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ABSTRACT

Flores 111, David, Design of Three-Dimensional Near-Zero Refractive Index Metamaterials.

Master of Science (MS), May, 2016, 160 pp., 14 tables, 124 figures, references, 76 titles.
Near-zero refractive index metamaterials exhibit remarkable electromagnetic properties
which can and will be applied in the near future. From the known methods of achieving near-
zero refractive index, this work primarily focuses on the design of 3D metamaterials whose
permittivity and permeability are both close to zero while maintaining relatively low loss factor.
The design of the metamaterials is based on the chiral shape “omega” and designed to weave
periodically as a fishnet. Theoretical analysis, computer modeling and simulation are steps taken
in the design of metamaterials. A computational tool based on the robust method for effective
parameter extraction is successfully developed and validated in order to examine the effective
material parameters. This tool is also employed as a preliminary test for the design of
metamaterials. Novel two-dimensional and three-dimensional metamaterial designs which

exhibit desirable near-zero refractive index with relatively low loss are developed.
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CHAPTER I

INTRODUCTION

1.1: Background and Rational of Study

Ever since the first humans walked on the earth several thousand years ago, there has
been an ongoing search and desire for the improvement of human living by modifying and
bending the available natural materials to perform and behave in ways that make useful tools.
Today, numerous scientific literature is available which describe various characteristics of
materials under different physical environments. With such resources available, scientists and
engineers may choose a particular material with its known characteristics for a specific
application. Nevertheless, it is innately human to strive and go above and beyond the current
state. We are always looking for new materials with novel characteristics which excel and
exceed our expectations.

Metamaterials (from the Greek word “meta-*, uerd- meaning “to go beyond”) are
synthetic composite materials with specific structures engineered to have properties not found in
natural materials [1.1]. In general, metamaterials are designed as periodic structures in such a
way that extraordinary electromagnetic novel properties sought after emerge such as negative
refractive index, double negative refractive index, extreme chirality, and zero refractive index.
Each periodic element within the structure is referred to as a unit cell. The periodicity of these

unit cells are of scales much smaller than the wavelength of particular interest.



Just like naturally existing materials, the properties of metamaterials are intrinsically
derived from the selected components and the design and arrangements of such. Once a designer
finds a basis for a system, then the next step is to design the structure from the components with
specific patterns such that the dominant electromagnetic resonances may be easily “tuned” or
controlled. These unit cell components are arranged in a periodic fashion in one-, two- or three-
dimensional arrays. Sandwiching or coupling together such arrangement of these components
will modify and have a significant impact on the properties of the overall metamaterial design.

This research is primarily focused on near-zero refractive index metamaterials with low
loss, where permittivity and permeability are both close to zero. Their main drawback is that
there is a significant loss, which is generally described by the loss factor (LF) or figure of merit
(FOM) As the real part of a refractive index is very small or close to zero, LF increases
dramatically, starting high loss. It is important to design NZRIM where the imaginary part of
refractive index is low. Several approaches to design broad NZRIM bandwidth with low loss
have been proposed and discussed.

1.2: Objectives

1.2.1: Study electromagnetic properties of near-zero refractive index metamaterials.

1.2.2: Design near-zero refractive index metamaterials with low loss in the X-band
microwave regimes.
1.3: Scope and Limitations
Design and optimize near-zero refractive index metamaterials (NZRIM) in the X-band

microwave regimes.



1.4: Anticipated Outcomes
This research benefits the antenna components in telecommunication systems, microwave
lens, etc. The aim of this research is to design near-zero refractive index metamaterials that

exhibits relatively low losses.



CHAPTER II

THEORIES AND LITERATURE REVIEWS

2.1: History of Metamaterials

Electromagnetic (EM) metamaterials (MTMs) are artificial EM media with specific
structures engineered to have remarkable and exciting properties which transcend across the
entire EM spectrum. For the past decade, scientific breakthroughs in MTMs research have
demonstrated the tremendous potential MTMs have in vast fields of science and engineering.
Such achievements include negative refractive index (NRI) media [2.1-2.3], EM invisibility
[2.4], perfect lens [2.2], infinite phase velocity and wavelength applications in integrated optics
[2.5] (Fig. 2.1.1), chiral metamaterials [2.6,2.7], EM tunneling [2.8], enhanced antennas,
enhanced absorbers, EM shielding and wave blocking [2.9], lighter and more efficient X-Ray

shielding, enhanced solar cells, sensors, polarizers and zero refractive index [2.10].

Fig. 2.1.1: L1, Y. et al [2.5]: Zero-Index MTM Composed of Silicon Pillar Arrays Embedded in a
Polymer Matrix and Clad in Gold Film Produces a Constant Phase of Light Which
Stretches out in Infinitely Long Wavelengths.



The history of EM MTMs begins at the turn of the twentieth century running almost
parallel with the history of radio. To the best of our knowledge, the first ever attempt to
experiment with artificial materials has its roots back to the late part the nineteenth century when
in 1898 Jagadis Chunder Bose conducted the first microwave (MW) experiment on twisted
structures whose geometries were essentially artificial chiral media by today’s terminology
[2.11]. From 1914 and into the 1920s, Karl F. Lindman studied artificial chiral media formed by
embedding a collection of randomly oriented small wire helices in a host medium. [2.12]. In
1948, Winston E. Kock, a researcher for Bell Laboratories, pioneered works in MW engineering
involving artificial dielectrics. He made lightweight MW lenses by employing particles which
varied arranged conducting spheres, disks and strips in a periodic fashion and noticed that the
permittivity € and permeability 4 can be purposely tuned, but not independently, effectively

tailoring the refractive index of the artificial media [2.13].

The theory of left-handed (LH) materials, which have a negative refractive index (NRI), was first
introduced by Russian scientist V. G. Veselago in 1968 [2.14]. He theoretically investigated

plane-wave propagation in a material having simultaneously negative ¢ and u, concluding that
the refractive index of a material should be revised and expressed as n =./eu . However,

Veselago’s theoretical work on NRI MTMs did not advanced into practical applications due to
the lack of the ability to produce a material possessing simultaneous negative ¢ and u. In the
1990s, John B. Pendry and his colleagues were the first research group to demonstrate that a
three-dimensional array of intersecting thin wires could be utilized to create negative values of ¢
[2.15] and negative u [2.16]. This work leads the way to a new research domain of what we now

know as metamaterials.



http:]/speria.iesl.forthlgr/~ppm/Research.html

Fig. 2.1.2: D. R. Smith et al. [2.16]: First LH Structure Consisting of Split-Ring Resonators
Fabricated by Smith’s group in UCSD.

In 2000, David R. Smith [2.16] and his research group proposed and later produced the
first MTM processing simultaneous negative ¢ and u with the aid of copper split-ring resonator
(SRR) structures on circuit boards and standing wires as periodic elements seen in Fig. 2.1.2. Once
the first MTM demonstrating NIR prototype was materialized, it encouraged and motivated the

rapid development of new experiments and theories of MTMs.

2.2: Metamaterial Classifications
Materials can be classified into four categories which depend on the real part of the
effective complex permittivity (e, epsilon) and effective complex permeability («, mu) [2.17]:
double positive (DPS), double negative (DNG), epsilon negative (ENG) and mu negative

(MNG). Fig. 2.2.1 shows a graph of u vs. ¢ where Quadrant I (QI) are ordinary materials with
6



(+)e and (+)u which produce forward EM waves. Since these materials are on the right side of
the u-axis, they are referred to as right-handed (RH) materials or media, having a positive
refractive index (PRI), (+) n. In Quadrant III (QIII) are the left-handed media (LHM), the type
of materials from Veselago’s theoretical work sometimes referred to as Veselago media, which
possess both (-)e and (-)u and produce backward EM waves. These materials have a negative

refractive index (NRI), (-) n.

/,[ (Permeability)

4 :
conventional
plasma
- (RH)
air wire structure
£<0, >0 ‘ £>0, 4>0
No transmission +,/£,u
>
(Permittivity)

ferrites
split rings structure

e>0, u<0

No transmission

Fig. 2.2.1: Classification of Materials in the gu-plane in terms of their sign for permittivity and
permeability [2.17].

The materials in Quadrant II (QII) are referred to as epsilon negative (ENG), having (-)e and
(+)u, and the materials on Quadrant IV (QIV) as mu negative (MNG), with (+)e and (-)u. The
materials from QII and QIV are both plasmonic media, metals or metal-like, which can exploit
interface waves or surface plasmons. Plasmonic media cannot support propagation of EM

waves.



' oPMC | IMM oM !

“Ordinary™

7EM IEM

materials

——————————————

Loz (ZMM)

Fig. 2.2.2: Classification of Extreme-Magnitude Materials in the gu-plane [2.17].

Plane waves propagating in homogenous dielectric-magnetic media can be analyzed with

refractive index n = (/i and with wave impedance z = \/Z . In the ideal EM case, the perfect
g

electric conductor (PEC) corresponds to é—0, u—0, and the perfect magnetic conductor (PMC)
has e—0, u—o0. Therefore, PEC possesses an extremely small impedance, (zero-impedance
material), while PMC processes an extremely large impedance (infinite-impedance material).
Combinations of either very large of very small values for the four parameters ¢, u, z and n are
possible which are basis for drawing the classification of Fig. 2.2.2. The remaining
abbreviations are IIM: infinite-index media; IMM: infinite-magnetic material; ZEM: zero-
electric material; ZIM: zero-index material; ZMM: zero-magnetic material; IEM: infinite-electric
material.
2.3: Electromagnetic Material Parameters Extraction

After Veselago’s work [2.14] where the first systematic study on LH material parameters

was performed, several methods [2.18-2.22] for the extraction of effective material parameters

have been proposed in order to retrieve the effective complex permittivity, permeability,
8



impedance and refractive index of the material under test. The effective material parameters for

complex permittivity

e=¢'+ je" (2.1)

and complex permeability

p=p+ju". (2.2)

Therefore, the complex effective refractive index is

n=n"+jn". (2.3)

The method presented by Nicolson, Ross and Weir [2.20] enable the calculation of the
complex permittivity and permeability of a material sample over a broad frequency range by
utilizing the S-parameters, from which the effective refractive index » and impedance z are first

obtained. The values for ¢ and i are then calculated directly from equations:

p=nz (2.4)
g=" 2.5)
z

However, this extraction method may fail in certain conditions such as then the thickness

of the effective slab is not accurately estimated [2.21] or when the reflection (S11) and

9



transmission (S21) data are very small in magnitude [2.24]. The theoretical retrieval equations
presented by Chen, Grzegorczyk, Pacheco and Kong [2.19] present a robust and effective
method and address the aforementioned issues. This robust method to retrieve constitutive
effective parameters of a slab of MTMs characterizes such slab as an effective homogenous slab.
In such case, one may retrieve ¢ and u directly from S11 and S21. In order to extract these
complex material parameters, we must consider the unit element of the MTM with lattice vectors
in the x-,y- and x- directions. Appropriate boundary conditions and excitations are applied to the
various surfaces of the three-dimensional unit element to simulate the periodic MTM and its

excitation in order to acquire the S-parameters S11 and S21 [2.25].

10
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Fig. 2.3.1: Flowchart of Robust Method for Extracting Complex Effective Parameters [2.19]

Fig. 2.3.1 is a representation of the algorithm which the robust method follows

systematically. The S parameters can be represented as [2.19],
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S :M, (2.6a)

11 2 j2nkyd
1— R3/*™

(1-R,, ) (2.6b)

_ p2Jj2nkyd
1-R;,

S21 =

z—1
where =
Ra z+1

As indicated in [2.21,2.22], the refractive index and the impedance are obtained by solving for

the impedance z by inverting the above Equations 2.6a and 2.6b yields,

2 2.7a
[+, =53 (2.72)
z=1% >
(1 Sll) SZI
el = x + i1- X2, (2.7b)

1

Where X = .
28, (1-8%+53,)

Since MTMs are passive media, the signs in Equations 2.7a and 2.7b are determined by the
requirements

z'>20 (2.8a)
and

n">0 (2.8b)
where ()' and (-)" denote the real and imaginary parts respectively. From Eqn. (2.7b), the

complex refractive index » can be determined

12



_ 1 Jjnkyd ! . Jnkyd ' (2'9)
n—ko—d{([ln(e )} +2mﬂj—][ln(e )} ,
where “m” is an integer related to the branch index of »'. The imaginary partr” is uniquely

determined, yet the real part »' is complicated by the branches of the logarithm function. Egs.

(2.7a) and (2.7b) can be directly applied in a homogenous slab which:

i The boundaries of the slab are well defined, and

ii. S parameters are accurately known.

2([(_) +.0 -

d

Fig. 2.3.2: Location of the Two Effective Boundaries of a Two-Cell MTM [2.19].
The locations of the two boundaries may be observed in Fig. 2.3.2 (solid red lines). One
characteristic of a homogenous slab of material is the fact that its impedance does not depend on

its thickness [2.19]. Furthermore, optimization model to minimize the impedance mismatch of

different numbers of MTM cells is given by
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. - _LN/ |Zl(fi,f)—22(fi,)?)|
min f(x) = N, ;maxﬂzl(fi,)?) EXTAN

(2.10)

where N, denotes the total number of sample frequencies and z,(f;) represents the impedance of

the slab j(where j = 1,2) at frequency fi. When utilizing the EM commercial software CST
Microwave Studio® to simulate “unit cells” for periodic structures, the ports are automatically
set, thus employing the most optimal boundaries. S parameters obtained from numerical
computation and measurements are noisy. This is since the impedance and refractive index are
sensitive to small variations of S11 and S21 as both z and » are related [2.24], and for this matter
Chen suggests to exploit their relationship in order to determine the signs in Equations 2.7a and

2.7b. The signs of real part of the impedance and the imaginary part of the refractive index are

/"l < 1. From the

then changed so that both satisfy z'>0and »" >0, or equivalently ‘e

relationship of z and n, n is derived from Equations 2.7a and 2.7b to obtain

gl = Sn__ (2.11)

In order to determine the branch index m of the real part of the refractive index at the
initial frequency is determined from Equations 2.4 and 2.5, we have the imaginary part of the

complex permeability defined by the equation
u'=nz"+n"z, (2.12a)
and the complex permittivity defined by the equation

(2.12b)
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The requirements which must be satisfied to determine m are that &' >0and 2" >0 or 1" >0.

This leads to

|n'z"| <n"Z. (2.13)

In this iterative method, if there is only one solution, it is the correct branch. In case there are
multiple solutions, for each candidate branch index m the value of 7' must be determined at all

subsequent frequencies to check the validity of #'at all frequencies produced by the candidate

initial branch [2.19].

2.4: Near-Zero Refractive Index Metamaterials

In recent years, many remarkable designs of NZRIM have been achieved, all which have
diverse prospective applications. Table 2.4.1 contains a tabulation of the collected literature
reviewed for this research and a comparison of operating frequency as well as structure design
and materials. One thing to note is that although all of these designs present NZRIM, some of
the designs are engineered to be either epsilon near-zero (ENZ), mu near-zero (MNZ) and
epsilon and mu near-zero (EMNZ) to achieve NZRIM for their specific goal and application. For
instance, designs such as [2.5, 2.29,2.30,2.33] are ENZ. which would essentially yield high
electric losses due to high impedance. For our research, the goal is to have both ENZ and MNZ
simultaneously in order to minimize electric and magnetic losses. We see the designs listed in
Table 2.4.1[2.43, 2.47, 2.50, 2.53, 2.62] which claim to design their NZRIM with this goal in
mind. In Chapter 3, we will further discuss these conditions in more detail.

Jang et. al. [2.37] proposed an antenna design they claim has been designed with a

realized increased gain of about 5 dB by introducing a single layer MTM superstrate with

15



NZRIM. Their design is based on the concept of fractal geometry which was introduced to the
antenna field as a new and innovative design which have demonstrated good performances.

Navarro-Cia et al. [2.47] report on a structure designed for directivity enhancement by a
short-focal-length plano-concave lens. Their design is engineered by stacked subwavelength
circular hole arrays in a fishnet-like fashion. They claim to have achieved pencil-like radiation
by utilizing NZRIM lens based on stacked extraordinary optical transmission layers at millimeter
waves with high gain.

Soemphol el al. [2.62] claim to have achieved a broader near-zero band by stacking
layers of fishnet MTM structures. They also pointed out that the near-zero band is not only
broader, but located at a lower frequency as more layers are added. This is due to the impact of
the total capacitance and the couplings among the additional structures.

The research from groups such as these will prove to be very useful in our design of

NZRIM with low loss.
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TABLE 2.4.1
Comparison of Literature Review Near-Zero Refractive Index Metamaterials (NZRIM) [pp. 17— 40]
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CHAPTER III

RESEARCH METHODOLOGY

3.1: Design of Near-Zero Refractive Index Metamaterials (NZRIM)
In order to better understand and be able to design NZRIM, let us recall Snell’s law.
When an incident wave touches the surface of ordinary right-handed (RH) materials, the
refracted wave will propagate forward, thus creating a positive angle of refraction. In artificial
EM media, when the same incident wave touches the surface of a left-handed (LH) material, the

refracted wave will propagate backwards, creating a negative angle of refraction.

Negative Refractive Index

Snells’ Law:

nlsméi :nzsm¢92

Positive Refractive Index (PRI)  Negative Refractive Index (NRI)

Fig. 3.1.1: Illustration of Negative Refractive Index (NRI).

Fig. 3.1.1 serves as an illustration of what we just explained regarding NRI compared
with ordinary PRI, where n1 denotes the refractive index of the incident wave with its angle 61,

while n2 denotes the refractive index of the refracted wave with its angle 6>. Now let us consider
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how Snell’s law applies to near-zero refractive index materials (NZRIM). When an incident
wave touches the surface of NRIM, the refracted wave will propagate normal to the surface of

the material, as shown in Fig. 3.1.2, regardless of the angle of the incident wave.

Near-Zero Refractive Index

Snells’ Law:
nlsmt91 =;1251n6?2

n>0

n—0

[S)

Zero Refractive Index (ZRI)

Fig. 3.1.2: Illustration of Zero Refraction Index (ZRI).

The refractive index is directly related to permittivity (&) and permeability (1) by the

relationship 7 =4/&u . From this relationship, we may draw a conclusion as to what cases will

yield NZRI for our MTM design. There are three essential cases for NZRI:

i.e—>0
ii. u—>0

iii. € >0 and x4 — 0.

Before we select from these three cases which one will be the most optimal for our

NZRIM design, there is another important factor to consider which is impedance. The
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impedance, denoted by z, is related to ¢ and u by the relationship z = \/Z From the three cases
&

for NZRI, this is how impedance factors into the design considerations:

i.e—>0 => z> o
ii. u—>0=z->0

iii. ¢ >0 and x4 — 0.

In the first case, due to the high impedance, we will get high electric loss. For the second
case, due to the low impedance, we will get high magnetic loss. In the third case, when both
permittivity and permeability are near-zero simultaneously, then we get a matched impedance.
This way, both electric and magnetic losses are suppressed. For this reason, the third case will
be our optimal choice for the NZRIM design.

Another consideration is to define when the refractive index is “near” zero. From [3.1]
we may see that refractive index, n, is near-zero when |n| < 1. A specific important factor
desirable for our NZRIM design is minimize losses. There are two methods to determine LF:

figure of merit (FOM) and loss factor (LF). The following equations define each of these

methods:
_|Re(n)
FOM = m(n) (3.1
IFe Im(n)
“Re(n)’ (3-2)
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In the case of FOM, a high value is desired. As for LF, a low value is the goal, where the
condition to be satisfied is LF' < 1. For our NZRIM, we will be utilizing LF' to evaluate low loss

of the design.

3.2: Simulation Setup
3.2.1: 2D with Substrate
For our NZRIM, we will be utilizing the EM commercial software package CST Studio
Suite 2015% [3.2], and most specifically, the Microwave Studio Suite module within CST. For
our 2D MTM structure design setup, Figs. 3.2.1 — 3.2.42 demonstrate the setup steps for the

modeling, simulation and analysis in CST.

CINRA Y BNl |
Home

L New Project Recent Projects

Project Templates

Ndmw F I F
ozt T

Modules

Fig. 3.2.1: Step 1 — Run CST STUDIO SUITE. Once loaded, this is the start screen.
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New Project

Y Create a new project

™ l Create a new project with settings tailored to your application area. These settings will be stored as a project template, which can be later
used to create another project.

Create

Project

Fig. 3.2.2: Step 2 — Click “Create a new project” button.

5 x

Create a new template

Choose an application area and then select one of the workflows:

EMC 7 EM

Cancel

Fig. 3.2.3: Step 3 — From the “Create a new template” screen, select “MW & RF & Optical”.
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=

Create a new template

Choose an application area and then select one of the workflows:

. Antennas

h Circuit & Components

. %“ Radar Cross Section

Biomedical, Exposure, SAR

"0‘1‘ Optical Applications

H Periodic Structures

Emc 7 EMV
Next = Cancel
Fig. 3.2.4: Step 4 — Select the “Periodic Structures” workflow.
5

Create a new template

MW & RF & OPTICAL | Periodic Structures | FSS, Metamaterial - Unit Cell

Please select a workflow:

Dispersion Diagram Phase Reflection
Diagram
< Back Next » Cancel

Fig. 3.2.5: Step 5 — Select “Phase Reflection Diagram” workflow.
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Create a new template

MW & RF & OPTICAL | Periodic Structures | FSS, Metamaterial - Unit Cell | Phase Reflection Diagram | Selvers | Units | Settings |
Summary

The recommended solvers for the selected workflow are:

© Frequency Domain

= Time Domain
for normal incidence only

< Back Next > Cancel

Fig. 3.2.6: Step 6 — Select “Frequency Domain” solver.

c x
Create a new template
~
MW & RF & OPTICAL | Periodic Structures | FSS, Metamaterial - Unit Cell | Phase Reflection Diagram | Solvers | Units | Settings |
Summary
Please select the units:
Dimensions: mm M
Frequency: GHz v
Time: ns i
Temperature: Kelvin A
Voltage: v -
Current: A T
Resistance: ohm e
Conductance: 5 i
Inductance: nH v
Capacitance: oF - . v
< Back i§  Next > : Cancel

Fig. 3.2.7: Step 7 — Select the appropriate units. The default settings are set for microwave
applications.
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Create a new template

MW & RF & OPTICAL | Periodic Structures | FSS, Metamaterial - Unit Cell | Phase Reflection Diagram | Solvers | Units | Settings |
Summary

Please select the Settings

Define using @ Frequency () Wavelength

Frequency Min.: 8 GHz

Frequency Max.: 12 GHz

Monitors: [ E-field (] H-field [] Farfield (] Power flow [] Power loss
Define at GHz

Use semicolon as a separator to specify multiple values
e.g. 20;30;30.1;30.2;30.3

[ calculate reflectance, transmittance and absorbance

< Back Next > Cancel

Fig. 3.2.8: Step 8 — Configure additional settings such as frequency range and monitors (optional
at this point).

Create a new template

MW & RF & OPTICAL | Periodic Structures | FSS, Metamaterial - Unit Cell | Phase Reflection Diagram | Solvers | Units | Settings |
Summary

Please review your choice and dick 'Finish' to create the template:

Template Name: FSS, Metamaterial - Unit Cell_1|

Solver Units Settings
ﬁi - Dimensions: mm - Frequency Min.: 8 GHz
- Frequency: GHz - Frequency Max.: 12 GHz
Frequency Domain - Time: ns
- Temperature: Kelvin

h

Periodic structures such as Frequency Selective Surfaces (FSS) or
metamaterials (DNG, AMC, etc.) can be modelled by a single cell if infinite
extent of the structure is assumed. Unit Cell boundary conditions with a full
Floguet port mode formulation can be used to simulate arbitrary angles of
wave incidence; if only normal incidence is of interest, Periodic boundaries
can be used.

Fig. 3.2.9: Step 9 — Name template appropriately for future use.

48



B8 Anchor Points
g Wies

[, Voxel Data
8 Dimensions

@ Plane Wave
[ Farfield Source
[ Field Sources

@ Pots

{3 Field Moniors

G Frobes

@ Mesh Cortrol
£ 1D Resuts
& 20/30 Results
& TLM Results
[ Farfieids
[ Tables

T Lumped Bemerts

[ Exciation Signals

T Vohage and Curent Monitors

W Name

Expression Value Description
theta -0 0 spherical angle of inc..
phi -0 0 spherical angle of inc...

Eo) Schematic

ES untitied_0

Fig. 3.2.10:

Modeling

CST Microwave Studio Workspace.

Fig. 3.2.11: “Modeling” tab ribbon.
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5] Bend Shape - V D’ "  Pick Point - i Caleulator v S Transform WCS
[ Modify Locally - I3 Parameters~ Zu 1% Align Wes -
Curves e | Picks ies History Local
G

=) o

Transform Align Blend Boolean

[, Voxel Data
8 Dimensions
G Lumped Blements
@ Plane Wave
[ Farfield Source
[ Field Sources
@ Pots

[ Exciation Signals ¥

- Field Moniors
£ Volage and Curent Meritors
G Frobes &
@ Mesh Cortrol
£ 1D Resuts
& 20/30 Results
& TLM Results
[ Farfieids

[ Tables

30 Schematic

W Mame Expression Value Description ES untitled_0
theta 0 0 spherical angle of inc...

phi ) 0 spherical angle of inc...

o rloay = ol

Mode (@) Cartesian () Palar

X | unitCellf2

¥: | unitCell /2

Relative

Fig. 3.2.13: Step 11 — After clicking the “Brick” button, press the Tab key on the keyboard.
Although one may manually select the points for the structure, it is more efficient to
assign aptly-named variables for these. This prompt is for the x-max and y-max
coordinates of the structure.
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Define missing parameter

Parameter: |un'rtCeII

Walue: |'E

Description: |Ur1'rt Cell Size [mm]|

Fig. 3.2.14: Step 12 — After clicking OK on the previous step, this “New Parameter” window will
pop up. In our case, the Unit Cell is 6 x 6 mm. Don’t forget the description (optional).

Mode (@) Cartesian () Polar

X | -unitCellf2

¥: | -unitCell/2

[ relative

Fig. 3.2.15: Step 13 — Next, just as in Step 11, this window prompts for the x-min and y-min
coordinates of the structure.

Height: | substrateThickness| |

Fig. 3.2.16: Step 14 — After entering the coordinates for the length and width of the structure, CST
will prompt for the “height” of the structure. By default, the software allows the user

to manually select the points in the Workspace. Simply hit the Tab key to enter a
variable name instead as shown.
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Define missing parameter

Parameter: |subst|E|teThickness |

Walue: | 16 |

Description: |Substlate Thickness [mm]| |

Fig. 3.2.17: Step 15 — After clicking OK on the previous step, this “New Parameter” window will
pop up. In our case, the substrate thickness for FR-4 is 1.6 mm. Don’t forget the
description (optional).

Mame: o
' Substrate_1 FR4 |

Preview

Xrmin: Kmax:
| -unitCellf2 | | unitCellf2 | Cancel
Ymir: Ymax:

| -unitCellf2 | unitCellf2

Zmir: Zmax:
| substrateThidmes|

Component:

‘ componentl W |

Material;

Vacuum W Help

[Mew Material...]

Fig. 3.2.18: Step 15 — Once finished with the size parameters, this confirmation window will pop
up. Here you may name this structure, readjust parameters, and select the material.
Click the drop-down for the “Materials” and select either from the default materials
or, in our case, “[Load material from library...]” to select FR-4.

52



Material library
[w] use filter Material: ‘ *

| Type: | <All> w ‘ ‘ Filter ‘
| Material /| Type | Location | -~
§ Ferro A6M (oss free) Mormal C:\Program Files (x86)\CST STUDIO SUITE 2015\Libra
& Ferro ASM (ossy) Mormal C:'Program Files (x86)\CST STUDIO SUITE 2015\Libre
& Ferro AS (oss free) Normal  C:'Program Files (86)\CST STUDIO SUITE 2015\Libre
§ Ferro A6S (ossy) Normal C:'Program Files (x86)\CST STUDIO SUITE 2015\Libre
§ FR-4{oss free) Normal

C:\Program Files (x86)\CST STUDIO SUITE 2015\Libre

)| FR-4 (lossy) C:\Program Files (x86)\CST STUDIO SUITE 2015\Libra

& G-10 (oss free) Mormal C:'Program Files (x86)\CST STUDIO SUITE 2015\Libre

& G-10 (ossy) Normal  C:'Program Files (86)\CST STUDIO SUITE 2015\Libre

¢ Gall bladder Normal C:\Program Files (x86)\CST STUDIO SUITE 2015\Librz w

‘ Find... ‘ | Rename | ‘ Delete ‘

Material to import

Name: | FR-4 flossy) |
Type: | Normal |
Material sets: | Default |
Attributes: Description:

Material Set = Default -~ EM(HF) properties measured @ 10GHz

Type = Normal

Epsilon =4.3

Mue =1

El. tand =0.025 (Const. fit)

v

Load | | Close ‘ | Help |

Fig. 3.2.19: Step 16 — Select the desired material from the Material Library, in our case, FR-4
(lossy) was selected.

MName:

o
| substrate_1 FR4

Preview
Xrmir: Xmax:

| -unitCell/2 | unitCell/2

min: ma:

| -unitCell/2 | unitCellf2

Zmax:
| substraheThidmesl

Companent:

| companentl

Material:
|FR—4 {lossy)

Fig. 3.2.20: Step 17 —CST will prompt the user to confirm all the parameters for the structure.
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2]

Substrate_1_FR4
14 Groups
8 Materials
T8 Faces
T8 Curves
8 wes

-8, Anchor Peints
58 Wires
[ Vorel Data
£8 Dmensions
3% Lumped Elements
% Plane Wave
[ Farfield Source
- Field Sources ¥

- Ports
@ Exciation Signals
T Field Monitors &

3§ Vokage and Cument Moritors

[ Probes

[ Mesh Control
& 1D Results ‘ ‘ | ‘ |
~-[& 2D/3D Resuits Schematic
[ TLM Results
[ Farfields
(5 Tables Y MNeme Expression Value Description
theta [ 0 spherical angle of inc..
phi ) 0 spherical angle of inc...
unitCell 6 6 Unit Cell Size [mm]
substrateThickness - 16 16 Substrate Thickness [.

Block Parameter List
Raster=1.000 | Normal | Tetrahedrons | mm Gz ns X

Fig. 3.2.21: FR-4 (lossy) substrate structure in CST Workspace.

ﬁ Companents
EIE' component 1
" Substrate_1_FR4

Fig. 3.2.22: Components for the design will be displayed at the top-left column under “Navigation
Tree.”
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= = 0]

=@ Componerts
=-%5 component
[ Substrate_1_FP*

@ Groups J- Rectangle Selection
L8 Materials Unselect All
I8 Faces
g Curves @ Hide Ctrl+H
g wes Hide Unselected
Anchor Points
£ Vires B Show
[ Voxel Data Show Al Ctri+U
~[@ Dimensions Clectrical C. " )
"5 Lumpes Elmerts ectrical Connections
-G Piane Wave Local Solid Coordinates '
-G Farfild Source -
[ Field Sources [ | Slice by UV Plane
- Ports Separate Shape
g g;“ja’“ni‘i"a's By Trnsform.. il T
{3 Vohage and Curent Monit ) Align... CtrleShift=A
G Frobes Change Component...
L Wesh Control Srengsteme
B2 10 Roscls Change Group...
[ 20/3D Resuts Change Material...
TLM Resut
% Farette X Delete Del
[i2 Tables Rename 2]
23 Copy CtrleC
B | Paste Carl+
@ Object Information...

Local Mesh Properties...
Material Properties...
@ Properties... Ctrl+E

Fig. 3.2.23: Step 18 — (optional) In case the design requires different values for & and ur, these
may be modified by right-clicking the structure from the component list, then select
“Material Properties”.

Problem type: | Default W |

General |Cnnduct|\rrty| Dispersion IThen'rlaI I Mechanics | Densrty|

General properties
Material name:

FR-4 (lossy)
Material folder:

0% Transparency  100%

Type

Epsilon:

Color
—

[ Draw as wireframe Allow outline display
[] Draw reflective suface [ Draw outline for transparent shapes

[[] Add to material librny

Fig. 3.2.24: Step 19 — (optional) From the “Material Parameters” General tab, one may change the
value for Epsilon, Mue, color, etc.
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Problem type: | Default v

General | Conductivity | Dispersion | Themal | Mecharics | Densiy |

Electric conductivity Magnetic conductivity
() B conductivity: (®) Mag. conductivity:
Advanced | Parameters.. [JAdvanced | Parameters...

(®) Tangent defta el : () Tangent delta mag.:

0

at frequency: at frequency: | 0.0 GHz

Specification Specification:

Const. fit tan delta v Const. fit tan delta

[Useroder: 1 & Userorder: |1 %]
Frequency range [GHz]

Fmin: (8 | Fma: 12 |
oK ‘ | Cancel | ‘ Apply | | Help

Fig. 3.2.25: Step 20 — (optional) From the “Material Parameters” Conductivity tab, one may
change the value for loss tangent, etc.

[ orthographic View
3 Axes Saling

Normal: [ Tite Harizontally
Position: ] Tile Vertically
ng s

" Bounding Box
Hide Show

[ES untitied_0= [

-3 component1
G caln
I Substrate_1_FR4

-0, Anchor Points
g, Wies
[ Voxel Data
8 Dimensions
[ Lumped Elements
@ Plane Wave
[ Farfield Source
[ Field Sources
-0 Ports
[ Exciation Signals
L@ Field Monitors
@ Volage and Curent Meritors

[ Probes
L3 Mesh Control L
& ;’ :‘:5""5‘ D Schematic 1D ResuitsVaterialsFR-4 (lossy) _1\Dispersive
laterials
[ 20/30 Resuts
% }rrezﬁuns T Name Expression Value Description E Untitled 0
= b theta 0 0 spherical angle of incident plane wave
phi [} 0 spherical angle of incident plane wave
unitCell 3 5 Unit Cell Size [mml
substrateThickness 15 16 Substrate Thickness [mm]
copperThickness 0036 0.036 Structure Copper Thickness [mm]

Fig. 3.2.26: Substrate and MTM structure CAIIIL. The same steps for apply for the MTM structure.
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G

File Home Post Processing Viev

Fig. 3.2.29: Step 23 — From the “Simulation” tab, once more, select the “Boundaries” () Boundaries
button.
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simulation |

(@ Frequency N3 W X P Field import D 4l Optimizer | ®# & Pick Point - E o E\i L
7] Background L 7 Par. Sweep % Pick Lists~ of © <EE
- Waveguide Discrete Plane Lumped [ Field Source | Field  Field | Setup Ficks Mesh  Globel Intersection  Electrical
[V Boundaries Port Port  Wave Element Monitor Probe | Soiver (. Logfile - -l Clear Picks View Froperties- Check  Connections.

Boundary Conditions

£ Comporents
=9 component1

G caln

Boundaries | Phase Shift/Scan Angles | Uni Cell

I Substrate_1_FR4.
1 Apply in al disctions
(@ Groups
8 Matenals Xmin: | urit cell v | Xmax: |unit cell v
8 Faces
g Cuves Ymin: | uit cell | Ymac |unit ol -
&g wes
g Anchor Points
Zm m
3 Ve in: | apen (acd space) v | Zmax: | open (add space) v
Voxel Datz
g Dmmm:s Cond.: 1000 Sim Floquet Boundaries.
% Lumped Bements
- Plane Wave

g Farfield Source
g Field Sources
g Ports
£ Exctation Signals
@ Field Monitors
3% Votage and Cument Moritors

oK Cancel Help ]I
z x

[ Probes
L3 Mesh Control
" ; ;‘:;“”5‘ Schematic 1D ResultsMaterialsFR4 (ossy) _L\Dispersive []
Ey erals
[ 20/3D Resuts
[ TLM Resuts Y Name Expression Description E untitled 0
% 5::“2‘:5 thet ) 0 spherical angle of incident plane wave
phi ) 0 spherical zngle of incident plane wave
unitCell 6 6 Unit Cell Size [mm]
substrateThickness 16 16 Substrate Thickness [mm]
copperThickness 0036 0.036 Structure Copper Thickness [mm]

[ SgTgl Block Parameter List

Normal | Tetrahedrans | mm GHz ns K

R

Fig. 3.2.30: Step 24 — Since we are working with periodic structures, set x-min, y-min, x-max, y-
max to “unit cell”, and z-min and z-max (the propagation direction) set to “open (add
space)” which allows for CST to evaluate the best spacing for the location of Port-1
and Port-2 with respect to the MTM structure “slab.”
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§ = Tile Harizontally
[T] Tile Ver

=9 component1
CAlll

Substrate_1_FRd.
(@ Groups

8 Matenials

8 Faces

£@ Curves

fa wcs

B8 Anchor Points

% Lumped Bements
L Plane Wave
g Farfield Source
g Field Sources
g Ports
£ Exctation Signals
@ Field Monitors
3% Votage and Cument Moritors

[ Probes
3 Mesh Control
& 1D Results
T Mtern Es] Schematic 1D Results\Viaterials\FR-4 (lossy)_1\Dispersive
X erals
[ 20/3D Resuts
% ;erez'ﬁuﬂi Y Name Expression Value Description E untitled 0
= b thet ) 0 spherical angle of incident plane wave
phi ) 0 spherical zngle of incident plane wave
unitCell 6 6 Unit Cell Size [mm]
substrateThickness 16 16 Substrate Thickness [mm]
copperThickness 0036 0.036 Structure Copper Thickness [mm]

[a+8av o o8

Fig. 3.2.31: MTM structure in Unit Cell configuration with Bounding Box, which appears after
setting Boundary Conditions.

Fig. 3.2.32: Step 25 — From the “Simulation” tab, click “Setup Solver.”
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Method Results
Broadband sweep: [ store result data in cache

L [(Jcalculate part modes only
Mesh type: Normalize S-parameter to

Tetrahedral v 50 Ohms

Excitation
Source type: Mode:
List v [ seleet.. | [ appy |
Frequency samples
Active ‘ Type | Adapt.l Samp‘esl From |To | Unit | RED
Max.Range 3 12 GHz
x Automatic x 1 GHz
3 Automatic I GHz
r Single | 1 GHz
r Single j | 1 GHz

Adaptive mesh refinement
Adaptive tetrahedral mesh refinement

Sensitivity analysis

[JUse sensitivity analysis Properties...

Fig. 3.2.33: Step 26 — From the Frequency Solver, click the “Select...” button to configure the
excitation.

IE Zmin
X TE(D,0)
[~ Zmax
r TE(D,O)
- ™o,

[
Fig. 3.2.35: Step 28 — To start the simulation, you may either click “Start” i from within the
Frequency Solver, or from the “Home” tab, click the “Start Simulation” button.
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-6 Components
-6g Groups
-Bf Materials

i+-Ed Dimensions

- Lumped Blements
m Flane Wave

- Farfield Source

m Field Sources

E]--ﬁ Ports

&L Excitation Signals
ﬁ Field Manitars

- Voltage and Current M

m Frobes

ﬁ Mesh Cantrol

- [

|=:| S-Parameters
lj Reference Impedal
- Balance (Al Ports)
lj Paower

H-F Materials

|=:| Part Information
E Convergence
-3 Adaptive Meshing

Fig. 3.2.36: Step 28 — After the simulation has completed, you may view the various results by
selecting 1D, 2D/3D Results in the Navigation Tree. In our case, we are interested in
the S-Parameters for further investigation, so click on “1D Results”, then “S-
Parameters”, where you may view either individual S-Parameters or all at once.
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G e MR s o Result Tools .

File Home Modeling Simulation Post Processing View 1D Plot
e o JE
=) & Real Part z "

= Annotations ~

B Measure Lines
Curve
Markers- kv Axis Marker ~

Log. X Axis

linear dB . olar | ZSmith ¥ Smith
- B imaginary Part Chart  Chart
Plot Type

Properties oo Log. ¥ Auis
- Results

Navigation Tree
@ Components

B MTM_Mw_10GHz_SRR_DF_v1s [ Polar

g a:up_sl @ kP ot [Parametric Plot] [Polar Plot]
erials
90

..... g E?:s o1 —— SZmax(1),Zmin(1) (1)
B8 Wes ® 40 —— SZmax(1),Zmin(1) (2)

g md‘m Forts Frequency / GHz —— SZmax(1),Zmin(1) (3)
s Vu.;: . SZmax(1),Zmin(1) (4)
[d Dimensions —— SZmax(1),Zmin(1) (5)

-~ Lumped Blements
- Plane Wave
G Ferfield Source
{4 Field Sources
- Ports
@ Exciation Signals
G Field Monitors
{4 Voltage and Cument M¢
- Probes
{4 Mesh Cortrol
[2 1D Results
E-E1 S-Parmeters
e
Fiel SZma(2) Zmin
[eg SZmin(1).Zmin(
8 SZnmin(2). Zmin(
£ Refersnce Impedan

D Schematic parametric View [£] | Parameter View: 1D Results\S-Parameters\Szmax(1), zmin(1) [

(3 Balance (Al Ports) § 57 Name  Expression  Value Description EZMTM_MW _10GHz_SRR_DF vi6.cst
E;::ﬂ.;‘s theta 0 0 spherical a..
Fort Information || Phi 0 0 spherical a...
Convergence 9 5 5 Length of ...
Adaptive Meshing Jt_s 0234 Substrate T...
= 2D/3D Resutts ro g/2 - (hw/2) Outer Radius
[ TLM Resuts teu 003 0.03 Copper Thi...
..... % i:::‘:s i ro-lw 1 Inner Radius
w 1 1
9ap (g/2)-r0) 05

el Block Parameter List
+ [ RENC RN Nel roster

Mormal | Tetrahedrons | mm GHz ns K

Fig. 3.2.37: Step 29 — In order to export the S-Parameter data, you must click on the individual S-
Parameter, (which will enable the “1D plot” tab to appear), then select the “Polar”

’@ button (which contains frequency, magnitude and phase data of each of the
samples).
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& Logfile -
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- Farfield Source
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-0 Ports
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- Probes
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?2 gg::gg::: 3D Schematic Parametric View [] | Parameter View: 10 Results\s-Parameters\szmax(1), Zmin(1) [
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(3 Balance (AIPorts) | 57 Name  Expression  Value Description EZMTM_MW _10GHz_SRR_DF vi6.cst
g ;‘;":ﬂ'a‘s theta 0 0 spherical a...
5 Por fomation | Bhi 0 0 spherical a...
[E3 Convergence g 5 5 Length of ...
[ Adaptive Meshing ft_s 0234 0.254 Substrate T...
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[ TLM Resus teu 003 0.03 Copper Thi...
[ Fafields v ro-lw | Inner Radius
----- [ Tables . 1 ;
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e r—
-]» R NE RN NS raster=0.500 | Normal | Tetrahedrons | mm GHz ns K

[2 SZmin(2).Zmin(1)
3 Reference Impedance
3 Balance (Al Ports)

3 Power
£ Matenals
3 Par Infamatinn

Fig. 3.2.39: By default, CST labels the Si1 and S21 S-Parameters SZmin(1),Zmin(1) and
SZmax(1),Zmin(1), respectively, according to the configured excitation and ports
from Step 27.
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< > | Parameter List JELEREEETINES
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Fig. 3.2.40: Step 31 — From the “Post Processing” tab, click the “Import/Export” 5 button, then
select “Plot Data (ASCII)...”
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Fig. 3.2.41: Step 32 — The user is prompted to select a location and filename for the S-Parameter
data. It is highly encouraged to properly name the data with case names, etc., rather
than “S27.txt”.
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File Edit Format View Help

Freguency / GHz SZmax(1),Imin(1)/abs,linear SImax(1),Zmin(1)/arg,degrees

1 8.99786653 347.17914
1.839 8.99770869 346.67814
1.878 ©8.99752798 346.17696
1.117 ©.99734837 345.67559
1.156 8.99716182 345.17483
1.195 ©.99696833 344.67228
1.234 8.99676785 344.17833
1.273 8.99656836 343.66817
1.312 8.99634584 343.16579
1.351 8.99612424 342.6632
1.39 8.99589555 342.16839

Fig. 3.2.42: ASCII representation of the exported S-Parameter data.

After obtaining S-Parameter data, as shown in Fig. 3.2.42, one may then utilize other
software tools, such as MATLAB, by developing a tool with which implements the proper
method to extract the effective complex parameters ¢, u, z, n and compute LF. In our case, we

implemented the “Robust method for effective parameter extraction” discussed in Chapter 2.3.

3.2.2: 3D Structure

After designing and optimizing our 2D MTM structure, we then want to synthesize a 3D
MTM as this is the selected design which will contain the desired characteristics we have thus
achieved as far as NZRIM. Figs. 3.2.43 —3.2.52 demonstrate the basic process for such

synthesis.
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Fig. 3.2.43: Step 1 — Building from the foundation for Section 3.2.1, we start with our 2D MTM
structure. Click to select the MTM structure name under the “Components” folder,
top-left column. In our case, the MTM is called “CAIIL.”

66



= NN
File Home

T S (N [ S [0 L B [ S
beal=m Picks nnpummuy Local

Curves Curve
AL

o

Navigation Tree

Ld Components

]9 component1
Lo [ cam

[ Groups

@ Waterials

T Faces

@ Curves

g wes

L@ Anchor Poirts

B8 Wires

@ Vorel Data

[@ Dimensions

% Lumped Hlemerts

£ Plane Wave

£ Farfield Source

L Feld Sources

T Pors

£ Bxciation Signals

T Field Monitors

% Voltage and Curent Mo

£ Probes

£ Wesh Cortrol

52 1D Resutts

3 Materials component1:CAlll

[ 20/30 Resuts e Schematic

[ TLM Results

[ Fafields

[ Tebles

Expression Value Description

B

spherical angle of incident plane...
spherical angle of incident plane..
Unit Cell Size [mm]

B

unitCell 6

< > Block P

ES

MNormal | Tetrahedrons

Modeling Pr

GeHOG-

Pick Point - @ fi caleulator Y |5 Transform WES
Pick Lists - Parameters - ILH % Align WCS -
pcks Properties History F Local B iign
o s L

Background
i Material Library-

5 Bend Shape -
£ Modify Locally ~
{3

L@ Comporents

=89 componert1
caill
8 Groups

[@ Anchor oirts
@ Wies

@ Voxel Data
@ Dimensions
G Lumped Blemerts
G Plane Wave

T Farfield Source
& Field Sources

% Ports ¥
% Exciation Signals
T8 Field Montors
g Vohtage and Curent Mo
5@ Probes Z! x
5@ Mesh Cortrol
[ 1D Results
B Materials component1:CAlll
2 20/30 Results D Schematic
% IEL:E‘F:S“"S Parameter List
2 Tables WV Mame Expression Description
theta 0 0 spherical angle of incident plane...
phi 0 0 spherical angle of incident plane...
unitCell 6 6 Unit Cell Size [mm]
< > | Parameter Block Para Messages

Q +@ad B O R
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Fig. 3.2.47: Step 4 — Since we are designing a “cube” structure from the 2D MTM selected, click
the “Copy” box, and fill the desired length to copy the 2D structure in the desired
direction.
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Fig. 3.2.49: Step 5 — Select both the original and new 2D structures, then click the “Transform”
button once again.
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Fig. 3.2.50: Step 6 — Select to “Rotate” the structure, check the “Copy” box, fill the Rotation angle
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Fig. 3.2.51: Step 7 — We repeat Steps 5 and 6, however, select the Rotation angle 90° in the x-axis
to complete the cube structure.

70



S Ew® s o]

File Home [YCEEUPM  Simulstion  Post

ssing Vi
@ [ Background L. 11 g ’—‘ f5 Bend Shape -

X

e

v Ij" ®7F 4 PickPoint - @ & Ccalculator MKV L= Transform WS I3
Import/Export o] Maicrin Loy E- Ty - f+ | Tansform Align Flend Boolean e Curves Cuve | pgs 2 DU Properties History 17 puametes Local = g wes Sectional
- @ New/Edit- - - . [1] Shape Tools~ -~ Tools - - () Clear Picks - List [ Parametric Update | wWes -~ L% Fix WCS + e
Exchange Materials Shapes wes
Navigation Tree S Untited 0= (£
| C ot ~
Ly ¥ component 1 -
L CAlll
@ can_t
@ can_1_1
@ can_2 ‘
@ can_2
@ cAns N
Groups
| Materials
L
| Curves \
| wes '
§ Anchor Points y
§ Wires [
| \[/)uxe\ Dta J 7
§ Dimensions
Lumped Bemerts "
Plane Wave ]
Farfield Source l . | T T ol
Feld Sources f I o T
Ports T ‘\‘z\-\-\_
Exctation Signas i j\L [T
Feld Moniors r-_\' .
Vokage and Cumert Mor
Probes
Mesh Control
1D Resuits
‘5 Materials theta 0 spherical angle of incident plane...
R 2D/3D Resuits phi [) 0 spherical angle of incident plane...
E: TLM Resuits
unitCell [ 6 Unit Cell Size [mm]
: Farields v
< > Block Parameter List

Ready Raster=1.000 | Normal | Tetrahedrons | mm GHz ns K

Fig. 3.2.52: Completed 3D CAIIl MTM Structure.

At this point, in Fig. 3.2.52, we are still not done. There are other items to consider such
as the thickness of the MTM will double as a periodic structure. Therefore, since our design is
continuous, we may need to consider halving the thickness from the sides of the structure not
parallel to the propagation direction. In our case, the front and back sides are left intact, but the
top, bottom and side structure thicknesses need to be cut in half. Once all this is complete, we

may then add all the structures into a single unit with the “Boolean” button from the “Modeling”
tab.

3.3: Metamaterial Structure Validation

Two articles were utilized in order to validate numerical studies for this research.
Applied Physics paper (2004) from Katsarakis’ group on the electric coupling to magnetic
resonance of SRRs served as a validation for CST simulations. Katsarakis studied both
theoretical and experimentally the transmission properties of a lattice of split ring resonators
(SRRs) for different electromagnetic (EM) field polarizations and propagation directions. They
discovered unexpectedly that the incident electric field E couples to the magnetic resonance of
the SRR when the EM waves propagate perpendicular to the SRR plane and the incident E is

parallel to the gap-bearing sides of the SRR [3.3].
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Fig. 3.3.1: From Katsarakis et al. [3.3], the left-hand side depicts the MTM structure studied. The
right-hand side shows the four orientations fo the SRR with respect to the “triad” k,
E, and H of the incident EM field.
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Fig. 3.3.2: From Katsarakis et al. [3.3], the top plot shows the measured transmission spectra of a
lattice of SRRs for the four different orientations shown in Fig. 3.3.1. The bottom

plot demonstrates the plotted (MATLAB) transmission spectra from the S-Parameter
data obtained from CST simulation to validate CST setup.

72



For the experimental study, Katsarakis [3.3] fabricated using a conventional printed
circuit board (PCB) process with 30 um thick copper patterns on one side of a 1.6 mm thick FR-
4 dielectric substrate. The FR-4 board has a dielectric constant of 4.8 and a dissipation factor of
0.017 at 1.5 GHz. The design and dimensions of the SRR, are described in Fig. 3.3.1. The
composite metamaterial (CMM) was then constructed by stacking together the SRR structures in
a periodic arrangement. The unit cell contains one SRR and has the dimensions 5 mm (parallel to
the cut sides), 3.63 mm (parallel to the continuous sides), and 5.6 mm (perpendicular to the SRR

plane).
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(d)
Fig. 3.3.3: CST simulation of cases a — d from Katsarakis study Fig. 3.3.1 [3.3], to validate CST
setup.

Journal of Optics (2005) paper from Kafesakis’ group on detailed numerical studies of

the transmission properties of LH MTMs was utilized to validate robust method for parameter
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extraction MATLAB code. Kafesaki utilized numerical simulation techniques and commercially
available CST Microwave Studio Suite® to study the transmission properties of left-handed (LH)
metamaterials and arrays of split-ring resonators (SRRs). They examined the dependence of the
transmission through single- and double-ring SRRs on parameters of the system such as the size
and shape of the SRRs, size of the unit cell, dielectric properties of the embedding medium

where the SRRs reside and SRR orientation relative to the incoming electromagnetic field [3.4].

(a)
5
4 L
3 L
2 L
~_ 1 T =~
B~ % 0 r f{
B4
i -2 r
I square
! square =3 ———- circular
[ circular -4 r
30 - s s s s ! -5 '
10 20 30 40 50 60 70 80 10 20 30 40
Frequency (GHz) Frequency (GHz)
(c) ()]

Fig. 3.3.4: From Kafesaki et al. [3.4], (a). — (b). corresponding designs studied square and circular
single SRR, (c). transmission, (7, in dB) as a function of frequency (GHz) for the
structures (a) and (b), (d). magnetic permeability as a function of frequency for
structures (a) and (b).
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Fig. 3.3.5: CST simulation of Single-ring SRR structures from Kafesaki’s study Fig. 3.3.2 [3.4],
in order to validate Robust Method for Extraction of Effective Parameters MATLAB
code: (a). squared, (b). circular.

(b)
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Fig. 3.3.6: Comparison of extraction for magnetic permeability as a function of frequency for
structures square and circular SRR [3.4], in order to validate Robust Method for
Extraction of Effective Parameters MATLAB code: (a). Kafesaki’s result for Re(u),
(b). Extracted Re(u) using Robust Method.
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[3.4], (b). obtained S21 data from CST simulation and plotted via MATLAB.
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CHAPTER IV

DESIGN AND NUMERICAL STUDIES

4.1: Introduction
In Chapter 4, the focus is to study the 3D fishnet metamaterial (MTM) structure in a step-by-step
fashion by modeling, simulating and analyzing the electromagnetic properties, i.e., permittivity
(e), permeability (u), refractive index (), impedance, and loss factor (LF) of fundamental
structures which are: 1) circular closed-ring resonator (CCRR), 2) circular split-ring resonator
(CSRR) and then a modification to the CSRR which will be referred in this thesis as the
“Omega” structure. There are two types of the Omega structures: 1) Disconnected Omegas and
2) Connected Omega or “Omeganets.” After optimizing for the n near-zero (NNZ) and low LF
bands, they will be implemented for 3D NNZ structure design. By varying the physical
parameters of the structure within the unit cell, one may observe the behavior of permittivity and
permeability. The unit cell parameters which will be varied in the 2D cases include the linewidth
of the structure, the spacing between the periodic structures and the split within the structure
itself. These MTM structures serve as the building blocks for the 2D Omeganet structure which
will then be transformed into a 3D metamaterial structure with the goal of yielding near-zero
refractive index material (NZRIM). Commercial software CST Microwave Studio® 2015 is
utilized to synthesize and simulate the MTM structures for this study. Given that the desired

frequency for the design is in X-band regime, the selected operating center frequency is 10 GHz.
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Fig. 4.1.1: Progression of 3D Omega-net MTM Design from its Fundamental Structure to the End
Product: (a) Circular Closed-Ring Resonator (CCRR), (b) Circular Split-Ring Resonator (CSRR),
(c) Omeganet structure derived from the CSRR, (d) Hexagonalized Omeganet, (e)-(h) Selected
Optimizations Performed on Hexagonal Omeganet, (1) “Single Shell” Cubic Hexagonal Omeganet
derived from Optimized Hexagonal Omeganet Structure, (j) “Octahedral Double-Shell” Cubic
Hexagonal Omeganet derived from Optimized 2D Hexagonal Omeganet Structure.

4.2: Circular Closed-Ring Resonator (CCRR) Structures
In order to better comprehend the behavior of MTMs, one may want to start by digesting
the rudimentary structure of the end product. Fig.4.1.1 demonstrates the progression of our
design from its fundamental structure until the realization of the 3D design. For this research,
the end product is a 3D Q-shaped fishnet we call “Omeganet” as shown in Fig. 4.1.1(j). A single
2D Omeganet unit cell structure is derived from the CSRR, depicted in Fig. 4.1.1(b). The CSRR

is derived from a very basic structure, the circular closed-ring resonator (CCRR), seen in Fig.
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4.1.1(a). The SRR structure proposed by Pendry and his research group [4.1] is commonly used
left-handed (LH) material studies [4.2,4.3]. The magnetic resonance of the SRR structure is
induced by the splits within the rings and by the spacing between structures [4.1]. The ambiguity
in the reasoning for the spacing gaps of periodic CSRR can be lifted by using a CCRR structure
in which the splits are not present, then we will observe that the CCRR structure will destroy the

magnetic resonance but keep the electric resonance [4.4].

£

(@ (b)

Y
ZJ“>

(©)
Fig. 4.2.1: Circular Closed-Ring Resonator (CCRR) Structure: (a). CCRR in unit cell with
parameters g (unit cell size), /w (structure linewidth), sp (spacing between periodic structures), (b).
Representation of periodic array with 2 x 2 CCRR unit cells, (¢c). CCRR in unit cell with
propagation direction in the z-direction.
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The substrate utilized for this design is a 0.254 mm thick double copper-clad Arlon Di
880 board with thickness 0.254 mm, permittivity &- = 2.2, loss tangent tand = 0.0001. The
copper thickness for the structure is 0.03 mm.

The behavior observed by this type of structure is mainly of magnetic nature. Hence, a
resonant frequency is obtained. By varying the parameters mentioned one may either increase or
decrease the resonant frequency. There are four cases studied with respect to varying g the unit
cell sizes: (4 mm X 4 mm), (5 mm X 5 mm), (6 mm X 6 mm) and (8§ mm % § mm). Within each

of the unit cell sizes the linewidth, /w, and the spacing between structures, sp, was varied.

4.2.1: CCRRs in 4 mm x 4 mm Unit Cell

The first unit cell size studied is the 4 mm % 4 mm. Table 4.2.1 shows the results for the
eight cases employed for the CCRR structure and Fig. 4.2.2 is a visual representation acquired
from synthesized structures via CST. From CST, we obtain the input reflection coefficient data
(S11) and the forward transmission (insertion) gain data (S21) in polar form which retains the
frequency, magnitude and phase information of each sample point within the specified frequency
range. With the S11and $21 data, we then employ the robust method for extracting the complex
effective parameters described in Chapter 2.3.

One may notice that as we decrease the spacing between the structures, and thus
occupying more real estate within the unit cell, the resonant frequency is shifted down. The
specific order of the case varying is essentially halving from the previous case. In Fig. 4.2.3(a)
we may also observe the magnetic resonances of Cases 4 — 8 depicted in green, gray, purple,

and orange dotted lines.

82



TABLE 4.2.1
CCRR Structure Linewidth and Spacing Variations for 4 mm x 4 mm Unit Cell

Case Linewidth, (Iw) Spacing, (sp) Resonant frequency Tx, S21
[mm] [mm] |GHz] [dB]

1 1.0 2.0 63.49 -44.15
2 1.0 1.0 60.96 -55.36
3 0.5 1.0 44.61 -51.27
4 0.5 0.5 35.09 -54.89
5 0.25 0.5 28.34 -51.94
6 0.125 0.25 21.87 -49.53
7 0.0625 0.125 18.51 -47.08
8 0.03125 0.0625 16.60 -45.08

0.063
umIgQgo
umIgQgo

-l
-

® (h)

Fig. 4.2.2: CCRR Designs for Unit Cell Size 4 mm % 4 mm Varying Parameters for Linewidth,
Iw, and Spacing Between Periodic Structures, sp: (a). /w =1 mm, sp =2 mm, (b). lw =1 mm, sp =
I mm, (¢). /w=0.5 mm, sp = 1 mm, (d). /w= 0.5 mm, sp = 0.5 mm, (e). /w=0.25 mm, sp = 0.5
mm, (). lw=0.125 mm, sp = 0.25 mm, (g). /w = 0.0625 mm, sp = 0.125 mm, (h). sp = 0.03125
mm, sp = 0.0625 mm.
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Fig. 4.2.3 shows the transmission and reflection coefficients as well as the simulation
results for refractive index, permittivity, permeability and loss factor. We may observe that by
the resonant frequency shifts down as we decrease the linewidth of the structure as well as the
spacing between the periodic structures, thus occupying more of the real estate of the unit cell.
We may see from Fig. 4.3.2(a), that the resonant behavior for Cases 1 and 2 are out of the
simulated specified frequency range. This is since the size of the structure is much smaller than
the unit cell. Similarly, we will observe Case 1 and 3 for the 5 mm X 5 mm unit cell size are out
of the specified range. However, to be accurate, these cases were later simulated individually in

order to obtain the exact resonant frequency and include it in our study.

4.2.2: CCRRs in 5§ mm x 5 mm Unit Cell

The second unit cell size studied is the 5 mm % 5 mm. Table 4.2.2 shows the results for
the eight cases employed for the CCRR structure and Fig. 4.2.4 is a visual representation acquired
from synthesized structures via CST. In addition to Cases 4 — 8, we may now appreciate the
magnetic resonance of Case 3, depicted in Fig. 4.2.5(a) in blue, due not only to occupying more

real estate from the larger unit cell but also by reducing the gap between periodic structures.

TABLE 4.2.2
CCRR Structure Linewidth and Spacing Variations for 5 mm x 5 mm Unit Cell
Case Linewidth, (Iw) Spacing, (sp) Resonant frequency Tx, S21
[mm] [mm] |GHz] [dB]
1 1.0 2.0 49.59 -51.78
2 1.0 1.0 42.32 -53.71
3 0.5 1.0 30.68 -52.50
4 0.5 0.5 24.28 -54.55
5 0.25 0.5 20.66 -51.91
6 0.125 0.25 16.37 -49.30
7 0.0625 0.125 14.07 -46.45
8 0.03125 0.0625 12.54 -44.31
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Fig. 4.2.4: CCRR Designs for Unit Cell Size 5 mm % 5 mm Varying Parameters for Linewidth,
Iw, and Spacing Between Periodic Structures, sp: (a). lw =1 mm, sp =2 mm, (b). /w =1 mm, sp =
I mm, (¢). /w = 0.5 mm, sp = 1 mm, (d). /lw= 0.5 mm, sp = 0.5 mm, (e). /w=0.25 mm, sp = 0.5
mm, (f). lw=0.125 mm, sp = 0.25 mm, (g). /w = 0.0625 mm, sp = 0.125 mm, (h). /w = 0.03125
mm, sp = 0.0625 mm.
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4.2.3: CCRRs in 6 mm x 6 mm Unit Cell

The third unit cell size studied is the 6 mm % 6 mm. Table 4.2.3 shows the results for the
eight cases employed for the CCRR structure and Fig. 4.2.6 is a visual representation acquired
from synthesized structures via CST. In addition to Cases 3 — 8, we may now appreciate the
magnetic resonances of Cases 1 and 2 depicted in Fig. 4.2.7(a) in red and black dotted lines,

respectively.

TABLE 4.2.3
CCRR Structure Linewidth and Spacing Variations for 6 mm x 6 mm Unit Cell
Case Linewidth, (Iw) Spacing, (sp) Resonant frequency Tx, S21
[mm] [mm] [GHz] [dB]
1 1.0 2.0 38.87 -54.17
2 1.0 1.0 30.09 -56.01
3 0.5 1.0 22.49 -53.60
4 0.5 0.5 18.63 -55.44
5 0.25 0.5 16.21 -48.74
6 0.125 0.25 13.36 -48.12
7 0.0625 0.125 11.99 -45.38
8 0.03125 0.0625 11.01 -43.77
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Fig. 4.2.6: CCRR Designs for Unit Cell Size 6 mm % 6 mm Varying Parameters for Linewidth,
Iw, and Spacing Between Periodic Structures, sp: (a). lw =1 mm, sp =2 mm, (b). /w =1 mm, sp =
I mm, (¢). /w = 0.5 mm, sp = 1 mm, (d). /lw= 0.5 mm, sp = 0.5 mm, (e). /w=0.25 mm, sp = 0.5
mm, (f). lw=0.125 mm, sp = 0.25 mm, (g). /w = 0.0625 mm, sp = 0.125 mm, (h). /w = 0.03125
mm, sp = 0.0625 mm.
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4.2.4: CCRRs in 8 mm x 8§ mm Unit Cell

The fourth and final case of CCRR unit cell sizes studied is the 8 mm x 8 mm. Table 4.2.4
shows the results for the eight cases employed for the CCRR structure and Fig. 4.2.8 is a visual
representation acquired from synthesized structures via CST. In Fig. 4.2.7(a) we may notice that
the magnetic resonances of Cases 1 — 8 have all shifted down the frequency spectra compared with

the frequency response of CCRR in unit cell size 6 mm x 6 mm.

TABLE 4.2.4
CCRR Structure Linewidth and Spacing Variations for 8 mm x 8§ mm Unit Cell

Case Linewidth, (Iw) Spacing, (sp) Resonant frequency Tx, S21

[mm] [mm] [GHz] [dB]

1 1.0 2.0 23.15 -54.87
2 1.0 1.0 18.20 -55.83
3 0.5 1.0 14.96 -52.31
4 0.5 0.5 12.66 -51.25
5 0.25 0.5 11.26 -51.30
6 0.125 0.25 9.31 -47.31
7 0.0625 0.125 8.61 -44.36
8 0.03125 0.0625 8.02 -41.53
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Fig. 4.2.8: CCRR Designs for Unit Cell Size 8§ mm % 8 mm Varying Parameters for Linewidth,
Iw, and Spacing Between Periodic Structures, sp: (a). lw =1 mm, sp =2 mm, (b). /w =1 mm, sp =
I mm, (¢). /w = 0.5 mm, sp = 1 mm, (d). /lw= 0.5 mm, sp = 0.5 mm, (e). /w=0.25 mm, sp = 0.5
mm, (f). lw=0.125 mm, sp = 0.25 mm, (g). /w = 0.0625 mm, sp = 0.125 mm, (h). /w = 0.03125
mm, sp = 0.0625 mm.
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4.3: Split-Ring Resonator (SRR) Structures
The second structure studied is the circular split-ring resonator (CSRR), seen in Fig.
4.3.2. From Smith’s research of the SRR [4.5], by introducing a spl/it within the ring one may

control and vary the magnetic resonance response of the MTM, shown in Fig. 4.3.1(a).

Permeability ()
N

Frequency (GHz)

()

G/2 G2

T
— ils
SRR C.=%

(b)

Fig. 4.3.1: SRR Reference Studies on EM Response and Equivalent-Circuit: (a) From [4.5],
permeability as a function of frequency for a square SRR. Solid dark lines correspond to the real
and imaginary parts of the permeability determined using transfer matrix method (TMM) from
simulation data; (b) From [4.6], SRR topology (left) and its equivalent-circuit model (right) (ohmic
losses can be taken into account by including series resistance in the model).
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The approach introduced by Baena et. al. [4.6] is very useful when considering a design
involving SRRs. In their research, they demonstrate that SRRs behave as an LC resonator [4.7].
Fig. 4.3.1(b) shows the geometrical topology and equivalent-circuit model. In this figure, Cr
denotes the total capacitance between the rings, i.e., Cr = 27r0Cpu, Wwhere Cpur 1s the per-unit
length capacitance between the rings that compose the resonator. Co/2 represents the capacitance
related to each individual SRR halve. L7 denotes the SRR total self-inductance, which can be
approximated to the inductance of a single ring with averaged radius of the resonator o and
width of the ring c¢. By considering the equivalent-circuit model of the SRR, its resonance

frequency fo can be calculated as:

fo= (4.1)

Furthermore, by varying the length of the split in conjunction with the spacing between
periodic structures and the linewidth of the MTM, we are able to tailor the resonant frequency to
the desired location along the frequency domain as the SRR controls the magnetic resonance,

thus controlling the direction of the H field for magnetic coupling.
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(©

Fig. 4.3.2: Circular Split Ring Resonator (CSRR) Metamaterial Structure: (a). CSRR in unit cell
with varying parameters linewidth of structure /w, spacing between periodic structures sp, and
horizontal ring split 7s_#, (b). Representation of periodic array with 2 x 2 CSRR unit cells, (c).

CSRR in unit cell with propagation in the z-direction.
For this study, two unit cell sizes were explored: 6 mm x 6 mm and 8§ mm x § mm. A
variable was introduced which controlled the horizontal ring split inclusion, »s_h. With
fabrication in mind, the spacing between structures, sp, would be fixed to 0.5 mm for three

linewidth variations: 1.0 mm, 0.5 mm and 0.25 mm. For each linewidth variation, four cases

were explored in the following order:
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1) Ring Split = Linewidth x 2

i1) Ring Split = Linewidth

ii1) Ring Split = Linewidth / 2

iv) Ring Split = Linewidth / 4

A total of twelve cases were studied for the CSRR. Just as in the CCRR cases, the
simulation boundary frequency range selected for the CSRR was selected to be from 0 — 40 GHz
for the 6 mm x 6 mm study and 0 — 30 GHz for the 8 mm x 8 mm. Table 4.3.1 reflects the
results obtained for the 6 mm x 6 mm. One noticeable and desirable difference between the
CCRR and the CSRR is that in the case of the CSRR we may observe a response similar to a
bandpass filter while we only see a single resonance with the CCRR. Exploiting this behavior of

the CSRR will prove useful to our EM MTM design.
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4.3.1: SRRs in 6 mm x 6 mm Unit Cell

TABLE 4.3.1
Ring Split Variations for 6 mm x 6 mm Unit Cell (Boundary Range: 1 — 40 GHz)
(w) (sp) (rs_h) RF1 S21g;r RF3 Sllges RF2 S21gp2
[mm] [mm] [mm] [GHz] [dB] [GHz] [dB] [GHz] [dB]
1.0 0.5 2.0 11.06 -43.22 18.63 -44.90 32.98 -48.10
1.0 0.5 1.0 10.05 -46.22 14.85 -48.84 31.69 -49.84
1.0 0.5 0.5 9.39 -45.14 12.86 -55.86 30.95 -53.54
1.0 0.5 0.25 8.84 -39.60 11.53 -62.85 30.37 -54.58
0.5 0.5 1.0 8.80 -41.81 13.91 -50.46 26.97 -46.31
0.5 0.5 0.5 8.41 -43.15 12.35 -56.18 25.96 -49.73
0.5 0.5 0.25 8.10 -35.76 11.30 -54.98 25.18 -50.82
0.5 0.5 0.125 7.83 -40.08 10.56 -54.17 24.56 -48.82
0.25 0.5 0.5 7.98 -37.82 12.23 -54.70 23.82 -45.68
0.25 0.5 0.25 7.67 -39.23 11.18 -55.97 22.92 -46.83
0.25 0.5 0.125 7.55 -38.30 10.71 -56.08 22.61 -47.38
0.25 0.5 0.0625 7.40 -36.48 10.20 -59.36 22.22 -47.85

For clarity, the simulation results for all twelve cases were divided into two figures with
Fig. 4.3.3 showing the simulation results of Cases 1 — 8, while Fig. 4.3.4 shows the remaining
Cases 9 — 12 for the 6 mm x 6 mm unit cell size. Similarly, Fig. 4.3.5 and Fig. 4.3.6 depict the
results for Cases 1 — 8 and Cases 9 — 12 respectively. We may observe that as the linewidth and

the horizontal split are decreased, the passband resonance is equally shifted to a lower frequency.

98



0 ===e== mammem

—S11:C1
====521:C1
—$11:C2
====8521:C2
—$11:C3
====8521:C3
—811:C4
====521:C4
—811:C5
====8§21:C5
—811:C6
====521:C6
—8§11:C7
80 I I | I | | | | emes21:07

0 5 10 15 20 25 30 35 40 ——si1cs

Frequency [GHz] —-=-821:C8

()

-20 -

—
-

as:
=

e
petET

IS,,1 &1S,,1 [4B]
IS
o
I

= Re(n):C1
====Im(n):C1
= Re(n):C2
====|m(n):C2
= Re(n):C3
====Im(n):C3
= Re(n):C4
====Im(n):C4
= Re(n):C5
====Im(n):C5
= Re(n):C6
====1m(n):C6
= Re(n):C7
====Im(n):C7
20 25 30 35 40 ~—Re(n:C8
====Im(n):C8

Refractive Index

o
T

=

'
a
o

o

o -

=

3

= |

o

Frequency(GHz)

(b)

800 ——Re(€):C1

=-==Im(e):C1
——Re(e):C2
—-—-Im(e):C2
——Re(c):C3
—-—-Im(¢):C3
——Re(c):C4
—-—-Im(e):C4
——Re(c):C5
—-=-Im(e):C5
——Re(c):C6
—-=-Im(e):C6
, ~——— Re(e):C7
200 I | | I | I | e Im(e):CT

0 5 10 15 20 25 30 35 40 ~Re(c):C8
—-=-1m(e):C8

600 —

400 —

200 —

Permittivity

Frequency [GHz]

(©

N

o

o
1

=——Re(p):C1
====Im(p):C1
=—Re(pn):C2
—===-Im(u):C2
=——Re(pn):C3
====Im():C3
= Re(p):C4
====Im(p):C4
= Re(p):C5
====Im(y):C5
= Re(p):C6
====Im(p):C6
= Re(u):.C7
-300 . ‘ . == Im(u):C7

0 5 10 15 20 25 30 35 40 ~—Re(n)C8

Frequency [GHz] === Im(u):C8

(@)

-

o

o
T

o
I

-100 —

Permeability

-200 —

-

o o
(23 ©
I T

Loss Factor
o
»
T

o
[
I

Frequency [GHz]
©
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of ¢, (d) Real and imaginary parts of x, (¢) Loss Factor.
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4.3.2: SRRs in 8§ mm x 8§ mm Unit Cell

TABLE 4.3.2
Ring Split Variations for § mm x 8 mm Unit Cell (Boundary Range: 1 — 30 GHz)
(Iw) (sp) (rs_h) RF1 S21gp RF3 S11gss RF2 S21gp2
[mm] [mm]  [mm] [GHz] [dB] [GHz] [dB] [GHz] [dB]
1.0 0.5 2.0 7.21 -42.3 11.9 -51.86 22.14 -48.34
1.0 0.5 1.0 6.77 -40.41 10.1 -55.78 21.16 -52.78
1.0 0.5 0.5 6.42 -45.36 9.00 -52.98 20.46 -51.04
1.0 0.5 0.25 6.13 -36.80 8.22 -48.82 19.97 -54.59
0.5 0.5 1.0 6.19 -40.24 9.79 -58.42 18.57 -46.08
0.5 0.5 0.5 5.99 -37.19 8.95 -52.70 17.94 -48.09
0.5 0.5 0.25 5.84 -38.83 8.31 -52.69 17.41 -48.66
0.5 0.5 0.125 5.61 -38.22 7.76 -54.60 16.86 -48.64
0.25 0.5 0.5 5.67 -37.04 8.71 -53.41 16.63 -45.39
0.25 0.5 0.25 5.61 -35.59 8.40 -65.35 16.43 -44.85
0.25 0.5 0.125 5.52 -38.46 8.02 -51.83 16.11 -46.53
0.25 0.5 0.0625 5.44 -36.17 7.70 -51.43 15.82 -45.48
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Given these preliminary results, Case 2 (/w = 1.0 mm, sp = 0.25 mm, s /4 = 1.0 mm) and
Case 3 (lw=1.0 mm, sp = 0.25 mm, rs_h = 0.5 mm) were selected for further investigation for
our next structures, the “Omega” and “Omeganet”, due to the passband resonance in the X-band

frequency range and for potential manufacturability.

4.4: Omeganet and Omega MTM Structures
The following study builds up on the foundation from previous CCRR and CSRRs
structures. Now that we know how to control the resonance from the CSRR study, with this
structure we are introducing a wire-type inclusion into the CSRR forming the Greek letter “Q”
shape. Omega and Omeganet MTM structures are shown in Fig. 4.4.3. These structures were
simulated on to different substrates: Arlon Di 880 (lossy) and FR4 (lossy), with substrate

thickness of 0.254 mm and 1.6 mm respectively.

2 T T T T 4 T T T T
4 16
2+ 412
48
w 3 o
il (]
z z 0 a3
2 =
£
E o 2 -1 0 =
S )
4 -4
4 4
4 -12
16 1 1 1 1 _6
6 7 8 9 10 1" 4 14
Frequency (GHz) Frequency

(a) (b)

Fig. 4.4.1: From [4.5], (a). Real part of the permittivity as a function of frequency for a wire
medium, (b). Real part of permeability and real part of permittivity as a function of frequency for
the combination of SRR/wire medium.

From Smith’s research of the SRR, besides introducing a split within the ring to control

and vary the magnetic resonance response of the MTM, introducing a wire medium, shown in
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Fig. 4.4.1(a), will allow for the control of the permittivity, thus tailoring the direction of the E
field for electric coupling. The permittivity is related with stopband while the permeability is
related with the magnetic resonance. By combining a wire medium with a SRR medium, shown
in Fig. 4.4.1(b), one may now overlap the stopband and the resonance [4.5], and thus control the

refractive index as the latter is directly related to the permeability and permittivity by the

relationship 77=+/gl. For the rest of this study we refer to this wire medium as the Epsilon-

controlling bar (ECB).

From Kafesaki’s research on fishnet structures and their variations, it was concluded that
after observing the surface current distribution and magnetic and electric fields for a particular
fishnet structure, one may draw a simple effective LC circuit model describing the fishnet
structure close to the magnetic resonance regime. Fig. 4.4.2 shows such a model for a single unit
cell of a fishnet structure. Fig. 4.4.2(a) provides a schematic representation directly related to the
geometry of the structure with Ls and L representing the inductance arising for the loop-like
currents at the slabs and the necks, respectively and C the capacitance between the two slabs. By
considering and taking into account the periodicity of the MTM structure, the equivalence of the
points 4 (B) and A’ (B’), the model from Fig. 4.4.2(a) can be transformed into a simpler and

more appropriate model that may be employed in calculations shown in Fig. 4.4.2(b) [4.9].
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Fig 4.4.2: From [4.9], an LC circuit model for the fishnet structure where Ls and L, denote the loop
inductances at the slabs and necks, respectively, and C the capacitance of the structure.
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® ® (h) @ @

(b)

Fig. 4.4.3: Progression of the 2D Omeganets (top row) and Omegas (bottom row) in FR-4
Substrate varying the location of the ECB: (a). Omeganet Right ECB Case, (b). Omeganet Right-
Middle ECB Case, (c). Omeganet Middle ECB Case, (d). Omeganet Left-Middle ECB Case, (e).
Omeganet Left ECB Case, (f). Omega Right ECB Case, (g). Omega Right-Middle ECB Case, (h).
Omega Middle ECB Case, (i). Omega Left-Middle ECB Case, (j). Omega Left ECB Case.

In Fig. 4.4.3, we demonstrate that the idea behind this study is to vary the location of the
Epsilon-controlling bar (ECB) and observe the EM response on a single 2D layer, improving

from the structure in 4.4.1(b), which has the wire medium as a separate layer from the SRR. By
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varying dx and thus shifting the ECB, the Ls and L. for the Omeganets, related to the equivalent-
circuit model from Fig. 4.4.2, will also change. It is important to note that for the Omega
structures, Figs. 4.4.3(f) — 4.4.3(j), there will be an added capacitance at the top and bottom of

their respective ECBs as these are not continuous in the periodic sense.

4.4.1: Omeganet MTM Structures Over Arlon Di 880 (lossy) Substrate

The first case studied for Omegas is with the Arlon Di 880 substrate. For both cases of
the substrates, the dimensions regarding the Omega structures remain the same with the
exception of the substrate thickness. Here with the Arlon Di 880, a thinner substrate thickness of
0.254 mm was employed with permittivity & = 2.2, loss tangent tané = 0.0009 and the MTM
structure’s copper thickness equal to 0.03 mm. Fig. 4.4.4 depicts the unit cell for each of the two
structures. One the left side is the Omeganet MTM structure, Fig. 4.4.4(a), which has its name
for the fact that the periodic structure is continually connected with the wire-type inclusion as
seen with other fishnet MTM designs. One the right hand is the Omega structure which is
disconnected from the periodic unit cells. As in the CSRR case, we may see the spacing between
structures as a variable and the horizontal ring split as well. From the preliminary results
obtained from the CSRR investigation, the spacing between structures of length 0.5mm was
selected, and remains fixed for the rest of the Omegas study. However, there is an additional
variable introduced, dx, which is the location of the ECB. This variable is bounded the outer
radius of the Omega structure. There were five cases investigated by varying dx into a
possibility of five equally spaced locations along the x-axis: Right (dx = 2.25), Right-Middle (dx

= 1.125), Middle (dx = 0), Left-Middle (dx = -1.125) and Left (dx = -2.25).
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(b) .
Fig. 4.4.4: Modified CSRR 6 mm x 6 mm “Omega” Metamaterial Structure with the Epsilon-
Controlling Bar (ECB) at the Right Side Position with parameters /w =rs_h =1 mm, sp = 0.5 mm,
and variable dx: (a) Omeganet Unit Cell with Connected End-to-End ECB, (b) Omega Unit Cell
with Disconnected ECB.

Figs. 4.4.5 — 4.4.9 correspond to the 2D Omeganets in Arlon Di 880 substrate varying the
location of the ECB from the right sub-structure case, where dx = 2.25 to the left sub-structure
case, where dx = - 2.25, for a total of five cases. As discussed earlier, one may observe that as dx

is shifted to a different location, the length of the top and bottom of the ECBs will change with

respect to the periodic MTM structures.
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Fig. 4.4.5: Omeganet MTM Structure in 6 mm % 6 mm Unit Cell Size: (a). Omeganet Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Right case (dx = 2.25),
(b). Representation of periodic array with 2 x 2 Omeganet unit cells, (c). Omeganet Structure in
Unit Cell with propagation in the z-direction.
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Fig. 4.4.6: Omeganet MTM Structure in 6 mm % 6 mm Unit Cell Size: (a). Omeganet Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Right-Middle case (dx =
1.125), (b). Representation of periodic array with 2 x 2 Omeganet unit cells, (c). Omeganet
Structure in Unit Cell with propagation in the z-direction.
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Fig. 4.4.7: Omeganet MTM Structure in 6 mm % 6 mm Unit Cell Size: (a). Omeganet Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Middle case (dx = 0), (b).
Representation of periodic array with 2 x 2 Omeganet unit cells, (¢). Omeganet Structure in Unit
Cell with propagation in the z-direction.
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Fig. 4.4.8: Omeganet MTM Structure in 6 mm % 6 mm Unit Cell Size: (a). Omeganet Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Left-Middle case (dx = -
1.125), (b). Representation of periodic array with 2 x 2 Omeganet unit cells, (c). Omeganet
Structure in Unit Cell with propagation in the z-direction.

112



(b)

4
ZJ“x

(©)

Fig. 4.4.9: Omeganet MTM Structure in 6 mm % 6 mm Unit Cell Size: (a). Omeganet Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Left case (dx = -2.25), (b).
Representation of periodic array with 2 x 2 Omega unit cells, (¢). Omeganet Structure in Unit Cell
with propagation in the z-direction.
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Fig. 4.4.10: Effective Parameter Extraction from Simulation Results for 6 mm x 6 mm Unit Cell
2D Omeganet in Arlon Di 880 Substrate: (a) S-Parameters, (b) Real and imaginary parts of n, (c)
Real and imaginary parts of ¢, (d) Real and imaginary parts of u, (¢) Loss Factor.
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TABLE 4.4.1
Summary of Low Loss NZRIM Bands for 2D Omeganet Structures in Arlon Di 880 Substrate

Sub- Frequency Frequency Range Bandwidth Total BW
Structure Range for where |n|<1.0 and LF<1 (BW) where |n|<1.0
|n|<1.0 and LF<1
[GHz] [GHz] [%] [GHz]
st 1st 2nd 2nd st 2nd Per Sub-

Band Band Band Band Band Band Structure
(From) (To) (From) (To)

Right R1:22.36- 22.36 23.19 29.52 30.00 1.76  0.81 1.31
30
Right- R1:27.2- 27.20 28.58 29.83 30.00 236 0.28 1.55
Middle 30
Middle R1:28.01- 28.01 29.89 - - 3.05 - 1.88
29.89
Left- R1: 5- 9.37 9.47 - - 0.54 - 2.62
Middle 9.472
R2:27.48- 27.48 30.00 - - 4.03 -
30
Left R1:10.21- 10.21 10.31 - - 0.48 - 2.02
10.31
R2:25.76- 25.76 27.54 29.86 30.00 3.13 0.23
30

Table 4.4.1 depicts the tabulation of low loss near-zero refractive index material
(NZRIM) bands for the 2D Omeganet MTM structure studied from Figs. 4.4.5 to 4.4.9. R1 and
R2, Range 1 and Range 2 respectively, denote that in some cases the sub-structures presented
multi-range, multi-bands which satisfied the desired conditions of low loss and NNZ. For
example, the case where the ECB is located on the left-middle position we may in Table 4.4.1
the lower Range 1 satisfied the condition |#| <1 from 5.0 — 9.475 GHz. However, from this
frequency range for NNZ, there is only a single band where the condition for loss factor <1 is
satisfied from 9.37 — 9.47 GHz. In contrast, we can observe that for the case where the ECB is

located on the left position, the higher Range 2 where |n| < 1 extends from 25.76 — 30.0 GHz
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while having two low loss bands: the first low loss band ranges from 25.76 — 27.54 GHz and the
second low loss band ranges from 29.86 — 30.0 GHz. The percent bandwidth (BW) was

computed utilizing the fractional bandwidth equation

BW[%] = Ju =i 100, (4.2)

center

The 1*' low loss band of Range 2 thus has a computed percent BW of 3.13% while the
second low loss band has a percent BW of 0.23 %. The last column on the right side of Table
4.4.1 shows the arithmetic sum of all bands for a sub-structure where |n| < 1 and LF < 1. In this
case, for the left sub-structure we were just discussing the sum of all low loss NNZ bands for all

ranges is 2.02 GHz.

4.4.2: Omega MTM Structures Over Arlon Di 880 (lossy) Substrate

Just as for the Omeganet study, all dimensions apply here for the Omega MTM structure
in Arlon D1 880 substrate. However, the difference with this MTM structure than the Omeganet
is the additional split introduced at the top and bottom ends of the Epsilon-controlling bar (ECB),
rendering the structure a non-fishnet in the conventional sense as the structure stands
disconnected from the other periodic unit cell structures. The split between vertical unit cells is
fixed at a quarter of the horizontal spacing, such that it is equal to 0.25 mm.

Once more, the location of the ECB, dx, will be varied in the same fashion for five cases:
Right (dx = 2.25), Right-Middle (dx = 1.125), Middle (dx = 0), Left-Middle (dx =-1.125) and
Left (dx = -2.25). Figs. 4.4.11 —4.4.15 correspond to the 2D Omegas in Arlon Di 880 substrate

varying dx.
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Fig. 4.4.11: Omega MTM Structure in 6 mm x 6 mm Unit Cell Size: (a). Omega Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Right case (dx = 2.25),
(b). Representation of periodic array with 2 x 2 Omega unit cells, (¢). Omega Structure in Unit
Cell with propagation in the z-direction.
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Fig. 4.4.12: Omega MTM Structure in 6 mm x 6 mm Unit Cell Size: (a). Omega Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Right-Middle case (dx =
1.125), (b). Representation of periodic array with 2 x 2 Omega unit cells, (c). Omega Structure in
Unit Cell with propagation in the z-direction.
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Fig. 4.4.13: Omega MTM Structure in 6 mm x 6 mm Unit Cell Size: (a). Omega Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Middle case (dx = 0), (b).
Representation of periodic array with 2 x 2 Omega unit cells, (c). Omega Structure in Unit Cell

with propagation in the z-direction.
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Fig. 4.4.14: Omega MTM Structure in 6 mm x 6 mm Unit Cell Size: (a). Omega Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Left-Middle case (dx = -
1.125), (b). Representation of periodic array with 2 x 2 Omega unit cells, (c). Omega Structure in
Unit Cell with propagation in the z-direction.

120



(a) (b)

b
ZJ.‘X

()

Fig. 4.4.15: Omega MTM Structure in 6 mm x 6 mm Unit Cell Size: (a). Omega Structure
displaying the design dimensions in unit cell with fixed parameters linewidth, /w = 1.0 mm,
spacing between structures, sp = 0.5 mm, and the ECB is located on the Left case (dx = -2.25), (b).
Representation of periodic array with 2 x 2 Omega unit cells, (c). Omega Structure in Unit Cell
with propagation in the z-direction.
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Fig. 4.4.16: Effective Parameter Extraction from Simulation Results for 6 mm x 6 mm Unit Cell
2D Omega in Arlon Di 880 Substrate: (a) S-Parameters, (b) Real and imaginary parts of n, (c) Real
and imaginary parts of ¢, (d) Real and imaginary parts of x, (¢) Loss Factor.
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TABLE 4.4.2
Summary of Low Loss NZRIM Bands for 2D Omega Structures in Arlon Di 880 Substrate

Sub- Frequency Frequency Range Bandwidth Total BW
Structure Range for where |n|<1.0 and LF<1 (BW) where |n|<1.0
|n|<1.0 and LF<1
[GHz] [GHz] [%] [GHz]
st st 2nd 2nd st 2nd Per Sub-

Band Band Band Band Band Band Structure
(From) (To) (From) (To)

Right R1:9.888- 9.89 9.92 - - 0.14 - 2.50
9.915
R2:22.29- 22.29 23.11 - - 1.74 -
28.28
R3:28.35- 28.35 30.00 - - 2.68 -
30
Right- R1:9.481- 10.54 10.57 - - 0.14 - 1.41

Middle 10.57
R2:22.37- 22.37 23.24 29.49 30.00 1.84 0.86

30
Middle R1:9.905- 10.80 10.82 - - 0.09 - 1.15
10.82
R2:22.11- 22.11 22.87 29.43 2980 1.63  0.62
29.8
Left- R1:9.959- 10.89 10.91 - - 0.09 - 0.69
Middle 10.91
R2:21.44- 21.44 22.01 - - 1.28 -
28.91
R3:29.29- 29.29 29.39 - - 0.17 -
30
Left R1:10.16- 11.00 11.01 - - 0.05 - 1.68
11.01
R2:19.6- 19.60 19.89 - - 0.72 -
24.54
R3:28.42- 28.42 29.80 - - 2.26 -
30

123



4.4.3: Omeganet MTM Structures Over FR-4 (lossy) Substrate

The second case studied for Omegas is with the FR-4 substrate. With the exception of
the substrate thickness, the dimensions regarding the Omega structures remain the same as with
the Arlon case. With the FR-4 substrate, a thickness of 1.6 mm was employed with permittivity
&r=4.3, loss tangent tand = 0.025 and structure copper thickness is 0.03 mm. The same five

cases of varying dx were investigated. Fig. 4.4.17 shows the progression of the cases for both

Omeganets, Fig. 4.4.17(a)-(e) and Omegas, Fig. 4.4.17(f)-()).

(@) (b) © (@ (e
® ® (h) @ @

Fig. 4.4.17: Progression of the 2D Omeganets (top row) and Omegas (bottom row) in FR-4
Substrate: (a). Omeganet Right Case, (b). Omeganet Right-Middle Case, (c). Omeganet Middle
Case, (d). Omeganet Left-Middle Case, (e). Omeganet Left Case, (f). Omega Right Case, (g).
Omega Right-Middle Case, (h). Omega Middle Case, (i). Omega Left-Middle Case, (j). Omega
Left Case.
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Fig. 4.4.18: 3 x 3 Unit Cells Array View of the 2D Omeganets (left column.) and 2D Omegas
(right column.) in FR-4 (lossy) Substrate.
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Fig. 4.4.19: Effective Parameter Extraction from Simulation Results for 6 mm x 6 mm Unit Cell
2D Omeganet in FR-4 (lossy) Substrate 5 Cases: (a) S-Parameters, (b) Real and imaginary parts
of n, (c) Real and imaginary parts of ¢, (d) Real and imaginary parts of x, (e) Loss Factor.
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TABLE 4.4.3
Summary of Low Loss NZRIM Bands for 2D Omeganet Structures in FR-4 Substrate

Sub- Frequency Frequency Range Bandwidth Total BW
Structure Range for where |n|<1.0 and LF<1 (BW) where |n|<1.0
|n|<1.0 and LF<1
[GHz] [GHz] [%] [GHz]
st st 2nd 2nd st 2nd Per Sub-

Band Band Band Band Band Band Structure
(From) (To) (From) (To)

Right R1:24.9- 24.90 25.25 28.27 2876  0.69 0.86 0.84
28.76
Right- R1:19.16- 19.16 19.36 20.96 2129 051  0.78 1.84

Middle 22.71
R2:24.43- 24.43 24.89 29.07 2992 092 1.44
29.92

Middle R1:21.67- 21.67 22.30 27.96 28.99 1.39  1.81 1.66
28.99

Left- R1:20.97- 20.97 21.70 24.62 25.15 1.65 1.06 1.26
Middle 25.15

Left R1:19.29- 19.29 19.75 21.95 22.36 .15 093 2.09
22.36
R2:24.23- 24.23 24.65 27.35 28.15 084 144
28.15

4.4.4: Omega MTM Structure Over FR-4 (lossy) Substrate

This portion of our study is a continuation of the second case studied for Omegas with the
FR-4 substrate. With the exception of the substrate thickness, the dimensions regarding the
Omega structures remain the same as with the Arlon case. With the FR-4 substrate, a thickness
of 1.6 mm was employed with permittivity &- = 4.3, loss tangent tand = 0.025 and structure
copper thickness equal to 0.03 mm. The same five cases of varying dx were investigated. Fig.
4.4.20 shows the progression of the cases for the 2D Omegas in 3 x 3 unit cell array

configuration (individual unit cell size 6 mm % 6 mm), to appreciate the periodicity of the
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structure. From this view, one may observe the split between the vertical unit cells, fixed at a

quarter of the spacing, equals 0.25 mm.

(@) (b) (© (@ (e)

Fig. 4.4.20: 3 x 3 Unit Cells Array View of the 2D Omegas in FR-4 (lossy) Substrate: (a). Omega
Right Case, (b). Omega Right-Middle Case, (c). Omega Middle Case, (d). Omega Left-Middle
Case, (e). Omega Left Case.
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Fig. 4.4.21: Effective Parameter Extraction from Simulation Results for 6 mm x 6 mm Unit Cell
2D Omega FR-4 (lossy) 5 Cases: (a) S-Parameters, (b) Real and imaginary parts of n, (c) Real and
imaginary parts of ¢, (d) Real and imaginary parts of u, (¢) Loss Factor.
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TABLE 4.4.4
Summary of Low Loss NZRIM Bands for 2D Omega Structures in FR-4 Substrate

Sub- Frequency Frequency Range Bandwidth Total BW
Structure  Range for where |n|<1.0 and LF<1 (BW) where |n|<1.0
|n|<1.0 and LF<1
[GHz] [GHz] [%] [GHz]
1st 1st 2nd 2nd st 2nd Per Sub-

Band Band Band Band Band Band Structure
(From) (To) (From) (To)

Right R1:21.13- 2113 2147  23.56 2427 0.79 1.48 1.05
24.27
Right- R1:20.98- 2098  21.01 - - 0.07 - 0.78

Middle 21.01
R2:23.79- 2379  24.16  25.61 2599 076 0.74

25.99
Middle R1: 12.00  12.01 - - 0.04 - 1.17
12.12.01
R2:20.55- 20.55  20.66 - - 0.27 -
20.66
R3:23.87- 2387 2435 2693 27.50 098 1.05
27.5
Left- R1:23.41- 2341 2395 2698 27.80 1.11 1.50 1.36
Middle 27.8
Left R1:18.38- 18.38  18.39 - - 0.03 - 0.94
18.39
R2:21.81- 2181 2232  24.18 24.60 .13 0.86
24.6

4.4.5: Hexagonal Two-Dimensional Omeganet Over FR-4 (lossy) Substrate

Inspired by the design of fractal geometry, radomes, honeycombs and soccer ball plus
the idea of weaving our 2D Omeganet into a 3D Omeganet, our investigation considered
exploring “hexagonalized” Omeganets MTM structures. The progression of the varying for the

ECB in the five original cases may be observed in Fig. 4.4.22.
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(@) ) © (@ (e)

Fig. 4.4.22: Progression of the 2D Hexagonal Omeganets in FR-4 Substrate: (a). Hex. Omeganet
Right Case, (b). Hex. Omeganet Right-Middle Case, (c). Hex Omeganet Middle Case, (d). Hex.
Omeganet Left-Middle Case, (¢) Hex. Omeganet Left Case.

Similar to the previous Omeganet cases, the substrate employed here is FR-4 with
substrate thickness equal to 1.6 mm, permittivity & = 4.3 and loss tangent tand = 0.025.
However, this study involved some minor differences such as the structure copper thickness of
0.036 mm, the linewidth /w was fixed at I mm, unit cell 6 mm x 6 mm , the spacing between
structures sp was fixed at 0.5 mm as well as the horizontal ring split which was fixed at 0.75 mm.

The location of the ECB, dx, continued to be variable, as shown in Fig. 4.4.23.
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6 mm >

A 4 . =
Fig. 4.4.23: Hexagonal 2D Omeganet MTM Structure in 6 mm x 6 mm Unit Cell with the Epsilon-
Controlling Bar (ECB) at the Right Side Position and structure parameters /w =1 mm, rs_h=0.75

mm, sp = 0.5 mm, and variable dx.
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Fig. 4.4.24: 3 x 3 Unit Cells Array View of the 2D Hexagonal Omeganets Five Cases in FR-4
(lossy) Substrate.
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Fig. 4.4.25: Effective Parameter Extraction from Simulation Results for 6 mm x 6 mm Unit Cell
2D Hexagonal Omeganet in FR-4 (lossy) Substrate: (a) S-Parameters, (b) Real and imaginary parts
of n, (c) Real and imaginary parts of ¢, (d) Real and imaginary parts of x, (¢) Loss Factor.
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Fig. 4.4.26: Comparison and Evaluation of Effective Parameter Extraction for 6 mm x 6 mm Unit
Cell 2D Hexagonal Omeganet in FR-4 (lossy) Substrate: (a). Refractive index and (b) Loss Factor
of the Hexagonal Omeganet Structures Focusing on the NNZ Frequency Range.

Fig. 4.4.26 shows a focused view of where we notice the hexagonal Omeganet NNZ band
plus the loss factor which corresponds to this same frequency. Evaluating the results obtained
from the hexagonal Omeganet, from Fig. 4.4.26 (blue dotted line) and Table 4.4.5, the
substructure with ECB in the middle position (dx = 0) appears to have the most desired qualities
and is then selected for further investigation. Specifically, this structure contains the broadest

NNZ with low LF.
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TABLE 4.4.5
Summary of Low Loss NZRIM Bands for 2D Hexagonal Omeganet Structures in FR-4 Substrate

Sub- Frequency Frequency Range Bandwidth Total BW
Structure  Range for where |n|<1.0 and LF<1 (BW) where |n|<1.0
|n|<1.0 and LF<1
[GHz] [GHz] [%o] [GHz]
st st 2nd 2nd st 2nd Per Sub-

Band Band Band Band Band Band Structure
(From) (To) (From) (To)

Right R1: 8.429- 8.43 8.43 - - 0.01 - 0.38
8.431
R2:14.42- 1442  14.53 16.92 1719 038  0.79
17.19

Right- R1: 8.949- 8.95 8.95 - - 0.01 - 0.77

Middle 8.951
R2:16.76- 16.76  17.12 18.15 18.56 1.04 1.12

18.56
Middle R1:9.049- 9.05 9.05 - - 0.01 - 1.68
9.051
R2:17.71- 17.71 19.39 - - 4.15 -
19.39
Left- R1:9.109- 9.11 9.11 - - 0.01 - 1.35

Middle 9.111
R2:16.52- 1652 17.21 18.65 19.31 1.97 1.74
19.31

Left R1:15.84- 1584 1632 18.24 18.80 1.45 1.51 1.04
18.8
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4.4.6: Select Cases Derived from 2D Hexagonal Omeganet Over FR-4 (lossy) Substrate

In this last section, the previously mentioned “Middle” case from hexagonal Omeganet
was further investigated and many experimental designs were explored, however, here are three
selected structures derived from optimizations on Case 3 of the hexagonal Omeganet structure.

Fig 4.4.27(b) — 4.4.27(c) show the select MTM structure designs discussed.

(@ (b) (© (@)
Fig. 4.4.27: Selected Designs Derived from Hexagonal Omeganet MTM Structure with
Optimization Design Names: (a). C3, (b). C3a, (¢). C3ai, (d). C3aiii.

Included is the original Case 3 (Fig. 4.4.27(a)) which is the third case from the hexagonal
Omeganet (“Middle” Sub-structure from Table 4.4.5 where dx = 0) and will serve as a

benchmark to compare with, as we present its optimizations.
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6 mm | »

Fig. 4.4.28: MTM Design “C3a” Hexagonal 2D Omeganet Structure in 6 mm x 6 mm Unit Cell
with the Epsilon-Controlling Bar (ECB) Position dx = 0 and structure parameters /w =1 mm, rs_h
=0.75 mm, rs_ v=0.3 mm, sp = 0.5 mm.

6 mm

\ 4
Fig. 4.4.29: MTM Design “C3ai” Hexagonal 2D Omeganet Structure in 6 mm % 6 mm Unit Cell
with the Epsilon-Controlling Bar (ECB) Position dx = 0 and structure parameters /w =1 mm, rs_h
=0.75 mm, rs_v=0.3 mm, sp = 0.5 mm.
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6 mm

A\ 4
Fig. 4.4.30: MTM Design “C3aiii” Hexagonal 2D Omeganet Structure in 6 mm % 6 mm Unit Cell
with the Epsilon-Controlling Bar (ECB) Position dx = dy = 0 and structure parameters /w = 1 mm,

rs h=rs v=0.3 mm.
90° I I
6 mm
v

Fig. 4.4.31: 2D Hexagonal Omeganet MTM Design “C3aiii” Derivation from Design “C3ai” by
90-degree rotation and overlaying.
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(b)

©

(d)
Fig. 4.4.32: 3 x 3 Unit Cells Array Configuration of the Selected 2D Hexagonal Omeganets MTM
Design Optimizations: (a). C3, (b). C3a, (c). C3ai, (d). C3aiii.
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Fig. 4.4.33: Effective Parameter Extraction from Simulation Results for 6 mm x 6 mm Unit Cell
Select Optimizations for 2D Hexagonal Omeganet in FR4 (lossy) Substrate: (a) S-Parameters, (b)
Real and imaginary parts of 7, (c) Real and imaginary parts of ¢, (d) Real and imaginary parts of
1, (e) Loss Factor.
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Fig. 4.4.34: Select 2D Omeganet MTM Structure: (a). Refractive index and (b) Loss Factor of the
Hexagonal Omeganet Structures Focusing on the NNZ Frequency Range.

TABLE 4.4.6
Summary of Low Loss NZRIM Bands for Select 2D Hexagonal Omeganet Structures in FR-4 Substrate

Sub- Frequency Range Frequency Range where Band- Total BW where |n|<1.0
Structure for |n|<1.0 |n|<1.0 and LF<1 width and LF<1
(BW)
[GHz] [GHz] [%] [GHz]
1st Band 1st Band 1st Per Sub-Structure
(From) (To) Band
C3 R1:9.049-9.051 9.05 9.05 0.01 1.68
R2:17.71-19.39 17.71 19.39 4.15
C3A R1:8.429-8.431 8.43 8.43 0.01 1.77
R2:17.64-19.41 17.64 19.41 4.36
C3AI R1:17.74-19.38 17.74 19.38 4.06 1.64
C3AIIL R1:17.59-19.45 17.59 19.45 4.56 1.86

By inspection, we may observe in Fig. 4.4.34 that the four designs display well over 1

GHz range NNZ and exhibit low loss. With the exception of the case C3ai, the other two designs

are optimizations derived from the C3 hexagonal Omeganet. One observation to note is that both
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of those structures, C3a and C3aiii, contain the 0.3 mm split along the ECB. In more detail,
Table 4.4.6 shows the specific range where the band of each structure is both near-zero and low
loss. Case C3AIIl contains a broader range of NNZ and low loss, therefore, we select this 2D

sub-structure design for its desirable qualities for further investigation and to synthesize into 3D.

4.5: Three-Dimensional Omeganet Metamaterial Structures

Armed now with an arsenal of optimized 2D MTM designs for NNZ and low loss, we
may now proceed to synthesize our selection into 3D. In our case, we continue to employ the
selected structure material copper (annealed) at a thickness of 0.036 mm. Fig. 4.5.1
demonstrates the progression of our 3D Omeganet design from a single-shell, an embedded
miniaturized single-shell within another single-shell (called “double-shell”), an expansion of
embedded miniaturized single-shells along the propagation direction that form a diamond shape
(called “diamond double-shell”’) and an expansion of two embedded diamond double-shells
which form an octahedral structure (called “octahedral double-shell”). One important note is that
the miniaturized embedded shell is a scale-down of Fig. 4.5.1(a), which is 6x6x6 mm?, by a
factor of one-third, making them 2x2x2 mm>.

Since we are working with periodic structures, in CST Microwave Studio® one issue
encountered is that some of the sides of the structure will be sandwiched periodically and thus
doubled, completely modifying the desired EM response. In order to overcome this issue, the
thickness of the sides of our structure which will be stacked periodically must be halved. These
would include: the top, bottom, left and right faces of our structure which would otherwise be

considered normal to the propagation in the z direction.
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Fig. 4.5.1: Synthesized 3D Omeganet Structures Derived from the Select Optimized 2D Hexagonal
Omeganet Structure CAIIL: (a). Single-Shell (SS), (b). Double-Shell (DS), (¢). Diamond Double-
Shell (DDS), (d). Octahedral Double-Shell (ODS).

(a) (b) ©
Fig. 4.5.2: Inner View of the Double-Shell 3D Omeganet Designs: (a). Double-Shell (DS), (b).
Diamond Double-Shell (DDS), (c). Octahedral Double-Shell (ODS).

Fig. 4.5.2 shows the inner view of the trio of 3D Omeganet MTM structures designed to
contain miniaturized inclusions of the base structure form Fig. 4.5.1(a). We classify this group
as a double-shell (DS) structure group. Although we see the inner shell of the single DS
Omeganet “floating” in the middle, this structure may be filled with a foam or gel which may
contain the EM characteristics which are that of air. This inner shell for the DS trio is a scale-
down of the SS by a factor of one-third. In the cases of the DDS and ODS, the inner portions

which reach out are flush with the outer shell.
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Fig. 4.5.3: 3 x 3 Unit Cells Array View of the 3D Hexagonal Omeganets where Left Colum are in
Perspective View and Right Colum are Frontal View: (a) & (b). Single-Shell (SS), (¢) & (d).
Double-Shell (DS), (e) & (f). Diamond Double-Shell (DDS), (g) & (h). Octahedral Double-Shell
(ODS).
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Fig. 4.5.4

: Effective Parameter Extraction from Simulation Results for 3D Hexagonal Omeganet

MTM Structures: (a) Magnitude [dB] of S-Parameters, (b) Real and imaginary parts of n, (c) Real
and imaginary parts of ¢, (d) Real and imaginary parts of u, (¢) Loss Factor.
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TABLE 4.5.1
Summary of Low Loss NZRIM Bands for 3D Omeganet Structures

Sub- Frequency Frequency Range where Bandwidth Total BW
Structure  Range for |n|<1.0 and LF<1 (BW) where |n|<1.0
|n|<1.0 and LF<1
[GHz] [GHz] [%o] [GHz]
st st 2nd 2nd st 2nd Per Sub-

Band Band Band Band Band Band Structure
(From) (To) (From) (To)

SS R1:9.157- 9.16 10.32 11.36 1259 533 5.14 2.60
12.64
R2:19.65- 19.65 19.86 - - 0.53 -
19.86
DS R1: 4.808- 4.81 4.81 - - 0.04 - 2.66
4.812
R2:9.213- 9.21 10.36 11.34 12.63 525 538
12.63
R3:19.64- 19.64  19.86 - - 0.55 -
19.86
DDS R1:5.052- 5.05 5.06 - - 0.06 - 1.79
5.058
R2:10.23- 1023 11.10 15.30 16.15 377  2.70
16.15
R3:16.8- 16.80  16.83 - - 0.09 -
16.83
R4:16.89- 16.89 1692 - - 0.09 -
16.92
ODS R1:5.895- 5.90 591 - - 0.08 - 1.54
5.905
R2:10.91- 1091 11.78 18.99 19.65 356 1.71
19.65

By inspection, we may observe in Fig. 4.5.6 that the SS and DS 3D MTM structures
exhibit a broad NNZ, low loss frequency range. We may observe that overall, with the 3D
designs of our optimized hexagonal Omeganet MTM, we are able to obtain NNZ and even n =0
which would be interesting to bring forth for further investigation. In more detail, Table 4.5.1
shows the specific range where the band of each structure is both near-zero and low loss. Design

DS contains a broadest range of NNZ and low loss, while the SS design is very much of a close
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magnitude. For X-band, both SS and DS designs would be suitable for both military and medical

sensor applications as well as microwave and optical lenses.
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CHAPTER V

CONCLUSIONS AND DISCUSSION

5.1: Conclusion

Theoretical analysis, computer modeling and simulation are steps taken in the design of
metamaterials (MTMs). A computational tool based on the robust method for effective
parameter extraction is successfully developed and validated in order to examine the effective
material parameters. This tool is also employed as a preliminary test for the design of MTMs.
Novel two-dimensional (2D) and three-dimensional (3D) MTM designs which exhibit desirable
near-zero refractive index (NZI) with relatively low loss factor (LLF) are developed. These
MTMs are:

2D:

C3A (pp. 148 — 154):

* Percent Bandwidth (BW) of 4.36 % and a total NZI + LLF BW of 1.77 GHz.

C3AI (pp. 149 — 154):

* Percent Bandwidth of 4.06 % and a total NZI + LLF BW of 1.64 GHz.

C3AIII (pp. 150 — 154):

* Percent Bandwidth of 4.56 % and a total NZI + LLF BW of 1.86 GHz.

3D:

Single-Shell (pp. 156 — 162):

* Percent Bandwidth of 10.47 % (Dual Band) and a total NZI + LLF BW of 2.39 GHz.
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Double-Shell (pp. 156 — 162):

* Percent Bandwidth of 10.63 % (Dual Band) and a total NZI + LLF BW of 2.44 GHz.

Diamond Double-Shell (pp. 156 — 162):

* Percent Bandwidth of 6.47 % (Dual Band) and a total NZI + LLF BW of 1.72 GHz.

Octahedral Double-Shell (pp. 156 — 162):

* Percent Bandwidth of 5.27 % (Dual Band) and a total NZI + LLF BW of 1.53 GHz.

The inner-workings of a circular closed ring resonator (CCRR) allows us to evaluate the
magnetic resonance, the robust research on the split ring resonator (SRR) and equivalent-circuit
groundwork allow us to design a MTM structure based on SRR for a specific frequency range as
the inclusion of the split provides us the ability to control x, and by integrating an Epsilon-
controlling bar (ECB) that forms a fishnet into our design, the Omeganet, we can control both ¢
and . From our optimized MTM design CAIII, we may now build a 3D structure. From the
tools and techniques at our disposal via CST Microwave Studio®, we synthesized a progression
of cubic structures. Essentially, we are deliberately omitting the substrate, and utilizing the

MTM itself to form the 3D structure.

5.2: Discussion
Through simulations, the proposed 2D and 3D structures were proved to have zero or
near-zero refractive index, including very low imaginary part of the refractive index in the X-
band microwave regimes.
5.3: Future Work
Based on the results presented in this thesis, further studies can be conducted as

suggested in the following sections.
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5.3.1: Fabrication and Measurements
Due to time constraints, it was not feasible to fabricate any of our 2D or 3D designs.
Some methods have been proposed such as 3D printing and sputtering techniques that grow

material on a substrate.

5.3.2: Further Optimizations
Another consideration would be to optimize the existing designs further by introducing
curvature along the sharp edges of the MTMs, and therefore allowing for a smoother current

density response.

5.3.3: Application Approach
A wide range of applications may be explored from these designs such as medical or

military/industrial sensors, and microwave and optical lenses.
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