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Abstract

Ever since the discovery of surface plasmons in 1950s [21], surface plasmon—
polaritons (SPPs), among many other applications [5], has been prophesied to
accelerate the development of new generation of photonic circuitry due to its
subwavelength confinement ability [29]. While SSPs occurs naturally in opti-
cal frequencies, spoof surface plasmon—polaritons (SSPPs) which have similar
characteristics as SPPs were proven to exist in lower frequencies such as tera-
hertz and microwave frequencies on a plasmonic metamaterial [15]. Recently,
the conversion of guided waves along a transmission line to SSPPs on plasmonic
waveguide has been proposed by means of a hybrid waveguide [11]. In this
project, the aforementioned conversion was first examined and verified via sim-
ulations. In addition, the behaviour of the SSPPs on the hybrid waveguide was
investigated, and was found to be dependent on the physical parameters of the
hybrid waveguide. On top of that, ring resonators were also incorporated to the
hybrid waveguide, whose spectral response was then studied. The convenient
manipulation of the SSPPs, together with the easy modification of the response
of the hybrid waveguide by means of ring resonators, indicate great potentials for

SSPPs devices to complement the existing techonology in microwave frequencies.
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Chapter 1

Introduction

1.1 Background

The success in bringing optical fibers to practical use by Charles K. Kao has
enabled the transmission of large amounts of information in the form of light
around the globe in the modern world today [1]. The triumph in the fiber-optic
communications has led to some part of the scientific community to postulate the
replacement of electronics circuits with photonic devices [5]. Such a prophecy
is further evidenced by the quantum limit to the Moore’s Law that predicts the
doubling of transistor density every two years. The quantum limit which argues
that the Heisenberg uncertainty would ultimately limit the miniaturization of the
electronic circuitry [17]. This, together with other challenges such as thermal dis-
sipation, leakage current, and thermal noise further encourages the replacement

of electric circuitry by photonic circitry.

However, the conventional photonic circuitry is bound to be limited by the
diffraction limit, which requires the optical waveguide carrying the signals must
be of a width at least half of the wavelength of the light travelling in it [5]. Such
a limitation is undoubtedly an obstacle to the miniaturization of the circuitry
and devices. The solution to a compact photonic integrated circuit beyond the
diffraction limit lies in the surface—plasmon polaritons (SPPs) [25], which are
“electromagnetic excitations propagating at the interface between a dielectric
and a conductor, evanescently confined in the perpendicular direction” [13] to
the propagation direction. Since the SPPs are confined at the metal-dielectric

interface, subwavelength design of circuitry could therefore be realized.



While SPPs are found in infrared and optical frequencies, they do not exist
naturally in lower frequency range such as the microwave frequencies. Nonethe-
less, surface waves known as spoof surface plasmon—polaritons (SSPPs) are sup-
ported by means of plasmonic metamaterial [15]. Hence, the advantages and
benefits of SSPs can also be realized in the lower frequency regime with SSPPs,
which have similar characteristics as SPPs in the counterpart of higher frequen-

cles.

1.2 Motivation

As discussed in the previous section, SPPs and SSPPs have opened up a new
avenue in the conveyance of signals from one point to another in a circuitry. The
study of the properties of SSPPs such as their dispersion relation and their rela-
tionship with the behavior of a hybrid waveguide which supports SSPPs mode as
well as the dependence of the properties of SSPPs on the physical characteristics
of the hybrid waveguide in this project would definitely help in further under-
standing the nature of SSPPs.

In this project, the frequency band of interest lies within the microwave do-
main. Microwave technology have many niche applications in the military, com-
mercial and scientific activities, such as the radar system for locating targets such
as missile, motion sensor in automatic doors or security alarms in premises, and
microwave radiometry for remote sensing of the earth and atmosphere [18]. By
the scale invariance of classical electrodynamics, examining SSPPs in microwave
frequencies in this project allows us to understand SSPPs in terahertz frequen-
cies as well, since SSPPs are also supported at terahertz frequencies, which are
given increasing attention recently as terahertz technology is believed to have a

good prospect in many applications [27].

In the networked society today, signals take several forms in the course of
their transmission. For an instance, signals might first be generated as electric
signals in an electronic circuit, which are then converted to guided waves in
transmission lines before transmitted as free propagating electromagnetic waves

by an emitter, subsequently being captured by a receiver as guided waves, which



may then be transformed to SSPPs if necessary, as summarized in Figure 1.1.
This project also studies the conversion of signals from the form of guided waves
to SSPPs in a hybrid waveguide. The conversion of this kind is of particular
importance because the devices and instrument used in the microwave frequency
bands often distribute the signals and energies in the form of guided waves along
transmission lines. Thus, the conversion from guided waves to SSPPs and vice

versa would allow greater integration of SSPPs in the conventional microwave

circuitry.
Plasmonic
Generator Free device
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Electrical propagating
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Figure 1.1: Conversion of signals during transmission.

In addition, this project also aims to evaluate the practicality and function-
ality of the hybrid waveguide by examining the behaviour of SSPPs with respect
to the change of physical properties of the waveguide. The incorporation of
ring resonators to the hybrid waveguide also explores the likelihood of such a

plasmonic device to replace or complement traditional microwave devices.



Chapter 2

Fundamentals

2.1 Spoof Surface Plasmon—Polaritons (SSPPs)

As the name suggests, spoof surface plasmon—polartions (SSPPs), also known
as designer surface plasmon—polaritons, are a form of electromagnetic surface
waves which, to a certain extent, share similar behaviour with surface plasmon—
polartions (SPPs). Hence, it would be appropriate to examine some basic prop-
erties of SPPs before looking at the proof that SSPPs indeed mimic SPPs.

As mentioned, SPPs are a form electromagnetic excitation whose amplitude
decays exponentially into the mediums between which the interface at which
SPPs exist. SPPs are a product of the coupling between electromagnetic waves
in the dielectric medium and the plasma oscillations in the metal, as summarized

in Figure 2.1.
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Figure 2.1: SPPs at metal-dielectric interface [29].

The boundary conditions of the solutions of Maxwell equations at the inter-
face of the two mediums require one of the mediums to have a negative dielectric

permittivity [29]. The demand for a medium to have a negative permittivity is



fulfilled as the dielectric function of a metal is given by [7]

Wp

e(w) = (o) ( - —) (2.1)

w

where €(00) is a constant due to the positive ions background and w, is the
plasma frequency. It can be seen that when the frequency of the electromagnetic
waves, w is smaller than the plasma frequency, w,, the resulting dielectric func-
tion, €(w) of the metal will be negative and hence SPPs could be supported at

these frequencies.

The dispersion relation of SPPs is given as follows [29].
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Figure 2.2: Dispersion relation of SPPs [29].

While SPPs are found in infrared and optical frequencies, they do not ex-
ist naturally in lower frequency range, in which the metal behaves as a perfect
electric conductor (PEC) [12]. Hence, the SPPs are generally not found in far-
infrared, terahertz and microwave frequencies [22]. This is due to the fact that
metals in far infrared, terahertz and microwave frequencies have their dielectric
response to be dominated by the large imaginary component corresponding the
high conductivity [10,12]. Since electric field vanishes inside the metal, plasma

oscillations and SSPs could not be supported.

In the year 2004, Pendry et al. proved that SPPs-like modes called spoof
surface plasmon—polaritons (SSPPs) could be supported in the lower frequency
bands [15]. They established a close relationship between SPPs and SSPPs;
having proven that SSPPs are governed by a dielectric function similar to that

of a metal where SPPs are present. SSPPs are made possible with plasmonic
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matematerials which can be created by introducing periodic defects or structures

on metallic surfaces, such as a perforated metallic surface as shown in Figure 2.3.

Figure 2.3: Perforated metallic surface which supports SSPPs [15] with holes of
dimensions of a and a period of d.

Besides holes, other periodic structures such as arrays of blocks or grooves in
which bound states of electromagnetic fields can exist are also capable of sup-
porting SSPPs [15].

Several waveguide modes especially the fundamental mode which decays the
least will be induced in the holes upon being impinged by an incident waves. As
a < d << Ao where )\ is the wavelength of the incident waves in free space,
the incident waves are insensitive to the details of the surface and the perforated
surface is regarded to have an effective response of €, and ¢,, where € stands
for the dielectric function. By equating the instantaneous energy flow inside and
outside the surface and after some mathematical manipulations and assumptions,

the dielectric function of the surface is effectively given by

2d2 2.2
€ =€) =t (1 L) (2.2)

8a? a’w?ep iy,

where €, and p;, are the respective relative permittivity and relative permeability
of materials inside the holes while ¢ is the speed of light in vacuum. Equation
2.2 can be further reduced to

272 2
Exzﬁy:ﬂ-dEh(l— Wp) (2'3)

8a? a?w?
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Pendry et al. further state that the dispersion relation of the SSPPs are given

by
1 1 64a’w?
_ = 2
ky = c\/w + " T (2.4)

2
P w

where w, =

where k| is the wavenumber of the SSPPs along the interface.

W= (Dp ----------:,: -------------------------------------

k
|
Figure 2.4: Dispersion relation of SSPPs [15].

Examining the effective dielectric functions, Equation 2.1 and Equation 2.2,
and the dispersion relations, Figure 2.2 and Figure 2.1, of SPPs and SSPPs would
lead to a conclusion that both SPPs and SSPPs behave in a similar manner even

though their origins are not exactly the same.

2.2 Transmission Line Theory

While an electronic circuit is treated with the lumped element model, in
which the current and voltage are assumed to have no significant change over
the circuit, a transmission line is a distributed parameter network over which the
current and voltage change in magnitude and phase [18]. A transmission line is

often denoted with two-wire lines as shown in Figure 2.5.
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Figure 2.5: Schematic diagram of a transmission line [18].

where R, L, G and C' are the series resistance per unit length for both conductors,
series inductance per unit length for both conductors, shunt conductance per
unit length and shunt capacitance per unit length. Using Kirchhoft’s Voltage
Rule and Kirchhoff’s Current Rule, under sinusoidal steady state condition, we
have [18]

avo,
d?1
y i v =0 (2.6)

where v = a + j8 = /(R + jwL)(G + jwC) and w is the angular frequency. In

the case of a lossless transmission line, ~ is reduced to v = j56 = wV LC.

An important property of a transmission line is its characteristic impedance,
Zo. It is the ratio of the complex voltage to the complex current along the
transmission line. The characteristic impedance of a transmission line modeled

as in Figure 2.5 is given by [18]

R+ jwL
Too= 4] —L "~ 2.
"V Gt (2.7)

which is simplified to the following for a lossless transmission line.

L
o =1/ = 2.
=17 (2:8)

Transmission lines such as coaxial cables, and connectors typically have a char-
acteristic impedance Zy of 50 2. This is because maximum power capacity and
minimum attenuation occur at 30 €2 and 77 (2 respectively. Thus 50 2 is a com-

promise of the two desired features of a transmission line [18].
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There are many types of transmission lines, these include coaxial cable, sti-

pline, microstrip and coplanar waveguide (CPW). Examples of the field distri-
bution in these transmission lines is show in Figure 2.6.

ey

—FETE

|

d)

Figure 2.6: Examples of field distribution in a) coaxial cable, b) stripline, c)
microstrip, and d) coplanar waveguide (CPW) [16, 18].
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Chapter 3

Methodology

In this project, computer simulation is adopted as the main approach in
investigating a hybrid waveguide and modeling the properties of SSPPs on the
hybrid waveguide. Two commercial simulation software programmes — ANSYS
High Frequency Structural Simulator (HFSS) and CST Microwave Studio (MWS)
were used in the course of the project. Other software such as MATLAB was

also used for some calculations required in designing the hybrid waveguide.

3.1 ANSYS High Frequency Structural Simula-
tor (HFSS) [4]

HFSS is a 3D full wave electromagnetic simulator mainly used in the de-
sign and simulation of circuit components, antenna, etc. in the radiowave and
microwave frequencies. The HFSS solver uses a numerical method called finite el-
ement method (FEM) which divide the volume in analysis into many subdomains
which are collectively known as a mesh, and subsequently solve the problem in

each of the subdomain.

HF'SS solves for the electric field subject to the boundary conditions and
excitations for each finite element or subdomain and solves for the magnetic field

from the calculated electric field.

1 B} 3}
V x (N—V X E) —kje,E =0 (3.1)
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A='1VxE (3.2)
wp

In order to ensure the solution obtained is accurate, HF'SS uses an adaptive
analysis process which deliberately changes the mesh until the right solution is
found. The process is summarized in Figure 3.1

Create initial
mesh

Solve fields using the
finite element method

|

Max Delta S < Goal

Refine mesh

Calculate local
solution error

no

Calculate broad band
S-parameters (if desired)

Figure 3.1: Adaptive analysis in HFSS [4].

An initial mesh is firstly generated and the electric fields are approximated as
Eapprox at a solution frequency. The approximated fields Eappmz are then substi-
tuted to Equation 3.3 to calculate the degree of error or residue.

1 — —
V x (—V X Eappmc) — kgerEappmx = restdue (3.3)
fir

Then, a predefined fraction of the finite elements in the regions with large residue
is refined by replacing the large tetrahedral elements with the smaller ones. The
process of solving, residue analysing, and remeshing are repeated iteratively until
the convergence criteria or the maximum number of iterative passes are fulfilled.
If the analysis is to be carried out with a frequency sweep, the last refined mesh

at the solution frequency will be used for other frequencies.

16



3.2 CST Microwave Studio (MWS)

CST MWS, a module of CST Studio Suite, is a 3D electromagnetic simula-
tion software for high frequency components. It offers a wide range of solvers
which operate in both time domain and frequency domain [2] and is also based
on the finite element method (FEM). Among the solvers available include tran-
sient solver, frequency domain solver, eigenmode solver, integral equation solver,

asymptotic solver and TLM solver.

In the aspects of speed and memory requirement, the transient solver in CST
MWS has an edge over HFSS. This is because the transient solver is a time
domain solver which runs the calculation once by supplying an input signal or
pulse to the model in study. It then calculates the resulting field distribution in
the model and the mode amplitudes in other ports of the model. The results
are then processed to give the S parameters of the model at every frequency
by means of Fourier transform [2]. On the other hand, HFSS which uses fre-
quency domain solver in calculating the S parameters performs the calculation
at every frequency in the range and hence demands substantially large amount
of memory and takes very long time for a single simulation. However, it was
found that the simulation results calculated CST MWS could be very inaccurate
sometimes when a simulation was not carefully set up. Therefore, a major part

of simulations in this project were still carried out using HFSS.
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3.3 Simulation Setup

Port 2
Radiation boundary

200 (mm)

Figure 3.2: Model built in HFSS.

In this project, a 3D model of a hybrid waveguide with desired dimensions
and materials was first built in HFSS. Next, a vacuum box with radiation outer
boundary was created around the waveguide. Excitations were then assigned
in the form of two lumped ports at the two ends of the hybrid waveguide. In
the solution setup, the maximum number of adaptive passes was increased to
12 so as to obtain an accurate solution. The frequency sweep was set from
0.1 GHz to 14.0 GHz, 15.0 GHz or 16.0 GHz with a step size of 0.1 GHz or
0.2 GHz depending on the needs. Next, the built model was analyzed and a
single simulation typically took at least 3 days to complete. Finally, the results
were post processed by plotting the scattering parameters and field distribution
over the frequency range. The entire process of the simulation is summarized in

Figure 3.3 as follows.

Generate 3D Apply boundaries Solution
Structure ‘ [ and excitations ‘ Setup

Post
Solve - s

Figure 3.3: Flow chart of a typical simulation in HFSS [4].

18



On the other hand, the eigenmode solver of CST MWS was used in the
calculation of the dispersion relation of the SSPPs on the hybrid waveguide.
A unit cell of the plasmonic waveguide was first constructed, with appropriate
boundary conditions assigned on the unit cell, as shown in Figure 3.4, where
periodic boundary conditions were applied along the positive and negative z

directions.

Figure 3.4: A unit cell for eigenmode analysis in CST MWS.

By the periodicity of the hybrid waveguide, the independent values of the
wavenumber, k, of the SSPPs on the hybrid waveguide is given by

(3.4)

b |

< kgp <

b | 3

where p is the period of the structure. The quantity k,p was defined as a variable
phase_x, and was swept from 0° to 180° with a step size of 15° using the parameter
sweep option in the eigenmode solver to obtain the dispersion graph, which is

the relationship between frequency f and wavenumber k,.
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Chapter 4
Construction of a Hybrid
Waveguide

Recently, H. F. Ma et al. have presented a hybrid waveguide which allows high
efficiency broadband conversion of guided waves to SSPPs and vice versa [11].

The presented waveguide, as shown in Figure 4.1, is composed of three parts.
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Figure 4.1: Geometry of the hybrid waveguide [11].

Part I is a conventional coplanar waveguide with a central strip of width 2H =
25 mm each; Part III is a plas-

10 mm and ground plates of width w
monic waveguide which is essentially a corrugated metallic strip with rectangular

20



grooves of depth h = 4 mm, width a = 2 mm and period p = 5 mm on the di-
electric substrate; while Part II is a transition from Part I to Part III, in which
the width of the ground plates are gradually decreased to zero and the central
strip is corrugated with the groove depth increases from 0.5 mm to 4 mm at
a step size of 0.5 mm. The copper plates and strip above the substrate has a
thickness of t = 0.018 mm whereas the substrate is FR4-epoxy with a thickness
of d =0.05 mm.

4.1 Dispersion Relation of SSPPs

The behaviour of SSPPs on each side of the thin corrugated metallic strip can
be approximately modeled as that on a infinitely thick (in y direction) corrugated
metal as shown in Figure 4.2. In so doing, the complications arising from the
thinness of the strip can be avoided and the analysis is made simpler. The period
and the depth of the periodic grooves are labeled as p and h respectively and the

medium above the metal is having an isotropic relative permittivity of ¢,.

€ I
O 4 . kx
u u P LIh q,@g’\

N

A

Figure 4.2: Corrugated metal with infinitely large thickness.

In deriving the dispersion relation [24], the magnetic field of the TM waves

in region I could be expressed as Floquet modes for periodic structures,

HI = 3" poexp(—jk{"x) exp(—jk)2) (4.1)

n=—oo

where p, is the diffraction amplitude,
kK" =k, + 27n/p (4.2)
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and
(B Ve + (k) [ /e)? = (w/e)? (4.3)

In region II, the magnetic field is only non-zero in the grooves. The magnetic

field in region II is expressed as follows.
H;I = A" exp(jk.112) + A” exp(—jk. 112) (4.4)
where AT and A~ are constants and
]{527][ = \/E_TCU/C (45)

Solving the boundary conditions between region I and region II, we have

Sgkz’[[ Sgkz,ll
DS ey v Dheey el I AV 0

kz,[ kz,[ A- = 0 (46)
exp(jk’z,nh) —exp(jk’z,Hh)

. kz,IISrzL
1—j) O tan(k. s7h) = 0 (4.7)
z,0

which implies

n

where

In the limit that A > d, h and k,a < 1, the zeroth order Sy dominates and
So ~ \/E Equation 4.7 becomes
p

ky = \/E—%\/ 1+ (%)21:&112 (h\/e_%> (4.9)

which is further reduced to

ky = k:o\/l + (%>2tan2 <h%> (4.10)

when region I is a medium of air or vacuum with ¢, = 1. From Equations 4.9

and 4.10, it is clear that the dispersion relation of the SSPPs are dependent on

22



the geometry and material property of the hybrid waveguide.

The Equations 4.9 and 4.10 refer to the case of an infinitely thick corrugated

metal. The structure of the designed hybrid waveguide is however different as in
Figure 4.3.

&*"\&

a)

Figure 4.3: a) Model used in derivations; b) Structure of hybrid waveguide.

b) &

The actual dispersion relation of the SSPPs on the hybrid waveguide was
obtained by running a simulation, as described in Section 3.2. The results are

as follows.

—Light line

_ Derived dispersion with
simplifying approximations 1

— Actual dispersion

0 100 200 360 ASD ED‘D ED‘D

k (m") ip

Figure 4.4: Light line and dispersion relations of SSPPs.
From the simulation, it can be seen that the dispersion relation of the SSPPs on

the actual structure of the hybrid waveguide deviates even further from the light

line compared to that of the model used in derivations.
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4.2 Momentum and Impedance Matching

In designing the hybrid waveguide, two important concerns must be addressed
so as to enable the conversion of the guided waves mode in a coplanar waveguide
(CPW) to SSPPs mode in the corrugated metal strip. They are the momentum

mismatch and the impedance mismatch between the guided waves and SSPPs.

As seen in the dispersion graph in Figure 4.4, the value of the wavenumber of
SSPPs, k, is always larger than that of the guided waves in the CPW| ky at any
given frequency. Thus, there exist a large momentum mismatch between CPW
in region I and the corrugated strip in region III of Figure 4.1. In order to solve
the momentum mismatch, it is crucial to bridge the gap between the momenta

of the two modes.

From Equation 4.10,

ky = %\/1 + (%)2‘5&1&2 (h%’) (4.10)

it is clear that when k, is closer to ky when h is smaller. Therefore, the metallic
strip in Region II of Figure 4.5 is corrugated in a way that the depth of the
grooves, h is increasing gradually from 0 mm to 4 mm with a step size of
0.5 mm so that the momentum mismatch can be reduced in each period, p at all

frequencies.
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Figure 4.5: Regions I, IT and IIT of the hybrid waveguide [11].

On the other hand, impedance matching is an important consideration in

designing the waveguide. The reflection coefficient, I" of a wave incident on a
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medium with impedance 7, from a medium with impedance Z, is given by [18]

2y 7,

— % 411
7, 1 7. (4.11)

Hence, the difference in impedance of any two adjacent points along the waveg-
uide must not be big so that the reflection at the interface is negligible. The
characteristic impedance of a coplanar waveguide is dependent on the width of
the central strip 2H, the gap between the central strip and the ground plates g,
the thickness of the ground plate and central strip and the dielectric constant of

the dielectric substrate, ¢,.

Therefore, the change of the value of g from 0.244 mm in Region I to infin-
ity in Region III would induce a large difference in the impedance and hence a
large reflection. Therefore, the transition was designed in a way that the gap,
g between the central strip and ground plates is increased gradually so that the
impedance difference of any two adjacent planes along the hybrid waveguide is
negligibly small and hence the signals and energies can be fed from the CPW
in Region I to plasmonic corrugated strip in Region III without too much of

reflection.

4.3 Simulation Results

Simulation on the hybrid waveguide was done to investigate its performance
and efficiency in the conversion of guided waves to SSPPs and the propagation

of SSPPs along the waveguide.

The plot of the magnitude of the electric field on the hybrid waveguide at a
frequency of 10 GH z is shown in Figure 4.6. It is seen from Figure 4.6 that most
of the energies are in fact confined near the metallic surface of the CPW as well
as the corrugated strip. This is consistent with Pendry’s prediction that metallic
surfaces with periodic defects, such as the corrugated metallic strip in this case,

do support SPPs-alike surface waves known as SSPPs.
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Figure 4.6: The magnitude of the electric field on the hybrid waveguide at a
frequency of 10 GH z.

The efficiency of the conversion of guided waves to SSPPs and vice versa

and that of the propagation of the SSPPs along the hybrid waveguide for the
frequency range from 0.1 GHz to 14.0 GHz are given by the S11 and S21

parameters as follows.
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Figure 4.7: The magnitude of the electric field on the hybrid waveguide at a
frequency of 10 GHz.
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From the graph, the S11 parameter is low while the S21 parameter is high in
the range from approximately 1.0 GHz to around 12.0 GHz. This implies that
the reflection of signals is low whereas the transmission of energies from one end

to another of the waveguide is high in this frequency range.

In fact, the hybrid waveguide acts as a bandpass filter which allows signals of
a certain band of frequencies to transmit but reject signals of frequencies outside
the band, at the same time allows the conversion between the guided waves mode
in a conventional CPW and the SSPPs mode in a corrugated metallic strip. The
conversion of such kind is highly important because it bridges the conventional

transmission line technology to the newer science of plasmonic metamaterial.
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Chapter 5

Manipulation of SSPPs on the
Hybrid Waveguide

As seen in the previous section, the hybrid waveguide basically acts as a band-
pass filter which allows signals within a certain range of frequency to transmit
along it. In this chapter, it will be shown how the bandwidth of the transmission
band could be altered, by simply varying the physical properties of the hybrid

waveguide.

5.1 Upper Cutoff Frequency

In Section 4.1, it has been shown that the disperion relation of the SSPPs on
the hybrid waveguide is approximated by Equation 4.9

ky = \/E—%\/ 1+ (%)21:&1&2 (h\/e_%> (4.9)

Differentiating k, with respect to w, we have

2
h hw hw

A2 a e tan? (e 2 bdand

dk, /& w(p) ecan<ec)sec(ec)

e A
dw c A (5-1)
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2
where A = \/1 + (2) tan? <hg).
P c

The group velocity, v, of the SSPPs along the corrugated strip is given by

dl:J , which is the reciprocal of the expression in Equation 5.1. With that,

A
I - (5.2)

2
A+ w (—) \/aﬁ tan? (\/ah_w) sec? <\/Eh—w>
P c c c

Denoted as f’, the upper cutoff frequency of the bandwidth of the hybrid
waveguide is the frequency at which no signal is able to propagate along the
waveguide. In other words, at the upper cutoff frequency f’ (corresponding to

w'), the group velocity v, of the SSPPs is essentially zero.

vglw=w") =0 (5.3)

Therefore, from Equations 5.2 and 5.3, we have

A=0 (5.4)

\/ 1+ (%)21:&112 <\/e_h%> —0 (5.5)
tan <\/e_h%) - zg (5.6)

W = \/S_hg (5.7)

f= (5.8)

NG

The expression of the upper cutoff frequency f’ in Equation 5.8 shows that its
value is dependent on the dielectric constant, €. of the substrate and the groove

depth, h of the corrugated metallic strip.

However, it should be noted that the dispersion relation in Equation 4.9 is
derived based on an infinitely thick corrugated model but not a thin metallic

strip on the top of a dielectric substrate, depicted in Figure 4.3. Therefore, the
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expression in Equation 5.8 does not serve as an exact numerical solution for up-
per cutoff frequency in the hybrid waveguide, yet it gives the general trend of
the upper cutoff frequency in response to the change of physical properties of the

waveguide.

5.2 Varying Substrates

Equation 5.8 predicts that as the dielectric constant, €, of the substrate in-
creases, the upper cutoff frequency, f’ decreases and the bandwidth decreases.
Three materials of different dielectric constant, €, were chosen in the simulations

to verify the above mentioned relationship.

It should be taken note that the dielectric constant, €, of the substrate of a
CPW is one of the determinants of its characteristic impedance, Zy. Therefore,
while substrates of different dielectric constants, €, are used, the gap between
the central strip and the ground plates, g is adjusted accordingly so that the
characteristic impedance, Zy of the CPW in the hybrid waveguide remains as
50 2. The MATLAB code for computing the characteristic impedance,Z; using
the physical parameters of a CPW is included in Appendix A [6,23] for reference.

The graphs of the S parameters for a frequency range from 0.1 GHz to
14.0 GH z of the hybrid waveguides of different substrates, namely Rogers RT /duriod
6002, FR4-epoxy and Rogers RT/duroid 6006 are shown in Figure 5.1, 5.2 and
5.3 respectively.
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Figure 5.1: S parameters of the hybrid waveguide with a substrate of ¢, = 2.94.
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Figure 5.2: S parameters of the hybrid waveguide with a substrate of ¢,
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Figure 5.3: S parameters of the hybrid waveguide with a substrate of ¢, = 6.15.

Choosing the cutoff frequency, f’ to be first frequency at which the S21 pa-

rameter is lower than —25 dB in the vicinity of a large drop of the S21 parameter,

the results are summarized in Table 5.1 below.

Substrate g (mm) €r f (GHz)
Rogers RT /duriod 6002 0.218 mm 2.94 12.7 GH=z
FR4-epoxy 0.244 mm 4.4 124 GH=z
Rogers RT/duriod 6006 0.275 mm 6.15 122 GH~

Table 5.1: Summary of simulations of hybrid waveguides with different substrate

materials.

Hence, it was found that the prediction that the upper cutoff frequency, f’ de-

creases with increasing dielectric constant, €, is consistent with the simulation

results.

5.3 Varying Groove Depth

The relationship in Equation 5.8 suggests that as the groove depth, h of the

corrugated metallic strip increases, the upper cutoff frequency, f’ decreases and

the bandwidth decreases.
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The following graph of dispersion relations shows the dispersion curves of the
SSPPs on corrugated metallic strips with different groove depths, h of 4.0 mm,
3.5 mm and 3.0 mm. The group velocity, v, of the SSPPs is represented by the
gradient of a dispersion curve, and the cutoff frequency, f’ is the frequency at
which the gradient of the curve is zero. It is observed from Figure 5.4 that as

the groove depth, h increases, the cutoff frequency, f’ occurs at a lower frequency.

§1Df —
Q
- gL 4
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4 —Light line
h=3.0mm
r —h=35mmj|
—h=4.0mm
DD 1 D‘U ED‘U 3EIID AEIID 5D‘U ED‘U
1 thp
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Figure 5.4: Light line and dispersion relations of SSPPs on hybrid waveguides
with different groove depths, h.

Further verification of such a relationship was carried out by simulating the
S11 and S21 parameters of the hybrid waveguides with different groove depth,
h. The following graphs in Figure 5.5, 5.6 and 5.7 are the S parameters of the
hybrid waveguides with h = 3.0 mm, h = 3.5 mm and h = 4.0 mm respectively.
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Figure 5.5: S parameters of the hybrid waveguide with a groove depth of h =
3.0 mm.
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Figure 5.6: S parameters of the hybrid waveguide with a groove depth of h =
3.5 mm.
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Figure 5.7: S parameters of the hybrid waveguide with a groove depth of h =
4.0 mm.

Choosing the cutoff frequency, f’ to be first frequency at which the S21 pa-
rameter is lower than —25 d B in the vicinity of a large drop of the S21 parameter,

the results are summarized in Table 5.2 below.

Substrate €r h (mm) ' (GH=z)
FRA4-epoxy 4.4 3.0 154 GH=>
FR4-epoxy 4.4 3.5 13.8 GH=
FR4-epoxy 4.4 4.0 124 GH~z

Table 5.2: Summary of simulations of hybrid waveguides with different groove
depths, h.

The simulation results agree with the prediction that the cutoff frequencies, f’
decreases with increasing groove depth, h. Therefore, despite the differences in
the actual corrugated metallic strip in the hybrid waveguide and the infinitely
thick corrugated metal used to provide the analytic solutions, Equations 4.9
and 5.8 do provide useful insights into the behaviour of SSPPs on the hybrid

waveguide.
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Chapter 6

Ring Resonators on the Hybrid
Waveguides

Ring resonators in optical dielectric waveguides had already been studied as
early as in the year 1969 [14]. A ring resonator often takes the form of a circu-
lar or racetrack-shaped waveguide, positioned adjacent to one or more straight
waveguides known as buses. A fraction of the energies in a bus would be coupled
into the ring resonator, which selectively allows only certain frequencies to pass

through the bus. Hence, ring resonators on buses function as filters in a network.

Ring resonators in optical frequencies have found many uses in switching and
modulation [20]. In addition, ring resonators can also be used in lasers [9] and
sensors [8] due to its ability of frequency selection. Recently, ring resonators in
plasmonic waveguides have also been studied, such as the propagation of SSPs
in an array of silver nanorods [26] and propagation of SSPPs in domino ring
resonators [12]. This chapter demonstrates the results of the incorporation of

ring resonators in the hybrid waveguides.

6.1 Modeling the Ring Resonator

A single bus ring resonator, as shown in Figure 6.1, is one of the simplest
configurations of ring resonators. The radius of the ring resonator is given by R

and the coupling region is denoted by the rectangle with red dotted outline.
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Y

Figure 6.1: The configuration of a single bus ring resonator.

For the case in which waves are travelling in a single direction along the bus
and that the total energies of the waves entering and leaving the couplng region

are the same, the interaction in the coupling region is given by the following

Eyn t K E;
() (0 (2) @

where F;1, Ei, Ey and Ey are the electric field strengths at the positions as

matrix relation [28].

labeled in Figure 6.1, k is related to the coupling of waves from the bus to the
ring and vice versa, whereas t describes the transmission along the bus or the

ring resonator in the coupling region. t can be further written as
t = [t|e (6.2)
where |t| is the coupling loss and ¢; is the phase of the coupler [19].

Arising from the reciprocity of the configuration, the coupling matrix in Equa-

tion 6.1 is unitary [28], implying that

[t]* + 6" =1 (6.3)

37



Without loss of generality, the input electric field, E;; is set to unity so as to
simplify the analysis.

The value of E;s is given by
EZ‘Q = O{GieEtQ (64)

where « is the loss per circulation with @ = 1 representing no loss, and € is the

phase shift round the ring resonator [19].

From Equations 6.1, 6.2 and 6.4, we have

—a +te™
e (6.5)
—oK”
Ei p— (6.6)
B = T en (67)

The normalized power output, P;; on the bus is therefore

a? + |t[* — 2alt| cos(60 + ¢;)
Py =|Eq)? = o
= |En| 1+ a2[t]?> — 2alt| cos(d + &) o

Hence, the value of the power output, P is a periodic function of the phase shift

of the waves round the ring resonator, 6.

The dependence of the output power, P;; on the frequency, f of the waves
lies in the the influence of the frequency, f on the phase shift, # round the ring

resonator as follows.

9 — 27areff (69)
Ao

_ 27TRnefff (610)
C

where )y is the free space wavelength of the waves and n.ss is the effective re-

fractive index of the waveguide.
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In the case of the hybrid waveguide, the effective refractive index, n.rs expe-
rienced by the SSPPs could be expressed as the ratio of the wavenumber of the
SSPPs on the hybrid waveguide, k, which is approximated as in Equation 4.10,
to the wavenumber of the guided waves, k.

Ky
neff == ]{,‘_0 (611)

= (6.12)

- \/1 + (g)QtarP (h%) (6.13)
- \/1 + <g>2tan2 (h?) (6.14)

From Equation 6.8, Equation 6.10 and Equation 6.14, we then have

27 R 2 9
o + [t* = 2at| cos WTf\/H (2) tan? (h%f) 4

p
Py = (6.15)

2R ? 2
1+ a?|t]? — 2alt]| cos 7T—f\/l + (2) tan? (hﬂ> + ¢4
c P c

The plot of power output, Py against the frequency, f with « and |¢| arbitrarily
set as 0.70 and 0.75, is as follows.
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Figure 6.2: The graph of P,; against f.
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It is shown that instead of allowing signals of the entire band of frequencies
to pass, the ring resonator hinders the passage of signals of some frequencies. As

aforementioned and shown, ring resonators are often used as filters in a network.

6.2 Simulation Results

With the ring resonators incorporated to the hybrid waveguide as shown in
Figure 6.3 where two ring resonators with outer radii of 15.92 mm and inner

radii of 10.92 mm were placed adjecent to the straight corrugated strip.

I T
0 100 200 (mm)

Figure 6.3: The hybrid waveguide with ring resonators.

The 521 parameter of the hybrid waveguide were then obtained from the
simulation. It is observed the addition of ring resonators changes the graph of
the S21, a measure of the transmitted power output of the hybrid waveguide,
from the response in Figure 6.4 to the one in Figure 6.5, resembles the the graph

in Figure 6.2 to some extent.
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Figure 6.5: S21 parameters of the hybrid waveguide with ring resonators.

As seen in Figure 6.5, the 521 parameter is high at certain frequencies such
as 6.8 GHz, 88 GHz and 10.2 GHz but low frequencies such as 7.8 GHz,
9.6 GHz and 10.8 GHz. The plots of the magnitude of the electric field are
given in Figures 6.6, 6.7, 6.8, 6.9, 6.10 and 6.11 respectively.
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Figure 6.6: The plot of electric field magnitude at 6.8 GH z.
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Figure 6.7: The plot of electric field magnitude at 7.8 GH z.
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Figure 6.8: The plot of electric field magnitude at 8.8 GH z.
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Figure 6.9: The plot of electric field magnitude at 9.6 GH z.
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Figure 6.10: The plot of electric field magnitude at 10.2 GH z.
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Figure 6.11: The plot of electric field magnitude at 10.8 GH z.

The simulation results confirms that the hybrid waveguide with ring res-
onators allows some frequencies to pass but not the others, acting as a filter that
prohibits the transmission of signals of certain frequencies at some intervals. A
filter of this kind is similar to a notch type filter, a bandstop filter with narrow

stopbands [19]. However, it is noted that some fraction of energies do reach the
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output port even at the frequencies at which the signals are supposed to be pro-
hibited. This might arise from the inefficient coupling of energy from the straight
waveguide to the ring resonators. This problem however will not be discussed as

it is beyond the scope of the project.

In summary, the incorporation of ring resonators to the hybrid waveguide
changes the bandpass characteristics of the waveguide to a response with several
stopbands, whose interval can be altered by changing the radius of the ring and

thus the phase shift round the ring at a given frequency.
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Chapter 7

Conclusion and Future Work

7.1 Concluding Remarks

The verification of the conversion of guided waves in a conventional CPW to
SSPPs in a plasmonic metamaterial waveguide and vice versa confirms the pos-
sibility of convenient transformation of signals which might take several forms
during the course of their transmission from a source to the destination. The
feasibility of such a conversion is undoubtedly a key to lowering the barrier of

greater integration of SSPPs to the conventional microwave circuitry.

On top of that, the demonstration of the manipulation of SSPPs on the hybrid
waveguide by means of varying the physical parameters of the hybrid waveguide
implies that SSPPs could be highly controllable. As a result, the bandwidth of
SSPPs on the hybrid waveguide could be easily adapted to fulfill the requirement

in a network.

In addition, the incorporation of ring resonators in the hybrid waveguide was
shown to successfully alter the spectral response from the bandpass response to
the one with stopbands at some intervals. Since different configurations of ring
resonators give rise to different spectral characteristics, there lies huge potential
in the functionality and the versatility of the hybrid waveguide to accommodate
to different niches and applications, hence suggesting promising prospects of

SSPPs on a hybrid waveguide.
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7.2 Future Work

Experiments can be conducted for further verification of the conversion of
guided waves to SSPPs and vice versa on a hybrid waveguide as well as the
effects of varying physical parameters and incorporation of ring resonators on
the hybrid waveguide. The hybrid waveguide could be fabricated with a printed
circuit board (PCB) whereas the S parameters could be measured using a vector
network analyzer (VNA). On top of that, the plot of the electric field strength
over the hybrid waveguide can also be carried out using a home made two-
dimensional field mapping system [30] to measure the electric field strength in

the z direction over the hybrid waveguide as shown in Figure 7.1.

Motor controller Y-m‘otor Pillar for top plate
[ J
A : Connector
Bottom plate
@: Antenna
probe ¢ s X-motor
B : Matched
load Microwave
absorber
L °
3 -
X Computer—— VNA Amplifier Top plate

Figure 7.1: A homemade 2D field mapping system.

Having demonstrated the conversion between guided waves and SSPPs on
the hybrid waveguide, the next concern might be achieving higher efficiency in
terms of lower loss of the hybrid waveguide. While there seems to have no
obvious analytic solution to the issue, computational methods could be used
instead. One possible option to improve the performance of the hybrid waveguide
is using topology optimization, a design approach that optimizes the distribution
of material within a design domain such that the value of the objective function
in the output domain, subject to some predetermined constraints, is maximized
or minimized. Topology optimization is often accompanied by finite element
analysis (FEA) in its implementation. This method has in fact been used for the
excitations of SPPs in optical frequencies [3]. In the case of the hybrid waveguide,
the design domain, 4. and the output domain, €2,,; could be defined as in Figure
7.2.

47



Q out
t Q des j

Figure 7.2: Design domain, Q4 (shaded in red) and output domain, €2,,; (shaded
in green) in topology optimization of the hybrid waveguide.

The optimization problem could be written as
max E E(f)]? dQp, 7.1

where g is the density distribution vector of the densities of the finite elements
whereas f; is an element of the desired set of frequencies. The formulation above
is a maximization of the power in the output domain, €2,,; by varying the layout
of the material, PEC in this case, in the design domain, 4., thus achieving a

maximized amount of power reaching the output port of the waveguide.

There are of course other directions to which future research could be steered.
However, a thorough understanding of SSPPs on plasmonic metamaterial must
first be established. It is hoped that this project, which examines the SSPPs on
a hybrid waveguide, could help to provide some useful insights into SSPPs on a
plasmonic metamatetrial as well as to lay a better foundation for the theoreti-
cal researches, computational simulations and experimental investigations in the

future.
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Appendix A

Calculating the Characteristic
Impedance of a CPW

9%0%%%%%%%%%%%%%%%%%%%%%% %% %% %% 969696969696 %6%6%6%6%6%6%6%6%6%6% %% %% %% %% %% %% %% %% % %% %%
% This is a code written for the calculation of the characteristic %
% impedance of a coplanar waveguide (CPW) in the hybrid waveguide. %
9%6%%%%%%%%%%6%%6%%6%%6%%6% %% %% %% %% % %% %% %% %% %6%%6% %% %% %% %% %% %% % %% %% %% %% %% %% %%

function Z=CharlImp(e,h,t,S,W)

dielectric constant of substrate

groove depth of corrugated strip

thickness of the metal or PEC above the substrate
= width of the central strip

% (refered as 2H in this project)

gap between the central strip and the ground plate
% (refered as g in this project)

=S
N =" >0
1

=
=
Il

p 1+log(4*pi*S/t);

q = 1.25%t/pi;

D = p*q;

kO = S/(S+2*W);

k1l = sinh(pi*S/4/h)/sinh(pi*(S+2*W)/4/h);
k1 = (S+D)/(S+2*W-D);

ratioKO=ellipke(k0"2)/ellipke(1-k0™2);
ratioKl=ellipke(k172)/ellipke(1-k1"2);
ratioKl_t=ellipke(kl_t"2)/ellipke(1-k1_t"2);

% ellipke(m) is a MATLAB function of the complete elliptic integrals of the

% First kind, with m=k”2, where k is the modulus of the complete elliptic
% integrals

eff=1+(e-1)/2*ratioK1l*1/ratiokK0; % This is the effective dielectric constant withoutv
considering the thickness of the metal

eff_t=eff-0.7*t/W*(eff-1)/(ratiokK0+0.7*t/W) % This is the effective dielectricy
constant with the thickness of metal taken into account

Z=30*pi/sqrt(eff_t)*1/ratioKl_t; % The characteristic impedance when the thickness of¥¢
the metal taken into account
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