
∂t

(4.6)

∂Hx

∂z
− ∂Hz

∂x
= ε

∂Ey
∂t

(4.7)

∂Hy

∂x
− ∂Hx

∂y
= ε

∂Ez
∂t

(4.8)

Then the scalar differential equations are converted into difference equations.
In order to do that, discretization is required for both space and time. For
space discretization, Yee visualized the field components arranged within
a unit cell (voxel). The electric field components are stored on the corre-
sponding cell edges, while the magnetic field components are stored on the
corresponding face centers. The fields are located in a way where each E
component is surrounded by four H components and vice versa, which leads
to a spatially coupled system of field circulations corresponding to the law
of Faraday and Ampere. The figure 4.1 shows the Yees spatial grid.

Fig. 4.1: Yee’s Spatial Grid

Considering a two dimensional TM (Transverse Magnetic) polarized field



4. Overview of Finite-Difference Time Domain Method 23

case,
∂Ex
∂t

=
1

ε

∂Hz

∂y
(4.9)

∂Ey
∂t

=
1

ε

∂Hz

∂x
(4.10)

∂Hz

∂x
=

1

µ
(
∂Ex
∂y
− ∂Ey

∂x
) (4.11)

Central difference approximation is applied in each of the equations 4.9, 4.10
and 4.11 which finally conclude in a spatial scalar difference equations in
4.12, 4.13 and 4.14.

∂Ex
∂t

=
1

ε

Hz(i, j)−Hz(i, j − 1)

∆y
(4.12)

∂Ey
∂t

=
1

ε

Hz(i, j)−Hz(i− 1, j)

∆x
(4.13)

∂Hz

∂t
=

1

µ
(
Ex(i, j + 1)− Ex(i, j)

∆y
− Ey(i+ 1, j)− Ey(i− 1, j)

∆x
) (4.14)

In order to consider the time derivatives, the time axis is to be considered as
shown in the figure. The Electric and Magnetic field are mapped half a step
apart along the time axis. Again applying the central difference approxima-
tion the equations 4.12, 4.13 and 4.14 become:

En+1
x (i, j + 1

2
)− En

x (i+ 1
2
, j)

∆t
=

1

ε

H
n+ 1

2
z (i+ 1

2
, j)−Hn+ 1

2
z

(i+ 1
2
, j − 1

2
)

∆y
(4.15)

En+1
y (i, j + 1

2
)− En

y (i, j + 1
2
)

∆t
= −1

ε

H
n+ 1

2
z (i+ 1

2
, j + 1

2
)−Hn+ 1

2
z

(i− 1
2
, j + 1

2
)

∆y
(4.16)

H
n+ 1

2
z (i+ 1

2
, j + 1

2
)−Hn− 1

2
z (i+ 1

2
, j + 1

2
)

∆t
=

− 1

µ

(
En+1
x (i+ 1

2
, j + 1)− En

x (i+ 1
2
, j)

∆y
−
En
y (i+ 1, j + 1

2
)− En

y (i, j + 1
2
)

∆x

)
(4.17)

Each field component depends on the field of previous time step itself and
the surrounding component in Yees algorithm.
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Fig. 4.2: The temporal scheme of FDTD method

Numerical stability of the Yee algorithm is required to be ensured. In
an unstable algorithm the computed magnitude of electric and magnetic
field components will gradually increase without limit with the progression
of simulation. To guarantee numerical stability, the EM fields propagation
should not be faster than the al-lowed limit which is imposed by the phase
velocity within the material. This is done by limiting time step t using the
Courant-Friedrichs-Lewy criterion for the general Yee FDTD grid as follows:

∆t ≤

 1

v p

√
1

(∆x)2
+ 1

(∆y)2
+ 1

(∆z)2

 (4.18)

where ∆x, ∆y and ∆z indicate the spatial Cartesian grid increments.
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4.2 Absorbing Boundary conditions (ABC)

In FDTD method, a space of theoretically infinite extent with a finite compu-
tational cell is simulated due to limited computer resources. The boundary
is said to be ideally absorbing, without any non-physical reflection back to
the region. To accomplish this, a number of boundary conditions such as
Berengers perfectly matched layer (PML), have been proposed. An artificial
layer surrounds the computational domain so that most of the outgoing waves
are absorbed. The electromagnetic fields are made to attenuate rapidly until
they become equal to zero, so that they do not produce any reflections.

4.3 Material Dispersion in FDTD

The material is said to be dispersive when the permittivity and permeability
of a material are functions of frequency. In reality the assumption of con-
stant relative permittivity is not absolutely correct. Because by doing so,
instantaneous polarization of charge within a material is being assumed. In
order to exploit the realistic wave propagation, dispersive FDTD techniques
become necessary. The existing FDTD based algorithms for the analysis of
material dispersion can be categorized into three types:

1. The auxiliary differential equation (ADE)

2. The Z-transform methods and

3. Methods base on discrete convolution of the dispersion relation or the
recursive convolution (RC) method

We will highlight on the ADE dispersive FDTD method as we have applied
in material modeling. The other methods will also be briefly discussed.

4.3.1 The Auxiliary Differential Equation (ADE)

Taflove introduced the auxiliary differential equation to the FDTD modeling
in order to integrate the dispersion relation into the model. The dispersion
relation is converted from frequency domain to time domain through Fourier
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transform in the basic step of the procedure. The Fourier transform results
in a relationship between the new E field value and the previous E and D
values, which can be added to the algorithm to update the E fields. The new
algorithm with ADE becomes

∂

∂t
Hz = − 1

µ
(
∂Ex
∂y
− ∂Ey

∂x
) (4.19)

∂

∂t
Dx =

∂Hz

∂y
(4.20)

In order to get the function relating D to E in a dispersive medium, we start
with

D(ω) = ε0
σ

jω
E(ω) (4.21)

Multiplying by jω
jωD(ω) = ε0σE(ω) (4.22)

Applying the Fourier transform in equation 4.22

d

dt
D(t) = ε0σE(t) (4.23)

Discretizing equation 4.20 equation using forward difference method

Dn −Dn−1

∆t
= ε0σE(t) (4.24)

Finally solving for E, we find the update equation

En =
Dn −Dn−1

ε0σ∆t
(4.25)

4.3.2 The Z-transform Methods

The Z-transform is a faster method compared to ADE method. Sullivan used
the Z-transform method for the first time in order to introduce the dispersion
relation into the FDTD algorithm.

The Z-transform of the equation

D(ω) = ε(ω)E(ω) (4.26)

is
D(z) = ε(z)∆tE(z) (4.27)
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where ε(z) is the z-transform of ε(ω) and is the sampling period. As
already done in ODE, let us consider the material dispersion as σ

jω
, the

relation between D and E is given by

D(ω) =
σε0

1− z−1
∆tE(z) (4.28)

Multiplying by (1− z−1), we find

D(z)(1− z−1) = σε0E(z) (4.29)

or,
D(z)− z−1D(z) = σε0E(z) (4.30)

performing inverse z-transform

Dn −Dn−1 = σε0∆tEn (4.31)

Finally, for solving E from equation 4.28, we find

En =
Dn −Dn−1

σε0∆t
(4.32)

Which is same as the final update equation derived by ADE method.

4.3.3 Piecewise Linear Recursive Convolution
Method

Luebbers et al. formulated the first frequency dispersive FDTD algorithm
using the recursive convolution (RC) scheme. Later it became piecewise lin-
ear recursive convolution (PLRC) method [37]. Initially developed for Debye
media [38], the approach was later extended for the study of wave propaga-
tion in a Drude material [39], N-th order dispersive media [40], an anisotropic
magneto-active plasma [41], ferrite material [42] and the bi-isotropic/chiral
media [43, 44, 45] The RC approach, typically being faster and having re-
quired fewer computer memory resources than other approaches, is usually
less accurate. But in case of multiple pole mediums, it is easier to follow the
RC approach.

In the initial derivation of PLRC method for a linear dispersive medium,
the relation between electric flux density and electric field intensity is ex-
pressed as:

D(t) = ε∞ε0E(t) + ε0

∫ t

0

E(t− τ)χ(τ)dτ (4.33)
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Which can be discretized as:

Dn = ε∞ε0E
n + ε0

∫ n∆t

0

E(n∆t− τ)χ(τ)dτ (4.34)

The PRC method is further preceded from this basing discrete equation.

4.4 The General Algorithm

The derivation of equations for multi-pole dispersion relation is more diffi-
cult compared to the single pole-pair dispersion relation. For example, for
six-pole Lorentz-Drude dispersion the required derivation process is lengthy.
Additionally, the memory required for computation is also vast. There are
various methods proposed by researchers regarding this topic such as Tafloves
matrix inversion method, Multi-term dispersion by Okoniewski, etc. How-
ever Alsunaidi and Al-Jabr proposed a general algorithm technique which
solves various problems regarding previous methods. The major advantage
of this technique is that it requires only one algorithm for any dispersion
relation. The dispersive relation has the general form as

D(ω) = ε(ω)E(ω) (4.35)

Which can be expressed in terms of summation of poles

D(ω) = ε∞ε0E(ω) +
∑N

i
Pi(ω) (4.36)

Where N is the number of poles. Applying Fourier transform, this equation
becomes

Dn+1 = ε∞ε0E
n+1 +

∑N

i
P n+1
i (4.37)

or,

En+1 =
Dn+1 −

∑N
i P

n+1
i

ε∞ε0

(4.38)

This term Pi can be any form of dispersion relation such as the Debye, the
Drude or just the conductivity term. This the final solved equation for E.



5. THEORY OF RING
RESONATORS

5.1 Overview

Ring Resonators play an important role in the success of the silicon photon-
ics [46], because silicon allows enables ring resonators of an unprecedented
small size. Constructing ring resonators by means of Metal-Insulator-Metal
(MIM) alignment have unlocked the potential possibilities of achieving prac-
tical attributes. The field of plasmonic ring resonators is very much alive
and better understanding a technological advances will definitely give many
exciting results in the coming decade both in new physics and in valuable
purposes.

5.2 Theoretical Approach

A generic ring resonator consists of an optical waveguide which is looped back
on itself such that a resonance occurs when the optical path length of the
resonator is exactly a whole number of wavelengths. Ring resonator therefore
support multiple resonances and the spacing between these resonances, the
free spectral range (FSR), depends on the resonator length. A ring resonator
is a unique device if and only if a coupling is done to the outer world. The
co-directional coupling mechanism is the custom of coupling used to couple
a resonator and adjacent waveguides.

A crude representation of ring resonator is depicted in Figure 5.1 which
shows the unidirectional coupling between the resonator and waveguide [47,
35]. Ei1 being the excitation signal, various losses accumulated along the
propagation of light can be related by a matrix relationship with attenuation
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Fig. 5.1: Pivotal Ring Resonator Structure

constants: (
Et1
Et2

)
=

(
t k
−k∗ t∗

)(
Ei1
Ei2

)
(5.1)

Coupler parameters are described using t and k which depend on coupler
mechanism, Et1 and Et2 denote normalized complex amplitudes. Therefore,

|t2|+ |t2| = 1 (5.2)

The transmitted field can be expressed as:

Et1 =
|t| − Le−j(φ−φt)1− |t|Le−j(φ−φt)

E i1
eφt (5.3)

5.3 Applications

Constructing ring resonators using Metal-Insulator-Metal (MIM) alignment
have unlocked the potential possibilities of achieving practical attributes such
that optical switch [48, 49], directional couplers [50, 51], sensing applications
[52, 7, 53] in addition to modulator [54, 55, 56], laser [57] or resonant detectors
[58].



6. RING RESONATOR WITH
DIVERSE GEOMETRIC

CONFIGURAION

6.1 Overview

In this section, simulation results of eight waveguide resonators with rect-
angular, circular, hexagonal, elliptical geometry as well as special type of
rectangles such was diamond and tapered edge shaped were investigated.
The numeric analysis was executed by means of Finite Difference Time Do-
main (FDTD) method. The dimensions of the resonators were considered
in the nanometer scale. The results provided an understanding of transmis-
sion efficacy of the resonators and will aid the selection process of pertinent
design in the insinuated region. Behavioral analysis of the resonators accord-
ing to their geometric properties will assist to select the design according to
applications of interest which were revealed beforehand. The study done
in the biological window of wavelength will provide the suitable geometric
configuration to use in biological applications.

6.2 Structures and Simulation

6.2.1 Proposed Structures

Figure 6.1 shows the circular structure. The absolute edifice is quantified
1000nm*1000nm. The gray area indicates silver and the white area signifies
air. The thickness of the waveguide W=50nm, matched with the breadth of
the ring. The coupling gap has been kept at 10nm. The radius of the inner
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circle is R=150nm.

Fig. 6.1: Schematic diagram of circular ring resonator

Figure 6.2 indicates the rectangular resonator, A and B being the length
and width. Two resonators were studied with where one of them is con-
stituted with A=400nm and B=275nm and in case of the other one the
dimensions were A=400nm and B=550nm. Figure 6.3 represents the angled
hexagonal resonator, each side measuring 200nm and the breadth is 50nm for
all the resonators. The flat version of the hexagonal resonator was also an-
alyzed. In figure 6.4, the elliptical resonator was depicted. The shape other
than the ones in the figures which were considered are a tapered edge square
(390nm*390nm) and a diamond (288 nm* 288nm with diagonal=400nm).

Fig. 6.2: Schematic diagram of rectangular ring resonator
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Fig. 6.3: Schematic diagram of hexagonal ring resonator

Fig. 6.4: Schematic diagram of elliptical ring resonator
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6.2.2 Simulation of Plasmonic Waves

A 2D simulator was programmed using MATLAB [59] to carry out the FDTD
operation. The frequency reliant dispersion was patterned using a broad
polarization algorithm. Propagation of surface plasmon wave in different
resonators are depicted below:

Fig. 6.5: Propagation of surface plasmon wave in circular ring resonator

Fig. 6.6: Propagation of surface plasmon wave in rectangular ring resonator
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Fig. 6.7: Propagation of surface plasmon wave in hexagonal ring resonator

Fig. 6.8: Propagation of surface plasmon wave in elliptical ring resonator
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6.3 Result Analysis

6.3.1 Overview

The performance of the resonators were judged by means of transmission
efficiency. The percentage of power being received in the output port in the
wavelength range of 700nm to 2600nm were calculated using the Poynting
vector [60]. The frequency for which the resonator transmits maximum power
(resonant frequency) and the modes of propagation was also be enumerated
through the analysis.

6.3.2 Transmission Efficiency Analysis

Figure 6.9 to Figure 6.14 have been utilized to depict the overall transmis-
sion efficacy of eight resonators in the wavelength region under consideration
(700nm to 2600nm) and the rectangles and hexagons have been plotted col-
lectively.

Fig. 6.9: Circular Ring Resonator
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Fig. 6.10: Diamond Shaped Ring Resonator

Fig. 6.11: Elliptical Ring Resonator

Fig. 6.12: Hexagonal Ring Resonator
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Fig. 6.13: Rectangular Ring Resonator

Fig. 6.14: Tapered Edge Ring Resonator
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6.3.3 Resonant Frequency Analysis

The resonant frequency within the specified wavelength range for eight res-
onators were calculated by means of FDTD simulator by iterating each fre-
quency 20000 times. The results are depicted in the subsequent table:

Tab. 6.1: Maximum efficiency analysis
Geometric Structure Maximum Efficiency (%) Wavelength
Circular 37.12 1310nm
Rectangle1(B>A) 27.97 1040nm
Rectangle2(A>B) 38.27 1260nm
Tapered Edge 37.52 1510nm
Diamond 32.23 1000nm
Angled Hexagon 37.47 1210nm
Flat Hexagon 29.21 1270nm
Ellipse 33.25 1150nm

The maximum efficiency (38.27%) is observed for the rectangular ring res-
onator with dimensions 400nm*275nm in 1260nm wavelength. The resonator
with tapered edge rectangle shape also indicated prominent result (37.52%)
due to the lower truncation error at the edges. Dependence of maximum
efficiency and resonant wavelength on the device geometry is clearly evident
from the data.

6.3.4 Electromagnetic Mode Analysis

The resonated state of the resonators is depicted in Figure 6.15 which consists
of the linearly polarized mode 9, 7, 5 of the resonators. The N number of
nodes in the magnetic field distribution within the resonator refers to mode
(N-1) [61]
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Fig. 6.15: The normalized Hz field distribution of shapes at mode 9, 7, 5 and
resonant wavelength. The mode fluctuates with the wavelength
of operation.
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6.3.5 Performance in Biological Window

990nm to 1100nm wavelength is referred to as the biological window [62, 63]
of operation. The transmission properties of the resonators under discussion
in this region is presented in Table 6.2.

Tab. 6.2: Performance analysis in biological window
Geometrical Configuration Efficiency (%) Biological window
Circular 36.33 1020nm
Rectangle1(B>A) 27.97 1040nm
Rectangle2(A>B) 37.14 1060nm
Tapered Edge 23.86 1000nm
Diamond 25.36 1110nm
Angled Hexagon 31.67 990nm
Flat Hexagon 15.29 1040nm
Ellipse 33.25 1150nm

Rectangle with dimension 400nm*275nm is the apt configuration to use
in the biological window with a transmission efficiency of 37.14% in resonant
wavelength of 1060nm. If the design constraints force a designer to use
other structures, the resonant wavelengths of alternative structures are also
mentioned in Table 6.2, through which one can find the wavelength for which
the resonator will be most effective.



7. PERFORMANCE ANALYSIS BY
ALTERING DESIGN

PARAMETERS

7.1 Overview

In this section, the design parameters of rectangular and elliptical ring res-
onators were altered and the analysis focused on pinpointing an optimum
structure within the specified geometric configurations.

7.2 Rectangular Configuraion

In this section, simulation results of fifteen waveguide resonators with rectan-
gular geometry were investigated. Numeric analysis was executed by means
of Finite Difference Time Domain (FDTD) method. A range of dimensions
(length*width) was considered in nanometer scale. The results provided an
understanding of transmission efficacy of the resonators and will aid the selec-
tion process of pertinent design in the insinuated region. Behavioral analysis
of the resonators according to their geometric properties will assist to select
the applications of interest which were revealed beforehand.

7.2.1 Proposed Desings

One of the proposed rectangular structures has been featured in Figure 7.1.
The absolute edifice is quantified 1000nm*1000nm. A and B being the length
and width of the resonator, the gray and white color indicates silver and
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air respectively. Thickness of the waveguide W=50nm, matched with the
breadth of the ring. The coupling gap has been kept at 5nm.

Fig. 7.1: Proposed Rectangular Resonator

Thorough investigation of the effect of altering geometric dimension on
transmission properties took place in this paper. Eleven structures were
primarily proposed, arbitrarily starting from A and B both being 60nm.
A being fixed at 60nm, B was increased with 10nm increment till 100nm.
In the second phase, B was kept constant at 60nm and A was increased till
120nm with the unchanged increment. Four more resonators with dimensions
60nm*86nm, 74nm*60nm, 86nm*60nm and 94nm*60nm were simulated to
authenticate the outcomes of aforementioned configurations.

7.2.2 Simulation of Resonators

Figure 7.2 includes the resonated state of fifteen structures. By means of
Poynting vector [19], power calculation of two ports was accomplished. The
performance of the resonators were judged by means of transmission effi-
ciency. The wavelength range was taken from 700nm to 2600nm and FDTD
method was iterated for 20000 time steps for each wavelength.



7. Performance Analysis by Altering Design Parameters 44

Fig. 7.2: Resonated state of the proposed structures
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7.2.3 Result Analysis

Table 7.1 incorporated the values of transmission efficiency along with corre-
sponding dimensions. A graphical illustration which includes Transmission
Efficiency vs. Aspect Ratio (B/A) has been exhibited in Figure 7.3.

Tab. 7.1: Dimension of the resonators and their corresponding Transmission
Efficiency (%)

Parameter A*B (nm2) Aspect Ratio (B/A) Transmission Efficiency (%)
120*60 0.5000 53.101
110*60 0.5454 53.614
100*60 0.6000 53.928
94*60 0.6382 55.839
90*60 0.6667 56.571
84*60 0.6977 55.894
80*60 0.7500 54.575
74*60 0.8108 54.642
70*60 0.8571 55.752
60*60 1.0000 55.918
60*70 1.1667 56.099
60*80 1.3333 53.546
60*90 1.5000 50.033
60*100 1.6667 48.135

The highest transmission efficiency observed is 56.571% and correspond-
ing dimension is 90nm*60nm. Increase in length (A) further reduces the effi-
cacy. Then again, if B is enlarged, degradation in efficiency occurs yet again.
One strident decline was discerned with each increment after 60nm*70nm.
Three continuative structures with dimensions 70nm*60nm, 60nm*60nm,
60nm*70nm indicates transmission efficiencies of 55.7518%, 55.9185%, 56.0994%
respectively, showing less amount of instability compared to other successive
structures, validating the fact that minuscule change in dimension will not
immensely affect the transmission properties.
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Fig. 7.3: Transmission Efficiency vs. Aspect Ratio of the Resonators
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7.3 Elliptical Configuraion

In this section, simulation results of seven waveguide resonators with elliptical
geometry were investigated. Numeric analysis was executed by means of
Finite Difference Time Domain (FDTD) method. A range of eccentricity was
considered. The results provided an understanding of transmission efficacy
of the resonators according to the eccentricity of the ellipses.

7.3.1 Proposed Design

One of the proposed elliptical structures has been featured in Figure 7.4.
The absolute edifice is quantified 1000nm*1000nm. a and b being the major
and minor axis of the resonator, the gray and white color indicates silver and
air respectively. Thickness of the waveguide W=50nm, matched with the
breadth of the ring. The coupling gap has been kept at 5nm.

Fig. 7.4: Schematic diagram of elliptical ring resonator

The sequence of the proposed designs were illustrated in figure 7.5 ac-
cording to the eccentricity of the elliptical resonators. Eccentricity from 0 to
0.75 were depicted by altering the major and minor axes.
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Fig. 7.5: Proposed elliptical ring resonators
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7.3.2 Simulation of Resonators

Figure 7.6 indicates the resonated state of an elliptical structure. By means
of Poynting vector [19], power calculation of two ports was accomplished.
The performance of the resonators were judged by means of transmission
efficiency. The wavelength range was taken from 700nm to 2600nm and
FDTD method was iterated for 20000 time steps for each wavelength.

Fig. 7.6: Resonated state of an elliptical ring resonator

7.3.3 Result Analysis

Table 7.2 incorporated the values of transmission efficiency along with corre-
sponding dimensions. A graphical illustration which includes Transmission
Efficiency vs. Eccentricity has been exhibited in Figure 7.7

The highest transmission efficiency observed is 58.48% and corresponding
dimension eccentricity is 0.75. Efficacy declines as moved forward and from
eccentricity -0.50 (negative eccentricity indicates inverted major and minor
axis from the positive ones), the efficiency begins to rise once more. Unlike
rectangular resonators, an optimum shape is yet to be established.
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Tab. 7.2: Eccentricity of the resonators and their corresponding Transmis-
sion Efficiency (%)

Parameter(eccentricity) Maximum Efficiency (%) Wavelength(nm)
0.75 58.48 1680
0.50 54.90 1310
0.25 54.64 1340
0.00 54.60 1380
-0.25 54.48 1350
-0.50 54.49 1910
-0.75 54.90 1700

Fig. 7.7: Transmission Efficiency vs. Eccentricity of the Resonators



8. RAT RACE COUPLER

8.1 Overview

A directional coupler is an electronic component having four-port circuits
with one port being isolated from the input port and another being considered
as a through port. The device is normally used to split the input signal and
distributed power. Example - Rat race coupler, Tee coupler.

Rat-race coupler (RRC) is a 3dB coupler which consists of four transmis-
sion lines with impedance of

√
2Z0, three with length of λ/4 and one with

length of 3λ/4. There are four terminals with impedance of Z0 [64]

Fig. 8.1: Schematic diagram of a rat race coupler

A normal three-port Tee junction is taken and a fourth port is added to
it, to make it a rat race junction. All of these ports are connected in angular
ring forms at equal intervals using series or parallel junctions. The preceding
Figure 8.1 shows a novel rat race coupler.
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8.2 Structure and Design

Plasmonic Rat Race couplers of nanometer scale and micrometer scale have
been proposed and investigated. The absolute area is reckoned 1000nm*1000nm.
Radius of the rat race junction have been taken 200nm, 250nm and 300nm.
The gray and white color indicates silver and air respectively. Thickness of
the waveguide is 50nm, matched with the breadth of the coupler. No cou-
pling gap has been kept. Proposed structures are depicted below in Figure
8.2-Figure 8.4:

Fig. 8.2: RRC with 200nm radius, λ=838nm

Fig. 8.3: RRC with 250nm radius, λ=1047nm
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Fig. 8.4: RRC with 300nm radius, λ=1257nm



8. Rat Race Coupler 54

8.3 MATLAB Simulation

8.3.1 Simulation

Figure 8.5 includes the resonated state of a coupler. By means of Poynting
vector, power calculation of two ports was accomplished. The performance
of the couplers were judged by means of transmission efficiency. The wave-
lengths were taken 838nm, 1047nm, 1257nm for 200nm, 250nm and 300nm
radius couplers respectively. FDTD method was iterated for 20000 time steps
for each wavelength.

Fig. 8.5: Resonated state of an RRC with radius of 250nm

8.3.2 Results Analysis

The transmission of power in the RRC with 200nm radius is 1.05% through
port 2, 6.772% through port 3 and 7.7168% through port 4. Similarly for
250nm radius, 1.6821% through port 2, 3.59% through port 3 and 20.25%
through port 4 and for 300nm radius, 2.55% through port 2, 3.06% through
port 3 and 25.93% through port 4. The bar plot of the power transmitted
through the ports are depicted in the following Figure 8.6, 8.7 and 8.8.

The results found from this analysis so far does not conform to the theory.
Therefore, suitable parameters for designing nanometer scale plasmonic rat
race coupler are yet to be discovered.
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Fig. 8.6: Efficiency of ports of an RRC with a radius of 200nm

Fig. 8.7: Efficiency of ports of an RRC with a radius of 250nm

Fig. 8.8: Efficiency of ports of an RRC with a radius of 300nm



8. Rat Race Coupler 56

8.4 CST Simulation

To investigate the S-parameters of the rat race coupler, micrometer scale
couplers were designed and simulated in CST. Frequency domain solver was
utilized and the numeric approach was Finite Element Method (FEM). The
radius of the coupler was taken as 3.5m along with a 0.5m thickness. A
frequency sweep from 150 THz to 250 THz was used for this operation. The
device material was Silicon and substrate materials were Silicon Dioxide and
Silicon Nitride respectively.

8.4.1 Silicon Dioxide Substrate

Figure 8.9 shows the RRC with device material silicon over a substrate of
Silicon Dioxide. The resulting S-parameters of four ports are plotted in the
following figure 8.10. The declination from theory is evident through the

Fig. 8.9: RRC with Silicon Dioxide substrate

results. The substrate was changed to observe the alteration of results.
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Fig. 8.10: S-Parameters of RRC with Silicon Dioxide substrate

8.4.2 Silicon Nitride Substrate

Figure 8.11 shows the RRC with device material silicon over a substrate of
Silicon Dioxide. The resulting S-parameters of four ports are plotted in the
following Figure 8.12.

Fig. 8.11: RRC with Silicon Dioxide substrate

No significant improvement has been observed by changing the substrate
material to Silicon Nitride. Alternative approaches to solve the predicament
are being investigated.
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Fig. 8.12: S-Parameters of RRC with Silicon Dioxide substrate



9. CONCLUSION AND FUTURE
PLANS

9.1 Conclusion

In recent years, plasmonic components have rapidly evolved from discrete,
passive structures toward integrated active devices that could comprise an
all optical, nano photonic networking technology. In this paper, theoreti-
cal approach of implementing plasmonic nanostructures and comprehensive
analysis of transmission properties took place. The accomplished tasks at a
glance are as followed:

• Design and simulation of ring resonators by altering geometric config-
uration of the ring resonators.

• Investigating performance of rectangular ring resonators by varying
design parameters.

• Investigating performance of elliptical ring resonators by altering ec-
centricity of the resonator.

• Designing nanoscale plasmonic rat race couplers and investigating trans-
mission efficiency and S-Parameters of the ports.

9.2 Future Plans

The nanostructures which were proposed and simulated showed great poten-
tial but more research is due, to achieve novel designs. Implementing of the
devices in future is of topmost priority. Following are the clearer view of
what schemes lie ahead for upcoming days:
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• Testing the devices in pragmatic applications such as filter, mixer, sen-
sor etc.

• Achieving novel designs of the proposed structures.

• Finding the optimum design parameters for elliptical ring resonators.

• Achieving anticipated performance in plasmonic rat race coupler.

• Designing universal logic gates i.e. NAND and NOR gates.

• Designing logic circuits e.g. multiplexers, demultiplexers, encoders etc.

• Real life implementation of the proposed structures and investigating
their results with the simulation ones.
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