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Abstract | i

Abstract

The study of double-negative metamaterials is a promising research area,
as is the transition from regular (double-positive) materials to double-
negative metamaterials (LHM). This project aims to numerically validate
expressions that describe an impedance-matched transition between a right-
handed medium and a left-handed medium with minimal reflections, using
realistic unit cells based on square split-ring resonators.

The project used COMSOL Multiphysics to design and simulate the
building blocks of the composite, the composite itself, and the transition.
Within a narrow frequency range, when the structure is excited with a
plane wave, the unit cell of a left-handed medium is shown to have a
negative permittivity and permeability. The permeability and permittivity
over frequency are calculated iteratively using a material parameter retrieval
method based on extracting the S-parameters of the simulated structure. The
final composite design has a resonance at about 2.8 GHz. The permeability
is equal to -1 at around 2.94 GHz. For that frequency, the permittivity of the
composite is equal to about -1.26. These are the parameter values used to
create an RHM that is impedance-matched to the LHM composite.

The COMSOL simulations of the composite show a plane wave entering
the composite in the +z direction, moving through the composite in the -z
direction, and exiting the composite in the +z direction. Hence, the project
successfully simulated a backward propagating wave. Simulations of a stepped
transition also showed the plane wave traveling in opposite directions in the
different materials.

Keywords

Metamaterial, Right-handed medium, RHM, Left-handed medium, LHM,
Material composite, COMSOL Multiphysics, Impedence matched transition,
Stepped transition, Backward propagating wave
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Sammanfattning

Dubbelnegativa metamaterial dr ett intressant forskningsomrade, liksom
overgingen frén ett naturligt (dubbelpositivt) material till ett dubbelnegativt
metamaterial. Syftet med det hir projektet dr att nummeriskt validera
matematiska uttryck som beskriver en impedansmatchad Overging frin
ett dubbelpositivt material till ett dubbelnegativt material med minimala
reflektioner. Det hir gors med hjélp av realistiska enhetsceller bestdende av
rektangulira split-ring resonatorer.

Projektet anvinde COMSOL Multiphysics for att designa och simulera
kompositens byggstenar, sjdlva kompositen och dvergangen. For ett begrinsat
frekvensspann, nir strukturen exciteras med en planvag, visas att enhetscellen
har negativ permittivitet och permeabilitet. Permeabiliteten och permittivi-
teten som funktioner av arbetsfrekvensen berédknas iterativt med hjilp av en
materialparameter-extraheringsmetod genom att extrahera S-parametrarna for
den simulerade strukturen. Den slutliga kompositdesignen har en resonans
vid cirka 2,8 GHz. Permeabiliteten ar lika med -1 vid cirka 2,94 GHz.
For den frekvensen dr kompositens permittivitet cirka -1,26. Dessa dr de
parametervirden som anvinds for att skapa en RHM som dr impedansmatchad
till LHM-kompositen.

COMSOL-simuleringarna av kompositen visar en planvdg som gér in i
kompositen i +z-riktningen, ror sig genom kompositen i -z-riktningen och
lamnar kompositen i +z-riktningen. Projektet lyckades darfor simulera en
bakétgdende vdg. Simuleringar av en stegvoverging visar ocksa att den plana
végen ror sig i motsatta riktningar i de olika materialen.

Nyckelord

Metamaterial, Hogerhint medium, RHM, Vinsterhint medium, LHM,
Materialkomposit, COMSOL Multiphysics, Impedansmatchad Overging,
Stegdvergdng, Bakdtgdende vig
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Chapter 1

Introduction

Invisibility cloaks [1], imaging below the diffraction limit [2], and waveguides
that can stop light [3] are examples of practical applications of left-handed
media (LHM). The concept of LHMs, as well as why the transition between an
LHM and regular right-handed media (RHM) is important, will be explained
further in Chapter 2.

However, the basic idea that initiated this degree project is that if done
correctly, the characteristic impedance of the LHM and the RHM will be
matched so that an electromagnetic (EM) wave traveling through a transition
between the materials will have little to no reflections at the transition, which
is key to many applications involving LHMs.

This project will investigate the different steps to create an LHM, which
is a material composite, with material properties that do not arise in natural
materials.  After that, an impedance-matched RHM/LHM transition is
simulated.

1.1 Background

All matter around us is made up of atoms, nature’s building blocks. From
there, it’s not a big leap to imagine manufacturing materials from larger
man-made building blocks [4], creating a manufactured composite. These
composites can display properties that are not found in natural materials.
These properties include inverse Doppler shift, negative refraction indices,
and growing evanescent fields [5]. These engineered composites are known as
metamaterials (MTMs). MTMs exhibit properties based on their mechanical
structure rather than the chemistry of their inherent materials [S]. It is
convenient to sort EM MTMs into two categories, resonant and non-resonant



2| Introduction

MTMs. Non-resonant MTMs are more likely to be broadband and have a high
tolerance to structural deformations [5]. However, the properties needed to
manufacture an LHM can only be realized with resonant MTMs. Hence, non-
resonant MTMs will not be discussed further in this project.

To give resonant MTMs a proper introduction, the qualities that determine
the electrical and magnetic properties of a material needs to be explained.
These properties are called relative permittivity, €,, and relative permeability,
H,. The relative permittivity is a measure of the polarization of a material, and
the relative permeability measures a material’s ability to be magnetized [5]. In
other words, these parameters describe the electrical and magnetic properties
of a material, and they are directly related to how an EM-wave propagates (or
doesn’t propagate) in a material. They are dimensionless quantities and usually
complex-valued. These quantities are in turn related to the refractive index, n,
of the material according to (1.1). The refractive index is a measure of how
fast light travels through a medium. It is imperative to study the refractive
index when studying reflections, since the refractive index is proportional to
the reflection of an incident EM-wave.

n=+.,¢u, (1.1)

MTMs can be divided into three sub-categories on the basis of the
permittivity and permeability of the composite material: double positive,
single negative, and double negative materials. Double positive MTMs are
right-handed materials. They are called double positive since the relative
permittivity and relative permeability are both positive. Most materials
occurring in nature are double-positive RHMs. The reason they are called
RHMs is that they obey the right-hand rule, meaning that the propagation
constant of a traveling EM-wave is perpendicular to the electric field and
the magnetic field of the wave i.e., KLELH. Furthermore, in an RHM, the
propagation direction and the Poynting vector, S, which tells us the direction
the power travels i.e. S=ExH, are parallel, i.e. k || S [5].

The next category is single negative MTMs. Plasmas and ferrites are
examples of naturally occurring single-negative materials. Examples of
single-negative man-made composite MTMs are artificial metals and magnetic
conductors [5].

The last category is that of double-negative MTMs. These materials do
not occur in nature, but can be realized artificially. Similarly to how a double
positive material is an RHM, a double negative material is a left-handed
material, or LHM, and obeys a left-handed system, which means that the
propagation direction, k, and the Poynting vector, S, have opposite signs, -k ||
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S.

The idea of creating a material that displays the properties of a double
negative LHM was first discussed by Veselago [6] in 1968. Veselago theorized
that such a material would have peculiar propagation characteristics, such as a
negative wave vector k [6]. A problem Veselago [6] encountered was that there
was no isotropic material known to man that was able to display a negative
permeability [6]. The isotropy would enable a wider range of experiments to
be conducted to study the phenomena, since many of the equations describing
the LHM are only valid for certain incident angles. This problem has its origins
in the fact that magnetic fields are dipoles in nature [6] and don’t originate from
charges as the electric fields do.

The problem with the anisotropic nature of structures that exhibit
a negative permeability is that this behavior is only present in specific
directions/angles of incidence. As a solution to this problem, in 1999, Pendry
et al [4] introduced the split ring resonator or SRR. The split ring resonator
is a metallic structure that contains two rings, one inside the other, both with
gaps on opposite sides, etched onto a substrate, see Figure 1.1. Though it
is still an anisotropic structure, the split ring resonator eliminates almost all
purely electrical activity perpendicular to the etching, making it possible for
the material to exhibit magnetic properties along this direction. By stacking
the SRRs etched on a slab of dielectric material, Pendry et al showed that you
can build a magnetic composite that has a negative permeability.

Smith et al [7] then continued the work of Pendry et al and engineered a
unit cell that had an SRR on the top of a dielectric slab and a wire underneath
the dielectric slab. The added wire makes it possible for the structure to
exhibit a negative permittivity. As stated above, a negative permittivity and
permeability are needed to create an LHM. Smith et al were successfully able
to create a double negative material out of these unit cells in 2000, enabling
transmission where there had previously only been loss [7].

An important aspect to consider when studying LHMs is the transition
between an RHM or “regular” media and an LHM. If one is successful in
manufacturing two materials with the same permittivity and permeability but
of opposite signs, a wave traveling through a waveguide half filled with an
RHM and the other half filled with an LHM would experience the same wave
impedance in both materials, implying that a wave traveling through a material
transition would create no reflections at the transition, opening up doors to a
wide range of areas of use. Rana et al [8] published an article in 2021 with
analytical and numerical results from an impedance-matched lossy RHM to
LHM graded transition of a transverse electric (TE) wave in a rectangular
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Figure 1.1: The basic shape of an SRR.

waveguide. A transverse electric wave is a propagating mode that does not
have an electric field present in the propagation direction. The analytical
solutions to Maxwell’s equations for lossy media were obtained and shown to
be in line with the expected properties of an RHM-LHM waveguide structure.
They obtained promising results from the simulations that were in agreement
with the analytical expressions describing the transition. This brings us to the
problem statement under consideration in this degree project.

1.2 Problem

1.2.1 Original problem and definition

The task to be performed examines the ability to simulate a plane wave
propagation with little to zero reflections in an impedance-matched transition
between an RHM to LHM. Field patterns, together with reflection and
transition coefficients in the waveguide, should be retrieved from simulations.
The LHM needs to be built from unit cells displaying the qualities of an
LHM, including a negative relative permittivity and permeability, as well as
a negative refraction index for the same frequency band. The simulations are
to be carried out using the Finite Element Method-based software COMSOL
Multiphysics.

1.2.2 Scientific and engineering issues

In this project, three main scientific and engineering issues are treated.

1. Isit possible to engineer a composite out of unit cells such that a slab of
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the composite will exhibit the same material properties as a single unit
cell in COMSOL Multiphysics?

Is it possible to use the composite engineered to build a reflection-free
transition between an RHM and an LHM in COMSOL Multiphysics?
Does a natural material with the same permittivity but of the opposite
sign to the composite exist?

Is it possible to confirm the analytical results obtained by Rana et al [8]?

1.3 Purpose

The paper submitted by Rana et al [8] investigates TE-wave propagation in
a waveguide with an impedance-matched transition between an RHM and an
LHM where the permittivity and permeability vary according to hyperbolic
tangent functions. The purpose of this thesis is to continue this work by
creating a more realistic scenario where the LHM is a double negative MTM
built up by square split ring resonators.

1.4 Goals

This project can be divided into five sub-goals.

1.

Model an artificial material composite displaying the properties of an
LHM in a certain frequency span.

. Identify a frequency where the material composite fulfills the criteria

for the material parameters of an LHM

Set up a structure in COMSOL that has a stepped interface between
the RHM and LHM, and feed it with a plane wave with the frequency
determined in 2.

Ensure there are no reflections from the interface between the RHM and
the LHM

1.5 Research Methodology

This project will follow a deductive research premise. There is an existing
theory regarding the plane wave propagation through an RHM to LHM
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(a) Example of an SRR with an S- (b) Example of a SRR design from
shape. [10].

Figure 1.2: Alternative SRR designs.

transition. The background knowledge needed is acquired through a literary
study at the beginning and throughout the project. From the existing
theory, a hypothesis is theorized. To study the hypothesis and hopefully be
able to confirm it, the preferred method of data collection is simulations.
Experimentation or other forms of data collection are not possible since the
ability to manipulate the LHM and the waveguide is key to understanding the
frequency response of the MTM when excited with the plane wave. This data
will then be analyzed in MATLAB and, also in COMSOL to some extent.
After this, the hypothesis will either be confirmed or rejected.

1.6 Delimitations

The first delimitation concerns the design of the unit cell. Only a square SRR
will be simulated, meaning that no other designs will be considered. There are
several designs that could have been considered, amongst them the original
circular SRR but also designs such as the S-shape SRR in Chen et al [9] and
the double SRR in Jaksi¢ et al [10]. See Figure 1.2 for the designs.

The MTM will be facing one direction, as opposed to the work conducted
by Shelby et al [11], where the unit cells are positioned to create "blocks” filled
with air, with the unit cells positioned in two directions.
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1.7 Structure of the thesis

Chapter 2 presents relevant background information about LHMs, SRRs,
parameter retrieval, and previous work. Chapter 3 presents the methodology
used to create the MTM. It also contains more detailed information about the
retrieval of the field patterns and the reflection and transmission coefficients.
Chapter 4 presents the results from the simulations. A reliability and validity
analysis of the results is also made. Chapter 5 presents the discussion
regarding the results in Chapter 4. In chapter 6, conclusions are drawn, and
possible future work relevant to this thesis is presented.
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Chapter 2

Background

In this chapter of the report, more detailed information about LHMs, insight
into how a split ring resonator works, why it can produce a negative
permeability, and how a rod/strip wire (SW) can produce a negative
permittivity will be discussed.

The structure of the material composite, and when a composite can be
treated as an effective medium, even though it consists of small anisotropic
building blocks, will be discussed. The method used to retrieve the effective
material parameters i.e. the permittivity and the permeability of the composite,
is outlined. Finally, the analytical results for TE-wave propagation through a
graded interface by Rana et al [8] will be summarized.

2.1 Introduction to Isotropy and Anisotropy

Isotropy stems from the ancient Greek word isos, which means equal. If
something is isotropic, it means that it is uniform in all senses. An incident
EM wave will interact with an isotropic material in the same way regardless
of the angle of incidence. In contrast to this, an incident wave interacting with
an anisotropic material will behave differently depending on the orientation
of the material in relation to the incident wave. E.g., an incident wave in the
Z direction could be completely reflected while total transmission could occur
in the y direction.

In an electric and magnetic sense, what defines whether a material
is isotropic or anisotropic is the relative permittivity and the relative
permeability. Permittivity and permeability are functions of the relative
permittivity and relative permeability given by eq.(2.1a) and (2.1b).
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£ =¢gpe, (2.1a)

H = Hor (2.1b)

The constants ¢, and p are natural constants and will not vary between
media. The functions ¢, and y, can also be constant, but they are tensors.
Hence, they are able to describe the behavior of the material entirely,
regardless of whether the material/media is isotropic or not. The relative
permeability describes the magnetization of a material in the presence of a
magnetic field, and the relative permittivity describes the polarization of a
material in the presence of an electric field.

2.2 Negative Permittivity

To better describe how to achieve a negative permittivity, the permittivity in
metal will be explained, particularly how it can be related to the negative
permittivity exhibited in plasma. The permittivity of a wire structure will also
be discussed since this also exhibits a negative permittivity for certain incident
angles.

2.2.1 Permittivity in Metal

As mentioned in the introduction, plasmas are known to have a negative
permittivity [12]. Plasmas are made up of free electrons and ions. Since ions
are much heavier than electrons, the collective behavior of a plasma can be
modeled assuming that the ions are static, and the electrons are free and move.
This model of plasmas is known as the Drude model [13] and is given by
eq.(2.2). Why this is interesting to consider when trying to achieve a negative
permittivity (from a material we can work with, as opposed to a plasma) is that
a similar behavior can be seen at optical frequencies in metals. The electrons
move, while the positive, heavier ions remain static [12].

Wy

ew =1-Co+in

(2.2)

Nevertheless, to use a bulk metal with the purpose of having a negative
permittivity is not ideal. The dissipation in metal is large for frequencies
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lower than optical frequencies, specifically for frequencies when the damping
constant y ~ «w and lower. This stops the block of metal from behaving
according to the predictions of the Drude model [12].

2.2.2 Permittivity in Wire Structures

Another approach to achieve a negative permittivity is a wire structure, see
Fig.2.1.

Figure 2.1: Array of wires.

The structure behaves as a low-frequency plasma when an electric field
is oriented along the direction of the wires [12], and the permittivity is then
described according to eq.(2.2). As exploited in many applications, e.g., gap
waveguides [ 14] and via fences on PCBs to ensure isolation [15], these kinds of
wire meshes have a cut-off frequency, where the incident waves of frequencies
less than the cut-off are not able to propagate, i.e., they are evanescent below
the cut-off.

Itis below this cut-off frequency where the behavior starts to get interesting
from an LHM perspective. Pendry et al [16] write that the reason why there
can be no propagation below the cut-off is that for those frequencies, the
wave vector is negative [16]. This is a consequence of the permittivity being
negative for frequencies below the cut-off in the structure. Pendry et al [16]
also state that for the structure of wires they tested, the permittivity is negative
down to DC.

Note that the wires, in this project and in Fig. 2.1, are all oriented in
the same direction. This makes the medium anisotropic, meaning that this
negative permittivity will only be valid for electric fields directed along the
orientation of the wires [12].
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2.3 Negative Permeability

An obstacle in achieving magnetization for incident fields in the GHz regime
or above is that magnetization tends to decrease as the frequency increases
[12]. There are, however, structures that have magnetic activity for certain
frequencies, including microwave frequencies. One structure that exhibits
this is a stack of cylinders or a swiss roll structure, see the work of Pendry
et al [4] for details surrounding its geometry. This structure is diamagnetic,
meaning it magnetizes in the presence of an external magnetic field, for
incident EM waves of certain frequency bands. These structures experience a
large inductance, which is one of the reasons why they can be diamagnetic
at microwave frequencies. However, to achieve a negative permeability, a
resonance needs to be induced, which is precisely what is done by Pendry
et al [4] when they added a capacitive element to these cylinders, creating the
SRR.

2.3.1 Permeability in Split Ring Resonators

The theory behind an SRR, shaped similarly to Figure 1.1, is that an incident
time-harmonic magnetic field will induce currents in the SRR [17]. These
currents will accumulate in the gaps, creating a capacitive element since the
currents see an open circuit in the gaps. The currents running up and down
the rings will create a magnetic dipole moment. Since there are two gaps,
one in each ring, on opposite sides of the ring, they will create anti-parallel
electric dipole moments, effectively canceling each other out, leaving only
an induced magnetic dipole moment. This is important since the magnetic
dipole moment is much weaker than the electric dipole moment, which would
dominate the structure if the two didn’t cancel each other out [17]. The
negative permeability comes from surface plasmons being induced at the
interface of the dielectric slab and the metallic part of the SRR. This enables
the structure to behave as the naturally occurring negative permeability in
plasmas mentioned in the introduction [4].

The SRR can be described with an equivalent LC circuit. The capacitance
occurring between the rings can be neglected [12]. An LC circuit consists of
an inductance, L, and a capacitance, C. LC circuits have a resonance frequency
where the inductive reactance is equal to the capacitive reactance. In the case
of the SRR, the capacitance comes from the gap, and the inductance comes
from the current induced in the rings in the presence of an incident EM-wave.
The composite material will have a negative permeability for the frequencies
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following the resonance frequency of the resulting LC circuit.

Noteworthy is that no practical application of an LC circuit comes without
a resistive element representing inevitable losses in the circuit; the resulting
circuit will always be an RLC circuit. See figure 2.2 for a simplified LC circuit
of the SRR.

Figure 2.2: Resulting circuit SRR excluding resistive losses.

As can be seen in Fig.2.2, the capacitance is split in half for each of the
elements, which will result in a capacitance cut by 4 in comparison to the
capacitance of a single split ring.

Varying different parts of the geometry of the SRR structure will affect
the frequency response of the structure. According to [17], increasing the gap
width of the SRR will increase the resonance frequency, while a narrow gap
will decrease the resonance frequency by increasing the capacity between the
ends of the SRR. Similarly, increasing the gap between the rings will increase
the resonance frequency by reducing the mutual capacitance of the SRRs.

The SRR is a bianisotropic material; the constitutive relations are given by
(2.3a) and (2.3b) [18]. Where [¢e] and [ ] are the permittivity and permeability
tensors, and [¢] and [77] are the electro-magnetic coupling tensors [18].

D = ¢y[€]E + Jeouol¢TH (2.3a)

B = polp]H + (Jegpuoln]E (2.3b)
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Figure 2.3: Positioning of SRR and split wire in unit cell.

mm

2.4 Negative Index Materials

Smith et al [7] proposed a building block for an LHM composite combining
the negative permittivity of an array of wires and the negative permeability of
the SRR, resulting in an artificial composite with an effective refraction index
n < 0 for a narrow frequency band.

2.4.1 The Unit Cell

The LHM building blocks are made of a slab of dielectric material that should
be weakly dispersive to avoid losses from electromagnetic absorption [19].
The SRR is positioned on top of the dielectric slab. The SRR has to be made
of a metallic material. The ideal case is a layer of a perfect electric conductor
(PEC). Inside the dielectric slab is a rod or SW, which should also ideally be
PEC. The rod or SW should be positioned below the gaps of the SRR, see
Figure 2.3.

2.4.2 A Unit Cells Array as an Effective Medium

When dealing with material composites, we want to treat the composite as an
effective medium using effective medium theory (EMT), since calculations
for every single unit cell are not feasible. Using EMT, the material parameters
€err and iorr can be derived for any homogeneous structure. The problem with
the unit cell created for the purpose of creating an LHM is that the structure
is inhomogeneous. The SRR is bianisotropic as explained previously. The
structure also experiences magnetic as well as electric polarization when
excited with an external EM field [20], which is the reason SRRs are of interest
when trying to create a negative permeability. However, this complicates
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matters when trying to describe the composite as an effective medium.
The wire array that allows for the negative permittivity is also anisotropic.
Meaning, the very characteristics needed for an LHM are what make the
effective behavior challenging to model and calculate. The work of Chen et
al [21] tries to numerically calculate these effective material parameters based
on S-parameter simulations or measurements. This is the method this project
will use when deriving the effective material parameters for the simulated
structure. Chen’s method is described in detail in section 2.5.

2.4.3 Wave Propagation in Negative Refractive Index
Media

The wave propagation in a region comprised of an LHM has been described by
Woodley et al [22], where they state that the phase velocity is always negative
for a wave traveling through an LHM. They demonstrated this both analytically
and using simulations of SRRs and SWs. Another conclusion they draw is
that the group velocity can be either positive (which will result in a backward-
moving wave) or negative. This means that the MTM experiences both normal
and anomalous dispersion in the frequency band where it behaves as an LHM.
This project will focus on negative phase velocity and positive group velocity,
and the backward wave propagation that happens there.

As for evanescent waves in LHM media, they will begin to grow when
entering an LHM as opposed to attenuating [23]. Rao et al [23] state that the
growing evanescent fields are highly dependent on surface plasmon polaritons
(SPPs) when the surfaces of the LHM are excited by the incoming evanescent
fields and play a big part in creating the growing evanescent fields [23].

2.5 Retrieving the Effective Material Param-
eters

Retrieving the effective material parameters correctly is of great importance.
The method chosen for this project is based on S-parameter retrieval and the
works of Chen et al, both the original [21] and the updated version [9]. This
is an overview of the theory behind this method.

Chen et al [21] are using an S-parameter-based retrieval method to derive
expressions for the impedance of the simulated material. The S-parameters
are related to the refractive index n and the impedance z by (2.4a) and (2.4b).
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(2.4b)

Here, Ry; = Z—} Chen et al introduce (2.5a), which is a rewrite of (2.4a)

and (2.4b) to obtain an expression for the impedance z. Note the ambiguous
signs in (2.5a) and (2.5b), which have to be determined using (2.8a) and (2.8b).
The determination of the signs can be tricky, since small perturbations of
the S-parameters are common in numerical simulations. This can cause the
determination of the signs in these equations to become unreliable.

14511)2-53
Z:i\J( )"~ 5% (2.5)

(1-511)% - 5%

2
. 1 1
e]nkOd = 3 5 + Z\Il — ( > > ) (2.5b)
2551(1 = 8%, +557) 2551(1 =85, +557)

With the calculated impedance, the refractive index n can be determined
using (2.6). The branch index m in (2.6) is calculated using (2.7) [9].

n= ﬁ{mn (/" 04))" + 2m7r] — j[In (¢ 0%)]") (2.6)
0

1 4
m :Round{—z— [m(%)} } 2.7)
7T 1- Sllm

To determine the sign in eq.(2.5a), Chen et al [21] introduce the variable
0, and present two cases. The first one is |z'| > §,. Here, the conditions
for a passive medium apply. The impedance and refractive index then have
to satisfy conditions (2.8a),(2.8b), and (2.9) since the MTM simulated is a
passive medium.
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2 >0 (2.82)
n" >0 (2.8b)

. S
orkod = 21 (2.9)

After these quantities have been calculated, the permeability # = nz and
permittivity ¢ = % can be determined. However, using (2.5a) and (2.6) directly
can only be done for homogeneous slabs of materials. This constraint will be
discussed further in Chapter 5.

Chen et al [21] continue by suggesting a way to test the accuracy of the S
parameters and the sensitivity of z and 7 in order to validate the results. Chen
et al put emphasis on S,; and how it plays an important role in computing the
refraction index 7, noting the dependence of S, in the denominator of (2.6).
Hence n is sensitive to when S, approaches 0.

0z 4[1— (5%, +53))]
9511 [(1—517)% — 53,17

(2.10a)

aZz _ 8521511
951 [(1—517)% — 53,12

(2.10b)

By computing (2.10b), Chen et al shows that z is not affected by S, as it
approaches 0 in the same extent as the refraction index n is. However, by
observing (2.5a) it can be seen that z is sensitive to perturbations of Sqq,
specifically when S;; approaches 0. Chen et al solve for the inequalities
(2.11a)and (2.11b) to show that the perturbations in z are due to noise in the
S-parameters.

<3, (2.11a)
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Sy — <5 (2.11b)

Chen et al also describe a way in which you can check the positive energy
requirement for the permittivity and the permeability. This requirement is
given by eq.(2.12a) and (2.12b). If they are violated, it indicates that the
material is experiencing a resonance at the frequencies where these equalities
are untrue.

dew
— >0 (2.12a)
ow
duw
>0 (2.12b)
ow

2.6 Graded Interface

As opposed to a stepped interface, where the transition between different
materials is instant, a graded interface smoothens the transition between
materials, and the ratio between materials increases according to some
function until one media has transitioned into another. This is important
because in realistic MTM designs, it is challenging to match the characteristic
impedance of an RHM and an LHM. There are always going to be
imperfections that create differences in impedance, increasing the reflections
at the transition. A graded interface is intended to lessen the reflections more
than what is possible for a stepped interface.

Rana et al [8] recently published an article describing how a TE-wave
behaves when excited into a waveguide with a graded interface between a lossy
RHM in the first half of the waveguide and impedance-matched lossy LHM in
the second half. The values of the permeability and the permittivity across the
waveguide can be seen in Fig.2.4. The permittivity and permeability across
the entire structure were derived and given by (2.13a) and (2.13b).

_ . ftntep z .
€= =g (tanhZO +iB) (2.13a)
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Figure 2.4: Variations of the permittivity and the permeability across the
waveguide from [8].

_ M1t U2 z
u= —yOT(tanh% +iB) (2.13b)

Where z, is the length of the transition region and B represents the loss
ratio and is given by (2.14). The RHM and the LHM are also impedance
matched according to the criterion given in (2.14).

= en tép _ Pt M
2eg —i(epy —€p)  2ug — (i — pr2)
Rana et al [8] derived expressions for the fields inside the waveguide
described above, as well as simulated the waveguide in COMSOL using a
material with a negative permittivity and permeability to be an LHM without
it being a composite. As argued previously, there is no natural material that can
exhibit these properties. The results from the simulations were very similar to
the analytical results. And it raises the question, can these results be replicated
using a left-handed material based on square split-ring resonators?

(2.14)

2.7 Summary

To summarize, it is now known how to create double negative MTM using an
SRR and an SW etched onto some kind of substrate that is isotropic enough.
The effective material parameters from arrays of these kinds of unit cells can be
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derived from Chen’s method. By using these effective material parameters, an
impedance match between a right-handed material and a left-handed material
can be created to minimize reflections in the aforementioned transition.
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Chapter 3
Method

3.1 Building the Artificial Composite

There are two main steps to building the artificial composite. The first is
designing a unit cell. The second part is constructing an array of unit cells.

3.1.1 Unit Cell

The sub-goal is to build a unit cell that encompasses the characteristics of an
LHM. The conditions to be met are the following:

1. A frequency span Af where Re(e, < 0) and Re(yu, < 0) is satisfied
2. The largest dimension of the unit cell, a << A

3. The unit cell is to be made up of a square SRR

3.1.1.1 Geometry and Material Selection

The first step is to choose the SRR geometry. A square SRR is chosen since it
was the geometry used in a previous connected project [ 19]. The use of similar
unit cells allows for easier comparisons between the two projects. Also, the
frequencies at which you can achieve resonance in the SRR are lower for a
square SRR than for a circular SRR, making it easier to fulfill the condition set
by the diffraction limit (3.1) or, more specifically, see (3.2). These conditions
need to be fulfilled to be able to treat the medium according to EMT [19].

p<<)A=C 3.1)

©
f
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[P

a< (3.2)

The unit cell is composed of a dielectric slab with a SW situated in the
middle of the slab. The SRR should be on top of the slab. In order for the
composite to behave as an effective medium, as previously mentioned, the
dimensions of the SRR must fulfill eq. 3.2. The different length parameters
shown in Figure 3.1 of the unit cell were changed iteratively until the resonance
frequency of the unit cell was low, and continued to hold true for arrays of the
unit cell. The dimensions of the unit cell used to try to create a LHM are given
in Table 3.1.

Figure 3.1: Sketch of the unit cell used in the project.

The SRR and the SW are simulated as copper. The substrate is made of a
plastic called RT/duroid 5880 laminates. This is the plastic used by [19]. The
substrate’s surface is intentionally larger than the SRR since it prevents and
lessens cross-talk between the SRRs when simulating the array. The substrate
enfolds the SW for meshing purposes.

3.1.1.2 Simulation Boundary Conditions

Two different approaches to setting the boundary conditions were considered.
The first approach is to use PEC in the direction of the electric field and PMC
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H Abbreviation ‘ [mm] ‘ Description H
[ 10 Width of the substrate
aq 4.8 Length of outer square
a, 4.2 Length of inner square
Sub, 0.8 Substrate thickness
d 0.3 Gap width
PEC; 0.03 | PEC thickness for SRR and SW

Table 3.1: Length parameters used in the simulations and their values.

mm
mm

T -5 0 5

@ :

Figure 3.2: The unit cell in COMSOL in the xy-plane.

perpendicular to the electric field direction. The PEC will mirror the electric
behavior in the y direction, and the PMC will mirror the magnetic behavior
in the X direction. This is done to try to mimic an array of unit cells with the
boundary conditions for a single unit cell simulation.

Secondly, simulations using Floquet boundary conditions are made. Using
these boundary conditions, COMSOL calculates the behavior of an infinite
array of unit cells in all directions. These arrays are simulated without taking
higher-order harmonics into account, therefore these simulations should have
the same behavior as the unit cell simulations using PEC and PMC boundary
conditions. For these simulations, it’s important to use a periodic port for
accurate results.

The model of the unit cell in COMSOL can be seen in Fig.3.2 and Fig.3.3,
where X is the direction of propagation. Once the unit cells are simulated, the
S1;1 and S, parameters are exported in order to interpret them in MATLAB
using the method of Chen et al [21].
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mm
mm

Figure 3.3: The unit cell in COMSOL in the xz-plane.

mm
mm

Figure 3.4: 5x1 array in COMSOL in the xz-plane.

3.1.2 Array

After modeling the unit cell, the array is extended in the propagation direction.
The goal of this extension is to model the behavior when two or more unit cells
interact with each other in order to understand their composite behavior and
retrieve their material parameters. These simulations are done using Floquet
boundary conditions. A model of a 5x1 array of unit cells can be seen in
Fig.3.4

To validate the behavior of the 1D arrays similarly to the single unit cell,
the S1; and S, parameters are attained. If the material parameter retrieval
works correctly and the unit cells behave as they are expected to, the conditions
presented at the beginning of this chapter should still hold for multiple unit
cells at approximately the same frequencies as they hold for the single unit
cell.

3.1.3 Stepped Interface

Once the collective behavior of the unit cells has been confirmed, the next task
is to simulate a stepped transition between the LHM made up of unit cells and
an impedance-matched RHM at a frequency w = 27f. At this frequency,
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Re(y,) should be -1, and Re(e,) should be less than 0.

Once this frequency has been found, to make the stepped transition
impedance matched, the RHM needs to be made of a material where
Re(e; rum) = —Re(e, ppp) and Re(p, rpgpt) = —Re(py pppa). If such
a material does not exist, it will be created in COMSOL for the purpose of this
project.

3.1.3.1 Reflections

Should the simulations indicate reflections, despite the theory of a reflection-
free transmission, steps to lessen the reflections can be taken. The first step is
to introduce small losses in the RHM according to the criterion given by Eq.
(2.14) from [8]. If this does not work, the next step is to introduce variations
of the imaginary parts of the material parameters of the RHM by doing a
parameter sweep of them to see which values of Im (e, grpps) and Im(p, rppas)
prompt the least reflections.

3.2 Retrieving Material Parameters

The material parameters are calculated using a MATLAB script based on the
retrieval method of Chen et al [21] as well as the improved version of the
method by Chen et al [9]. The theory behind it is discussed in Chapter 2.
The MATLAB script uses text files exported from COMSOL containing the
real and imaginary parts of the S;; and S, parameters and uses these files to
compute ., €,, and the refractive index n.

3.3 Retrieving the S-Parameters and the
Electric Field

Retrieving the S-Parameters and the Electric Field was done using simulations
in COMSOL Multiphysics. The physics chosen for all simulations was
“Electromagnetic Waves, Frequency Domain”. Using the properties of this
physics interface, the unit cell is built, and the boundary conditions are chosen.
As can be seen in Fig.3.2, there is a space simulated in the front and the back
of the unit cell. These are perfectly matched layers that end in scattering
boundary conditions. Their reason for being there is to minimize reflection
caused by the unit cell being simulated in a finite space.
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The port exciting the plane wave is chosen to be connected to the boundary
of the unit cell that has the normal facing the —X direction and, the plane
wave is excited in the X direction. Another port is placed on the boundary
at the end of the structure in the X direction, successfully creating a two-port
network needed to retrieve the return and insertion loss for the structure. The
S-parameters are exported by exporting the graphs of the real and imaginary
parts of the simulated S-parameters.

Another sub-goal (other than obtaining the S-parameters) of this project
is to simulate the electric fields across the RHM-LHM waveguide. In
COMSOL, using the simulation settings described above, the electric field
of the simulated structure can be calculated for the frequency f simulated. For
this frequency, COMSOL is able to produce something called a full harmonic
dynamic data extension. This produces the electric field transition through
the waveguide without using a time simulation. This is done in COMSOL
by calculating the electric field for different phase shifts. By animating the
electric field for the different phase shifts, one is able to observe the wave
traveling backward (in the —X direction) in the LHM.
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Chapter 4

Results and Analysis

In this chapter, the steps taken to create the unit cell, the artificial composite,
and the stepped transition will be described. The initial results from each step
will be presented and analyzed.

4.1 Unit Cell Design Process

The first step to building the unit cell is to set up a simulation in COMSOL.
Once the rectangular structure of the SRR was decided, the geometry of
the SRR was built. For the first iteration of the unit cell, the SRR was
lying on top of the substrate. This proved to be very challenging for the
electromagnetic wave solver in COMSOL. The small volume of air between
the substrate and the simulation boundary added many edges that are hard to
mesh properly without making the mesh very fine. This made the simulations
too large for the RAM memory of the computer to handle. The decision to
submerge the SRR in the substrate was made. This decreased the simulation
time drastically. The dimensions of the SRR were iterated to create a
resonance at the lowest possible frequency while still maintaining the relations
Re(sr,eff),Re(yr,eff) < 0 and keeping all dimensions on the correct side
of the equality (3.2) presented in Chapter 3, for the final design of the unit
cell, see Figure.4.1. To maximize the wavelength, a resonance in the MHz
area was aimed for. The resonance that can be seen in the preliminary
results was found at about 3 GHz, which corresponds to a wavelength of
approximately 10 cm in a vacuum. The decision was made not to decrease
the resonance frequency further, since the dimensions of the unit cell increase
as the resonance frequency decreases. Increasing the dimensions too much
makes the unit cell stop working as a unit cell, no resonance is achieved, and
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the real parts of the material parameters are not negative anymore.

— :
Figure 4.1: Screencpture of unit cell in COMSOL Multiphysics.

The S-parameters simulated in COMSOL using the unit cell described in
Table.3.1 can be seen in Fig.4.2. A band of transmission can be seen from
the insertion loss in 4.2. This implies that the unit cell has a resonance at
approximately 2.9 GHz.

S-parameter [dB]

25 3 35
f [GHZz]

Figure 4.2: S-parameters of a single unit cell.
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Figure 4.3: Real and Imaginary parts of S;; and S, for a single unit cell.

In Fig.4.3, the real and imaginary parts of S1; and S,; can be seen. These
are the parameters used in the MATLAB script to calculate the permittivity
and permeability.

Using eq.(2.7), the branch index was calculated in MATLAB. Fig.4.4
shows that the branch index does not deviate from O for any frequency in the
simulations for a single unit cell.
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Branch Index, m

3 35
f[GHZ]

Figure 4.4: Branch Index used when calculating the material parameters for a
single unit cell.

In Fig.4.5 It is observed that the unit cell has a negative refractive index
for all f > 2.88 [GHz].

Figure 4.5:
cell.
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The refraction index as a function of frequency for a single unit



Results and Analysis | 31

0.4

——Re phase
——Im phase

0.2

Phase

-0.2

041

-0.6

0.8 : ‘
25 3 35
f[GHz]

Figure 4.6: The phase as a function of the frequency for a single unit cell.

The phase, e2%04  is plotted in Fig.4.6. The retrieved permittivity and

permeability are shown in Fig.4.7 and Fig.4.8, respectively. The requirement
that the real part of the relative permeability, ,, must be -1 can be seen to be
fulfilled at the two frequencies f; = 2.89 [GHz] and f, = 3.17 [GHz]. This
presents two possibilities when moving on with the project. Each frequency
introduces different values of the material parameters to be used when in the
impedance matching according to (2.14). The two cases are presented in Table
4.1. Although this is more relevant for the array, choosing a frequency for
the impedance matching where both the unit cell and the array have negative
material parameters makes the results more accurate. Ideally, the frequencies
for the impedance matching would match exactly. However, the array is not
infinite, and coupling effects and edge effects will have an impact on the array’s
material parameters.

H Parameter name ‘ Option 1 Option 2 H
7 2.89 [GHz] | 3.17 [GHZ]
e 192 9.2
= 16 30.9
0 17.7 12
HR -1 -1

Table 4.1: Parameters used in the simulations and their values.
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Figure 4.7: The relative permittivity as a function of frequency for a single
unit cell retrieved using the method of Chen et al [21]
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Figure 4.8: The relative permeability as a function of frequency for a single
unit cell retrieved using the method of Chen et al [21].

From the values in Table 4.1, it becomes apparent that the real parts of
the permittivity for both cases are negative where the permeability is equal
to -1. Hence, the unit cell fulfills the criteria set up in Chapter 3. However,
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something that was overlooked in the initial stages of the project is that both
the real and imaginary parts of &, ,r and 1, .rf must be negative for a material
to be considered double negative.

In the second option presented in Table 4.1, none of the imaginary parts are
negative. Furthermore, the frequency is not close to the resonance frequency,
which means that they cannot be used. To clarify, as discussed in Chapter 2,
the material parameter retrieval method becomes unreliable. Results further
away from the resonance do not suffer from this flaw in the parameter retrieval
method. Hence, they should be more reliable in proving that the material is
not an LHM for this frequency.

The first option presented in Tab.4.1 shows that the imaginary part of
the permittivity is negative, but not the imaginary part of the permeability.
If Im(pt, ofr) would have been close to zero, this could have been ignored.
However, the imaginary part of the relative permeability is around 17, which is
too large to be ignored. As previously mentioned, in Chapter 2, the parameter
retrieval method is limited. That is why this parameter is challenging to
estimate at the resonance frequency when the S-parameters change fast. The
frequency of option 1 and the resonance frequency coincide, making this result
less reliable. Therefore, the large imaginary part was ignored, and the array
was built.

4.1.0.1 Validity and Accuracy

In chapter 2, the chosen method for computing &, ,¢r and p, .¢r, Chen’s
method, is described, and the permutations of n and z are discussed. More
specifically, how the value of n is sensitive to variations in S,; and how
the characteristic impedance z is sensitive to variations/noise in S,; and Sq;.
Ultimately, the conclusion was reached that the permittivity and permeability
calculations are sensitive to variations of the S-parameters.
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Figure 4.9: The sensitivity of S;; according to Chen’s method [21].
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Figure 4.10: The sensitivity of S,; according to Chen’s method [21].

In figures 4.9 and 4.10 the sensitivity of Sq; and S,q are calculated
by computing eq.(2.10a) and (2.10b), the derivatives of the impedance as
functions of S;; and S,; . From Chapter 2 it is known that the refraction
index, n, calculations become unreliable when eq.(2.10b) approaches 0, which
happens at the resonance frequency. The calculation of the impedance z
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becomes unreliable when S;; approaches 0, which also happens around the
resonance frequency.
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Figure 4.11: The accuracy of S;; according to Chen’s method [21].
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Figure 4.12: The sensitivity of S,; according to Chen’s method [21].
The accuracy of the S-parameters is calculated by comparing the

theoretical values of S;; and S,; calculated using eq.(2.4a) and (2.4b) to the
simulated S-parameters. The result can be seen in figures 4.11 and 4.12. The
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difference between the theoretical value and the simulated value is in the 10~1¢

range.
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Figure 4.13: Visualisation of the positive energy requirement given by

((2.122)).

From Figure 4.13, it can be seen that the positive energy requirement given
by eq.(2.12a) is violated in the frequency band 2.87-2.89 [GHz], indicating
that the material behaves as an LHM for that frequency band.
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Figure 4.14: Visualisation of the positive energy requirement given by
eq.(2.12a) and 2.12b, the equalities are violated when the graph shows the
value -1 and are met when they show the value 1.

4.2 Array

Simulations were made when adding unit cells in the propagation direction.
The expected outcome is that the behavior of the composite should stabilize
as the composite gets bigger, and that the frequency span where the material
behaves as an RHM should be similar to that of the single unit cell.

It was observed that the frequencies where y, = —1 differ substantially
when the number of unit cells changes. This is because the structure is finite.
To increase the simulated array size, unit cells were added in the propagation
direction. By adding unit cells one by one in the propagation direction, the
idea was that eventually the one-dimensional arrays would start to resemble
the behavior of the single unit cell. Floquet BCs will make the array infinite
without edge effects. They are applied to the structure everywhere except
where the plane wave is excited. This should, in theory, make the array infinite
in the X, —X, Z, —Z directions.

NxMxP simulations were also made for different values of N, M, and P.
They were made to catch edge effects and intermodulation, etc., between the
unit cells that are missed when simulating 1xNx1 arrays. These simulations
turned out to be quite time-consuming and computationally heavy. They were
also difficult to mesh, creating very large mesh structures.
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The array of unit cells presented in this chapter was simulated as a 1x10x1
array using Floquet boundary conditions in the X, —X, Z and, —Z directions.
10 unit cells are stacked after each other in the propagation direction (). The
S-parameters for the array are given in figure 4.15. A ripple can be seen
throughout the passband, but some kind of resonance around 2.9/3 GHz can
be seen where S;; stays below -10 dB, which is a good guideline when looking
for reflections. This is approximately where a resonance can be seen for the
unit cell. The real and imaginary parts of the S-parameters can be seen in
figure 4.16.
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Figure 4.15: S-parameters for 10 unit cells in propagation direction with
Floquet boundary conditions.
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Figure 4.16: S-parameters for 10 unit cells in propagation direction with
Floquet boundary conditions, with real and imaginary parts divided.
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Figure 4.17: The phase as a function of the frequency for the array of unit
cells.

The phase can be seen in figure 4.17. By comparing the phase of one
unit cell 4.6 to the array structure phase, it can be seen that the array has
multiple phase shifts compared to the single phase shift of the unit cell,
indicating multiple resonances and multiple modes of propagation in the
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structure. However, the first phase shift can be seen at approximately the
resonance frequency.
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Figure 4.18: The relative permeability as a function of frequency for an array
of unit cells retrieved using the works of Chen et al [21].
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Figure 4.19: The relative permittivity as a function of frequency for an array
of unit cells retrieved using the works of Chen et al [21].

The permittivity and permeability over frequency retrieved for the 10-cell
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array can be seen in figures 4.18 and 4.19. Looking at the permeability, the
permittivity, and the refraction index in Figure 4.20, it can be seen that the
real parts are all negative for multiple frequencies. The goal is to choose a
frequency to do the impedance matching, which is close to where 1, .rr = —1
for the unit cell, since the material properties of an array increasing in size
should eventually converge to have the same behavior as the infinite array
simulated using the Floquet boundary conditions. According to the results
of the single unit cell in table 4.1, the frequency that should be approached
is 2.943 GHz. For the array, the lowest frequency where the permeability
equals -1 is also at 2.943 GHz, hence this is the frequency that will be used
when matching the LHM to an RHM. The real and imaginary parts of the
permittivity and permeability for the array at this frequency can be read in
Table 4.2. As can be seen in Table 4.2, the imaginary part of the permittivity is
positive for the chosen frequency, which is, as stated previously, not acceptable
when trying to create an LHM. It did, however, decrease compared to the
results for one unit cell, implying that there are less losses in the array for said
frequency than for the unit cell.

H Parameter name ‘ Option 1 Option 2 H
f 2.934 [GHz] | 2.955 [GHz]
g 4.75 4.0
€R -1.26 1.2
Hr -3.3 1.4
MR -1 -1

Table 4.2: Permeability and permittivity at the frequency used for building the
RHM.
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Figure 4.20: The refraction index as a function of frequency for a single unit
cell.

4.2.0.1 Sensitivity and Accuracy

The sensitivity of the S-parameters for the array is seen in figures 4.21 and
4.22. The array results appear to be more unstable in comparison to the unit
cell results. This can be seen in figures 4.9 and 4.10. This is expected to
happen since more propagation modes are induced in an array.
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Figure 4.21: The sensitivity of S;q for the array according to Chen’s method
[16].
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Figure 4.22: The sensitivity of S, for the array according to Chen’s method
[16].
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Figure 4.23: The accuracy of Sq; for the array according to Chen’s method
[16].
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Figure 4.24: The accuracy of S, for the array according to Chen’s method
[16].

The difference in accuracy of the array, figures 4.23 and 4.24 compared to
the unit cell, figures 4.11 and 4.12, is negligible.
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eq.(2.12a).

2.8

Energy Re(er)

29

3
f[GHZ|

3.1

3.2

3.3

positive energy requirement given by

Energy Im(er)

0.5

-0.5

-0.5

0.5

o
®

2.8

3

Energy Re(lt,)

2.8

3

Energy Im(;zr)

-0.5

0.5

3.4

2.6

2.8

3.2 3.4

Figure 4.26: Visualization of the positive energy requirement given by
eq.(2.12a) and (2.12b), the equalities are violated when the graph shows the
value -1 and is met when they show the value 1.

As can be seen in figure 4.26, the positive energy requirement is violated
more frequently in the simulated frequency band than for the unit cell, see
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figure 4.14, indicating that the material composite behaves as an LHM for
multiple frequencies.

4.2.0.2 Electric field

As stated in Chapter 3, a plane wave is excited in the i direction. Hence,
to visualize the electric field of the composite, the electric field has been
vectorized, and the y-component of the E-field is presented in this chapter.

The y-component of the E-field for two different frequencies can be seen
in figure 4.27 and 4.27. For the second frequency, f = 2.73, an attenuation in
the Ey field can be seen across the composite. A strong reflection can also be
seen at the beginning of the structure. This is an example of how the composite
behaves when resonance is not achieved, and the wave is unable to propagate
through the medium.

Comparing this to Figure 4.27, the wave here can be seen as propagating.
There is however, a small presence of reflections as well. Compared to the
reflections of Figure 4.28, they are not as prominent.

Figure 4.28: 'Y component of E-field array at f = 2.73 [GHz].
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4.2.1 Redesign

The decision was made to redesign the unit cell since the imaginary part of the
permeability was too large. Larger dimensions of the unit cell would cause it
to lose its resonance. This was tested during the early stages of the project,
which left making the dimensions of the unit cell smaller. This goes against
the effective medium theory mentioned in chapter 3. However, the dimensions
of the unit cell used in a connected project [19] were smaller than those in the
initial design, and that project managed to achieve a wave traveling backwards
through the media. That unit cell design was based on the published results of
Wang et al [24]. The dimensions of the redesigned unit cell can be found in
Table 4.3.

H Abbreviation ‘ [mm] ‘ Description H
[ 5 Width of the substrate
a, 2 Length of outer square
a, 1.6 Length of inner square
Sub, 0.8 Substrate thickness
d 0.3 Gap length
PEC; 0.03 | PEC thickness for SRR and SW

Table 4.3: Length parameters used in the simulations and their values

From a transmission point of view, the unit cell reflects the incoming plane
wave up to a certain frequency. At resonance, the wave can propagate through
the material with the return loss being significantly smaller. The S-parameters
of the redesigned unit cell can be seen in Fig. 4.29. As can be seen, a resonance
occurs at about 12-13 GHz that corresponds to a wavelength of a couple of cm.
Hence, the composite is on the verge of not fulfilling the requirement to be able
to treat it as an effective medium, which will have an impact on the effective
material parameters of the unit cell gathered using Chen’s method.
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Figure 4.29: S-parameters of the redesigned unit cell.

The real and imaginary parts of the insertion and return loss can be seen

in Fig.4.30
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Figure 4.30: Real and imaginary parts of S;; and S, of the unit cell.

All simulations before the redesign were made with the port exciting the
TE-wave in direct contact with the LHM. This was solved during the redesign.
A port exciting a plane wave next to a very lossy material, like an LHM, is not
ideal when doing simulations in COMSOL.

13
f[GHZ]
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To circumvent the port from being in direct contact with the LHM,
the substrate was extended beyond the unit cell. This affected the results,
indicating that the theory of the port close to lossy material is correct. If the
substrate was changed to air instead, the results were again changed, proving
that it is important to consider all parts of the simulation when simulating the
array. Since we want to assess the unit cell and not the material surrounding
the unit cell, this creates uncertainty in the results.

The mesh size also affects the S-parameters. For any simulation you run,
you want to achieve mesh convergence. Meaning that the mesh can be finer,
but it won’t affect the results because they are already as accurate as they can
be with regard to the mesh. A sign indicating that convergence has not been
reached is if the results change when the mesh size decreases. The difficulty
in achieving mesh convergence lies in computing power. When the mesh size
was too fine, the computer ran out of RAM.

The LHM characteristic that is used to demonstrate that this slab of
material behaves as an LHM is that the excited TE-wave should travel
backwards through it. As stated in chapter 1, an LHM obeys a left-handed
system, meaning the propagation vector will be anti-parallel to the propagation
vector of the air surrounding the LHM.

To simulate a wave traveling through the suspected LHM, a full harmonic
extension of the excitation was done on the results from the electromagnetic
wave solver. Depending on the phase of the plane wave that enters the LHM,
the E-field will look different. Multiple phases of the results, when translated
to the time domain, will make it look like a period of the plane wave is traveling
through the waveguide. This can be done without using a time domain solver
in COMSOL. The S-parameters of the structure can be seen in Fig.4.31 where
a clear passband can be seen, which in turn is indicative of some kind of
transmission over a frequency band close to the resonance of the unit cell.
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Figure 4.31: S-parameters of simulated LHM structure.

The harmonic extension was performed for a composite made up of the
unit cells presented at the beginning of this chapter. To visualize that the wave
is actually propagating in reverse from the excited plane wave, the E-field in
the i direction is plotted for the following phases: 0 deg, 40 deg, 80 deg, 120
deg, 160 deg, 200 deg, and 240 deg. And they can be seen in that order in
Fig.4.32, 4.33, 4.34, 4.35, 4.36, 4.37, and 4.38. The simplest way to see the
backwards wave is to look at the first intersection between the air in the first
”box” to the transition to the LHM. For the 0 deg harmonic extension, you
can spot the positive (red) part of the electric field closest to that transition.
In the 40 deg harmonic extension, the red part has moved closer to the edge.
When following the wave through the figures, it can eventually be seen that
the negative (blue) part of the induced wave is following the positive part of
the wave, and that the opposite of what is happening in the LHM is happening
in the air surrounding it.
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Figure 4.32: Full harmonic extension of simulation, phase = 0 deg.
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Figure 4.33: Full harmonic extension of simulation, phase = 40 deg.
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Figure 4.35: Full harmonic extension of simulation, phase = 120 deg.
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Figure 4.36: Full harmonic extension of simulation, phase = 160 deg.
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Figure 4.37: Full harmonic extension of simulation, phase = 200 deg.
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Figure 4.38: Full harmonic extension of simulation, phase = 240 deg.

4.3 Stepped Interface

4.3.1 Stepped interface without losses

The next step is to create a section of RHM based on the parameters computed
from the 10 cell array results according to the method in chapter 3. This slab
of dielectric material is positioned in front of the LHM creating, the stepped
interface between the RHM and LHM. The plane wave is then excited in the
beginning of the RHM. The parameters used when creating the slab was ¢, =
1.217 and p, = 1.
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Figure 4.39: S-parameters for a stepped transition between RHM and LHM.
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Figure 4.40: Imaginary and real part of S-parameters in Fig4.39.

The S-parameters for the stepped transition can be seen in figure 4.39 and
4.40. Multiple resonance frequencies can be seen in the plots due to the array
being finite. This is visualized in the E-field plots of the stepped transitions

where you can clearly see that multiple modes are excited, and reflections are
present.
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Figure 4.41: E, field of stepped transition, with a local maximum of the E-
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Figure 4.42: Ey field of stepped transition, with a local minimum of the E-field
at the transition
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Figure 4.43: Argument of E,, for the stepped transition.

In figures 4.41 and 4.42 the E, field is plotted on the surface of the stepped
impedance structure. In these plots, if the wave is propagating backwards in
the LHM, the Ey-ﬁeld minimum and maximums should be mirrored around
the transition. This can clearly be seen in Figures 4.41 and 4.42. There are
also reflections present, which can be seen in both the S-parameters and in the
beginning of the structure. This indicates that the impedance of the LHM and
the RHM are not perfectly matched. This is likely because the imaginary parts
of the impedance are too different for the transition to be impedance-matched.
An insertion loss of -2 dB with a return loss of below -20 dB is a good result,
indicating little (but not zero) reflections. This is discussed in the introduction,
the solution is to introduce an imaginary part of the impedance in the RHM
structure according to (2.13b).

The argument of the E,, field can be seen in Figure 4.43. It clearly shows
the phase shifting in different directions for the RHM and the LHM.
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Chapter 5

Discussion

5.1 Introduction

In this chapter, the results from Chapter 4 will be discussed. Different aspects
of why it is difficult to simulate double negative MTMs will also be discussed.

5.2 Meshing and Simulation Size

Finite Structure The first problem that was encountered early on in the project
was the simulation time, specifically when it came to meshing and the size of
the array that could be simulated. The theory is that as more unit cells are
added to the composite, the composite will behave more similarly to the unit
cell. However, no simulation was able to confirm that the behavior of the array
of unit cells started converging to the behavior of a single unit cell.

The biggest issue when trying to mimic the behavior of a unit cell using
arrays was the size of the arrays that would be required. An 1x1x10 array could
take up to 12 h to simulate. With this in mind, as well as the size of the unit
cell, simulating arrays in the cm range would take days, using more RAM than
the author’s computer, and even the stationary computers at KTH, had access
to.

Hence, the final simulations are made using a coarser mesh than what
would have been preferable. They were also built using fewer unit cells than
would have been a good representation of the array. The consequences of
this are that the results varied as a function of the array size and would differ
depending on the mesh.
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5.3 Effective Medium Theory and Effective
Material Parameters

As mentioned in Chapter 2, the condition that the characteristic length of the
unit cell has to be much less than the incident wave length needs to be fulfilled
for the structure to be treated as an effective medium. The structure should also
be homogeneous to be treated using effective medium theory. This implies
that a lower resonance frequency gives the composite a greater chance of
fulfilling this condition, since the wavelength increases with inverse proportion
to frequency. In [25], it is stated that the structure usually needs to be about
10 times smaller than the free-space wavelength of the plane wave. This was
not the case for either of the unit cell designs.

One reason why active MTMs are difficult to treat using effective medium
theory is because the local resonance of the unit cell is happening in the
long wavelength regime, where the incident wavelength is comparable to the
size of the unit cell, and the conventional effective medium theories limit the
scattering in the quasi-static regime where the wavelength needs to be larger
than the unit cell according to the criteria that have been listed in chapter 3
[26]. The resonance gives the unit cell its LHM properties. Since the unit
cell is anisotropic, it needs to be handled in the quasi-static regime [26],
making it extremely difficult to find analytical solutions to express the effective
permittivity and permeability of these kinds of materials.

Chen et al are using a numerical approach to solve for the effective
permittivity and permeability [21]. They state that the way to determine if
a structure is homogeneous is to look at its impedance and see if it varies
with the thickness of the material. If not, then the material is homogeneous
[21]. They minimize the impedance mismatch by calculating the impedance
for each frequency represented in the S-parameters used to retrieve the material
parameters by using the optimization model given by eq.(5.1).

. -\ |Zl(filf) _ZZ(ﬁ/x)l
minf ) = §; 2 (e G 0,22 0 )

i=1

(5.1)

Chen et al state that this method can be unreliable at specific frequencies,
especially for low frequencies, which could explain the peculiar behavior seen
in the first design of the unit cell.

It is noteworthy that for very small values of S,; the method becomes
unreliable, indirectly implying that the bigger the array, the more unreliable
the method becomes. Small values of S, will always be present, meaning
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that there is always a part of the wave that transmits through the material.
A thicker/longer MTM will decrease this transmission as more unit cells are
added to the medium, creating a situation requiring compromise. Itis desirable
to add more cells to the structure to mimic the behavior of the unit cell better,
but the more unit cells we add, the more unreliable the parameter retrieval
becomes.

Chapter 2 also discusses how the method is sensitive to small values of
Sq11, implying that the method is unreliable at the resonance frequency of the
unit cell, where it is most important to retrieve accurate material parameters
for the impedance matching.

5.4 Geometry and Redesign

As mentioned in the introduction, changing different unit cell geometry
parameters will result in different frequency responses. When the redesign was
made, only the dimensions of the squares and the size of the dielectric were
changed. Changing the size of the gap in the rings or the distance between them
could potentially improve the design. However, this was not further looked
into during the project. Another aspect of the geometry that was not studied
further was the tolerances of the dimension change, the electromagnetic
response of the structure with slight differences in the geometry parameters
of the SRRs, which could be interesting from a manufacturing point of view.

5.5 Reflections and Interfering Modes

When the SRR design was too large to create a negative permittivity, there
were transmitting modes being excited despite the material not being an LHM.
This is indicative of the possibility of multiple different modes where the
permittivity and permeability are not strictly negative, and can propagate.
In this work, it is described which different modes are able to propagate in
composites such as the one in this project

The work in [25] describes the effective material parameters in a compact
way by connecting simple medium dispersion theories to the effective material
parameters of MTMs, see eq.(5.2, 5.3).

0/2 _
£€f = ém COS (9/2) Sp (52)
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oty = Mg s €05 (0/2)° (5.3)

where S,=1 is for electric resonators and S;, =—1 for magnetic resonators
[25]. These equations describe the different modes that can be excited in a
dispersive MTM such as the one in this project. Three types of modes can be
excited: propagating modes, pure plasma modes, and resonant crystal band-
gap modes [25]. The propagating modes are the desired modes where 0 <
g <4/ (wp)2 and p is the periodicity of the material. These modes are when
the medium can be viewed as a spatial resonator, which is what is utilized
when creating an LHM. In some cases, the effective material parameters will
acquire a negative imaginary part. This is a possible explanation as to why the
matching of the LHM and the RHM could be wrong [25].

The plasma modes are the evanescent modes that occur when the material
is a single negative material, i.e. when either the permittivity or permeability
is negative but not both. These modes should not be present for the frequencies
when the MTM experiences resonance, which explains why there are so many
reflections present in the simulations.

If0<énu>4/ (wp)2 resonant crystal band-gap modes could be induced
instead. These modes can be excited due to the combination of the periodic
nature of the MTM, combined with the large effective constitutive parameters
[25].

Hence, the possibility for transmission, which is not due to the LHM nature
of the composite, exists.

5.6 Scientific and Engineering Issues

In Chapter 1, several different scientific and engineering issues were listed.
Below the questions are relisted and answered based on the contents of Chapter
4.

1. Isit possible to engineer a composite out of unit cells such that a slab of
the composite will exhibit the same properties as a single unit cell using
COMSOL Multiphysics?

Based on the results from this project, it is possible. However, the arrays
simulated in this project were not comparable to infinite arrays due to
limited computational power. When comparing the S-parameters for the
unit cell and the array, you could spot a resonance at approximately the
same frequency. Looking at the earlier design, it is very noticeable that
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the array is indeed finite, and ripples can be seen in the permittivity and
permeability from the array indicating mismatched impedance inside
the structure and/or multiple edge phenomena present. This should be
less noticeable in larger arrays, which can be built by optimizing the
meshing better and using a computer with a larger RAM memory.

. Is it possible to use the composite engineered to build a reflection-free
transition between an RHM and an LHM in COMSOL Multiphysics?
Does a natural material with the same permittivity but of the opposite
sign to the composite exist?

It is possible to build a stepped transition between an RHM and an
LHM with little reflections for a limited frequency interval, which can
be seen by the S-parameters of the stepped transition. A return loss of
below - 20dB was achieved for a frequency span, and could be improved
by introducing imaginary losses in the RHM. There are materials with
a permeability of 1 and permittivity of 1.2, including, for example,
Expanded Polystyrene (EPS). However, this is a low porosity material
and would probably not be suitable for manufacturing an RHM/LHM
transition.

. Isit possible to confirm the analytical results obtained by Rana et al [8]?

With the results from this project, the stepped transition results obtained
by Rana et al [8] were confirmed.
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Chapter 6

Conclusions and Future Work

The conclusions that can be drawn from chapter 5 will be stated below, as well
as the limitations of this project. The time aspect of the project will also be
discussed. Lastly, this chapter will focus on the work that is still left to be done,
as well as reflect on the consequences that a successful implementation of a
double negative MTM could have from an industrial/technical point of view.

6.1 Conclusions

An LHM with the real part of the relative permeability and permittivity equal
to -1 and -1.26 for the frequency 2.934 GHz was made from a unit cell design.
The unit cell had a high imaginary part of the relative permeability, which
caused a redesign. This redesign was iterated to find a design that would cause
a plane wave to travel backwards through it in accordance with the behavior
of an LHM. This was demonstrated using a harmonic extension of the results.
The array material parameters were then used to create an RHM, and a plane
wave traveling in a stepped transition between the RHM and the LHM was
simulated. Using a harmonic extension of the results, it could be seen that
the propagation direction is mirrored once the plane wave enters the LHM.
Possible reasons as to why the material parameters were hard to retrieve and
how the simulations could be improved were also discussed.

6.2 Limitations

Time was a big part of the limitations of this project. Especially during the
later stages when limited time could be spent on finishing the project. The



66 | Conclusions and Future Work

limited allotted time per week, along with long simulations, was the biggest
limiting factor.

The fact that the importance of the imaginary parts of the material
parameters be negative, which was discovered during the later stages of the
project, was also a limiting factor. If these requirements had been there from
the beginning, a more thorough study of the unit cell could have been made at
the start of the project.

Another technical limitation was the computing power. If a more powerful
computer could have been used for the simulations the simulation time would
have decreased and the arrays could have been bigger, possibly obtaining more
accurate results.

6.3 Ethics and Sustainability

The project is completely analytical and numerical, hence ethics is not
something that is considered for this project. Regarding sustainability,
the project can be considered sustainable since the algorithm used for the
parameter retrieval method was simple and effective, utilizing as little power
as possible. However, due to the theoretical nature of this project, not much
else can be said regarding sustainability or ethics.

6.4 Future work

6.4.1 Thorough Study of the Unit Cell

A longer study of the properties of the unit cell needs to be conducted. The
following parts concerning the unit cell would benefit from a larger literature
study.

6.4.1.1 Material Parameter Retrieval Methods

Gain a better understanding of both analytical and numerical parameter
retrieval methods that exist in the literature. It would be beneficial to
implement a few different methods and compare the results. The method by
Chen et al was chosen because it is relatively simple to implement, but there
are other methods that can be considered.
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6.4.1.2 Unit Cell Geometry

Compare different geometries of SRRs and their different properties, which
frequencies are interesting to look at from an industrial POV, and what kinds of
unit cells excel at these frequencies. How does the geometry of the SW affect
the permittivity, if at all? For example, graphs of how changing the geometry
of different unit cells changes the resonance frequency. Do these different
geometries respond differently to different material retrieval methods?

6.4.1.3 Optimize Unit Cell size with Resonance Frequency

As mentioned, no resonance will be present in the unit cell if the dimensions
of the rings become too large. This could be optimized to reach resonance
frequencies in the MHz domain.

6.4.2 Study the RHM/LHM Transition
6.4.2.1 Implement Larger Arrays of Unit Cells

Create an MTM in COMSOL that resembles the unit cell without extra edge
effects that occur due to the finite array.

6.4.2.2 Graded Transition Function

After creating the stepped transition, the graded transition could be considered
as the next step. What would be the shape of the graded transition, and which
graded transition minimizes reflection the best?

6.5 Reflections

As stated in the very beginning of this project, the possibilities of what
one could achieve with a double negative MTM are endless. Many
implementations have already been made by the research community. What I
have noticed when studying this kind of unit cell is that it has a very limited
bandwidth. For MTM research to be truly interesting in certain applications,
some way of increasing the frequency bandwidth needs to be found.

The ability to see below the diffraction limit could be extremely useful in
semiconductor manufacturing, since electronics today become exponentially
smaller.
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The slab of RHM could also be made to work as a band pass filter on a
PCB application, since it is very space-effective in comparison to classic PCB
implemented filters.

In conclusion, LHM research could have great implications for many
industrial applications.
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All SDGs are within the range [1-17].
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